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Abstract  It  is  outlined  how  seemingly  fundamental  differences  between  high-level  groups  such  as  phyla 
and  classes  may  have  been  introduced  in  fairly  simple  and  rapid  ways.  Examples  of  such  ways  are 
development  of  endosymbiosis,  heterochrony  involving  change  of  adult  mode  of  feeding  with  associated 

changes  of  basic  life  habits  and  body  plan,  development  of  asymmetry,  and  turning  upside-down.  The 
latter  modification  has  resulted  in  fundamental  misinterpretations  of  so-called  deuterostomes  (or  notoneur- 
alians).  The  basal  deuterostomes,  the  hemichordates,  are  much  more  similar  to  protostomes  than  text- 

book authors  have  been  willing  to  admit  In  fact  it  is  difficult  to  understand  why  they  are  at  all  considered 
as  deuterostomes.  For  instance,  protostome  characteristics  found  in  hemichordates  include  a  main  nerve 
cord  on  the  ventral  side,  a  circum  oesophageal  nerve  ring,  a  larva  surprisingly  similar  to  a  protostome 
trochophora,  blood  circulation  in  the  same  direction  as  in  protostomes,  and  (in  all  pterobranchians  and 
many  enteropneusts)  schizocoelic  formation  of  the  coelom.  New  consideration  of  morphologies  and  life 

postures  indicates  that  deuterostomes  (notoneuralians)  are  not  upside-down  compared  with  protostomes 
(gastroneuralians).  Instead,  it  is  vertebrates  that  are  upside-down  compared  with  all  other  animals, 
including  other  deuterostomes.  Fossils  very  poorly  reveal  the  changes  in  body  plans,  but  at  least  indicate 

that  in  general  these  changes  are  of  (at  least)  Cambrian  age.  The  oldest  known  group  with  vertebrate- 
type  orientation  is  the  conodonts. 

Key  words  :  Body  plan,  deuterostomes,  evolution,  heterochrony,  macroevolution 

Introduction 

Attempts  to  trace  in  the  fossil  record  evolutionary  steps 
leading  to  new  major  groups  of  organisms  usually  have  been 
in  vain.  New  classes,  phyla  and  divisions  tend  to  occur 
abruptly,  with  an  appreciable  internal  diversity  virtually  from 
the  beginning.  This  is  the  characteristic  result  of  the 
Cambrian  fossil  explosion  (or  biotic  radiation),  in  which  many 
of  our  extant  animal  phyla  and  classes  made  their  first 
appearance  (even  though  their  lineages  may  have  been 
present  earlier,  represented  by  animals  with  an  older  body 
plan).  It  is  also  characteristic  of  many  later  radiations,  for 
instance  of  flowering  plants  in  the  Early  Cretaceous  and  of 

placental  mammals  in  the  Late  Cretaceous  and  Early  Terti- 
ary. The  common  occurrence  of  such  geologically  sudden 

appearances  and  radiations  has  seldom  been  taken  at  face 

value.  Instead,  there  has  been  a  tendency  to  postulate  long 
preceding  intervals  with  successive  slow  evolution  of  group 

characters.  Thus,  the  rise  of  a  high-rank  group  has  been 
seen  as  a  long  series  of  additions  of  lower-rank  groups  until 
the  necessary  anatomical  and  morphological  changes  have 
been  performed.  When  classes  and  phyla  form  in  this  way 
it  will  conceivably  be  a  matter  of  hundreds  of  millions  of 
years.  This  can  be  exemplified  by  the  transition  from  typical 

reptiles  to  full-fledged  mammals,  which  took  some  200 
million  years.    In  many  cases,  however,  there  is  no  sign  of 

any  prolonged  formative  period.  There  is  rather  reason  to 
believe  that  transitions  were  very  swift,  as  in  the  Cambrian 
radiation  event. 

It  can  be  mentioned  that  molecular  differences  have  been 

used  to  indicate  an  original  radiation  of  coelomate  animals 
1,200  million  years  ago  (Wray  et  al.  1996).  This  estimation 
was  based  on  extrapolation  backwards  of  Phanerozoic 
evolutionary  rates.  However,  when  time  for  earlier  splits, 
including  that  between  eubacteria  and  archaebacteria,  is 
allowed  for,  the  age  of  the  same  radiation  is  estimated  to  be 

'only'  670  million  years  (Doolittle  et  al.  1966). 
Progress  in  the  fields  of  endosymbiosis,  ontogeny  with 

heterochrony,  and  molecular  genetics  has  revealed  evolu- 
tionary processes  which  may  lead— and  apparently  have  led 

—to  the  development  of  new  body  plans,  i.e.,  new  funda- 
mental designs.  The  interesting  thing  is  that  very  little  of 

genetic  modification  is  needed— no  macromutation  or  hope- 
ful monster— and  that  the  processes  may  be  completed 

virtually  instantaneously  on  the  geological  time  scale.  It 
should  be  noted  that  lineages  leading  to  extant  phyla  may 
have  been  separated  well  in  advance  of  the  appearances  of 
new  body  plans.  Fossils  and  molecules  therefore  may 
indicate  different  dates  for  the  origins  of  groups. 

This  contribution  will  concentrate  on  deuterostomes  after 

a  short  look  at  other  organisms.  The  suggested  modes  of 

group  origination  are  only  examples. 
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Endosymbiosis 

It  now  appears  to  be  generally  accepted  textbook  knowl- 
edge that  most  eukaryotic  cells  contain  modified  bacteria  as 

endosymbiotic  organelles  (cf.  for  instance  Margulis  1970  ; 

Taylor  1980,1994).  One  interesting  category  of  endosym- 
bionts  is  the  coloured  plastids,  including  the  chloroplasts, 
which  obviously  stem  from  coloured  bacteria.  It  is  quite 
clear  that  such  coloured  bacteria  have  come  to  form  en- 
dosymbionts  not  only  once,  but  several  times.  The  host 
organisms  were  protozoans.  Thus  there  has  been  a 
repeated  transition  between  two  of  the  kingdoms  that  have 
been  recognized  of  old  :  the  Animalia  and  the  Plantae,  or  in 
somewhat  newer  terms,  the  Protozoa  and  the  Algae.  It  has 
been  suggested  that  the  chloroplasts  of  red  algae  stem  from 
cyanophytes,  those  of  green  algae  and  land  plants  from 
prochlorophytes.  There  even  seem  to  be  cases  where  a 

protozoan  has  turned  into  an  alga  not  by  engulfing  a  colour- 
ed bacterium,  but  a  eukaryotic  alga.  The  result  is  some- 

thing like  a  biological  Russian  doll,  with  the  largest  cell 
engulfing  smaller  cells  which  in  turn  had  engulfed  still  smaller 
cells.  One  such  group  of  complex  organisms  are  the 
cryptomonads  (Ludwig  and  Gibbs  1985  ;  Douglas  et  al.  1991). 
The  endosymbiotic  phenomenon  could  not  have  been 

detected  on  fossil  material  by  palaeontologists.  The  strati- 
graphic  control  on  its  origination  is  vague  at  most,  but  most 

endosymbiosis  events  presumably  took  place  in  the  Precam- 
brian. 

Heterochronic  origins  of  animal  phyla 

In  many  marine  coelomates  the  larva  and  adult  lead  two 
entirely  different  modes  of  life.  Whereas  the  adult  is  benthic 

and  may  have  one  or  the  other  mode  of  feeding  and  locomo- 
tion, the  larva  is  pelagic  and  swims  and  feeds  with  the  aid  of 

cilia.  Also  many  adult  coelomates  use  cilia  for  feeding. 
Some  of  these  collect  their  food  directly  from  the  water. 

Brachiopods,  bryozoans,  phoronids,  endoprocts  and  ptero- 
branchians  (graptolites)  are  typical  examples,  with  cilia  situ- 

ated on  tentacles.  Others  collect  at  least  part  of  their  food 
from  the  sediment  surface,  although  again  with  their  cilia. 
In  this  category  we  find  sipunculids,  among  others. 

The  question  now  is  how  these  animals  have  developed 
their  adult  mode  of  feeding.  We  can  first  note  that  the 
tentaculated  ciliary  feeders  belong  to  the  most  derived  (most 
highly  developed)  of  the  three  groups  or  levels  of  bilaterian 
animals,  the  three  being  acoelomates,  pseudocoelomates 
and  coelomates.  Therefore  there  is  every  reason  to  believe 
that  tentaculate  ciliary  feeding  is  a  derived  mode  of  feeding 
in  adult  bilaterian  animals. 

One  way  to  develop  ciliary  feeding  in  adults  with  ciliary- 
feeding  larvae  certainly  would  be  by  heterochronic  retention 

of  such  feeding  into  the  adult  (Figure  1).  Since  hetero- 
chronic changes  by  themselves  need  to  involve  only  minor 

genetic  changes,  they  can  reasonably  occur  in  very  short 

time.  Logically,  therefore,  a  shift  to  tentacle-feeding  from 
grazing,  mud-eating  or  hunting  could  lead  to  a  tentaculate 
phylum  from  something  fundamentally  different  within  a 
million  years,  and  presumably  within  a  very  much  shorter 

time,  perhaps  even  1000  years  or  less. 
Two  groups  are  particularly  instructive  in  this  regard.  The 

first  of  them  is  the  Endoprocta  (Figure  1).  An  endoproct  is 
virtually  a  trochophora  larva  on  a  stalk.  The  only  characters 
in  an  endoproct  that  do  not  fit  into  such  a  larva  are  the  stalk 
attachment  and  the  reproduction  ability  (for  instance  Hyman 
1951).  Thus,  we  can  easily  believe  that  paedomorphic 
heterochrony  made  its  adult  characters  unlike  that  of  any 

other  group,  and  particularly  unlike  that  of  the  immediate 
ancestor,  thus  creating  endoprocts  as  a  discrete  phylum. 
Since  the  endoproct  characters  are  those  of  coelomate 
larvae,  endoprocts  are  coelomates  by  affinity  (although  not 
by  construction),  not  pseudocoelomates.  This  is  also  borne 
out  by  the  pattern  of  egg  cleavage,  which  is  most  similar  to 
that  of  annelids  and  similar  animals. 
The  second  instructive  group  is  the  Phoronida  (for 

instance  Hyman  1959).  Phoronid  larvae  are  typical 
coelomate  planktic  larvae  with  three  transverse  bands  of 
cilia.  One  of  the  bands  develops  tentacles  in  the  larva 
already  before  it  settles  on  the  sea  bottom,  and  the  adult 

tentacles  develop  from  the  same  ciliary  band.  This  demon- 
strates the  continuity  in  equipment  and  feeding  method  from 

larva  to  adult. 

Endoprocts  and  phoronids  differ  fundamentally  in  detail. 
For  instance,  the  tentacles  develop  from  a  preoral  ciliary 
band,  the  prototroch,  in  endoprocts,  but  from  a  postoral  band, 
the  metatroch,  in  phoronids.  The  message  is  the  same, 
however  :  a  fundamentally  new  animal,  a  new  phylum,  could 
be  shaped  by  simple  heterochrony. 

Twisting 

Another  class  of  processes  leading  to  new  groups  is 
twisting,  that  is,  deformation  of  the  body  symmetry.  The 
gastropods  provide  an  interesting  example  of  this  simple 

change  behind  high-level  taxonomic  separation  (Peel  1987, 
pp.  305-306).  The  diagnostic  difference  between  gas- 

tropods and  their  ancestors,  the  monoplacophorans,  is  that 
the  latter  are  bilaterally  symmetrical,  whereas  in  the  former 

the  shell  with  its  enclosed  soft-parts  is  rotated  180°  on  the 
foot.  The  evolutionary  process  is  echoed  in  the  embryology 
of  the  individual  gastropod  :  the  small  larva  is  symmetrical, 
but  at  one  stage  the  rotational  torsion  starts.  It  can  start 
suddenly  and  be  completed  within  minutes.  Maybe  it  is  a 
mechanical  instability  that  causes  the  torsion,  and  did  so 
when  it  was  evolutionary  invented.  The  torsion  gives 

gastropods  a  great  advantage  compared  with  monoplaco- 
phorans :  the  mantle  cavity  is  shifted  anteriorly  and  gives  the 

animal  the  possibility  to  hide  inside  its  shell. 
Modern  echinoderms,  and  even  most  fossil  ones,  have  a 

nice  pentameric  symmetry.  Their  larvae  are  bilaterally  sym- 
metrical. Certainly  their  ancestors  were  symmetrical  also  as 

adults.  There  is  general  agreement  that  pentameric  sym- 
metry was  reached  via  a  stage  with  asymmetry  distorting  the 

ancestral  bilateral  asymmetry.  This  is  so  during  ontogeny, 

and  we  know  of  many  asymmetric  forms  from  the  Palae- 
ozoic. Some  of  them  reclined  on  their  sides  on  the  bottom. 

This  is  the  case  with  the  carpoids'.  It  is  possible,  even  most 
probable,  that  the  forms  leading  to  pentameric  echinoderms 
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Figure  1.  Endoprocta  as  an  example  of  possible  origination  of  new  phyla  by  heterochrony.  The  original  life  cycle  is 
supposed  to  have  had  an  adult  with  features  of  flatworms,  molluscs  and  several  types  of  marine  larvae.  By  prolonging  the 
larval  type  of  feeding  into  the  adult  there  would  have  been  a  need  to  extend  the  ciliary  band  along  tentacles  to  enhance  the 
efficiency.  A  sessile  mode  of  life  would  be  optimal.  It  is  easy  to  understand  that  the  shift  from  the  primary  to  the  secondary 
life  cycle  would  be  fairly  abrupt,  and  that  the  functional  and  morphological  changes  involved  would  remodel  the  adult  so  that 

relationships  would  be  obscured  -  and  so  a  new  phylum  would  be  born. 
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were  attached.  'Carpoids',  including  'calcichordates',  being 
asymmetric  recliners,  may  therefore  represent  blind  ends  in 
evolution.  In  any  case,  echinoderms  provide  still  another 

example  of  new  body  plans  created  by  small  means,  presum- 
ably with  little  genetic  change  and  in  short  time. 

Deuterostomes  (notoneuralians) 

The  constructional  gap  between  vertebrates  and  their 

relatives  on  one  side,  and  'protostomes'  (or  gastroneuralians) 
on  the  other,  has  long  disturbed  attempts  to  compare  the  two 
groups.  As  a  result,  the  phylogenetic  and  evolutionary 

relationships  have  been  poorly  understood  and  hotly  debat- 
ed. 

As  the  names  indicate,  students  have  thought  that  in 
protostomes/gastroneuralians  the  mouth  has  a  primary 
position  and  the  central  nervous  system  is  ventral.  In 
deuterostomes/notoneuralians  the  mouth  would  have  a 
secondary  position  and  the  central  nervous  system  would  be 

dorsal  (for  instance  Nielsen  1995).  In  the  following  I  occa- 
sionally use  the  terms  neural  side  and  cardial  side  when  the 

terms  dorsal  and  ventral  may  be  confusing  or  irrelevant. 

One  attempt  to  understand  the  origination  of  the  verte- 
brates has  been  to  start  from  a  protostome  that  was  turned 

upside  down,  so  that  the  originally  ventral  nerve  cord 
became  dorsal  in  vertebrates.  An  early  proponent  of  this 
idea  was  Etienne  Geoffroy  St.  Hilaire  (1822),  who  suggested 
that  the  vertebrate  origin  was  among  the  arthropods.  Other 
mostly  19th  Century  authors  (F.  Leydig,  C.  Semper,  A.  Dohrn 

and  A.  Naef,  see  Nübler-Jung  and  Arendt  1994)  have  tried  to 
find  an  origin  among  annelid-type  worms  also  by  means  of 
dorsoventral  inversion.  In  the  20th  Century,  W.  Patten  (1912) 
has  been  intrigued  by  the  idea  of  inversion.  He  believed  in 
a  derivation  from  chelicerate  arthropods.  However,  on  the 
whole  the  idea  of  inversion  has  had  only  a  limited  number  of 
proponents.  In  reality,  most  zoologists  have  considered  the 
idea  to  be  of  entirely  historical  interest. 

Recently,  however,  there  has  been  brought  impressive 
molecular  evidence  that  indicates,  or  rather  proves,  that 

vertebrates  in  fact  are  upside-down  in  comparison  with 

'protostomes'.  It  started  with  a  contribution  by  Arendt  and 
Nübler-Jung  (1994  ;  see  also  1996),  where  they  demonstrat- 

ed that  genes  controlling  dorsoventral  patterning  of  embryos 
show  close  correspondences  between  vertebrates  and 
insects.  The  striking  difference  is  that  a  gene  complex  (the 

achaete-scute  complex)  influencing  neuronal  precursor  cells 
ventrally  in  insects  {Drosophila)  influences  the  same  type  of 

cells  dorsally  in  vertebrates  (Xenopus).  In  the  other  direc- 
tion, decapentaplegic-  related  genes  affect  mesoderm  and 

ectoderm  dorsally  in  insects  and  ventrally  in  vertebrates. 
Hoi  ley  er  al.  (1995)  found  that  the  sog  (short  gastrulation) 
gene,  expressed  in  the  region  of  the  ventral  nerve  cord  in 
insects,  corresponds  to  the  chordin  gene,  that  is  expressed 

in  the  mid-dorsal  area  in  vertebrates,  around  the  dorsal  nerve 
cord.  De  Robertis  and  Sasai  (1996)  added  further  substance 

to  the  idea  of  inversion.  Arendt  and  Nübler-Jung  (1996)  also 
demonstrated  a  close  longitudinal  correspondence  between 
the  brains  of  insects  and  vertebrates,  both  in  gene  control 
and  in  functional  respects.    These  hard  facts  demonstrate 

that  zoologists  have  been  completely  misled  in  producing  our 
current  view  of  the  differences  between  protostomes  and 
deuterostomes. 
The  new  understanding  of  how  a  vertebrate  must  be 

oriented  in  order  to  be  correctly  compared  with  a  protostome 
has  prompted  an  attempt  to  see  what  this  implies  for  other 
deuterostomes  (Bergström,  Viehweg  and  Naumann  in  prep.) 

Are  all  so-called  deuterostomes  'upside-down'  in  compari- 
son with  protostomes,  or  only  vertebrates,  or  some  intermedi- 

ate-sized assemblage?  Between  which  groups  did  the 
inversion  occur?  How  could  this  influence  our  ideas  of 

protostome- deuterostome  relationships  ? 
We  can  first  state  that  enteropneusts,  cephalochordates 

and  vertebrates  are  the  only  deuterostome  groups  with  a 
dorsoventral  life  orientation  that  can  be  compared  with  that 
of  protostome  worms,  molluscs  and  arthropods.  It  simply 
has  no  sense  to  compare  pentaradiate  echinoderms  or 

sessile  groups  with  a  U-shaped  gut  with  ordinary  worms, 
since  dorsal  and  ventral  cannot  be  defined  in  a  comparable 
way.  In  search  for  the  solution  of  the  orientation  problem,  I 
was  struck  by  the  fact  that  cephalochordates  (amphioxus) 
tend  to  rest  on  their  neural  side,  that  is,  upside  down  as  the 

text-books  see  it.  This  raised  two  immediate  questions: 

are  they  upside  down  in  their  life  posture,  or  are  they  in  text- 
book drawings  ?  And  if  the  textbook  drawings  are  upside- 

down,  what  are  the  implications  for  our  anatomical  compari- 
sons with  other  animals,  such  as  the  hemichordates  ? 

Anatomy,  function  and  relationships 

In  this  approach  I  am  not  suggesting  any  bold  new  ideas 
on  the  relationship  between  phyla.  The  deuterostomes,  as 

delimited  here,  are  what  they  are  in  most  textbooks  :  hemi- 
chordates, echinoderms  and  chordates.  There  are  strong 

reasons  to  believe  that  these  groups  are  closely  related. 
These  reasons  are  well  known  and  need  not  be  repeated 
here. 

I  am  not  suggesting  that  any  one  group  evolved  from  any 
other  group  such  as  they  are  delimited  today.  For  example, 
I  do  not  believe  that  vertebrates  evolved  from  modem 

cephalochordates,  but  from  a  common  ancestor  which  had 
already  achieved  important  derived  characters,  such  as 
segmentation  of  musculature  and  nerve  system.  This 
means  that  the  ancestor  was  able  to  swim,  as  are  also 
modern  cephalochordates,  if  only  in  short  darts. 

It  is  worth  noting  that  all  preceding  steps  on  the  evolution- 
ary ladder  within  the  deuterostomes— pterobranchs,  enterop- 

neusts, urochordates,  cephalochordates— include  ciliary 
feeding  but  not  active  search  for  food,  and  no  eyes  are 
involved  in  feeding.  Vertebrates,  on  the  other  hand,  have 

well-developed  sensory  organs  including  eyes  for  orienta- 
tion, and  they  search  their  food  actively,  not  by  ciliary  feed- 
ing. Therefore  it  is  a  logical  conclusion  that  vertebrates 

have  come  into  being  by  a  radical  shift  of  habits.  As  in 
cases  referred  to  above,  we  see  this  shift  also  in  the 

ontogeny,  since  larval  lampreys  live  and  feed  just  as  the 
amphioxus. 

This  is  not  unique  to  vertebrates.  Function  is  intimately 
tied  to  body  plans.    We  must  therefore  expect  evolution  to 
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have  produced  similar  solutions  over  and  over  again. 
Repeated  heterochronic  retention  of  ciliary  feeding  resulting 
in  a  number  of  tentaculate  phyla  was  mentioned  above  as 

one  example.  Unfortunately  many  scientists  are  so  impres- 
sed by  one  or  the  other  individual  similarity  that  they  overlook 

the  overwhelming  amount  of  parallel  and  convergent  evolu- 
tion that  is  clearly  evident  from  the  mosaic  distribution  of 

characters  among  animals. 
Nielsen  (1995)  has  produced  one  of  the  latest  phylogenetic 

trees.  His  tree  is  founded  on  a  series  of  hypothetical 
ancestral  stages,  partly  larval,  for  which  there  is  no  evidence. 
His  guiding  idea  is  that  two  types  of  larval  ciliary  feeding, 
downstream  and  upstream  food  collecting,  defines  two 
phylogenetic  groups.  It  is  obvious  that  upstream  ciliary 
collecting  is  closely  tied  to  mesotroch  ciliary  feeding.  This 
combination  is  found  in  brachiopods,  phoronids,  bryozoans, 
echinoderms,  pterobranchs  and  enteropneusts,  all  ciliary 
feeders  as  adults.  Endoprocts,  which  have  prototroch 
ciliary  feeding,  have  a  downstream  collecting  system,  like 
echiurids,  annelids,  nemerteans  and  molluscs,  which  are  not 
ciliary  feeders  as  adults.  A  downstream  collecting  system 
appears  to  be  primitive  among  coelomates.  Whenever 
animals  have  shifted  to  mesotroch  ciliary  feeding  there 
appears  also  to  have  been  a  shift  to  upstream  collecting.  I 
do  not  understand  why  this  is  so,  nor  does  Nielsen  indicate 
any  understanding  of  the  phenomenon.  There  is  no  reason 
whatsoever  that  upstream  collecting  should  not  have 
evolved  several  times,  and  there  is  no  justification  for  using 
downstream  and  upstream  collecting  systems  to  distinguish 

phylogenetic  groups.  Nielsen's  results  are  not  in  line  with 
either  modern  molecular  phylogeny  or  molecular  genetics. 

For  instance,  the  very  striking  resemblance  in  genetic  steer- 
ing of  morphogenesis  between  insects  and  vertebrates 

(Arendt  and  Nübler-Jung  1994,1996;  Holley  et  al.  1995) 
demonstrates  that  it  is  unreasonable  to  distinguish  the 
Protostomia  and  Deuterostomia  as  two  main  groups,  and 

unreasonable  to  regard  ctenophores  as  a  twig  on  the  deuter- 
ostome  branch. 

There  is  also  in  Nielsen's  approach  the  common  tendency 
to  generalize,  and  to  give  protostomes  and  supposed  deuter- 
ostomes  characters  which  they  do  not  have,  or  that  only 
some  of  them  have.  For  instance,  Nielsen  (1994,  Table  19) 

claims  that  phoronids,  pterobranchs,  enteropneusts,  urochor- 
dates  and  cephalochordates  have  a  dorsal  central  nervous 

system,  and  that  pterobranchs,  which  lack  a  pelagic  larva, 

have  dipleurula-like  ciliary  bands.  As  stated  elsewere,  in 
many  ciliary  feeders  there  is  no  possibility  to  distinguish 

between  dorsal  and  ventral  sides,  and  regarding  pterobran- 
chs, enteropneusts,  and  apparently  also  cephalochordates, 

Nielsen  is  clearly  incorrect  (see  below). 

Enteropneusts,  protostomes  and  the 
central  nervous  system 

Vagile  protostomes  tend  to  have  at  least  one  ventral  nerve 

cord,  or  a  pair.  An  anterior  part  of  it  embraces  the  oesopha- 
gus. Although  deuterostomes  are  said  to  have  their  central 

nervous  system  dorsal  ly  rather  than  ventral  ly,  enteropneusts 

in  fact  have  a  well-developed  ventral  nerve  cord,  from  the 

anterior  end  of  which  commissures  rise  to  embrace  the 

oesophagus  and  join  the  (occasionally  hollow)  'brain'  tube  in 
the  mesosoma  (Figure  2).  There  is  also  a  dorsal  nerve  cord, 
but  it  is  the  ventral  cord  that  is  the  thickest  and  that  is  in 

close  association  with  the  longitudinal  musculature.  It  is 
notable  that  there  is  one  or  more  dorsal  (and  lateral)  cords 
also  in  certain  protostome  groups,  such  as  the  flatworms, 
nematodes  and  nemertines. 

The  central  nervous  system  of  enteropneusts  is  therefore 
typically  protostomian  in  its  character.  It  is  commonly  said 

that  the  hollowness  of  the  'brain'  is  found  elsewhere  only  in 
chordates  but  no  chordate  has  a  hollow  nerve  tube  on  the 

cardial  side  of  the  body.  Arendt  and  Nübler-Jung  (1996,  p. 
258)  have  rightly  pointed  out  the  true  character  of  the 

enteropneust  nervous  system.  It  is  obvious  that  enterop- 
neusts are  not  upside-down  in  comparison  with  protostomes. 

Since  they  have  a  ventral  mouth  and  a  circum-oesophageal 
nerve  commissure,  it  would  appear  to  be  a  mistake  to  call 
them  deuterostomes.  Their  mouth  is  most  probably  where  it 
has  always  been  in  their  ancestors,  technically  they  are 
protostomes,  whether  or  not  they  are  related  to  vertebrates. 
And  they  are  gastroneuralians,  since  the  central  nervous 
system  is  dominantly  ventral. 

Enteropneusts  and  chordates 

The  circum-oesophageal  commissure  is  generally  lost  in 
chordates,  but  there  is  still  a  nerve  ring  in  append icularians 
(Urochordata),  even  if  there  is  no  longer  any  brain  on  the 
cardial  side  (Olsson  et  al.  1990).  The  existence  of  a  nerve 

ring  is  most  important  for  the  comparison  between  hemichor- 
dates  and  chordates.  If  the  central  nervous  system  is  used 
to  compare  appendicularians  with  enteropneusts,  it  appears 
that  the  neural  (dorsal)  side  of  the  former  must  correspond  to 

the  neural  side  of  the  latter,  that  is,  the  side  that  is  consid- 
ered as  ventral  in  text- books.  This  is  at  odds  with  conven- 
tional wisdom,  according  to  which  the  neural  (dorsal)  side  of 

vertebrates,  and  therefore  the  neural  side  of  appendicular- 
ians and  other  urochordates,  corresponds  to  the  cardial 

(dorsal)  side  of  enteropneusts. 
On  the  whole,  however,  urochordates  are  too  derived  to  be 

conveniently  compared  with  enteropneusts.  Cephalochor- 
dates (amphioxus)  can  be  more  rewarding.  When  amphiox- 

us  is  placed  with  its  neural  (biologically  ventral,  but  conven- 
tionally dorsal)  side  down,  a  series  of  similarities  with  enter- 

opneusts are  apparent  (Figures  2, 3, 4).  First,  the  main  part 

of  the  central  nervous  system  is  down  in  both.  The  direc- 
tion of  blood  circulation  is  the  same,  and  conforms  also  with 

the  general  protostomian  pattern.  On  the  upper  side,  both 
cephalochordates  and  enteropneusts  have  a  pair  of  folds, 
called  metapleural  folds  in  the  former,  genital  folds  in  the 
latter.  In  amphioxus  (but  not  generally  in  vertebrates),  the 

metapleural  folds  are  interconnected  by  a  transverse  fold 
closing  an  atrial  space  around  the  pharynx.  Between  the 
folds  are  the  pharyngeal  tremata  (gill  pores),  although  in  adult 
cephalochordates  the  individual  tremata  have  disappeared 
and  there  is  a  single  atrial  opening  posteriorly.  The  anus  is 
on  the  upper  side  both  in  cephalochordates  and  in  the  larval 
tailed  enteropneust  (and  in  pterobranchs).    In  cross  section, 
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Figure  2.  Central  nervous  system  and  blood  circulation  in  protostomes  (A)  and  deuterostomes  (B,  C).  A, 

Onychophora  ;  B,  Enteropneusta  (with  anus  in  semi-larval  position)  ;  C,  Cephalochordata  (amphioxus).  With 
amphioxus  oriented  as  in  nature,  there  is  a  basic  similarity  throughout.  The  main  blood  circulation  is  forwards  on 
the  dorsal  side,  backwards  on  the  ventral  side.  The  main  stem  of  the  central  nervous  system  is  ventral  ;  in  the 

anterior  end  there  is  a  circum-pharyngeal  ring  except  in  amphioxus.  The  absence  in  amphioxus  appears  to  be  a 
secondary  condition,  since  such  a  ring  is  known  from  urochordates  {Oikopleura).  The  dorsal  position  of  the  anus 
in  amphioxus  has  its  counterpart  in  hemichordates  (pterobranchians  and  larval  enteropneusts). 

there  are  paired  longitudinal  muscles  in  the  lower  part  of  the 
animal,  whereas  the  reproductive  organs  are  situated  in  the 
upper  part.  Between  the  gut  and  the  nerve  cord  is  the 
notochord.  Correspondingly  there  is  in  some  enteropneust 

species  a  pygochord  (for  instance  in  species  of  Balanogloss- 
us  ;  cf.  Figures  2, 3).  This  pygochord  likely  functions  as  a 

skeleton.  The  endostyle  (and  its  derivatives),  so  character- 
istic of  chordates,  may  correspond  to  the  preoral  ciliated 

organ  of  enteropneusts. 

This  impressive,  and  previously  unexpected,  list  of  similar- 
ities indicates  that  chordates  may  have  their  origin  among 

animals  very  similar  to  extant  enteropneusts.  With  swim- 
ming habits,  there  would  be  no  need  for  a  proboscis,  and  the 

animal  would  immediately  be  much  more  ampioxus-like 
(although  lacking,  for  instance,  muscular  segmentation). 
However,  many  readers  may  wonder  how  it  would  have  been 

possible  for  sluggish  bottom-living  enteropneust- like  animals 
to  develop  swimming  powers  and  pelagic  habits.  Actually, 

whereas  many  enteropneusts  are  deposit-feeders,  others  are 
able  to  collect  food  directly  from  the  water,  and  the  species 
Glandiceps  hacksi  has  been  observed  swarming  at  the 
surface  in  shallow  water,  feeding  on  phytoplankton  (Brusca 
and  Brusca  1990,  p.  853). 
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Figure  3.  Idealized  cross  sections  through  A,  enteropneust  (Hemichordata)  and  B,  amphioxus  (Cephalochor- 
data).  Both  are  oriented  as  in  nature,  which  means  that  the  amphioxus  is  upside-down  in  comparison  with  text- 

book illustrations.  There  is  a  close  correspondence  in  several  structures  and  organs  :  pharynx  with  gill  slits,  paired 

dorsal  'wings'  containing  gonads  (called  genital  wings  for  simplicity  ;  in  amphioxus,  their  technical  term  is 
metapleural  folds),  ventrally  situated  longitudinal  muscles,  main  stem  of  central  nervous  system  ventrally,  and  a 
stiffening  rod  (pygochord  and  notochord)  between  gut  and  nerve  stem.  The  enteropneust  musculature  is  usually 

poorly  developed,  but  is  massive  in  species  of  Saccoglossus.  The  enteropneust  pygochord  is  not  widely  distribut- 
ed, but  occurs  in  species  of  Balanoglossus. 

Filter  feeding  cephalochordates, 

macrophagous  vertebrates 

We  have  to  accept  that  we  must  orient  amphioxus  with  its 
neural  side  down  when  we  compare  its  anatomy  with  that  of 
protostomes  and  enteropneusts.  Since  this  is  also  the  way 
it  lives,  it  would  be  no  problem,  but  for  one  thing  :  doing  this, 

we  place  them  upside-down  in  comparison  with  vertebrates, 
and  we  can  hardly  accept  instead  to  place  a  fish  or  a 

mammal  upside-down  in  order  to  facilitate  comparison. 
However,  we  have  localized  the  place  in  the  evolutionary 
tree  where  reorientation  must  have  occurred  :  it  is  inside  the 

chordate  tree,  after  cephalochordates  (amphioxus)  branched 

off.  Vertebrates  obviously  are  the  only  upside-down  deuter- 
ostomes,  the  only  real  Notoneuralia. 

Cephalochordates  have  several  peculiarities  of  their  own, 
but  they  are  also  similar  to  vertebrates  in  many  respects,  for 

instance  in  having  a  segmented  musculature.  One  differ- 
ence, however,  is  that  they  lack  eyes,  whereas  vertebrates 

have  a  pair  of  anterior  eyes.  They  have  light-sensitive 
spots  in  the  central  nervous  system  which  helps  them 
determine  the  correct  burrowing  depth,  but  they  cannot  spot 
their  food,  and  they  do  not  need  to  because  they  are  still 
filter-feeders  like  most  hemichordates  and  urochordates. 
On  the  contrary,  vertebrates  find  their  food  actively  by  the 

use  of  sensory  organs  including  eyes. 

How  could  a  change  from  a  passive  filter-feeding  organ- 
ism to  a  macrophagous  swimmer  come  about  ?  How  does 

the  reversal  of  body  posture  fit  in,  if  at  all  ? 
We  do  not  know  why  a  change  came  about.  For  the 

moment  we  just  have  to  accept  that  it  did.  For  an  active 
localization  of  its  food  the  original  vertebrate  apparently 

needed  eyesight,  since  eyes  were  developed.  Eyes  most 

easily  may  develop  from  the  light-sensitive  nerve  cord.  For 
a  primitive  chordate  without  a  circum-oesophageal  ring  and 
a  cardial-side  component  of  the  brain,  this  means  that  the 
eyes  take  their  origin  below  rather  than  above  the  mouth. 

For  food  search  along  the  bottom  this  situation  is  inconve- 
nient. The  simplest  way  to  solve  the  problem  would  be  a 

reversal  of  body  posture.  We  can  now  see  that  nature 
found  this  solution.  Reversal  would  shift  the  mouth  to  the 

new  ventral  side.  It  is  of  course  possible  that  the  order  of 
events  was  just  opposite,  with  reversal  preceeding  eye 
development. 

How  likely  is  it  that  a  swimming  proto-vertebrate  would  be 
able  to  shift  to  an  upside-down  life  ?  We  can  get  some 
idea  from  a  study  of  living  amphioxus.  My  own  observations 
of  Branchiostoma  lanceolatum  indicate  that  it  easily  turns 
around  when  it  meets  a  hindrance,  such  as  aquarium  glass. 

It  turns  immediately  180°,  and  does  not  swim  on  its  side. 
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Jtfïeîf) Figure  4.  Ventral  views  of  anterior  body  parts  of  enteropneusts  (Hemichordata)  and  amphioxus  (Cephalochor- 
data).  A,  The  enteropneust  Balanoglossus,  cardial  (dorsal)  side.  B-C,  Larval  and  adult  amphioxus  (Branchio- 
stoma),  cardial  (so-called  ventral)  side.  Note  the  general  similarity,  partly  disguised  by  asymmetry  in  the  larval 
amphioxus  and  loss  of  individual  gill  pores  in  adult  amphioxus.  The  genital  wings  of  the  enteropneust  are  similar 
to  the  metapleural  folds  in  amphioxus  and  similarly  enclose  the  gill  pores.  A,  modified  from  Ruppert  &  Barnes 

(1994)  ;  B-C,  modified  from  Herdman  (in  Harmer  and  Shipley  1932). 

After  a  second  or  two,  it  turns  over  again— and  then  over 
again.  When  hiding  in  the  bottom  shell  sand,  it  usually  rests 
with  the  neural  side  down,  but  in  exceptional  cases  it 

appears  to  be  the  other  way  around.    To  amphioxus,  there- 

fore, one  or  the  other  side  up  does  not  mean  any  impossible 
difference. 

We  have  some  idea  on  when  it  happened.    The  great 

radiation  within  coelomate  phyla  started  around  540-530 
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million  years  ago,  at  the  beginning  of  the  Cambrian.  The 
oldest  known  cyclostomes  lived  during  the  Early  Ordovician 
and  are  slightly  less  than  500  million  years  ago  ;  they  had 
eyes.  The  conodont  animals  must  have  belonged  to  the 
vertebrate  side  of  the  evolutionary  tree  (see  below).  The 
oldest  definite  conodont  animals  we  know  of  lived  during  the 
Late  Cambrian,  some  505  million  years  ago.  Inversion  and 

the  vertebrate  eye  thus  are  some  505-530  million  years  old. 

Embryology 

Reversing  the  adult  means  that  also  the  egg  and  embryo 

have  to  be  turned  around  180°.  Surprisingly,  the  edges 
closing  the  neural  tube  then  must  be  considered  as  the  lips 
of  the  urmund.  In  urochordates  the  definite  mouth  forms  at 

the  neuropore,  that  is,  just  at  the  anterior  end  of  the  urmund. 
This  makes  urochordates  indistinguishable  from  protostomes 
in  this  allegedly  profound  character  (Figure  5). 

In  cephalochordates  and  vertebrates  the  situation  is  more 
derived  because  of  a  secondary  displacement  of  the  mouth. 
However,  it  is  notable  that  the  nasal  sack  still  forms  from  the 
neuropore,  and  that  this  sack  is  continuous  with  the  gut  in 
hagfish.  Could  it  be  the  original  mouth?  Arendt  and 

Nübler-Jung  (1996,  p.  258)  found  neural  evidence  that  it 
corresponds  to  the  original  mouth,  and  thought  that  the 

functional  mouth  in  vertebrates  is  a  new  penetration. 
This  is  of  course  possible,  but  from  a  functional  point  of 

view  it  appears  likely  that  the  new  mouth  in  one  way  or 
another  has  evolved  from  the  old.  We  know  that  in  many 
enteropneusts  the  pharynx  is  divided  into  upper  and  lower 
portions  by  lateral  infoldings  of  the  pharynx  wall.  The  upper 

channel  leads  water  to  the  pharyngeal  tremata  ('gill'  pores), 
while  the  lower  channel  conveys  food  backwards  to  the 

midgut.  A  similar  division  could  have  separated  the  anter- 
iormost  part  of  the  vertebrate  forebears  into  an  upper  naso- 

pharyngeal tube  and  a  lower  mouth  cavity,  both  opening 

posteriorly  into  the  pharynx.  This  appears  to  be  the  situa- 
tion that  is  still  present  in  myxinids  (hagfishes),  while  in 

petromyzontids  the  upper  tube  is  closed  at  the  rear  to  form 
a  nasal  sack. 

The  situation  in  cephalochordates  is  less  easy  to  interpret. 
Ontogenetically  the  definitive  mouth  forms  as  a  new  opening 
on  the  left  side  of  the  head,  only  to  move  later  to  the  upper 

(so-called  ventral)  midline.  This  shift  serves  two  purposes. 

First,  it  'has  to'  move  from  its  original  position  on  the  lower 
(so-called  dorsal)  midline  to  let  the  notochord  grow  to  the 
anterior  end  of  the  animal,  where  it  serves  as  a  support 

during  burrowing.  Second,  for  an  animal  concealed  in  the 
bottom  sediment  its  position  should  be  as  high  as  possible, 
thus  on  the  upper  side.    As  for  vertebrates  it  appears  most 
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Figure  5.  Idealized  views  of  embryos  from  the  neural  side  :  left,  protostome  ;  right,  urochordate  deuterostome. 
In  a  protostome  the  future  mouth  is  said  to  be  formed  by  or  at  the  anterior  end  of  the  closing  blastopore,  although 
there  are  numerous  exceptions.  The  ventral  nerve  cord  forms  along  the  fused  blastopore  lips.  In  a  deuterostome 
the  central  nerve  cord  similarly  forms  along  a  pair  of  fused  folds,  which  in  urochordates  extend  between  the  future 
mouth  and  anus.  The  similarity  between  the  two  embryo  types  is  striking,  but  has  not  been  appreciated  because 

students  'knew'  they  were  looking  at  opposite  sides  of  the  embryos. 
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likely  that  the  mouth  is  not  a  completely  new  opening  from 
an  evolutionary  point  of  view,  but  has  shifted  position.  It 
may  have  moved  over  the  anterior  tip  of  the  animal.  If  so, 
the  lateral  formation  of  the  mouth  may  be  a  later  adaptation, 
perhaps  to  lying  down  on  one  side,  or  to  rotational  swimming 
in  the  larvae  for  more  effective  ciliary  feeding. 

Fossil  deuterostomes 

Apart  from  echinoderms  and  vertebrates,  no  deuterostome 
group  has  yielded  fossils  useful  for  softpart  reconstruction. 
The  only  other  group  that  is  abundant  as  fossils  is  the 
graptolites,  to  which  the  two  genera  of  living  pterobranchians 
should  be  counted.  Unfortunately  the  Palaeozoic 
graptolites  are  known  only  from  their  colonial  skeletons. 
The  Lower  Cambrian  Chengjiang  fauna  of  China  has 

yielded  the  worm-like  animal  Yunnanozoon  lividum.  In  their 
original  description,  Hou  et  al.  (1991)  regarded  it  as  slug- 
shaped.  Bolder  interpretations  and  reconstructions  have 
been  issued  since.  Dzik  (1995)  and  Chen  er  al.  (1995) 
suggested  that  the  animal  is  a  deuterostome,  the  segmented 

bands  being  myomeres  of  the  type  found  in  cephalochor- 
dates  and  vertebrates.  I  hesitate  to  accept  this  interpreta- 

tion. There  are  several  reasons  for  this.  For  instance,  the 

supposed  myomeres  lack  the  V-shape  characteristic  of 
segmented  chordates.  They  are  also  notably  dark,  which  is 
difficult  to  explain  if  they  were  myomeres.  It  is  even  more 
remarkable  that  there  is  occasionally  a  small  overlap 

between  adjoining  'segments'.  Such  an  overlap  is  hardly 
compatible  with  the  idea  that  the  'segments'  are  massive 
muscle  blocks.  At  the  edge  the  'segment'  in  front  occa- 

sionally stands  out  a  little  over  the  successive  one.  These 

features  indicate  that  the  'segments'  are  not  muscle  blocks 
at  all,  but  sclerites  in  the  skin  of  the  animal.  Such  sclerites 
are  unknown  in  marine  deuterostomes.    It  can  be  added 

that  the  supposed  gills  have  a  ventral  position,  whereas  the 
gill  pores  in  deuterostomes  (other  than  vertebrates)  have  a 
decidedly  dorsal  position.  Moreover,  Shu  et  al.  (1996) 
pointed  out  that  the  supposed  notochord  is  filled  with  gut 
contents. 

Shu  er  al.  (1996)  recently  described  Cathaymyrus  diadexus 
from  the  Chengjiang  fauna  as  a  cephalochordate.  The 
single  fossil  specimen  preserves  a  possible  alimentary  canal, 
a  possible  notochord,  a  possible  pharynx  perhaps  with  gill 
slits,  and  transverse  bands  that  are  interpreted  as  myomeres. 
No  fins  are  visible.  According  to  the  authors  the  animal  is 
judged  to  be  a  relative  of  amphioxus.  This  is  not  obvious 
from  the  illustrations.  Additional  material  is  needed  before 

any  well  founded  judgement  on  the  significance  of  this  fossil 
can  be  made. 

The  Middle  Cambrian  Pikaia  gracilens  is  more  easily 
accepted  as  a  chordate.  It  has  the  general  appearance  of 
an  eel  larva  (Figure  6A).  It  appears  to  be  segmented  and  to 

have  typically  V-shaped  myotomes,  a  key  character  of 
cephalochordates  and  vertebrates.  However,  as  long  as  it 
is  unknown  if  it  has  eyes  or  jaws  (teeth)  it  cannot  be  decided 
if  it  is  a  cephalochordate  or  a  vertebrate.  This  diminishes  its 
value  in  the  discussion.  It  does  not  seem  to  be  a  conodont 

animal,  since  it  is  likely  that  the  conodont  teeth  would  be 
easily  preservable  and  visible.  On  the  other  hand,  the 
absence  of  shell  sand  in  the  Burgess  Shale  indicates  that  its 

mode  of  life  was  different  from  that  of  modern  cephalochor- 
dates. 

These  fossils  apparently  can  not  give  us  much  information 
about  the  origin  and  early  evolution  of  deuterostome  groups. 
The  conodont  animals,  or  conodontophorids,  are  now 

known  to  have  had  a  pair  of  eyes  and  a  body  musculature 

divided  into  V-shaped  myomeres  (Figure  6B  ;  Purnell  1995). 
It  is  quite  obvious  that  they  are  segmented  chordates.  The 
possession  of  eyes  and  teeth  demonstrates  that  they  were 

jälJ'Jll'll  '
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Figure  6.  Fossil  segmented  chordates,  both  oriented  with  the  neural  side  up.  A,  Pikaia  gracilens,  a  possible 
amphioxus  relative  from  the  Middle  Cambrian  Burgess  Shale.  Length  about  4  cm.  Drawn  from  Conway  Morris 
(1982,  PI.  S).  B,  Clydagnathus  windsorensis,  a  conodont  animal  from  the  Carboniferous  of  Scotland.  Its  eyes 
reveal  that  it  belongs  to  the  vertebrate  lineage.    Length  about  4  cm.    Simplified  from  Purnell  (1995,  Figure  1). 



Origin  of  high-rank  groups  of  organisms 11 

not  ciliary  feeders,  but  hunters.  This  gives  us  the  possibility 
to  say  that  they  were  not  cephalochordates,  but  belonged  to 
the  vertebrate  side  of  the  evolutionary  tree.  The  oldest  true 
conodonts  are  from  the  Late  Cambrian.  However,  they 
were  preceeded  already  in  the  Early  and  Middle  Cambrian  by 

so-called  protoconodonts  and  paraconodonts,  which  are 
considered  by  many  specialists  to  be  ancestral  to  the 
conodonts  (see  for  instance  Bengtson  1976,1983;  Andres 
1981  ;  Dzik  1991). 

Echinoderms  are  differentiated  into  some  20-25  classes. 

The  classes  are  so  distinct  that  it  is  generally  almost  impos- 
sible to  be  sure  of  interrelationships.  Four  subphyla  have 

been  distinguished.  One  of  them,  the  Homalozoa  (the 

carpoids),  include  asymmetric  to  superficially  bilaterally  sym- 
metric forms  which  rested  with  one  side  on  the  bottom.  The 

other  three  phyla  include  more  or  less  pentameric  forms. 
The  subphylum  Asterozoa  (with  seastars  and  brittlestars) 
includes  forms  with  true  arms,  that  is,  extensions  of  the  body 

that  contain  organs  such  as  gonads.  The  remaining  sub- 
phyla,  the  Crinozoa  and  Echinozoa,  consist  of  a  variety  of 
classes  and  are  difficult  to  define.  The  basic  similarities 

between  pterobranchs  (graptolites)  and  echinoderms  makes 

it  most  likely  that  the  latter  have  evolved  from  a  pterobranch- 
like  ancestor.  However,  nothing  of  that  transition  is  preser- 

ved. As  indicated  above,  a  key  to  understanding  the 
origination  of  echinoderms  is  the  formation  of  asymmetry  in 
association  with  a  new  mode  of  attachment  (which  was 
presumably  lost  in  the  Homalozoa).  Another  key  invention 
is  that  of  a  calcific  endoskeleton.  This  made  it  possible  for 
the  animals  to  grow  to  much  larger  size  than  before.  The 

presence  of  a  calcareous  skeleton  apparently  makes  a  pre- 
Cambrian  origin  of  the  echinoderm  body  plan  impossible. 
Virtually  without  exception,  calcareous  skeletons  occur  first 
in  the  Cambrian.  One  reason  may  be  that  the  dissolved 
oxygen  content  was  too  low  to  form  them.  Rhoads  and 

Morse  (1971)  have  shown  that  at  present,  with  an  atmo- 
spheric oxygen  ratio  below  10%  acids  produced  by  anaerobic 

glycolysis  will  dissolve  calcareous  skeletons.  Still, 
echinoderms  with  a  calcific  skeleton  were  around  already  in 
the  Early  Cambrian. 

Fossils  which  have  been  used  frequently  in  attempts  to 

explain  vertebrate  origins  are  the  so-called  calcichordates 
(for  instance  Jefferies  et  al.  1987;  Jefferies  1988;  Woods 
and  Jefferies  1992),  more  or  less  irregular  to  bilaterally 

symmetric  forms  with  echinoderm-type  calcific  skeleton. 
Most  authors  regard  them  as  echinoderms  forming  the  class 

Stylophora  within  the  sub-phylum  Homalozoa.  According 
to  the  calcichordate  hypothesis,  concavities  on  the  inner 

side  of  the  skeleton  housed  a  well-developed  nervous 
system  with  a  surprisingly  large  brain,  and  similarities  with 
vertebrates  include  a  tail  (by  other  students  considered  to  be 
a  tentacle).  The  theory  is  considered  controversial.  It 

appears  to  be  immensely  more  difficult  to  derive  a  cephalo- 

chordate-vertebrate  origin  from  a  'calcichordate'  than  from 
an  enteropneust.  How,  for  instance,  to  evolve  a  muscular 
tail  swinging  sideways  around  a  central  endoskeleton  from  a 

vertically  swinging  pulling  tool  with,  functionally  speaking,  a 
peripheral  exoskeleton  ? 

Deuterostomes  a  separate  branch  ? 

With  the  understanding  of  vertebrate  inversion— and  only 

vertebrate  !— the  discussion  on  'protostomes'  and  deuteros- 
tomes' (or  'gastroneuralians'  and  'notoneuralians')  can  be 

seen  in  a  new  light.  There  do  not  seem  to  exist  any 
deuterostomes,  in  the  sense  that  they  should  be  animals  with 
a  newly  formed  mouth  unrelated  to  the  anterior  end  of  the 

urmund.  On  the  contrary,  urochordate  embryology  demon- 
strates that  the  definitive  mouth  is  formed  exactly  at  the 

anterior  end  of  the  urmund.  In  this  respect,  'deuterostomes' 

are  'protostomes'. Of  all  the  groups  which  now  and  then  have  been  referred 

to  as  'deuterostomes'  or  'notoneuralians',  only  the  verte- 
brates qualify  as  'notoneuralians'  in  the  sense  that  they  have 

their  neural  side  up  (except  in  the  upside-down  swimming 
fish  Synodontis  batensoda).  When  other  chordates  are 
illustrated  in  the  same  posture,  it  is  only  by  convention. 

Hemichordates  have  a  typical  protostomian  arrangement 
of  their  central  nervous  system,  including  an  anterior  dorsal 

part  connected  by  a  (fairly  diffuse)  circum-oesophageal  ring 
with  a  posterior  ventral  nerve  cord.  Among  chordates,  some 

urochordates  have  a  circum-oesophageal  ring  (as  noted 

above),  but  the  post-oesophageal  nerve  cord  dominates 
strongly.  Since  no  part  of  the  central  nervous  system 

appears  to  be  missing  (Arendt  and  Nübler-Jung  1996),  the 
oesophagus  appears  to  have  moved  forwards  through  the 
central  nervous  system  with  a  resulting  displacement  of  the 
brain  from  the  cardial  to  the  neural  side  of  the  body. 

The  textbooks  repeat  the  characters  said  to  be  typical  of 
deuterostomes.  One  such  character  is  the  mode  of  coelom 

formation,  which  should  be  enterocoelous.  There  is  in  fact 
much  variation.  For  instance,  pterobranchs  have 
schizocoelous  coelom  formation,  some  enteropneusts  are 

schizocoelous,  others  enterocoelous,  echinoderms  are  usu- 
ally enterocoelous,  but  some  ophiuroids  are  schizocoelous, 

urochordates  virtually  lack  coelom,  etc.  The  enterocoelous 
condition  of  deuterostomes  apparently  is  a  myth,  and  the 
variation  indicates  that  the  mode  of  coelom  formation  has 

little  if  any  bearing  on  animal  relationships. 

The  idea  that  there  is  a  typical  'deuterostomian'  larva  is 
also  a  myth.  It  is  true  that  enteropneust  larvae  and  certain 
echinoderm  larvae  are  similar  to  each  other  (except  for  the 
mode  of  swimming  !),  but  these  are  exceptions  among  the 

'deuterostomes'.  It  is  also  true  that  these  larvae  are  similar 
to  trochophoras  and  trochophora-like  larvae,  said  to  be 

typical  of  'protostomes'  (Figure  7).  In  particular,  the  larvae  of 
enteropneusts,  molluscs  and  annelids  share  a  rotating 
motion  around  their  longitudinal  axis  during  swimming. 
Echinoderm  larvae  do  not. 

Comparisons  of  genetic  steering  mechanisms  (Arendt  and 

Nübler-Jung  1994, 1996  ;  Holley  et  al.  1995  ;  De  Robertis  and 

Sasai  1996)  demonstrate  great  affinities  between  'deuteros- 
tomes' and  advanced  protostomes',  such  as  arthropods. 

Other  protostomes  (pseudocoelomates,  flatworms)  are  dis- 
tinctly further  apart.  There  is  fairly  good  agreement  in 

molecular  phyletic  trees  that  this  is  so  (for  instance,  Tur- 
beville  et  al.  1992  ;  Smothers  et  al.  I994  ;  Bergström  1994  ; 
Doolittle  et  al.  1996).    Winnepenninckx  and  Backeljau  (1996) 
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Figure  7.  Comparison  between  typical  idealized  'protostome'  and  'deuterostome'  larvae.  A,  the  'protostome' 
trochophora.  B,  the  'deuterostome'  tornaria,  present  in  enteropneusts.  Except  for  the  course  of  the  two  anterior 
ciliary  bands  (prototroch  and  metatroch),  the  two  larval  types  are  very  similar.  The  similarities  even  include  a 

rotating  mode  of  swimming,  unique  to  these  larvae.  Text-book  authors,  however,  conventionally  claim  that  these 
larvae  are  utterly  dissimilar,  a,  anus  ;  act,  apical  ciliary  tuft  ;  e,  apical  eye  ;  m,  mouth  ;  mt,  metatroch  ;  pt, 
prototroch  ;  tt,  telotroch  ;  vt,  ventral  ciliary  band  or  neurotroch. 

tried  different  tree-making  approaches  and  molecular 
models  on  18S  rRNA  and  found  that  these  greatly  influence 

the  result.  However,  in  16  presented  trees  out  of  16,  deuter- 
ostomes  were  derived  from  protostomes,  although  from 
almost  all  possible  positions.  In  other  words,  although  there 
is  no  agreement  on  the  branching  details  of  the  evolutionary 
tree,  there  is  general  agreement  that  deuterostomes  are 
derived  from  protostomes. 

There  remains  no  evidence  whatsoever  to  regard  'deuter- 
ostomes' ('notoneuralians')  as  being  anything  else  than 

derived  'protostomes'.  There  are  in  fact  very  strong  argu- 
ments against  the  old  idea  that  'protostomes'  and  'deuteros- 

tomes' are  two  main  branches  of  the  animal  kingdom. 
'Deuterostomian'  characters  such  as  enterocoelous  coelom, 
radial  egg  cleavage,  indeterminate  egg  cleavage,  ciliary 
feeding  and  functionally  associated  oligomery,  and  upstream 
collecting  ciliary  feeding  appear  to  be  end  products  in 
protostome    evolution.    These    characters   are    irregularly 

distributed  among  phyla 

Having  said  this,  I  want  to  emphasize  that  hemichordates, 
echinoderms  and  chordates  belong  together  in  a  natural 
group.  Even  if  the  name  Deuterostomia  is  a  misnomer  (like 
so  many  other  names),  this  is  of  no  significance  for  the 
practical  use  of  the  name.  It  does  not  cover  the  same 

groups  as  Nielsen's  Notoneuralia,  and  his  Neorenalia  is  just 
a  younger  and  unnecessary  synonym. 

Conclusion 

A  major  conclusion  is  that  high-level  systematic  units, 
including  classes  and  phyla,  may  have  formed  through 
simple  processes  involving  only  small  genetic  changes. 
This  indicates  that  classes,  and  particularly  phyla,  may  have 

originated  as  fast  as  species.  Processes  include  the  forma- 
tion of  endosymbiosis  in  protists,  and  both  heterochrony, 

torsion  and  body  reorientation  in  metazoans. 
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Among  metazoans,  most  of  the  dramatic  changes  appear 
to  have  happened  in  the  Cambrian. 

Although  many  zoologists  still  see  protostomes  and 

deuterostomes  more  or  less  as  sister-groups,  there  is  general 
agreement  among  scientists  dealing  with  molecular  compari- 

sons that  deuterostomes  are  derived  from  protostomes. 

The  Deuterostomia  are  greatly  misunderstood,  since  text- 
books tend  to  overemphasize  certain  derived  features.  In 

fact,  however,  primitive  deuterostomes,  notably  hemichor- 
dates,  have  series  of  protostomian  characteristics,  such  as 
schizocoel,  ventrally  positioned  central  nervous  system  with 

an  anterior  circum-oesophageal  ring,  vascular  system  with 
identical  direction  of  circulation,  and  a  pelagic  larva  that  has 
great  similarities  with  a  molluscan  and  annelid  trochophora. 

The  striking  differences  between  'typical'  deuterostomian 
and  protostomian  features  are  a  result  of  the  conventional 

upside-down  orientation  of  chordates  in  virtually  all  compar- 
ative studies. 

Parallellism  and  convergence  in  evolution  are  much  more 
common  phenomena  than  usually  recognized.  For  instance 
at  the  phylum  level  this  has  repeatedly  resulted  in  ciliary 
feeding,  segmentation  etc,  yielding  superficial  similarities 

which  often  have  prompted  systematists  to  recognize  super- 
phyla  such  as  Articulata  and  Tentaculata. 
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Appendix  :  Outline  of  deuterostome  classification 

Deuterostomian  superphylum 
HEMICHORDATA  Bateson,  1885,  emend.  Fowler,  1892 

Graptolithina  Bronn,  1846  =Pterobranchia  Lankester,  1877 
Enteropneusta  Gegenbaur,  1870 
Xenoturbellida  Westblad,  1949 

ECHINODERMATA  de  Brugière  1789 

HOMALOZOA  Whitehouse,  1941  (=  Carpoidea  Jaekel) 
Homostelea  Gill  and  Caster,  1960 
Homoiostelea  Gill  and  Caster,  1960 

Stylophora  Gill  and  Caster,  1960  (=Calcichordata  Jefferies) 
Ctenocystoidea  Robison  and  Sprinkle,  1969 

CRINOZOA  Matsumoto,  1929  (8  classes) 
ASTEROZOA  Haeckel  in  Zittel,  1895  (1  or  2  classes) 
ECHINOZOA  Haeckel  in  Zittel,  1895  (perhaps  6  classes) 

CHORDATA 

UROCHORDATA  (TUNICATA) 
Appendicularia  (Larvacea) 
Doliolariacea  (or  as  Doliolida  under  Thaliacea  ?) 
Tunicata  (with  tunic) 
Ascidiacea,  sea  squirts 
Thaliacea,  salpa 

CEPHALOCHORDATA  or  ACRANIA 

Leptocardia 
VERTEBRATA  (CRANIATA) 

Several  classes  including  Conodontophorida 
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Abstract  The  trace  fossil  Zoophycos  was  newly  discovered  in  the  lower  part  of  the  Hikoroichi  Formation 
(Lower  Carboniferous)  distributed  in  the  southern  Kitakami  Mountains,  Northeast  Japan.  It  consists  of  a 

helically  coiled  spreite,  in  which  black-colored,  chevron-shaped  lamellae  occur  in  cross  section  as  an 
internal  structure.  Apart  from  the  absence  of  distinct  pellets  and  axial  shaft,  morphological  features  of  the 

Hikoroichi  Zoophycos  are  similar  to  those  of  Zoophycos  known  from  Tertiary  deep-sea  sediments. 
X-ray  diffractional  analysis  and  microscopic  observation  in  thin  section  revealed  that  the  black  material 

of  the  lamellae  in  the  spreite  appears  to  be  derived  from  a  higher  level  as  a  result  of  downward  conveyor 
activity  by  tracemakers.  This  inference  and  morphological  similarity  to  Tertiary  specimens  imply  that  the 
black  material  in  the  spreite  of  the  Hikoroichi  Zoophycos  is  probably  of  fecal  origin,  although  there  is  no 
compelling  evidence  such  as  pellets.  According  to  this  interpretation,  the  producing  animals  of  the 
Hikoroichi  Zoophycos  fed  in  surface  and/or  subsurface  sediments  and  deposited  fecal  matter  deep  in 

sediment,  as  did  Zoophycos  from  Pliocene  deep-sea  sediments  of  the  Boso  Peninsula,  Central  Japan. 
Such  feeding  and  excretory  styles  in  the  Zoophycos  producer  may  have  already  been  achieved  by  at  least 
the  Early  Carboniferous  and  have  remained  unchanged  over  a  long  peroid. 

Key  words  :  Ethology,  Hikoroichi  Formation,  Japan,  Lower  Carboniferous,  trace  fossil,  Zoophycos 

Introduction 

Zoophycos,  a  complex  spreiten  structure  with  several 

kinds  of  forms,  is  known  as  one  of  the  most  striking  ich- 
nofossils  and  has  been  reported  from  the  worldwide  post- 
Cambrian  marine  sediments  (Seilacher,  1967a,  1967b;  Bis- 
choff,  1968;  Pliöka,  1968;  Lewis,  1970;  Simpson,  1970 
Häntzschel,  1975  ;  Ekdale,  1977  ;  Wetzel  and  Werner  1981 

Crimes,  1987;  Bromley,  1990;  Bryant  and  Pickerill,  1990 

Olivero,  1994).  In  the  post-Cretaceous,  it  occurs  mainly  in 
deep-sea  sediments  deposited  at  bathyal  and/or  hadal 
depths  (eg.,  Seilacher,  1967a;  Ekdale,  1977;  Ekdale  and 
Bromley,  1983, 1984a,  1984b,  1991  ;  Wetzel,  1981, 1983, 1987, 
1991  ;  Frey  and  Pemberton,  1984  ;  Frey  and  Bromley,  1985  ; 
Bottjer  et  al.,  1987  ;  Kotake,  1989  ;  Frey  er  al.,  1990  ;  Wetzel 

and  Wijayananda,  1990).  In  contrast,  the  Paleozoic  Zoo- 
phycos is  found  mainly  in  the  sediments  of  shallower  set- 

tings, such  as  delta,  nearshore,  and  shelf  environments  (eg., 
Osgood,  1970  ;  Loring  and  Wang,  1971  ;  Osgood  and  Szmac, 
1972  ;  Marintsch  and  Finks,  1978  ;  Miller  and  Johnson,  1981  ; 
Chaplin,  1982  ;  Miller,  1984,  1991  ;  Miller  and  Knox,  1985  ; 
Bjerstedt,  1988a,  1988b  ;  Bryant  and  Pickerill,  1990).  Many 
authors  have  discussed  its  origin  and  interpreted  it  to  be  a 

product  of  feeding  or  foraging  behavior  by  a  worm-like, 

infaunal  deposit-feeder.  In  contrast,  I  proposed  a  different 

model  on  the  origin  of  Zoophycos  :  the  animals  of  Zoo- 
phycos appear  to  represent  surface  deposit-feeders  which 

ingested  surface  and/or  subsurface  sediments  (Kotake, 
1989, 1990, 1991, 1992, 1993, 1994). 

During  field  studies  of  the  Lower  Carboniferous  Hikoroichi 
Formation  distributed  in  the  southern  Kitakami  Mountains, 

Northeast  Japan,  A.  Kaneko  discovered  a  number  of  well- 
preserved  specimens  of  Zoophycos  in  the  lowermost  interval 
of  the  formation.  As  a  result  of  field  observations  following 

the  initial  recognition  of  Zoophycos,  it  was  revealed  that 
Zoophycos  is  a  common  ichnofossil  in  the  lower  part  of  the 
Hikoroichi  Formation. 

This  article  reports  the  first  discovery  of  the  trace  fossil 
Zoophycos  in  Paleozoic  strata  in  Japan.  The  purposes  of 
this  paper  are  (1)  to  describe  the  morphology  and  mode  of 
occurrence  of  the  Hikoroichi  Zoophycos  and  to  compare 
them  to  those  of  the  North  American  specimens  from  the 

same  age,  (2)  to  deliberate  on  the  origin  of  the  Hikoroichi 
Zoophycos,  and  (3)  to  examine  whether  or  not  the  mode  of 

the  feeding  and  excretory  styles  of  the  Tertiary  Zoophycos- 
producer  is  applicable  to  that  of  the  Paleozoic  one. 
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Geologic  and  sedimentologic  background  of  the 
Zoophy cos  bearing  interval  in  the 

Hikoroichi  Formation 

The  Lower  Carboniferous  Hikoroichi  Formation,  which  is 
distributed  in  the  southern  Kitakami  Mountains  (Figure  1), 

consists  of  shale,  tuffaceous  shale,  fossiliferous  or  tuf- 
faceous  sandstones,  limestone,  and  tuff.  It  is  subdivided 

into  four  stratigraphie  units  (H-1  to  H-4  Members  in  ascend- 
ing order)  (Kawamura,  1983).  The  trace  fossil  Zoophycos 

was  found  in  the  H-1  Member  in  the  Chyoanji  area  and  the 
overlying  H-2  Member  in  the  Onimaru  area  (Figure  1C).  In 

this  paper,  I  follow  Kawamura's  stratigraphie  division. 
The  Zoopftycos-bearing  interval  of  the  H-1  Member  con- 

sists mainly  of  bluish  gray  tuffaceous  shale  (10  to  40  cm 
thick)  with  interbedded  tuffaceous  sandstone  (less  than  3  cm 
thick),  fossiliferous  sandstone  (less  than  5  cm  thick),  and  gray 
or  black  shale  (less  than  5  cm  thick).  On  the  other  hand, 

the  H-2  Member  is  well  exposed  in  a  cliff  at  the  Onimaru 
Quarry,  west  of  Hikoroichi  (Figures  1, 2).  There  it  comprises 
mainly  alternating  beds  of  thin  tuffaceous  sandstone  (mostly 
1  to  2  cm  thick),  tuffaceous  shale  (1  to  10  cm  thick),  and  black 

shale  (2  to  20  cm  thick)  in  associated  with  beds  of  fossilifer- 
ous sandstone  (mostly  1  to  2  cm  thick)  and  tuff  (less  than  7 

to  8  cm  thick)  (Figures  2, 3).  In  particular,  the  lower  part  of  the 

H-2  Member  represents  a  sequence  of  well-sorted,  bluish 
gray  tuffaceous  shale  with  thin  tuffaceous  sandstone  beds 
(Figures  2, 3). 

In  the  Hikoroichi  Formation,  Zoophycos  usually  occurs  in 
tuffaceous  shale  overlying  tuffaceous  sandstone  (Figures  4, 

5).  Throughout  the  sandstone  bed  and  the  overlying  Zoo- 
pAjycos-bearing  tuffaceous  shale,  a  complete  Bouma 
sequence  is  occasionally  visible  (Figure  5B).  The  basal 
portion  of  each  sandstone  bed  exhibits  several  kinds  of 
erosional  structures  which  may  have  been  produced  during 
deposition  of  the  sandstone.  In  contrast,  black  shale  lacks 
any  sedimentary  structures  of  hydraulic  origin  and  contains 
body  fossils  such  as  brachiopods,  cephalopods,  bryozoan 
fragments,  and  disarticulated  crinoid  stems.  A  series  of 

sedimentary  structures  recognized  in  the  tuffaceous  sand- 
stone and  the  overlying  tuffaceous  shale  strongly  suggests 

that  they  are  of  turbidity  current  origin.  On  the  other  hand, 

the  black  shale  probably  was  deposited  under  low-energy, 
stable  bottom  conditions  below  the  storm  wave-base. 

Usually  an  incompletely  bioturbated,  mottled  fabric  transi- 
tion zone  is  recognizable  between  the  black  shale  and 

tuffaceous  shale,  both  of  which  occupy  the  uppermost  part 
of  a  single  turbidite  unit  (Figures  4, 5).  The  thickness  of  this 
zone  varies  between  1  cm  and  10  cm.  In  this  zone,  the 
mottled  background  fabric  contains  a  diverse  association  of 
biogenic  sedimentary  structures,  including  Chondrites, 

Phycosiphon,  Planolites,  Scalarituba,  Teichichnus,  Thalas- 
sionoides,  and  Zoophycos  (Figures  4, 5).  In  most  cases, 
these  trace  fossils  are  crosscut  by  the  black  spreiten  of 

Zoophycos.  The  upper  portion  of  the  transition  zone  is 
more  heavily  bioturbated  than  the  lower  part.  Judging  from 
the  ichnofabrics  in  the  transition  zone,  the  zone  appears  to 
be  a  product  of  reworking  and  mixing  activities  by  benthic 
organisms  during  deposition  of  mud.  In  contrast,  there  is  no 

apparent  evidence  of  biogenic  activity  in  either  the  sand- 
stone or  the  lower  part  of  tuffaceous  shale. 

These  lithological  aspects  suggest  a  low-energy  off-shore 
environment  related  to  the  influx  of  turbidity  currents  for  the 

Hikoroichi  basin  at  the  Zoopftycos-bearing  interval,  although 
Kawamura  (1984)  assumed  shallow,  temperate,  and  high- 
energy  conditions  above  the  wave-base  as  a  background 
situation. 

Morphology  of  Zoophycos 

General  characteristics 

The  ichnogenus  Zoophycos  usually  includes  two  basic 
forms  ;  hélicoïdal  form  and  planar  form  (Seilacher,  1967b  ; 

Häntzschel,  1975).  The  former  is  characterized  by  a  three- 
dimensional  morphology  and  consists  of  a  lobate,  spirally 
coiled  spreite  around  the  central  portion  or  axial  shaft  (Figure 
6).  The  latter  consists  of  a  planar  spreite  developed  along 
the  bedding  plane  (Figure  7).  In  both  forms,  the  marginal 

tunnel  sharply  bounds  the  spreite  and  the  spreite-bearing 
host  rock  (Häntzschel,  1975). 

In  the  spreite  of  hélicoïdal  form,  there  are  two  kinds  of 
lamella  structures  ;  major  and  minor  lamellae  (eg.,  Bischoff, 
1968  ;  Simpson,  1970).  The  major  lamellae  spirally  radiate 
from  the  axial  portion  of  the  spreite  (Figure  6A).  On  the 
other  hand,  the  minor  lamellae  branch  off  the  major  lamella 
at  an  acute  angle  (10  to  35  degrees).  In  vertical  section 

these  two  lamellae  show  chevron-shaped,  lunate,  or  menis- 
cate  structures.  In  contrast,  the  spreite  of  the  planar  form 
Zoophycos  has  only  a  single  lamella  structure,  which  is  less 
complex  than  that  of  the  helicoidal  form  (Figure  7). 

Zoophycos  from  the  Hikoroichi  Formation 
In  the  case  of  Zoophycos  from  the  Hikoroichi  Formation, 

the  spreite  usually  is  arranged  in  parallel  to  the  bedding 
plane,  but  toward  the  central  portion  it  becomes  inclined  at 
an  acute  angle  of  20  to  30  degrees  to  the  bedding  plane 

(Figure  5C).  This  fact  indicates  that  the  Hikoroichi  Zoo- 
phycos is  of  helicoidal  form.  No  distinct  axial  shaft,  how- 

ever, was  found  in  the  specimens  examined. 
The  thickness  of  the  spreite  ranges  from  1  mm  or  less  to 

approximately  4  mm.  In  a  cross  section,  the  spreite  is  made 

of  black  sheets  or  systematically  arranged  chevron-shaped 
lamellae  in  a  light-colored  host  rock  (Figures  5, 8).  In  plan 
view,  on  the  other  hand,  they  are  composed  of  densely 

packed  lamellae  of  black  sediment  in  blue-gray  rock  (Figure 
9).  The  Hikoroichi  specimens  lack  pellets  in  the  spreite, 
which  are  often  preserved  in  the  Tertiary  and  Quaternary 

Zoophycos  (Ekdale,  1977  ;  Wetzel  and  Werner,  1981  ;  Kota- 

Figure  1.  Fossil  locality  maps.  A  :  Index  map  showing  the  Hikoroichi  area  in  the  Kitakami  Mountains  (dotted).  B  : 
Map  showing  the  distribution  of  the  Hikoroichi  Formation  in  the  Hikoroichi  and  Choanji  areas.  C  :  Geologic  map  of  the 
Hikoroichi  Formation  in  the  Hikoroichi  area.  The  geologic  map  was  simplified  from  Kawamura  (1984).  Asteriks  indicate 

Zooprtycos-bearing  stratigraphie  units  in  the  formation. 
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Figure  2.    Outcrop  photograph  of  the  Zoophycos- bearing  interval  in  H-2  Member  of  the  Hikoroichi  Formation 
exposed  at  a  cliff  of  the  Onimaru  Quarry  (Figure  1).    Scale  bar=1  m. 

ke,  1989, 1991, 1992, 1993, 1994  ;  Ekdale  and  Lewis,  1991  ;  Fu 

and  Werner,  1994).  A  well-defined  marginal  tunnel  is  seen 
at  the  outer  edge  of  the  spreite  (Figure  5C). 

The  Hikoroichi  Zoophycos  occurs  in  the  upper  part  of  a 
tuffaceous  shale  and  the  overlying  transition  zone,  but  it  is 
absent  in  both  the  black  shale  and  the  lower  part  of  turbidite 
units  such  as  TUj  and  TU2  (Figures  4, 5).  In  the  lithological 

units  TU4  and  TU5,  sharply  defined  black  Zoophycos- 
spreiten  are  visible  and  stand  out  against  the  lighter-colored 
surrounding  rock  which  is  characterized  by  the  sparsity  of 
other  trace  fossils  (Figures  5, 8).  In  the  transition  zone,  by 

contrast,  the  Zoopfrycos-spreiten  are  vague  in  outline  in 
comparison  with  those  occurring  in  the  underlying  tuffaceous 
shale  (Figure  5C). 
These  lines  of  evidence  suggest  that  the  Zoophycos 

producer  probably  occupied  the  deepest  tier  within  the 
sediment  while  the  other  tracemakers  concurrently  inhabited 

shallower  tiers.  Alternatively,  the  Zoophycos  producer  sim- 
ply represents  the  latest  stage  of  bioturbation  activity  in  a 

stratum  produced  by  discontinuous  sedimentation. 
As  described  in  the  previous  literature,  some  Paleozoic 

Zoophycos  seem  to  differ  from  the  post-Mesozoic  speci- 
mens in  their  overall  morphology  and  internal  structural 

features.  Indeed,  the  three-dimensional  morphology  of  the 
Pennsylvanian  Zoophycos  reconstructed  by  Miller  (1991)  is 

apparently  different  from  that  of  the  post-Mesozoic  speci- 
mens (Figure  10).  Furthermore,  Chaplin  (1982)  and  Miller 

(1991)  pointed  out  that  Paleozoic  specimens  of  Zoophycos 

are  characterized  by  wider  morphological  variations  than  the 

post-Mesozoic  representatives  (Figure  11). 
In  contrast,  apart  from  the  absence  of  pellets  and  a 

distinct  axial  shaft,  morphological  features  of  the  Hikoroichi 
Zoophycos  are  more  similar  to  those  of  Zoophycos  from 

Tertiary  deep-sea  sediments  than  to  those  of  the  Paleozoic 
specimens  reported  by  Chaplin  (1982)  and  Miller  (1991)  (Table 1). 

Origin  of  black  material  in  spreite 

The  spreite  of  the  Hikoroichi  Zoophycos  is  filled  with  black 
material.  Lithologically,  the  material  superficially  resembles 

the  black  shale  overlying  the  spreite-bearing  bluish-gray 
tuffaceous  shale.  Based  on  well-preserved  specimens 
taken  from  the  lower  part  of  the  H-2  Member  at  the  Onimaru 
Quarry  (Figures  2,3),  the  component  material  among  the 
black  shale,  spreite-bearing  bluish  gray  tuffaceous  shale, 
and  the  black  material  in  the  spreite  were  compared  to  one 
another  in  order  to  determine  the  origin  of  the  black  material. 

Methods 

X-ray  diffraction  analysis  of  the  three  kinds  of  sediment 
samples  was  accomplished  to  determine  the  mineralogical 
composition.  Samples  (1  g  to  2  g  each)  were  taken  from 
three  different  portions  in  a  single  slab  (Figure  12).  Because 

the  Zoop/?ycos-spreite  consists  of  alternating  lamellae  of 
black  material  and  bluish-gray  host  tuffaceous  shale  (Fig- 
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ures5C,  8, 9),  it  is  difficult  to  completely  isolate  only  the 
black  portion  from  the  spreite.  Since  contamination  with 

particles  originating  in  the  tuffaceous  shale  portion  is  un- 
avoidable, the  black  material  dominant  portion  in  the  spreite 

(Figure  12)  was  used  in  the  present  analysis  to  diminish 
contamination  as  much  as  possible. 

In  addition,  thin  sections  of  the  spreite  and  surrounding 
host  rock  were  examined  to  compare  microfacies,  grain  size, 
and  component  material  between  them. 

Results 

The  x-ray  diffraction  profile  of  the  bluish-gray  tuffaceous 
shale  markedly  differs  in  the  relative  abundance  of  chlorite, 

feldspar  and  quartz  from  those  of  the  black  shale  and  black 
material  in  the  spreite  (Figure  13).  The  profiles  of  black  shale 
and  the  black  material  in  the  spreite  closely  resemble  each 

other,  and  they  are  characterized  by  the  predominance  of 
quartz.  Chlorite  is  more  abundant  in  the  black  spreite 
material  than  in  the  black  shale.  This  presumably  is  due  to 

the  incomplete  isolation  of  the  tuffaceous  shale.  The 

bluish-gray  tuffaceous  shale,  by  contrast,  is  rich  in  chlorite 
and  feldspar  but  is  poor  in  quartz.  Chlorite  in  the  black 

shale  appears  to  have  derived  from  the  bluish-gray  tuf- 
faceous shale  as  a  result  of  reworking  and  mixing  activities 

by  benthic  organisms  during  deposition  of  muddy  sediments. 

Microscopic  observation  revealed  that  the  spreite-bearing 
bluish-gray  tuffaceous  shale  consists  mostly  of  clay-sized 
particles,  in  which  no  bioclasts  were  found.  In  contrast, 
component  materials  of  the  black  sediment  in  the  spreite 
and  black  shale  closely  resemble  one  another  in  grain  size 

(ranging  from  clay  to  medium-grained  sand)  and  are  much 
coarser  than  the  spreite-bearing  host  rock  (Figure  8).  In 
rare  cases,  fine  to  medium  sand-sized  bioclasts,  which  are 
dominant  in  the  black  shale,  are  contained  in  the  black 
portion  in  the  spreite. 

These  data  strongly  suggest  that  the  black  sediment  in  the 
spreite  of  the  Hikoroichi  Zoophycos  originated  in  the  black 

shale  just  above  the  spreite-bearing  horizon. 

Discussion 

Most  previous  authors  believed  that  the  Zoophycos  pro- 
ducer systematically  moved  through  the  substrate  to  search 

for  and  ingest  organic  matter  for  food  (Bischoff,  1968; 
Simpson,  1970  ;  Häntzschel,  1975  ;  Ekdale,  1977  ;  Wetzel 
and  Werner,  1981  ;  Ekdale  and  Lewis,  1991).  In  other  words, 
the  component  material  of  the  fillings  in  the  spreite  in  this 
interpretation  originated  in  the  sediment  at  the  site  of  spreite 
emplacement.  However,  Ekdale  and  Bromley  (1983)  pointed 

out  that  some  Zoophycos  occurring  in  the  Danish  Creta- 
ceous chalk  were  filled  with  sediments  derived  from  a  higher 

Figure  3.  Columnar  section  of  H-2  Member  of  the 
Hikoroichi  Formation  exposed  at  the  Onimaru  Quarry.  The 

Zoopftycos-bearing  rock  samples  for  this  study  are  indicat- 
ed by  arrows  ZA  and  ZB.  1  :  sandstone  bed  less  than  0.5 

cm  thick,  2  :  sandstone  bed  between  0.5  cm  and  1  cm  thick, 
3.  sandstone  bed  between  1  cm  and  2  cm  thick,  4  :  sand- 

stone bed  more  than  2  cm  thick,  5:  tuff,  6:  tuffaceous 
shale,  7  :  shale. 
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Figure  4.  Lithological  characteristics  of  the  Zoophycos- bearing  bed  and  tiering  patterns  of  Zoophycos  and 
related  trace  fossils  in  H-2  Member  of  the  Hikoroichi  Formation.  BGM  :  background  mud,  MTZ  :  mixing  transition 
zone,  TU  :  lithological  unit  in  a  single  turbidite  bed,  Key  :  A=abundant,  VC=very  common,  C=common,  R  =  rare, 
VR=very  rare. 

level. 

Based  on  Zoophycos  in  Pliocene  deep-sea  sediments 
(Shiramazu  Formation)  of  the  Boso  Peninsula,  central  Japan, 
I  proposed  another  interpretation,  that  Zoophycos  was 

produced  by  the  excretory  behavior  of  a  deposit-feeder, 
which  fed  on  surface  and/or  subsurface  nutrient  sediment  at 
the  sea  floor  and  deposited  its  fecal  matter  deep  in  sediment 
(Kotake,  1989,  1991,  1992,  1993,  1994).  This  interpretation 
emphasizes  that  sediment  in  the  spreite  is  of  fecal  origin  and 
was  derived  from  the  sediment  surface  through  the  feeding 
and  excretory  process  of  the  producer. 
As  mentioned  above,  mineralogical  and  microscopic 

observations  suggest  that  the  Zoophycos  from  the  Hikoroichi 
Formation  is  a  product  of  downward  conveyor  activity  by  its 
producer.  This  interpretation  is  consistent  with  that  for  the 

Zoophycos  from  the  Pliocene  deep-sea  sediments  of  the 
Boso  Peninsula.  The  morphological  similarity  between  the 

Hikoroichi  Zoophycos  and  the  Pliocene  specimens,  further- 
more, proves  that  the  black  sediment  in  the  spreite  of  the 

Hikoroichi  Zoophycos  is  probably  of  fecal  origin. 

This  interpretation  suggests  a  functional  similarity  in  feed- 
ing and  excretory  styles  of  the  producers  of  Zoophycos  in 

the  Hikoroichi  and  Shiramazu  Formations.    It  is  assumed 

that  the  producer  of  the  Hikoroichi  Zoophycos  segregated 

the  feeding  and  excretory  places  in  Early  Carboniferous  time 
and  retained  such  an  ethological  style  until  at  least  the  latest Tertiary. 

Based  on  specimens  of  Zoophycos  found  in  Devonian  and 
Pennsylvanian  strata  deposited  in  shallow  marine  settings, 
Miller  (1991)  considered  that  the  material  filling  in  the  spreite 

was  transported  downward  from  the  overlying  layer  or  sedi- 
ment surface  by  the  tracemaker  activity.  This  is  consistent 

with  my  interpretations  for  Tertiary  Zoophycos  from  the  Boso 

Peninsula  and  the  Carboniferous  specimens  from  the  Hikoro- 
ichi Formation.  However,  Miller  (1991)  did  not  clarify  whether 

or  not  the  material  in  the  spreite  was  of  fecal  origin.  This  is 
because  these  specimens  lack  the  direct  evidence,  such  as 
identifiable  pellets.  Furthermore,  it  might  also  be  difficult  to 
apply  the  feeding  and  excretory  model  based  on  the  Boso 
Tertiary  Zoophycos  to  the  Devonian  and  Pennsylvanian 

specimens  illustrated  by  Miller  (1991)  because  of  the  pres- 
ence of  morphological  and  structural  dissimilarities  between 

them.  Thus,  it  may  not  be  easy  to  judge  whether  or  not  the 

material  filling  in  the  spreite  of  the  Devonian  and  Penn- 
sylvanian Zoophycos  examined  by  Miller  (1991)  was  of  fecal 

origin. 
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Figure  5.  Specimens  of  the  Hikoroichi  Zoophycos  on  the  polished  surface  of  slabs.  Note  that  the  well- 
preserved,  sharply  defined  Zoophycos  spreiten  (Z)  are  restricted  to  the  lithological  units  in  TU4  and  MTZ. 
Specimens  A  and  C  and  specimen  B  were  collected  from  the  horizon  ZB  and  ZA  in  Figure  3,  respectively.  Z  : 
Zoophycos,  T  :  Thalassinoides,  Te  :  Teichichnus  rectus,  P  :  Phycosiphon  incertum,  mt  :  marginal  tunnel.  Scale 
bars =2  cm  (A),  1  cm  (B,  C). 
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Figure  6.  General  morphology  of  the  helicoidal  form  of  Zoo- 
phycos.  This  form  is  characterized  by  a  spirally  coiled  spreite 
around  the  axial  shaft  (A)  or  central  portion  (B).  B  is  modified  after 

Sarle  (1906).  Arrows  1  and  2  indicate  major  and  minor  lamellae, 
respectively. 

Figure  7.  Plan  view  of  the  selected  specimens  of  the  planar  forms  of  Zoophycos  from  the  Mississippian 
Borden  Formation  distributed  in  the  northeastern  part  of  Kentucky,  U.S.A.  This  form  represents  wide  morphological 

variations  ranging  from  the  simple  type  (A)  to  the  extremely  lobate  type  (B,  C).    Scale  bars =4  cm  (A),  3  cm  (B,  C). 



1 

Ethological  interpretation  of  Carboniferous  Zoophycos 23 

Figure  8.  Cross-sectional  view  of  the  polished  specimens  of  a  Zoopftycos-bearing  slab  (upper)  and  thin 
section  of  the  same  specimen  (lower).  Four  spreiten  (A-D,  A'-DO  are  visible.  Component  material  in  the  black  fill 
in  the  spreite  represents  ill-sorted,  coarser  grains  in  comparison  with  those  of  the  spreiten-bearing  rock.  This 
specimen  was  collected  from  the  horizon  ZB  (see  Figure  3). 
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axial  shaft 

Figure  9.  Plan  view  of  polished  surface  of  the  spreite  of 
Zoophycos  from  the  Hikoroichi  Formation.  Arrows  1  and  2 
indicate  major  and  minor  lamellae,  respectively.  These 
lamellae,  consisting  of  light  host  rock,  stand  out  against  the 

dark-colored  spreite  fill  sediments.  Scale  bar=1  cm. 

Figure  10.  Three-dimensional  morphology  of  the  Penn- 
sylvanian  Zoophycos  consisting  of  some  axial  shafts  with 
planar  spreiten.  Meniscate  lamellae  are  present  in  vertical 
section  of  the  spreiten  (stippled  portion).  Modified  after  Miller 
(1991,  fig.  8). 

As  stressed  in  this  paper,  the  morphological  characteris- 
tics of  the  Japanese  Paleozoic  Zoophycos  from  the  Hikoro- 
ichi Formation  more  closely  resemble  those  of  the  Tertiary 

specimens  in  the  Boso  deep-sea  sediments  than  do  those  of 
hithertho  described  Paleozoic  specimens  in  North  America 
(eg.,  Miller  and  Johnson,  1981  ;  Chaplin,  1982  ;  Marintsch  and 
Finks,  1982  ;  Miller,  1991).  This  fact  demonstrates  that  the 
Hikoroichi  Zoophycos  has  a  different  ethology  from  most 
Paleozoic  Zoophycos  occurring  in  shallow  water  settings. 
Indeed,  Miller  (1991)  interpreted  wide  morphological  variations 

Figureîl.    Morphological  variations  of  Zoophycos  occurring  in  Devonian  storm  deposits.    Arrows  indicate 
termination  points.    Modified  after  Miller  (1991,  fig.  6). 
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Table  1.  Comparison  of  morphological  characteristics  between  Tertiary  and  Lower  Carbonifer- 
ous Zoophycos.  Morphological  data  on  the  North  American  Paleozoic  Zoophycos  obtained  from 

the  Mississippian  and  Pennsylvanian  specimens  of  Kentucky  and  Tennessee. 

Comparative 
Zoophycos 

specimens 

type 
of 

form 

type 

of lamellae 

axial 
shaft 

marginal 
tunnel 

fecal 

pellet 

regularity  of 
internal 

structures 

JT.  DS. 

Zoophycos 

helicoidal major 
& 

minor 

Pr Pr Pr 
high 

J.P. 

Zoophycos 
(Hikoroichi 
Zoophycos) 

helicoidal major 
& 

minor 

N Pr None high 

NAP. 

Zoophycos 

helicoidal 
& 

planar 

major 
>> 
minor 

N>>Pr N>>Pr None 

poor 

N>  >P  indicates  that  both  type  is  present  but  N  is  the  major  form. 
T  :  Tertiary,    DS  :  Deepsea,    J  :  Japanese,    P  :  Paleozoic,    N.A.  :  North  American 
Pr  :  present,    N  :  none 

BGM 

Figure  12.  Cross-sectional  feature  of  the  typical  Zoophycos-bearing  rock.  A  to  C  indicate  the  sites  where 
samples  were  taken  for  determination  of  the  mineralogical  composition  by  mean  of  x-ray  diffractional  analysis. 
This  specimen  was  collected  from  the  horizon  ZB  in  Figure  3.  A  :  intensely  bioturbated  black  shale,  B  :  spreite  of 

Zoophycos,  C  :  bluish-gray  tuffaceous  shale. 
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Figure  13.  X-ray  diffractional  patterns  of  the  bioturbated 
black  shale  (A),  black  material  in  Zoophycos -spreite  (B),  and 
Zoophycos  spreite- bearing  host  rock  (C).  Ch  :  Chlorite,  Qz  : 
Quartz.    See  Figure  12  for  analytical  portions  of  A-C. 

variations  might  be  a  product  of  a  specialized  behavior  of  a 
producer  that  lived  in  a  more  stable  habitat. 

The  inverted  conveyor  model,  by  which  the  Zoophycos- 
producer  fed  on  sediment  at  the  seafloor  and  deposited  its 
own  fecal  matter  deep  in  sediment,  appears  to  explain  the 

origin  of  the  Zoophycos  in  the  Hikoroichi  Formation.  How- 
ever, implicit  application  of  this  feeding  and  excretory  model 

to  all  specimens  from  different  ages  and  localities  is  still 
debatable,  because  other  workers  believe  that  the  producer 

of  Zoophycos  is  an  infaunal  deposit-feeder,  which  ingested 
organic  matter  at  a  level  deep  within  the  sediment  (eg., 
Wetzel,  1991  ;  Ekdale  and  Lewis,  1991  ;  Fu  and  Werner, 
1994  ;  Fu  et  al.,  1994),  and/or  that  the  Zoophycos  structure 
might  represent  bacterial  gardening  by  the  producer  (sensus 
Seilacher,  1977, 1990  ;  Bromley,  1991).  Apart  from  the  works 
by  Miller  (1984, 1991),  furthermore,  little  discussion  has  been 
given  to  the  origin  and  significance  of  the  morphological 
variation  of  the  Paleozoic  Zoophycos.  Consequently,  any 
comprehensive  interpretation  of  the  origin  of  Zoophycos 
based  on  many  specimens  from  various  depositional  settings 
of  different  ages  is  needed  not  only  to  evaluate  the  utility 
and  limitation  of  these  models,  but  also  to  consider  the 

evolution  of  feeding  and  excretory  behavior  of  the  Zoo- 

phycos animals. 
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Abstract  Polyptychoceras,  a  Cretaceous  heteromorph  ammonite  genus,  is  characterized  by  a  trom- 

bone-like shell  called  a  "hamitoid"  shell.  In  order  to  clarify  the  shell-forming  mechanism,  a  large  sample, 
which  consists  of  more  than  320  specimens  of  P.  pseudogaultinum  (Yokoyama)  obtained  from  the  Upper 
Santonian  of  Hokkaido,  was  biometrically  analyzed.  Besides  the  shell  coiling,  cyclic  changes  of  growth 
pattern  are  recognized  by  the  analyses  of  the  shell  ornamentation,  the  relative  growth  rate  of  shell  height, 
and  the  distance  between  septa.  Intermittent  shell  growth,  which  was  also  deduced  from  the  ontogenetic 
stage  distribution  in  the  population  samples,  is  probably  the  cause  of  such  peculiar  shell  coiling.  Also,  we 
carried  out  some  computer  simulations  to  reconstruct  hydrostatically  the  ontogenetic  change  of  the  living 
attitude  of  P.  pseudogaultinum.  It  is  suggested  that  the  rate  of  absolute  shell  growth  possibly  depends  on 
the  living  attitude  of  this  ammonite  in  the  water  column  ;  the  shell  grows  slowly  when  the  shell  aperture 
faces  upward,  and  grows  rapidly  when  the  aperture  faces  in  other  directions.  It  is  likely  that  every 

individual  of  this  ammonite  spent  most  of  its  life  time  with  an  upward-facing  aperture. 

Key  words  :  Heteromorph  ammonite,  mode  of  growth,  mode  of  life,  Polyptychoceras  pseudogaultinum 
(Yokoyama),  Upper  Cretaceous 

Introduction 

Ammonites,  a  dominant  cephalopod  group  during  Jurassic 
and  Cretaceous  times,  changed  their  shell  form  in  various 
ways  in  order  to  adapt  themselves  to  the  environment. 
Heteromorph  ammonites  were  especially  diversified  and 
showed  various  kinds  of  shell  shape  in  the  Late  Cretaceous, 

the  last  phase  of  ammonites'  prosperity.  Polyptychoceras 
Yabe,  1927,  belonging  to  the  diplomoceratids,  is  one  of  the 
most  conspicuous  heteromorph  genera  and  is  characterized 

by  a  trombone-like  "hamitoid"  shell  ;  several  straight  shafts 
run  in  parallel,  successive  shafts  being  connected  with  a  U- 

shaped  semi-whorl.  This  genus  was  probably  derived  from 
Scalarites,  presumably  a  founder  of  the  Diplomoceratidae, 

and  Eubostrychoceras,  a  nostoceratid,  is  probably  the  ances- 
tor of  that  family  (Matsumoto,  1967).  The  two-dimensional 

shell  coiling  as  observed  in  the  diplomoceratids  generally 

originated  from  the  three-dimensional  shell  coiling  of  nos- 
toceratids  in  the  Late  Cretaceous  (probably  Turanian) 
(Matsumoto,  1967  ;  Ward,  1976). 

Several  species  of  Polyptychoceras  occur  in  the  Santonian 
and  Campanian  of  Hokkaido  and  Sakhalin  (Matsumoto, 
1984  ;  Verchangin  et  al.,  1965).    Polyptychoceras  and  some 

allied  genera  of  the  Diplomoceratidae  achieved  worldwide 
distribution,  because  there  are  some  reliable  records  of 
occurrence  from  other  provinces  in  the  Upper  Santonian  and 

Lower  Campanian,  e.g.  Vancouver  Island  in  Canada 
(Whiteaves,  1903)  and  Barra  do  Dande  in  Angola  (Howarth, 
1965).  In  the  Early  Santonian  and  earlier,  however,  the 
occurrences  of  such  primitive  genera  as  Scalarites  and 

Rhyoptychoceras  and  early  species  of  Polyptychoceras  are 
restricted  to  the  Far  East  province.  Early  diversification  of 
the  Diplomoceratidae  is  thus  suggested  from  the  fossil 
records  in  the  Far  East  province.  This  province  is,  therefore, 
important  in  order  to  document  the  evolutionary  process  of 
the  Diplomoceratidae. 

The  fossils  of  Polyptychoceras  usually  occur  in  fragments 
in  calcareous  nodules  of  the  Upper  Yezo  Group,  Hokkaido, 
Japan.  Previous  descriptive  studies  of  Polyptychoceras 
have  mostly  been  based  on  incomplete  or  fragmentary 
specimens  (Yokoyama,  1890;  Jimbo,  1894;  Yabe,  1927; 
Matsumoto,  1984).  A  peculiar  life  mode  of  Polyptychoceras 
was  imagined  by  Matsumoto  and  Nihongi  (1979)  ;  they  may 
have  lived  in  schools  at  the  bottom  and  sometimes  in  dead 

shells  of  large  ammonites.  In  their  argument,  however,  it 

was  not  discussed  why  the  peculiar  shell  form  of  Polypty- 
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choceras  was  advantageous. 
A  hamitoid  shell  morphology  like  that  of  Polyptychoceras 

appeared  at  least  three  times  in  independent  clades  (i.e. 

ptychoceratids,  hamitids  and  diplomoceratids).  It  is,  of 

course,  regarded  as  morphological  convergence  probably 
related  to  a  similar  mode  of  life. 

The  purpose  of  this  study  is  to  clarify  the  mode  of  growth 

of  Polyptychoceras  by  analyzing  biometrically  the 

ontogenetic  change  of  shell  form.  The  material  is  Polypty- 

choceras pseudogaultinum  (Yokoyama)  which  occurs  abun- 

dantly in  the  Upper  Yezo  Group.    We  also  attempt  recon- 

structions of  living  attitude  through  growth  in  the  water 
column,  and  interpret  the  mode  of  life  from  the  relationship 
between  the  growth  and  the  reconstructed  living  attitude. 
Such  an  approach  would  make  clear  how  the  hamitoid  shell 

morphology  was  adaptive  to  a  certain  mode  of  life  in  the  Late 
Cretaceous  seas. 

Material  and  method 

The  Upper  Yezo  Group  in  the  reaches  of  Kotanbetsu  River 
contains  numerous  fossiliferous  calcareous  nodules  in  which 

Figure!  Sampling  points  shown  on  geologic  map  of  Kotanbetsu  area,  Tomamae  province,  Hokkaido.  The 

Upper  Yezo  Group  in  this  area  was  divided  into  five  members,  Uf-Uk  (Tanaka,  1963).  All  the  localities  of 
Polyptychoceras  pseudogaultinum  (Yokoyama)  are  in  Uk  member,  Upper  Santonian.  A  useful  population  sample 

was  obtained  from  the  inlier  of  this  member  at  Onko-no-sawa. 
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Polyptychoceras  occurs  abundantly  (Figure  1).  In  order  to 
collect  specimens  of  Polyptychoceras  and  to  clarify  their 
stratigraphie  occurrence,  we  surveyed  this  area  in  the  field 

seasons  of  1992-1994.  Layers  of  the  Upper  Yezo  Group  in 
this  area,  generally  have  north-south  strikes  and  are  tilted  to 
the  west,  though  some  foldings  are  recognized  in  the  eastern 
part.  This  group  is  unconformably  covered  by  Tertiary 
sedimentary  rocks  in  the  western  part  of  this  area.  The 
Upper  Yezo  Group  is  mainly  composed  of  dark  gray  sandy 
siltstones  and  contains  many  intercalations  of  tuff  and 
sandstone  layers.  Tanaka  (1963)  and  Tanabe  et  al.  (1977) 

defined  twelve  members  (Ua-UI)  in  this  group,  and  Polypty- 
choceras pseudogaultinum  occurs  particularly  in  Uk,  one  of 

the  uppermost  members.  This  ammonite  is  usually 
contained  in  a  cluster,  and  sometimes  occurs  gregariously  in 
calcareous  nodules.  We  treated  a  total  of  323  specimens 
of  P.  pseudogaultinum  in  this  study.  A  large  population 

sample  of  this  species  was  obtained  from  the  Onko-no- 
sawa  valley  where  the  Uk  member  is  locally  exposed  as  an 
inlier.  Several  smaller  samples  were  obtained  from  the  main 

stream  of  Kotanbetsu  River,  tributaries  of  Kami-no-sawa, 
and  a  western  tributary  of  Horotate-zawa.  All  specimens 
are  kept  in  the  University  Museum,  University  of  Tokyo  with 
register  numbers  with  the  prefix  UMUT.  MM.  We  use 

consecutive  specimen  numbers  with  prefix  H-  or  S-  through- 
out this  paper,  and  their  correlation  with  register  numbers  is 

shown  in  the  Appendix  Table. 

Perfectly  preserved  specimens  give  us  important  informa- 
tion concerning  the  ontogenetic  change  of  shell  growth  and 

shell  ornamentation.  Such  specimens  of  Polyptychoceras 

pseudogaultinum  are  extremely  rare,  while  fragmentary  spec- 
imens occur  very  abundantly  in  this  area.  We  had  to 

analyze  its  ontogenetic  change  by  connecting  imperfect 
specimens.  An  idealized  shell  form  of  Polyptychoceras 
pseudogaultinum  is  reconstructed,  and  terms  for  every  part 

are  defined  as  shown  in  Figure  2.  An  adult  shell  is  com- 
posed of  five  shafts  and  four  turns  connecting  two  adjacent 

shafts. 

In  order  to  clarify  the  general  shell  morphology  and  its 
intraspecific  variation,  we  mainly  used  a  slide  caliper  and  a 
binocular.  For  observation  of  the  septate  phragmocone, 
several  specimens  were  cut  along  the  median  plane.  The 
linear  distance  between  adjacent  septa  was  measured  by  a 

profile  projector  (Nikon,  V-12).  Some  specimens  showing 
early  shell  morphology  were  observed  and  measured  by 

scanning  electron  microscope  (SEM,  Jeol  JSM-5200).  For 
SEM  observation,  the  polished  surface  cut  along  the  median 
plane  was  etched  with  5  percent  acetic  acid  for  a  half  to  two 
minutes.  For  the  computer  simulation,  programs  written  in 

N88-BASIC  were  run  on  a  personal  computer  (NEC  PC- 

9801  RA)  printing  to  an  ink-jet  printer  (Canon,  BJ-130J). 
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Figure  2.    Schematic  illustration  of  Polyptychoceras  pseudogaultinum  (Yokoyama). 
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Rgure  3.  Early  shell  morphology  of  Polyptychoceras  spp.  A.  Younger  shell  of  Polyptychoceras  sp.  containing 

an  almost  complete  ammonitella,  and  following  first  shaft,  S-199.  B-E.  Microstructure  of  embryonic  shell  of  P. 
pseudogaultinum  (Yokoyama),  B  :  S-205,  C,  D  :  S-204,  E  :  outer  wall  of  ammonitella  S-203  (stereographic  pair). 
Scale  bars  :  5  mm  for  A,  100  pm  for  B  and  C,  50  //m  for  D,  and  200  um  for  E. 



Growth  and  form  of  Polyptychoceras 

33 
General  morphology  and  remarks 

Protoconch  and  early  shell  morphology 
Ammonitellas  of  the  Diplomoceratidae  are  in  general  rarely 

preserved.  Hayakawa  (1988)  reported  several  ammonitellas 
of  Polyptychoceras  sp.  from  the  Santonian  of  the  Upper 
Yezo  Group.  We  obtained  some  early  shells  of  P. 

pseudogaultinum  in  which  the  ammonitella  is  followed  by  a 

straight  shaft  (= first  shaft).  By  SEM  observation  along  the 

median  plane,  the  main  structural  elements  of  the  am- 
monitella such  as  the  primary  varix,  protoconch,  prosiphon, 

caecum  and  proseptum  were  recognized  (Figure  3).  The 
microstructure  of  the  embryonic  shell  of  P.  pseudogaultinum 
is  somewhat  similar  to  that  of  the  Lytoceratina,  though  the 

size  of  the  ammonitella  is  considerably  smaller.  The  am- 
monitella in  this  species  is  about  0.7  mm  in  diameter, 

whereas  in  the  Lytoceratina  it  generally  ranges  between  1.1 

mm  to  1.4  mm  (Tanabe  and  Ohtsuka,  1985).  It  is  character- 
ized by  a  relatively  short,  arcuate  prosiphon  and  a  siphun- 

cular  tube  rapidly  shifting  to  the  ventral  margin.  The  ne- 
pionic  constriction  and  accompanying  primary  varix,  by 
which  the  ammonitella  stage  is  terminated,  appear  at  about 
320  degrees  from  the  beginning  of  the  first  whorl,  and  is 
followed    by    the    first    shaft.    The    shell    height    rapidly 

increases  just  after  the  nepionic  constriction  (Figure  3). 
Tuberculate  microornament  is  observable  in  some  of  these 

specimens.  Homologous  textures  have  been  described  by 
Bändel  et  al.  (1982)  and  Tanabe  (1989)  in  several  other 

superfamilies  cf  Ammonoidea.  According  to  their  argu- 
ments, these  textures  were  secreted  probably  by  the  interior 

gland  cells  of  the  mantle  margin  and  indicate  that  the 
ammonitella  was  enclosed  by  the  reflected  mantle  lobe. 
Namely,  the  ammonitella  stage  of  these  ammonites  was 
endocochliate.  The  Turrrilitaceae,  in  which  Polyptychoceras 

is  included,  possibly  shared  a  similar  mode  of  life  until  the 
nepionic  constriction  was  formed. 
Doguzhaeva  and  Mutvei  (1989,1993)  suggested  that 

Ptychoceras,  an  Early  Cretaceous  ammonite  showing  conver- 

gent shell  form  to  Polyptychoceras,  had  an  internal  or  semi- 
internal  shell.  The  grounds  of  their  argument  are  1)  the 
mechanical  truncation  of  the  phragmocone  terminus  and  2) 
the  existence  of  an  external  coating  layer  which  is  secreted 

probably  on  the  shell  surface  by  an  epithelium.  In  Polypty- 
choceras pseudogaultinum,  however,  no  evidence  indicating 

an  endocochliate  shell  has  been  obtained  throughout  the 

post-embryonic  growth  stages. 
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Figure  4.  Schematic  diagram  showing  the  cyclic  change  of  shell  surface  ornamentation  throughout  growth. 
Two  phases  of  ornamentation  appearing  alternately  are  recognized  after  the  second  turn.  The  wrinkly  phase  which 
is  initiated  from  a  flared  rib  appearing  near  the  beginning  of  the  new  shaft,  gradually  changes  into  the  rhythmic 
phase  during  the  earlier  half  of  shaft.    Each  scale  bar  (open  rectangle)  on  the  right  of  the  illustration  indicates  1  mm. 
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On  Poiyptychoceras  subquadratum  (Yokoyama) 

Polyptychoceras  pseudogaultinum  (Yokoyama)  was  estab- 
lished on  the  basis  of  some  young  specimens  showing  the 

second  to  the  third  shafts,  the  transverse  section  of  which  is 

nearly  circular.  In  the  same  paper,  Yokoyama  (1890)  de- 
scribed Polyptychoceras  subquadratum  (Yokoyama)  from  the 

same  locality  of  the  Urakawa  area,  southern  Hokkaido.  The 
latter  species  was  established  on  the  basis  of  a  single 
fragmentary  specimen  showing  a  nearly  adult  growth  stage 
having  a  subquadrate  transverse  section.  In  the  samples 

examined,  the  larger  specimens,  which  are  usually  frag- 
ments, always  show  the  characteristics  of  P.  subquadratum 

(i.e.  subquadrate  cross  section),  whereas  almost  all  the 
younger  specimens  are  clearly  identified  with  P. 
pseudogaultinum.  Actually,  these  larger  specimens  may 
look  as  if  they  belong  to  a  different  species  from  P. 
pseudogaultinum,  because  the  shell  shape  is  considerably 
different,  and  because  the  sample  shows  bimodal  size 

distribution.  However,  a  few  well-preserved  specimens 

reveal  that  the  difference  between  the  two  "species"  is  only 
due  to  ontogenetic  change  within  a  single  species  (Figures 
14, 15).  We  therefore  treat  P.  subquadratum  as  a  synonym  of 
P.  pseudogaultinum,  and  all  the  samples  examined  are 

regarded  as  belonging  to  a  single  species,  P.  pseudo- 
gaultinum (syntypes:  Ptychoceras  pseudo-gaultinum  Yo- 

koyama, 1890,  Palaeontographica,  vol.  36,  p.  181,  pi.  20,  figs.  1- 
3;  synonymy:  Anisoceras  subquadratum  Yokoyama,  1890, 
Palaeontographica,  vol.36,  p.  182,  pi. 20,  fig. 4).  Though 
these  two  names  were  established  in  the  same  paper,  we 
designate  P.  pseudogaultinum  as  the  name  of  this  species, 
because  P.  pseudogaultinum  has  more  frequently  appeared 

in  literature  (e.g.  Yabe,  1927  ;  Shimizu,  1935  ;  and  Matsu- 
moto,  1984).  Moreover,  the  type  specimens  of  Polypty- 

choceras haradanum  (Yokoyama)  and  Polyptychoceras 
subundulatum  (Yokoyama),  both  of  which  were  established 
also  in  the  same  paper  (Yokoyama,  1890),  are  possibly 

includable  in  the  intraspecific  variation  of  P.  pseudo- 
gaultinum. 

Ontogenetic  change  of  surface  ornamentation 
Polyptychoceras  shows  a  periodically  changing  pattern  of 

surface  ornamentation.  Since  the  ammonite  shell  is  formed 

by  accretionary  growth,  the  tempo  and  mode  of  growth  at 
every  growth  stage  must  be  recorded  in  the  commarginal 
ornamentation  on  the  shell  surface. 

Polyptychoceras  pseudogaultinum  has  two  kinds  of  char- 
acteristic ribs  (double  collar  ribs  and  single  flared  rib),  which 

occur  periodically  at  definite  stages  of  the  shell  growth 
(Figure  4).  The  double  collar  ribs  appear  at  first  near  the 
trisecting  point  of  the  second  shaft  at  which  the  adjacent 
first  shaft  terminates,  and  occurs  periodically  until  the  end  of 
the  second  shaft.  The  number  and  the  position  of  the 

double  collar  ribs  are  variable  among  the  examined  speci- 
mens. The  flared  rib  appears  just  after  the  shell  turning 

point  of  every  stage  except  for  a  point  just  after  the  first  turn. 
While  the  flared  rib  is  relatively  clear  in  the  third  and  fourth 
shafts,  it  is  not  very  clear  or  sometimes  unobservable  in  the 
fifth  shaft.  The  shell  is  thickened  at  these  ribs,  and  the 
aperture  at  these  stages  probably  become  a  little  narrower. 

The  shell  growth  of  P.  pseudogaultinum  is  divided  into  two 
major  stages  by  the  first  appearance  of  the  flared  rib  which 
is  observed  just  after  the  beginning  of  the  third  shaft  (Figure 
4).  In  the  earlier  stage,  several  double  collar  ribs  periodically 
develop  and  weak  striae  are  observed  between  them.  In 
the  later  stage,  a  cyclic  switch  of  two  ornamentation  phases 
corresponds  to  the  shell  coiling.  The  first  or  wrinkly  phase 
of  ornamentation  is  characterized  by  slightly  notched  ribs 
occurring  at  irregular  intervals  and  by  numerous  weak  striae 
between  them.  This  phase  usually  starts  from  the  flared  rib 

and  continues  for  about  one-third  of  the  shaft.  The  not- 
ched ribs  gradually  change  to  the  simple  ribs.  The  second 

or  rhythmic  phase  of  ornamentation  is  characterized  by  the 

simple  ribs  occurring  at  regular  intervals.  This  phase  con- 
tinues to  the  end  of  the  next  turn  and  is  terminated  by  the 

next  flared  rib. 

The  obliquity  of  transverse  ribs  also  changes  cyclically 
throughout  growth.  More  or  less  prorsiradiate  ribs  are 
observed  through  the  later  half  of  the  second  shaft  and  near 
the  end  of  each  shaft,  while  rursiradiate  or  rectiradiate  simple 
ribs  are  formed  during  each  turn  and  the  early  part  of  the 
following  shaft.  The  change  of  rib  obliquity  is,  though, 
rather  obscure  in  the  fourth  shaft. 

Shell  height  and  shaft  length 
The  shell  height  at  the  beginning  of  every  shaft  and  the 

shaft  length  were  measured  in  all  the  specimens  if  these 
values  were  measurable.  The  mean  values  of  shell  height 
from  the  second  to  fifth  shafts  are  1.58  mm,  3.78  mm,  8.41 
mm,  and  16.50  mm,  respectively.    The  standard  deviation  of 
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Figures.  Diagrammatic  figures  showing  the  average 
and  intraspecific  variation  of  shell  height  and  shaft  length. 
Shell  height  is  measured  at  the  beginning  of  every  shaft 
excluding  the  first  shaft.  Horizontal  bar,  solid  rectangle  and 
number  on  the  right  indicate  presumable  distribution  range  of 
95%  of  the  population  (1.96  times  of  standard  deviation),  95% 
confidence  range  of  mean  value  (1.96  times  of  standard  error), 
and  the  sample  size,  respectively. 
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these  measurements  are  relatively  small  except  for  the  fifth 
shaft.  The  mean  values  of  shaft  length  from  the  first  shaft 
to  the  fourth  shaft  are  17.86  mm,  51.06  mm,  61.50  nrfm  and 
97.87  mm,  respectively  (Figure  5).  The  first  shaft  length  is 
indirectly  estimated  by  the  shape  of  the  second  shaft  as 
mentioned  below,  because  in  no  specimen  is  the  first  shaft 
perfect.  Unlike  the  shell  height,  standard  deviation  of  shaft 
length  is  generally  large  except  for  the  first  shaft. 

These  results  indicate  that  the  variation  of  shell  form  is 

fairly  wide  in  the  growth  stages  after  the  second  shaft.  The 
shaft  length  does  not  increase  proportionally  either  with  the 
progression  of  the  shaft  number  or  with  the  shell  height. 
The  second  shaft  is  relatively  longer  than  other  shafts.  This 
may  be  a  common  characteristic  feature  in  the  genus 
Polyptychoceras. 

Estimation  of  missing  shaft  length 

P.  pseudogaultinum  usually  grows  in  parallel  with  the 
previous  shaft.  When  the  shell  passes  the  origin  of  the 
previous  shaft,  the  growth  direction  temporarily  slightly  shifts 
to  the  dorsal  side  but  soon  recovers  its  original  direction. 
Therefore,  the  length  of  earlier  shaft  can  often  be  estimated 
by  the  shape  of  the  later  shaft,  even  if  the  earlier  shaft  is 
missing.  The  second  shaft  commonly  bends  slightly  at 
about  20  mm  after  the  first  turning  point.  This  probably 
means  a  release  from  the  constraint  of  the  first  shaft. 

Actually,  an  ammonitella  situated  just  near  the  bending  part 
of  the  second  shaft  is  observed  in  well  preserved  specimens 

of  a  related  species  (Figure  3A).  As  to  P.  pseudogaultinum, 
a  relatively  long  first  shaft,  which  is  merely  2.3  mm  shorter 
than  the  expected  first  shaft,  is  preserved  in  one  of  our 
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Figure  6.  Scatter  diagrams  showing  the  relationship  of  the  shaft  length  versus  the  shell  height  measured  at 
the  beginning  of  the  shaft.  Positive  correlation  between  the  shell  height  and  the  previous  shaft  length  is 
significantly  recognized  (B),  while  the  correlation  between  the  shell  height  and  the  current  shaft  length  is  rather 
obscure  (A).    Regression  line  is  also  shown  with  the  correlation  coefficient  (r),  when  the  correlation  is  significant. 
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specimens  (S-194).  The  shell  height  at  the  earliest  point  of 
this  specimen  is  0.32  mm.  Since  the  shell  height  measured 
just  after  the  nepionic  constriction  in  this  species  is  generally 
about  0.31  to  0.35  mm,  it  is  reasonable  to  consider  that  the 
bending  point  of  the  second  shaft  indicates  the  impression  of 
the  protoconch.  As  a  result,  the  first  shaft  length  can  be 
estimated  as  the  distance  between  the  end  of  the  first  turn 

and  the  bending  point  of  the  second  shaft.  The  intra- 
specific  variation  is  very  small  about  the  first  shaft  length 
estimated  in  this  way  (Figure  6B). 

The  shell  length  would  be  the  most  adequate  and  feasible 
parameter  to  compare  the  same  growth  stages  between 
specimens.  Since  every  specimen  of  P.  pseudogaultinum 
examined  in  this  study  is  more  or  less  incomplete,  the 
missing  part  of  the  shell  must  be  reconstructed  in  order  to 
analyze  biométrie  data  statistically.  The  mean  values  can 
hardly  be  employed  for  the  estimation  of  the  missing  shaft 
length  because  of  the  large  intraspecific  variation.  So  we 
examined  the  correlation  between  the  shell  height  and  the 
shaft  length  (Figure  6A).  No  obvious  correlation  is,  however, 

recognized  between  the  shell  height  measured  at  the  begin- 
ning point  of  each  shaft  and  corresponding  shaft  length. 

The  length  of  the  previous  shaft  is,  however,  positively 
correlated  to  the  shell  height  (Figure  6B).  Therefore,  the 
length  of  the  previous  shaft  can  be  estimated  by  the  shell 
height  and  this  relationship,  even  if  the  earlier  shell  is 
missing. 

Further  biométrie  analyses 

Relative  growth  between  height  and  total  shell  length 
Relative  shell  growth  pattern  in  normally  coiled  ammonites 

is  usually  shown  by  the  shell  diameter  (or  whorl  height), 
breadth  and  umbilicus  measured  in  various  stages  along  the 
transverse  section.  However,  this  method  cannot  be 
applied  to  heteromorph  ammonites  at  all.  The  ontogenetic 
growth  of  the  shell  height  should  be  measured  relative  to  the 
total  shell  length.  The  total  shell  length  is  defined  as  the 
distance  from  a  protoconch  to  a  point  of  a  certain  growth 
stage  represented  by  the  track  of  the  apertural  center.  This 
definition  is  also  applied  to  the  phragmocone  length  (from 
protoconch  to  the  last  septum). 

The  relative  growth  patterns  between  the  shell  height  and 
the  shell  length  in  four  specimens  are  shown  in  Figure  7. 
Morphology  of  the  earlier  shell  is  observable  in  two  of  the 

four  specimens  (H-038  and  H-078).  Relatively  advanced 
growth  stages,  from  the  third  turn  to  the  early  part  of  the  fifth 

shaft,  are  observed  in  the  other  two  specimens  (S-108  and 
H-114).  These  growth  patterns  are  combined  by  standardiz- 

ing the  third  turn.  These  four  specimens  are  concordant 

with  each  other  in  the  growth  pattern,  showing  cyclic  oscilla- 
tion of  whorl  height.  The  height  grows  slowly  at  an  almost 

constant  rate  until  the  earlier  half  of  the  second  shaft,  but 
then  the  rate  gradually  decreases.  Unlike  the  earlier  stage, 

the  height  grows  rapidly  during  the  earlier  halves  of  the  third 

20r 

mm 

w 

•pH (V 

10- 

100 
200 300 

Total  Shell  Length     (L) 
Figure  7.    Relative  growth  between  the  total  shell  length  and  the  shell  height.    Solid  symbols  indicate  the  data 

obtained  at  the  turning  part  of  shell.    Shell  height  rapidly  increases  during  the  earlier  half  of  every  shaft. 
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and  following  shafts.  Then  the  growth  rate  gradually 
decreases  during  the  later  half  of  the  shafts,  and  this  feature 
continues  until  the  end  of  the  following  turn.  Such  periodic 
changes  of  growth  rate  are  observed  until  the  fifth  shaft. 

The  shape  of  the  transverse  section  of  the  shell  changes 
during  ontogeny  (Figure  2).  The  section  is  almost  circular 
until  the  middle  part  of  the  third  shaft.  It  gradually  becomes 

oval  during  the  growth  of  the  third  shaft  and  finally  subqua- 
drate  in  the  later  stages. 

Relative  length  between  phragmocone  and  total  shell 

Every  ammonite  shell  consists  of  a  body  chamber  and  a 
septate  phragmocone.  The  soft  part  filling  in  the  body 
chamber  advances  adorally  with  growth,  and  a  new  septum 

is  formed  behind  the  soft  part.  The  life  mode  of  an  ammo- 
nite would  have  been  hydrostatically  controlled  by  the  total 

average  density  of  the  whole  ammonite  body.  If  the  density 
was  higher  than  that  of  sea  water,  the  ammonite  could  not 
stay  in  the  water  column  without  active  swimming,  because 
the  buoyant  force  is  not  enough  to  cancel  the  gravity. 
Conversely,  if  the  density  of  an  ammonite  was  positively 
buoyant,  the  ammonite  would  be  forced  to  float  on  the 
surface.  In  order  to  maintain  a  mode  of  life  suspended  in 
the  water  column,  like  extant  Nautilus,  the  total  average 
density  of  the  ammonite  had  to  be  neutrally  buoyant  in  sea 
water. 

The  relative  volume  of  phragmocone  to  the  whole  ammo- 
nite body  must  be  constant  so  as  to  maintain  neutral  buoy- 

ancy, if  the  ammonite  keeps  a  constant  density  of  phrag- 
mocone during  growth.  The  relative  volume  of  phrag- 
mocone is  roughly  expressed  by  the  ratio  between  the 

phragmocone  length  and  total  shell  length  (P/T),  if  the 
expansion  rate  of  the  shell  aperture  is  nearly  constant  with 

growth.  The  P/T  ratio  was  actually  measured  in  twenty- 
one  specimens  showing  various  growth  stages  (Figure  8). 
The  P/T  ratio  is  almost  constant  throughout  various 

growth  stages  of  the  fourth  shaft  and  ranges  approximately 
from  0.57  to  0.61.  Younger  specimens,  however,  have 
relatively  short  phragmocones.  Although  relatively  little  data 
was  obtained  for  other  stages,  the  ratios  are  similar  to  the 
values  measured  in  the  fourth  shaft.  Consequently,  the  ratio 
is  roughly  0.6  and  is  almost  invariable  throughout  growth 

except  for  the  youngest  stage.  The  value  is  nearly  equiva- 
lent to  or  slightly  smaller  than  the  ratios  of  normally  coiled 

and  other  heteromorph  ammonites  (Okamoto,  1996). 

In  Polyptychoceras  pseudogaultinum,  the  expansion  rate  of 
the  shell  aperture  is  not  constant,  as  shown  by  the  cyclic 
change  of  shell  height  during  growth.  If  the  species  needs 
to  maintain  a  total  average  density  so  as  to  achieve  neutral 
buoyancy,  for  example,  the  P/T  ratio  may  also  change 
slightly  with  growth.  So  we  classified  the  data  into  two 
groups  by  the  growth  stages  ;  the  open  circles  in  Figure  8 
indicate  that  the  shell  aperture  is  situated  in  the  later  half  of 
the  shaft  whereas  the  solid  ones  indicate  that  the  shell 

aperture  is  in  the  other  part.  However,  no  significant  differ- 
ence was  detected  between  the  two  groups. 

Interval  of  septa  throughout  growth 

The  interval  between  septa  becomes  rapidly  shortened  in 

many  ammonites  when  they  reach  the  fully  mature  stage.  If 

a  stagnation  or  break  of  shell  growth  has  occurred  during 

ontogeny,  similar  shortening  of  septal  distance  may  appear 

in  the  phragmocone.  We  measured  the  distance  between 

two  adjacent  septa  together  with  corresponding  phrag- 
mocone length. 

Because  the  specimens  examined  are  more  or  less  frag- 
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Figure  8.  Diagrammatic  figure  showing  the  length  of  phragmocone  relative  to  the  total  shell  length.  Vertical 
bars  indicate  the  presumable  range  of  error  owing  to  the  indirect  estimation  of  missing  shell  length.  Solid  and  open 
circles  stand  for  specimens  with  the  shell  aperture  situated  in  the  earlier  and  later  halves  of  shaft,  respectively.  The 

P/T  ratio  seems  to  be  almost  invariable  throughout  growth  except  for  the  two  youngest  specimens. 
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Figure  9.  Diagrammatic  figure  showing  the  ontogenetic  change  of  distance  between  septa.  Solid  symbols 
indicate  the  values  measured  in  the  turning  parts  of  shell.  Estimated  length  of  total  shell  corresponding  to  the 
phragmocone  length  is  also  entered  on  this  diagram.  The  distance  between  septa  rapidly  increases  when  the  shell 
aperture  is  in  the  later  half  of  the  shaft. 

mentary,  the  developmental  change  of  the  septal  distance 
cannot  be  measured  in  a  single  specimen.  The  septal 
distance  is  actually  measured  on  the  cross  section  cut  along 
the  median  plane.  Its  ontogenetic  change  is  synthetically 

shown  by  connecting  four  specimens  (S-083,  S-142,  S-110 
and  S-114)  in  Figure  9.  In  this  diagram,  the  lower  horizontal 
axis  shows  the  phragmocone  length,  and  the  vertical  axis 
shows  the  distance  between  septa.  The  progressive 
stages,  in  which  the  distance  increases  more  or  less  rapidly, 

appears  at  20-30  mm,  60-80  mm  and  110-140  mm  in  phrag- 
mocone length.  These  stages  are  followed  by  some  stag- 

nant stages  in  which  the  septal  distance  is  nearly  constant. 
Though  this  biométrie  analysis  shows  that  the  progressive 
and  stagnant  stages  alternately  appear  throughout  the 
ontogeny,  the  relation  to  the  position  of  septa  is  not  obvious. 

The  cyclic  change  of  the  septal  distance  is  well  demon- 
strated in  relation  to  the  shell  aperture.  A  scale  of  total  shell 

length  estimated  from  the  phragmocone  length  and  P/T  ratio 
is  also  shown  in  Figure  9.  The  progressive  stage  of  the 
distance  between  septa  corresponds  well  to  the  growth 
stage  where  the  shell  aperture  is  located  in  the  middle  part 

or  later  half  of  every  shaft. 

Population  analysis  (Distribution  of  growth  stage) 
If  the  fossils  are  collected  at  random,  the  sample  indicates 

the  distribution  of  growth  stages  in  a  fossil  population.  As  to 
normally  coiled  ammonites,  the  growth  stage  is  usually 
shown  by  the  total  revolution  angle  until  the  shell  aperture. 
In  Polyptychoceras  pseudogaultinum,  however,  the  growth 
stage  has  to  be  shown  by  the  shaft  number  and  relative 
position  of  the  shell  aperture  in  the  shaft. 
A  total  of  71  specimens  with  complete  apertures  was 

examined,  and  the  frequency  distribution  is  shown  in  Figure 
10B.  The  intervals  of  horizontal  axis  corresponding  to  every 
shaft  were  standardized  so  as  to  increase  proportionally  to 
the  corresponding  shell  height.  Three  peaks  which  appear 
in  the  earlier  parts  of  the  third  to  fifth  shaft  are  recognized  in 
this  diagram,  although  the  sample  size  is  not  sufficient  owing 
to  the  infrequent  preservation  of  the  shell  aperture.  This 
method  bears  some  difficulties  in  requiring  randomness  of 

observed  sample.  For  example,  full-aperture  specimens 
having  only  one  shaft  (without  turn  and  ammonitella)  were 
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Figure  10.  Histograms  showing  the  distribution  of  the  last  septum  and  shell  aperture  in  all  the  measurable 
specimens.  Horizontal  scale  for  the  growth  stage  is  proportionally  divided  by  the  corresponding  shell  height. 
Obliquely  lined  rectangle  indicates  turning  part  of  shell.  Three  peaks  in  the  histogram  10B  for  the  shell  aperture, 
reffered  to  ß,  y  and  â,  appear  just  after  every  turning  point  of  shell.  Three  of  the  four  peaks  appearing  in  the 
histogram  10A  for  the  last  septum  surely  correspond  to  those  for  the  shell  aperture. 

not  counted,  because  the  growth  stage  cannot  be  deter- 
mined in  such  specimens  ;  and  such  specimens  could  have 

originated  more  frequently  from  individuals  having  a  long  last 

shaft.  The  full-aperture  specimens  being  younger  than  the 
second  turn  stage  are  extremely  rare,  while  such  young 
shells  are  very  common  in  the  samples. 

To  offset  the  difficulty  mentioned  above,  we  also  analyzed 
the  stage  distribution  of  the  last  septum.  In  some  cases,  the 
shaft  length  was  estimated  from  the  shell  height  and  the 
relationships  shown  in  Figure  6.  A  total  of  160  specimens 
with  the  last  septum  was  examined  (Figure  10A).  Though 
the  peaks  are  somewhat  broad,  three  peaks  appear  between 
the  later  half  of  the  second  shaft  and  earlier  half  of  the  fourth 

shaft.  They  correspond  well  with  the  peaks  observed  in  the 

analysis  of  full-aperture  specimens  (Figure  10B).  They 
appear  near  the  end  of  the  second  turn,  near  the  midpoint  of 
the  third  shaft,  and  near  the  beginning  of  the  fourth  shaft. 
These  data  indicate  that  the  effect  of  the  biased  sampling  is 
relatively  small  except  for  the  younger  stages.  Additionally 
we  detected  another  peak  which  appears  around  the  first 
turn. 

While  the  peaks  in  the  frequency  distribution  of  the  shell 
aperture  are  quite  sharp  and  occur  at  a  regular  interval 
corresponding  to  the  pattern  of  shell  coiling,  the  peaks  of  the 
last  septum  are  somewhat  obscure.  The  position  of  the  last 
septum  must  be  related  to  the  position  of  shell  aperture,  the 
P/T  ratio,  and  the  length  of  each  shaft.    The  P/T  ratio  is 

stable  among  specimens  and  is  also  nearly  constant 
throughout  the  ontogeny  (Figure  8),  whereas  the  shaft  length 
is  quite  variable  among  specimens  (Figures  5, 6).  This  may 
be  the  reason  why  the  position  of  the  last  septum  is  so 
dispersed  in  the  population  sample. 

Discussion 

Mode  of  shell  growth 

If  the  specimens  examined  in  Figure  10  are  regarded  as  a 

result  of  random  sampling,  the  concentration  at  some  defi- 
nite growth  stages  is  possibly  caused  by  uneven  rate  of 

mortality  or  uneven  rate  of  shell  prolongation.  The  latter 
cause  is  more  likely,  if  the  data  of  relative  growth  and  other 
shell  morphologic  features  are  considered. 

The  mortality  rate  may  change  during  ontogeny.  Though 
the  actual  mortality  rate  of  P.  pseudogaultinum  is  unknown, 
a  roughly  constant  mortality  rate  may  be  expected  within  a 
relatively  short  growth  interval,  e.g.  within  the  growth  of  a 
single  shaft.  If  this  assumption  is  valid,  the  uneven  and 
cyclic  distribution  of  growth  stages  as  shown  in  Figure  10 

suggests  periodic  change  of  growth  rate.  It  is  likely  that 
individuals  of  P.  pseudogaultinum  temporally  ceased  or 
stagnated  their  shell  prolongation  at  the  beginning  of  every 
shaft  marked  by  the  flared  rib  (except  for  the  first  and  second 
shafts).  The  shell  growth  probably  gradually  accelerated 
during  the  earlier  half  of  shaft,  and  the  later  half  of  shaft  and 
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turn  must  be  formed  rapidly.  Moreover,  the  truncated  distri- 
bution of  growth  stage  shown  in  Figure  10B  indicates  that  an 

abrupt  reduction  of  growth  rate  and  its  gradual  recovery 
occur  in  the  sequence  of  the  cyclic  growth. 

The  aforementioned  periodic  changes  of  the  enlarging 
rate  of  shell  height  and  surface  ornamentation  also  support 
the  cyclic  growth  mode  of  P.  pseudogaultinum.  The  cyclic 
oscillation  of  the  increasing  rate  of  the  shell  height  appears 
to  correlate  negatively  (but  significantly)  with  that  of  shell 
prolongation.  It  is  reasonable  to  consider  that  the  growth  of 
soft  parts  is  proportionate  to  the  increase  of  the  volume  of 
body  chamber.  The  observed  rapid  increase  of  shell  height 
may  compensate  for  the  slow  prolongation  of  shaft  so  as  to 
keep  an  increasing  rate  of  body  chamber  volume.  The 
cyclic  changes  of  the  surface  ornamentation  may  also  be 
influenced  by  the  rate  of  shell  prolongation.  The  wrinkly 
phase  characterized  by  the  appearance  of  several  irregular, 
notched  ribs  and  numerous  striae  in  between  indicates  the 

stagnation  of  shell  prolongation,  whereas  the  rhythmic  phase 
characterized  by  the  normal  transverse  ribs  occurring  at 
regular  intervals  is  probably  accompanied  by  rapid  shell 
prolongation.  The  distance  between  septa  also  shows  a 
cyclic  change  during  growth.  The  stages  showing  wide 
septal  intervals  probably  correspond  to  the  promotional 

stages  of  shell  prolongation.  Judging  from  all  the  observa- 
tion of  specimens  and  from  the  result  of  biométrie  analyses, 

the  most  believable  growth  pattern  of  Polyptychoceras 
pseudogaultinum  would  be  summarized  as  follows. 

The  first  shaft,  which  directly  follows  the  ammonitella, 
reaches  about  2  cm  in  length.  Then  the  shell  turns  back 
tightly  and  the  second  shaft  is  formed  along  the  existing  first 

shaft  in  parallel.  This  shaft  bends  slightly  near  the  begin- 
ning of  the  first  shaft  and  shows  a  weak  sigmoidal  curve  just 

like  that  protecting  the  protoconch  and  ammonitella. 
Rather  rapid  and  constant  shell  growth  is  presumable  until 
this  stage.  Double  collar  ribs  appear  characteristically  in 
the  later  half  of  second  shaft,  suggesting  temporal  pauses  of 
shell  growth.  They  are  prorsiradiate  and  accompanied  by 
slight  narrowing  of  the  shell  aperture.  The  double  collar  rib 
seems  to  have  the  function  of  reinforcement  of  the  aperture 
and  protection  of  the  body  chamber  filled  with  soft  parts. 
The  broad,  first  peak  of  the  last  septum  shown  in  Figure  10A 
suggests  the  decline  of  the  rate  of  shell  prolongation  during 
the  later  half  of  second  shaft.  The  flared  rib  is  usually 
formed  periodically  at  definite  position.  It  appears  near  the 
beginning  of  the  third  and  later  shafts,  and  probably  shows 
the  beginning  of  the  stagnant  interval  of  shell  growth. 
Unlike  the  flared  rib,  the  ornamentation  of  this  interval 
characterized  by  the  notched  ribs  and  fine  irregular  striae  in 
between  does  not  indicate  pauses  of  shell  growth,  but 
means  slow  shell  prolongation.  This  phase  occupies  one 
third  or  sometimes  almost  the  first  half  of  each  shaft.  While 

the  rate  of  shell  prolongation  is  significantly  decreased,  the 
soft  part  may  grow  constantly  during  this  interval.  The  rapid 
enlargement  of  shell  aperture  (height)  at  this  phase  may 
resolve  the  shortage  of  space  for  the  soft  part.  The  rate  of 
enlargement  of  the  shell  aperture  becomes  lower  during  the 

later  halves  of  shafts,  while  the  growth  rate  of  shell  prolonga- 
tion gradually  recovers.    Toward  the  end  of  this  phase,  the 

surface  ornamentation  composed  of  the  notched  ribs  and 
weak  striae  gradually  changes  to  simple  ribs  developed  at 

regular  intervals.  Then  the  wrinkly  phase  of  surface  orna- 
mentation is  followed  by  the  rhythmic  phase.  The 

sequence  of  the  growth  cycle  is  usually  terminated  by  a 
flared  rib  appearing  at  the  beginning  of  the  next  shaft. 

Specimens  showing  either  the  last  septum  or  shell  aper- 
ture situated  in  the  second  shaft  are  not  abundant,  and 

specimens  growing  until  the  fifth  shaft  are  also  rare.  If  we 
ignore  possible  bias  from  geologic  and  diagenetic  factors, 
the  stage  distribution  of  the  present  sample  suggests  that  P. 
pseudogaultinum  grows  rapidly  in  the  early  stage,  and  that 
the  fifth  shaft  represents  the  ultimate  growth  stage. 

A       Neutral  buoyancy 

B  +  G=0 

D       Negative  buoyancy 

B+G+R=0 

diG+d2B  =  0 

Figuren.  Reconstructions  of  the  living  attitude  of 
ammonite.  Vectors  B,  G  and  R  show  buoyant  force,  gravita- 

tional force,  and  resistant  force,  respectively.  Under  the 
condition  of  neutral  buoyancy  the  center  of  gravity  (the  origin 
of  vector  G)  is  situated  just  below  the  center  of  buoyancy  (the 
origin  of  vector  B).  When  the  ammonite  is  negatively  buoyant 
the  living  attitude  is  determined  so  as  to  keep  a  balance  of 
moments  acting  on  the  circumference  of  the  tangential  point 
(origin  of  vector  R). 
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Suspended  in  water 

Figure  12.  Result  of  computer  simulations  of  living  attitude  under  the  assumption  of  suspended  mode  life  in 
water  column  (i.e.  the  buoyancy  is  equivalent  with  gravity).  Solid  triangle  indicates  the  boundary  between  the 
phragmocone  and  body  chamber. 

Figure  13.  Result  of  computer  simulations  of  living  attitude  on  the  assumption  that  the  ammonite  was  lightly 
touching  the  bottom  (i.e.  the  gravitational  force  acting  on  the  ammonite  body  is  1.1  times  larger  than  the  buoyant 

force,  and  the  density  of  phragmocone  is  0.6  g/cm3).  Solid  triangle  indicates  the  boundary  between  the  phrag- 
mocone and  body  chamber. 
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Reconstruction  of  living  attitude 
Heteromorph  ammonites  in  general  seem  to  have  changed 

their  living  attitude  during  growth  according  to  the  aberrant 
changes  of  shell  coiling.  In  order  to  estimate  the  living 
attitude  of  P.  pseudogaultinum  and  its  ontogenetic  change, 
we  carried  out  computer  simulations  based  on  the  excellent 

hydrostatic  concept  of  Trueman  (1941).  The  detailed  proce- 
dure of  this  simulation  basically  follows  the  method 

mentioned  by  Okamoto  (1988a,  b).  The  living  attitude  of 
ammonites  is  hydrostatically  determined  by  the  distribution  of 
the  center  of  buoyancy  and  the  center  of  gravity,  because 
the  buoyant  and  gravitational  forces  act  on  these  centers 
(Figure11).  Therefore,  the  living  attitude  of  ammonites  is 
related  not  only  to  the  shell  coiling  pattern  but  also  to  the 
share  of  the  phragmocone  in  the  whole  ammonite  shell. 
The  ratio  of  the  phragmocone  length  to  the  total  shell  length 
(P/T)  is  chosen  as  0.6  throughout  the  computer  simulation  of 
hypothetical  shell  growth.  The  ratio  of  the  gravitational 
force  to  the  buoyant  force  (G/B)  is  also  required  for  the 
calculation.  Since  the  actual  G/B  ratio  is  unknown,  two 
possible  cases,  i.e.  neutral  buoyancy  and  slightly  negative 
buoyancy  for  the  whole  ammonite  body,  are  assumed  in  this 

study.  The  two  conditions,  of  course,  correspond  to  nekto- 
planktic  and  benthic  life  modes.  The  results  of  simulations 
are  as  follows  (see  also  Figures  12, 13). 
Neutral  buoyancy:  The  G/B  ratio  is  assumed  to  be  1.0 
throughout  this  simulation  (Figure  12).  The  gravitational 
vector  must  have  the  direction  from  the  center  of  buoyancy 
to  the  center  of  gravity.  The  living  attitude  is  reconstructed 
so  as  to  situate  the  center  of  gravity  just  below  the  center  of 
buoyancy  (Figure  11A).  Under  this  condition,  P. 
pseudogaultinum  is  suspended  in  the  water  column  and 
changes  its  living  attitude  in  succession.  Note  that  the 
aperture  faces  upward  when  it  is  situated  at  the  earlier  half 
of  each  shaft  (except  for  the  first  shaft),  while  the  direction  of 
the  aperture  becomes  nearly  horizontal  or  downward  when  it 
is  situated  at  other  part  of  the  shell. 
Negative  buoyancy  :  The  G/B  ratio  is  hydrostatically  chosen 

as  1.1  throughout  this  simulation  (Figure  13).  This  assump- 

tion means  that  the  total  average  density  is  about  1.13  g/cm3. 
Under  this  condition,  the  shell  of  P.  pseudogaultinum  had  to 
touch  the  sea  bottom  lightly.  Because  many  damage  scars 
suggesting  attacks  by  crustaceans  are  observed  on  the 
shells,  this  species  possibly  lived  near  the  sea  bottom. 
Since  gravity  does  not  balance  with  buoyancy  in  this  case, 
the  resistant  upward  force  acting  at  the  tangential  point 
between  the  shell  and  sea  floor  must  compensate  for  the 
surplus  weight.  The  living  attitude  can  be  determined  so  as 
to  keep  a  balance  of  moments  acting  on  the  circumference 
of  the  tangential  point.  Under  this  condition,  an  attitude  of 

stably  lying  down  on  the  sea  bottom  is  repeatedly  recon- 
structed throughout  growth  stages.  Until  the  second  turn, 

the  shell  starts  turning  when  the  attitude  changes  to  an 
upright  posture  and  the  aperture  faces  downward.  At  the 
third  and  the  fourth  turn,  the  turning  starts  slightly  before  the 

stage  when  the  aperture  faces  downward. 
As  the  result  of  these  simulations,  the  living  attitude  shows 

cyclic  changes  throughout  growth.  Though  the  presumable 
change  of  the  living  attitude  is  somewhat  different  between 
two  conditions,  the  reconstructed  living  attitude  usually 
shows  upward  growth  direction  in  the  earlier  half  of  every 

shaft.  These  stages  correspond  well  with  the  growth  stag- 
nation presumed  by  the  analyses  of  relative  shell  growth, 

shell  ornamentation  and  frequency  distribution  of  growth 
stages.  Consequently,  Polyptychoceras  pseudogaultinum 
seems  to  have  preferred  a  living  attitude  showing  an  upward 

growth  direction,  and  to  have  maintained  such  a  life  orienta- 
tion for  most  of  the  time  throughout  its  growth. 

Further  speculation  about  shell  coiling 

One  of  the  authors  (TO.)  pointed  out  that  some  heteromor- 
ph ammonites  possibly  regulate  their  shell  coiling  by  referring 

to  some  information  such  as  direction  of  gravity.  The 

meandrous  coiling  of  Nipponites,  a  Late  Cretaceous  nos- 

toceratid  heteromorph,  has  been  explained  by  the  "growth 
direction  regulatory  hypothesis",  in  which  Nipponites  alter- 

nately switched  three  modes  of  shell  coiling  so  as  to 
maintain  its  growth  direction  within  a  preferable  range 
(Okamoto,  1988c).  Some  other  cases  also  suggest  that  the 
shell  coiling  of  ammonites  is  a  posteriori  determined  (Merkt, 
1966  ;  Okamoto,  1992). 

Here,  we  also  pointed  out  that  the  shell  coiling  of  Polypty- 
choceras was  possibly  influenced  by  the  change  of  growth 

direction.  The  great  variability  of  shaft  length  and  existence 

of  some  aberrant  individuals  (Figure  15-7, 8)  suggest  that  the 
shell  coiling  is  not  determined  rigidly  under  genetic  control. 

Polyptychoceras  perhaps  had  a  rather  wide  range  of  prefer- 
red growth  direction  which  ranges  from  nearly  horizontal  to 

upward  vertical.  Usually,  the  shell  runs  straight  while  the 
growth  direction  is  preferable.  Shell  turning  seems  to  occur 
when  the  growth  direction  becomes  downward,  so  as  to 
recover  a  more  preferable  direction  of  the  aperture.  The 
condition  in  which  the  ammonite  was  lightly  touching  the  sea 
bottom  is  more  likely  for  interpreting  the  shell  coiling  of 

Polyptychoceras  by  this  hypothesis,  because  the  growth 
direction  changes  more  rapidly  to  an  unfavorable  state  when 
the  new  shaft  attains  a  certain  length. 

Theoretical  approaches  by  using  computer  simulations  of 
shell  coiling  seem  to  elucidate  the  process  of  growth  and 
morphogenesis  of  this  heteromorph  ammonite. 

Conclusion 

In  order  to  interpret  the  peculiar  shell  formation  of  Polypty- 
choceras, more  than  320  specimens  of  P.  pseudogaultinum 

were  analyzed  by  various  methods  of  biometry,  population 
analysis  and  theoretical  morphology.  It  is  concluded  that 
the  peculiar  shell  morphology  of  P.  pseudogaultinum  is 
related  to  the  intermittent  growth  pattern  and  to  the  cyclic 
change  of  living  attitude.    Namely,  the  shell  grows  slowly 

Figure  14.  Polyptychoceras  pseudogaultinum  (Yokoyama).  All  figures  natural  size.  1-12.  From  Onko-no-sawa,  13- 
15.  From  Kami-no-sawa,  Kotanbetsu,  Tomamae  Province,  Hokkaido,  1  :  H-049,  2  :  S-  124,  3  :  H-038,  4  :  S-148,  5  :  H-076, 
6  :  H-001,  7  :  S-146,  8  :  H-078,  9  :  S-125,  10  :  S-065,  11  :  S-147,  12  :  S-123,  13  :  H-114,  14  :  T-027,  and  15  :  T-028. 
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when  the  aperture  faces  upward  and  grows  quickly  when  the 
aperture  faces  other  directions.  Various  kinds  of  cyclic 

morphologic  changes  observed  during  growth  can  be  rea- 
sonably interpreted  with  this  hypothesis.  The  sudden 

increase  of  shell  height  occurs  in  several  stagnant  stages  of 

shell  prolongation  and  enables  the  body  to  grow  continuous- 
ly. The  periodic  flared  rib  occurring  near  the  beginning  of 

every  shaft  suggests  the  start  of  the  stagnation  interval. 

The  notched  ribs  characteristically  develop  during  the  inter- 
vals. Thus,  the  changes  of  shell  ornamentation  reflect  the 

mode  of  growth,  which  is  related  to  the  change  of  living 
attitude. 

In  this  study,  we  cannot  necessarily  elucidate  the  shell- 
forming  mechanism  of  P.  pseudogaultinum  or  the  adaptive 
significance  of  such  an  aberrant  shell  form.  We  merely 
have  made  clear  the  characteristics  of  the  shell  growth  of 
this  ammonite  which  are  probably  controlled  by  its  life 
orientation  in  sea  water.  The  peculiar  mode  of  shell  coiling 

was  possibly  caused  by  the  cyclic  change  of  growth  direc- 
tion, which  must  be  strongly  constrained  by  the  existing  shell 

geometry.  The  validity  of  such  hypotheses  should  be 
checked  by  a  theoretical  approach  using  some  computer 
simulations  of  shell  coiling.  The  changing  process  of  shell 
geometry  throughout  the  phytogeny  of  Polyptychoceras  and 
its  ancestors  is  possibly  reconstructed  by  analogous 
approaches. 
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Abstract.  The  non-ammonoid  cephalopod  fauna  described  here  was  collected  from  the  upper  Gzhelian- 
lower  Asselian  (Upper  Carboniferous  to  Lower  Permian)  hydrozoan  algal  buildups  in  the  Taishaku  Lime- 

stone Group,  Southwest  Japan.  The  fauna  consists  of  four  orthocerids  :  Michelinoceras  ?  sp.,  Bogoslovs- 
kya  miharanoroensis  sp.  nov.,  Geisonocerina  ?  sp.,  Lopingoceras  hayasakai  sp.  nov.  ;  two  nautilids: 
Parachouteauoceras  bingoense  gen.  et  sp.  nov.,  Parachouteauoceras  ?  sp.  ;  and  a  bactritid  :  Bactrites  sp. 
Parachouteauoceras  is  most  similar  to  Chouteauoceras,  but  unlike  the  latter  has  a  lobated  aperture.  The 
occurrence  of  Bogoslovskya  miharanoroensis  represents  one  of  the  latest  records  of  the  genus  in  the 

world.  This  fauna  is  important  because  it  adds  some  new  data  to  a  poorly  known  Late  Carboniferous- 
Early  Permian  non-ammonoid  cephalopod  fauna. 

Key  words  :  Asselian,  Bactritida,  Gzhelian,  Nautilida,  Orthocerida,  Taishaku  Limestone  Group 

Introduction 

The  non-ammonoid  cephalopods  of  the  Taishaku  Lime- 
stone Group,  Southwest  Japan,  were  first  noticed  by  Hayasa- 

ka  and  Nishikawa  (1963)  who  reported  the  orthocerid  species 
Orthoceras  cf.  adrianense  Gemmellaro  in  an  oral  presentation 
(Koizumi,  1975).  Of  the  fauna,  only  three  specimens  were 

kept  back  for  future  examination.  Recent  studies,  as  de- 
scribed by  Niko  ef  al.  (1993),  show  that  the  specimens  are 

referable  to  a  bactritid  and  represent  a  new  species,  Aktas- 
tioceras  nishikawai.  An  additional  seven  species  belonging 
to  the  Orthocerida,  Nautilida  and  Bactritida  are  described 
and  figured  herein  from  the  upper  Gzhelian  to  lower  Asselian 
part  of  the  Taishaku  Limestone  Group.  This  report  adds 

some  new  data  to  a  poorly  known  non-ammonoid  ce- 
phalopod fauna  in  the  vicinity  of  the  Carboniferous-Permian 

boundary,  and  will  provide  a  basis  for  future  biostratigraphic 
and  paleobiogeographic  studies. 

All  specimens  used  for  the  study  are  housed  in  the 
paleontological  collections  of  the  Department  of  Earth  and 
Planetary  Sciences,  Nagoya  University  (ESN). 

Geologic  setting  and  occurrence 

The  Taishaku  Limestone  Group,  located  in  the  northeast- 
ern part  of  Hiroshima  Prefecture,  is  a  thick  Carboniferous  to 

Permian  greenstone- limestone  sequence  occurring  in  the 
Akiyoshi  Terrane  in  the  Inner  Zone  of  Southwest  Japan. 
Hase  et  al.  (1974)  conducted  a  detailed  faciès  analysis  of  the 

Taishaku  Limestone  Group  and  interpreted  that  it  was  for- 
med as  a  table  reef  complex  on  the  submarine  volcanic 

mound.  In  Miharanoro,  Hiba-gun,  Hiroshima  Prefecture 

(Figure  1),  Upper  Carboniferous  to  Lower  Permian  hydrozoan- 
algal  reef  complexes  are  well  developed,  forming  a  reef  core 

faciès  in  the  Taishaku  Limestone  Group.  The  Upper  Car- 
boniferous to  Lower  Permian  sequence  of  the  Taishaku 

Limestone  Group  in  Miharanoro  is  divided  into  the  following 
six  fusulinacean  zones  (Ozawa  and  Hirakawa,  MS):  in 

ascending  order,  these  are  the  Triticites  ozawai-Carbono- 
schwagerina  morikawai  Zone,  Triticites  contractus  Zone, 

Pseudoschwagerina  muongthensis  Zone,  Pseudoschwage- 
rina  miharanoensis  Zone,  Pseudofusulina  vulgaris  Zone,  and 
Pseudofusulina  kraffti  Zone.  The  stratigraphie  horizon  of 
Aktastioceras  nishikawai  belongs  to  the  Pseudoschwagerina 
miharanoensis  Zone,  indicating  a  late  Asselian  age.  On  the 

other  hand,  fossil  localities  of  the  present  non-ammonoid 
cephalopods  are  in  the  Triticites  contractus  Zone,  which 

coincides  with  the  Carbonoschwagerina  minatoi-Daixina  cf. 
robusta  Zone  (upper  Gzhelian)  and  the  Sphaeroschwagerina 
fusiformis  Zone  (lower  Asselian)  of  the  Akiyoshi  Limestone 
Group  (Ozawa  and  Kobayashi,  1990). 

The  cephalopods  described  herein  were  collected  by  the 
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Figure  1.  Part  of  topographic  map  "Tojo",  1:25,000 
quadrangle  of  Geographical  Survey  Institute,  showing  fossil 
localities  in  Miharanoro,  Hiroshima  Prefecture. 

junior  author  from  bioclastic  limestones  in  channellike 

depressions  of  the  Triticites  contractus  Zone.  In  the  chan- 
nel-fill sediments,  they  occurred  along  with  ammonoids, 

gastropods,  pelecypods,  brachiopods,  and  foraminifers. 

Systematic  paleontology 

Class  Cephalopoda  Cuvier,  1797 
Subclass  Nautiloidea  Agassiz,  1847 

Order  Orthocerida  Kuhn,  1940 

Superfamily  Orthocerataceae  M'Coy,  1844 
Family  Orthoceratidae  M'Coy,  1844 

Subfamily  Michelinoceratinae  Flower,  1945 
Genus  Michelinoceras  Foerste,  1932 

7ype  species— Orthoceras  michelini  Barrande,  1866. 

Michelinoceras?  sp. 

Figures  2-14—16 
Description.— Smooth-surfaced  orthocones  with  gradual 

shell  expansion,  circular  cross  section  ;  largest  specimen 

(ESN  2593)  of  phragmocone  3.9mm  in  adorai  diameter; 
sutures  straight,  transverse  ;  siphuncle  central,  composed  of 
orthochoanitic  necks  and  cylindrical  connecting  rings. 

Discussion.— This  description  is  based  on  three  poorly 
preserved  phragmocones  of  probably  immature  portions. 
Judging  from  the  siphuncular  structure,  they  may  represent  a 
species  of  Michelinoceras.  However,  there  is  no  denying 

the  possibility  that  the  specimens  are  apical  shells  of  as- 
sociated Geisonocerina  ?  sp.  (this  report)  until  better  material 

is  recovered. 

Material  and  occurrence.— ESN  2593-2595  from  Locality  1. 

Genus  Bogoslovskya  Zhuravleva,  1978 

Type  species.— Bogoslovskya  perspicua  Zhuravleva,  1978. 

Bogoslovskya  miharanoroensis  sp.  nov. 

Figures  2-1—9 Diagnosis.— Species  of  relatively  large  Bogoslovskya  with 
distant,  very  narrow  ribs  ;  cameral  ratio  approximately  3-4  ; 
siphuncular  position  midway  between  center  and  margin  in 
adorai  shell. 

Description.— Shells  relatively  large  for  genus,  orthoconic 
with  circular  cross  section,  largest  specimen  (ESN  2590)  of 

phragmocone  reaches  approximately  25  mm  in  diameter  ; 

angle  of  shell  expansion  moderate,  4-5  degrees;  surface 
ornamentation  consists  of  distant,  very  narrow  ribs,  weakly 

sinuate,  slightly  toward  aperture  on  antisiphuncular  side,  rib 
index  (number  of  ribs  per  length  of  corresponding  shell 

diameter)  13-17,  interribs  space  flat,  smooth  ;  septa  moder- 
ately deep  forming  straight,  transverse  sutures;  cameral 

length  short  for  genus,  cameral  ratio  (diameter/ length)  3.2- 
4.1  ;  siphuncle  very  narrow,  maximum  external  diameter  of 
septal  neck/shell  diameter  0.03  in  holotype,  siphuncular 
position  submarginal,  but  shifts  midway  between  center  and 
margin  in  adorai  shell,  minimum  distance  of  siphuncular  axis 
from  shell  surface  per  shell  diameter  in  dorsoventral  section 
0.19  in  immature  shell  (9.5  mm  in  diameter)  of  paratype  (ESN 
2589),  increases  to  0.26  adorally  (20  mm  in  diameter)  ;  length 
of  septal  necks  moderately  long  for  genus,  approximately  1.8 

mm  at  shell  diameter  of  21  mm,  gently  tapering  ortho- 
choanitic with  weak  auxiliary  deposits  in  funnel-shaped 

septal  foramen  ;  connecting  rings  not  preserved  ;  no  earner- 

Figure  2.  1-9.  Bogoslovskya  miharanoroensis  sp.  nov.,  1-4  :  holotype,  ESN  2586, 1,  side  view  of  siphuncular  side,  x2, 
2,  lateral  view,  siphuncular  side  on  right,  x2,  3,  septal  view  of  apical  end,  x2,  4,  dorsoventral  polished  section,  arrow 
indicates  siphuncular  position,  x  3,  5, 6  :  paratype,  ESN  2587,  5,  lateral  view,  siphuncular  side  on  left,  x  2, 6,  dorsoventral  thin 
section,  details  of  siphuncular  structure,  note  auxiliary  deposits,  X10,  7  :  paratype,  ESN  2589,  septal  view  of  apical  end,  x 
2,  8  :  paratype,  ESN  2591,  lateral  view,  siphuncular  side  on  right,  x2,  9  :  paratype,  ESN  2590,  lateral  view,  siphuncular  side 

on  left,  x2.  10-13.  Geisonocerina  ?  sp.,  10-12  :  ESN  2596, 10,  side  view,  x2, 11,  septal  view,  x2, 12,  longitudinal  polished 
section,  X3, 13  :  ESN  2597,  side  view,  x2.  14-16.  Michelinoceras  ?  sp.,  ESN  2593, 14  :  side  view,  x4, 15  :  septal  view  of 
apical  end,  x4, 16:  longitudinal  thin  section,  x4. 
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al  deposits  detected. 

Discussion.— The  possession  of  surface  ribs  of  Bogoslov- 
skya  miharanoroensis  sp.  nov.  clearly  distinguishes  it  from  all 

other  known  species  of  the  genus.  The  range  of  Bogoslov- 
skya  was  previously  restricted  to  the  Middle  to  Late  Devonian 
of  the  Urals  (Zhuravleva,  1978)  and  the  Middle  Carboniferous 
of  the  Akiyoshi  Limestone  Group  (Niko  et  al.,  1995).  Thus, 
this  late  Gzhelian  to  early  Asselian  species  represents  the 
youngest  record  of  the  genus. 

Etymology.— The  specific  name  is  derived  from  the  type 
locality  name  Miharanoro. 

Material  and  occurrence.— Holotype,  ESN  2586,  incomplete 
phragmocone,  22.5  mm  in  length  ;  five  paratypes,  ESN 

2587-2591,  incomplete  phragmocones,  are  surely,  and  a 
specimen,  ESN  2592,  is  questionably,  assigned  to  this 
species.  All  specimens  from  Locality  1. 

Family  Geisonoceratidae  Zhuravleva,  1959 
Genus  Geisonocerina  Foerste,  1935 

Type  species— Orthoceras  wauwatosense  Whitfield,  1882. 

Geisonocerina!  sp. 

Figures  2-10—13 

Description.— Orthocones  with  gradual  shell  expansion, 
circular  cross  section  ;  surface  ornamentation  consists  of 
distinct  transverse  lirae,  adorally  indicating  weak  sinuations  ; 
largest  specimen  (ESN  2597)  of  phragmocone  reaches 
approximately  16mm  (reconstructed)  in  diameter;  septa 
thick,  deeply  concave,  forming  straight,  transverse  sutures  ; 
siphuncle  central  ;  septal  necks  long,  orthochoanitic,  but 
slightly  dilated  terminally  ;  connecting  rings  cylindrical. 

Discussion. —This  description  is  based  on  two  fragmentary 
phragmocones.  They  are  not  sufficiently  well  preserved  to 
identify  more  precisely,  but  lack  of  periodic  thickening  of  the 

lirae  suggests  this  species  probably  belongs  to  Geisonocer- 
ina rather  than  Geisonoceras  Hyatt,  1884. 

Material  and  occurrence.— ESN  2596,  2597.  In  addition,  a 
specimen  (ESN  2598)  is  questionably  assigned  to  this 
species.    All  specimens  from  Locality  1. 

Superfamily  Pseudorthocerataceae  Flower  and  Caster,  1935 
Family  Pseudorthoceratidae  Flower  and  Caster,  1935 
Subfamily  Spyroceratinae  Shimizu  and  Obata,  1935 

Genus  Lopingoceras  Shimanskiy  in  Ruzhentsev,  1962 

Type  species.— Orthoceras  lopingense  Stoyanow,  1909. 

Lopingoceras  hayasakai  sp.  nov. 

Figures  3-1—7 Diagnosis.— Annulated  orthocones  with  conspicuous  sur- 
face lirae,  annulations  have  subangular  profile  ;  cameral 

deposits  episeptal-mural,  hyposeptal  ;  endosiphuncular 
deposits  form  continuous  lining. 

Description.— Annulated  orthocones  with  gradual  shell 

expansion,  angle  approximately  3-4  degrees  ;  cross  section 
of  shell  circular;  largest  specimen  (ESN  2600)  of  phrag- 

mocone reaches  approximately  10  mm  (reconstructed)  in 
diameter;  annulations  relatively  low,  subangular  profile  in 
longitudinal  section,  bearing  weak  lateral  sinus  ;  annulations 
and  interspaces  of  annulations  ornamented  by  conspicuous 
lirae  that  run  parallel  with  annulation,  salient  forms  over 

injured  portion  of  shell  as  repaired  ;  sutures  straight,  trans- 
verse ;  septal  curvature  moderate,  cameral  ratio  approxi- 

mately 2.2  in  holotype;  there  are  usually  two  annulations  in 
single  camera  ;  siphuncle  subcentral,  shifts  slightly  dorsally 
from  center,  septal  necks  short,  suborthochoanitic  to  weakly 
cyrtochoanitic,  0.45  mm  in  length  in  holotype,  connecting 
rings  subcylindrical  with  constrictions  at  septal  foramen  and 

weak  dorsal  inflations,  maximum  external  diameter  of  con- 
necting rings/shell  diameter  in  each  segment  of  holotype 

approximately  0.2  ;  cameral  deposits  episeptal-mural, 
hyposeptal  ;  endosiphuncular  deposits  well  developed,  form 
thick  continuous  lining  on  siphuncular  wall,  thicker  in  venter 
than  dorsum. 

Discussion.— Generic  assignment  of  the  species  is  tenta- 
tive at  present.  A  combination  of  surface  annulations  and 

conspicuous  lirae  relates  the  form  to  Reticycloceras  Gordon, 
1960,  but  the  possession  of  hyposeptal  deposits  in  the 
species  clearly  separates  them.  Lopingoceras  Shimanskiy 
in  Ruzhentsev  (1962)  is  based  on  an  Upper  Permian  species 

from  Dzhul'fa,  of  which  species  has  an  annulated  orthocone. 
The  distinguishing  feature  of  Lopingoceras  is  angularity  of 
outline  of  annulations,  and  the  present  species  shears  this 

morphology.  Although  the  structure  of  deposits  is  unknown 
in  the  generic  type  species,  we  consider  that  the  present 
species  probably  belongs  to  Lopingoceras. 

Shimanskiy  (1954,  pi.  7,  figs.  6a-v)  referred  a  species  from 
the  lower  Asselian  of  the  southern  Urals  to  Cycloceras 

laevigatum  M'Coy  (1844,  pi.  2,  fig.  3),  which  was  described 
from  the  Lower  Carboniferous  of  Ireland.  With  the  excep- 

tion of  a  somewhat  larger  angle  of  shell  expansion  (approxi- 
mately 6  degrees),  the  Russian  species  is  very  likely  closely 

related  to  Lopingoceras  hayasakai  sp.  nov.  Cycloceras  was 

defined  on  an  internal  mold  of  a  body  chamber  by  M'Coy 

Figure  3.  1-7.  Lopingoceras  hayasakai  sp.  nov.,  1-4  :  holotype,  ESN  2599, 1,  ventral  view,  x2,  2,  lateral  view,  venter  on 
right,  x2,  3:  dorsoventral  thin  section,  venter  on  left,  note  subangular  profile  of  annulations,  x4,  4,  details  of  siphuncular 

structure,  note  thick  continuous  lining  of  endosiphuncular  deposits,  x10,  5-7  :  paratype,  ESN  2600,  5,  lateral  view,  venter  on 
right,  x  2,  6,  dorsal  view,  x  2,  7,  septal  view  of  apical  end,  venter  down,  x  2.  8-ÎI.  Bactrites  sp.,  ESN  2607,  8  :  ventral 
view,  x  2,  9  :  lateral  view,  venter  on  right,  x  2, 10  :  dorsal  view,  x  2, 11  :  septal  view  of  apical  end,  venter  down,  \  2.  12- 
15.  Parachouteauoceras  bingoense  gen.  et  sp.  nov.,  12-14  :  holotype,  ESN  2601, 12,  lateral  view,  note  color  markings  through 
ammonium  chloride  coating,  x3, 13,  ventral  view,  x3, 14,  septal  view  of  apical  end,  venter  up,  x3, 15  :  paratype,  ESN  2602, 

lateral  view  with  complete  embryonic  shell,  x3.  16-18.  Parachouteauoceras?  sp.,  ESN  2604,  16:  lateral  view,  \3,  17: 
ventral  view,  x3,  18  :  septal  view  of  apical  end,  venter  up,  x3. 
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(1844),  thus  the  diagnosis  of  the  genus  calls  for  nothing 
further  than  an  annulated  orthocone  with  low  angles  of 

expansion.  Sweet  (1964)  properly  stated  that  "no  species 
other  than  the  type  species  should  be  referred  to  Cycloceras 

until  its  type  is  better  known".  This  problem  is  still  unsolved. 
Etymology.— The  specific  name  refers  to  the  late  Dr.  Ichiro 

Hayasaka,  a  pioneer  in  the  study  of  the  Paleozoic  nautiloids 
of  Japan. 

Material  and  occurrence.— Holotype,  ESN  2599,  incomplete 
phragmocone,  20.1  mm  in  length  ;  paratype,  incomplete 
phragmocone,  ESN  2600.    Both  from  Locality  2. 

Order  Nautilida  Agassiz,  1847 
Superfamily  Trigonocerataceae  Hyatt,  1884 

Family  Trigonoceratidae  Hyatt,  1884 
Genus  Parachouteauoceras  gen.  nov. 

Type  species.— Parachouteauoceras  bingoense  sp.  nov. 
Diagnosis.— Like  Chouteauoceras  but  differs  in  possession 

of  lobed  peristome  with  linguiform  ventral  sinus,  ventrolateral 
saddle,  dorsolateral  sinus,  dorsal  saddle. 

Etymology.— The  generic  name  is  derived  from  the  Greek 
para,  meaning  near,  and  Chouteauoceras. 

Parachouteauoceras  bingoense  sp.  nov. 

Figures  3-12—15 

Diagnosis.— As  for  the  genus. 
Description.— Loosely  coiled,  gyrocones  losing  contact; 

whorl  section  weakly  compressed,  width/height  ratio  ranges 
from  0.90  to  0.97  in  holotype,  venter  and  flanks  slightly 
convex  with  subangular  ventral  shoulders,  dorsum  broadly 
rounded  ;  adorai  end  of  body  chamber  of  holotype  reaches 

8.6mm  in  height;  embryonic  shell  weakly  inflated  in  dor- 
soventral  direction,  with  cone-shaped  primary  shell  ;  most 
inflated  portion  of  embryonic  shell  5.3  mm  in  height,  4.7  mm 
in  width,  giving  a  ratio  of  0.89;  surface  ornamentation 
consists  of  numerous  longitudinal  ridges  and  growth  lines  ; 
growth  lines  nearly  transverse,  producing  a  latticework  in 
embryonic  shell  ;  later  growth  lines  indicate  lobed  peristome 

of  deep  linguiform  ventral  sinus,  rounded  ventrolateral  sad- 
dle, shallow  dorsolateral  sinus,  broadly  rounded  dorsal  sad- 

dle ;  sutures  transverse  with  broadly  rounded  lateral  lobes, 
dorsal  and  ventral  saddles;  siphuncle  small,  subcentral, 
slightly  shifts  to  venter  ;  preserved  color  markings  consist  of 

7  or  8  relatively  wide  bands,  which  run  parallel  with  peris- 
tome, in  ventral  shoulder  to  ventrolateral  position  on 

holotype. 

Discussion.— The  gyroceraconic  shells  with  a  compressed 
whorl  section,  the  longitudinal  surface  ridges,  and  rounded 
lateral  lobes  in  the  sutures  of  Parachouteauoceras  bingoense 
gen.  et  sp.  nov.  suggest  a  relationship  to  the  trigonoceratid 
genus  Chouteauoceras  Miller  and  Garner,  1953. 
Chouteauoceras  is  a  rare  genus  which  embraces  the  type 
species  C.  americanum  (Miller  and  Furnish,  1938,  pi.  48,  figs. 

4-6)  from  Missouri  and  some  other  species  questionably 
assigned  to  the  genus  from  North  America,  Belgium  and 

Ireland.  All  occurrences  are  in  the  Lower  Carboniferous. 

Parachouteauoceras  can  be  distinguished  from 
Chouteauoceras  by  its  peristome  shape.  The  growth  lines 
of  Chouteauoceras  indicate  a  transverse  peristome  with 
weak  lateral  saddles. 

Apogonoceras  remotum  Ruzhentsev  and  Shimanskiy 
(1954,  pi.  11,  figs.  8a,  8b  ;  only  known  species  and  the  type 
species  of  the  genus)  from  the  Artinskian  of  the  southern 

Urals  has  a  shell  shape  generally  similar  to  Para- 
chouteauoceras bingoense,  but  has  nearly  straight  sutures  in 

the  adorai  shell  and  a  somewhat  subtriangular  whorl  section. 
The  peristome  shape  of  Apogonoceras  is  unknown. 

Etymology.— The  specific  name  is  derived  from  Bingo, 
which  is  the  historic  province  name  of  the  region  in  which 

the  type  locality  lies. 

Material  and  occurrence.— Holotype,  ESN  2601,  incomplete 
phragmocone  with  apical  body  chamber,  25.5  mm  in  length  ; 
two  paratypes,  ESN  2602,  2603,  apical  phragmocones.  All 
specimens  from  Locality  2. 

Parachouteauoceras?  sp. 

Figures  3-16—18 
Description.— Loosely  coiled  juvenile  phragmocones  losing 

contact;  whorl  section  compressed,  ovoid,  width/height 
ratio  0.90  ;  shell  height  reaches  4.9  mm  in  largest  specimen 

ESN  2604  ;  surface  ornamentation  consists  of  weak  longitu- 
dinal ridges  and  growth  lines  indicating  ventral  sinus  ; 

sutures  nearly  transverse  ;  siphuncle  subcentral. 

Discussion.— This  species  is  represented  by  two  fragmen- 
tary phragmocones  of  juvenile  portion.  The  specimens 

differ  from  Parachouteauoceras  bingoense  gen.  et  sp.  nov. 
(this  report)  in  smaller  shell  size  in  the  corresponding  shell 
portion.  The  lack  of  adult  shells  of  this  species  leaves 
doubt  upon  assignment  to  Parachouteauoceras. 

Material  and  occurrence— ESN  2604,  2605  from  Locality  1. 

Subclass  Bactritoidea  Shimanskiy,  1951 
Order  Bactritida  Shimanskiy,  1951 

Family  Bactritidae  Hyatt,  1884 
Genus  Bactrites  Sandberger,  1843 

Type  species.— Bactrites  subconicus  Sandberger,  1843. 

Bactrites  sp. 

Figures  3-8—11 
Description.— Orthocones  with  gradual  shell  expansion, 

angle  approximately  3.5  degrees,  circular  cross  section  ; 
largest  specimen  (ESN  2607)  of  phragmocone  reaches  11.5 
mm  in  diameter;  transverse  lirae  of  surface  ornamentation 
slightly  sinuate,  very  fine,  closely  spaced  ;  sutures  straight 
transverse  with  ventral  lobe,  siphuncle  relatively  large,  ventral 
margin  in  position. 

Discussion.— This  species  resembles  most  closely 
Bactrites  costatus  Mapes  (1979,  pi.  31,  figs.  7-9, 13)  from  the 
upper  Virgilian  of  Texas  in  having  closely  spaced  surface 
lirae.    Bactrites  costatus  differs  from  the  present  species  in 
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its  larger  angle  (5-7  degrees)  of  shell  expansion. 
Material  and  occurrence—  Based  on  two  phragmocones : 

ESN  2606  from  Locality  1,  and  ESN  2607  from  LocaHty  2. 
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Abstract  Permian  nautiloids  and  ammonoids  are  described  from  the  middle  part  of  the  Ochiai  Formation 
distributed  in  the  Kurosawa  district  of  northern  Kesennuma  City,  Southern  Kitakami  Massif,  Northeast 
Japan.  The  nautiloids  are  Tainoceras,  Pleuronautilus  and  Stearoceras.  One  new  species,  Tainoceras 
carinatum,  is  proposed.  The  ammonoids  are  Jilingites,  Stacheoceras,  Timorites,  Pseudagathiceras, 

Propinacoceras  and  Eumedlicottia.  Jilingites  kesennumensis,  Timorites  takaizumii  and  Pseudagathicer- 
as ornatum  are  newly  proposed  species.  Based  on  the  stratigraphie  distribution  of  Timorites,  Jilingites 

and  Pseudagathiceras,  and  the  stratigraphie  relationship  between  the  cephalopod  horizon  and  Lepidolina 
bearing  limestones,  the  cephalopod  bearing  formation  of  Kurosawa  is  considered  to  be  correctable  with 
the  upper  Capitanian. 

Key  words  :  Capitanian,  Helicoprion,  Kesennuma,  Kitakami  Massif,  Permian  cephalopod 

Introduction 

Permian  strata  are  widely  distributed  in  the  northern  district 
of  Kesennuma  City,  Southern  Kitakami  Massif,  forming  a 
large  synclinorium,  the  axis  of  which  trends  NS  and  plunges 
to  the  south.  They  are  divided  into  the  Nakadaira,  Ochiai 
and  Nabekoshiyama  Formations,  in  ascending  order  (Ehiro, 
1977).  These  formations  are  roughly  correlated  with  the 
Lower  Permian  Sakamotozawan  Series,  Middle  Permian 
Kanokuran  Series  to  the  middle  part  of  the  Upper  Permian 
Toyoman  Series,  and  upper  Toyoman  Series,  respectively. 
They  have  been  studied  stratigraphically  and 
paleontological ly  for  100  years,  and  many  Middle  Permian 
brachiopods  and  molluscs  have  been  described  from  the 

upper  part  of  the  lower  Ochiai  Formation.  Uppermost  Per- 
mian fossils  such  as  Colaniella  parva  and  Palaeofusulina  sp., 

in  association  with  brachiopods  and  pelecyoods,  have  also 
been  found  (Tazawa,  1975;  Ishii  et  al.,  1975)  from  the 
Nabekoshiyama  Formation. 

Araki  (1980)  reported  the  occurrence  of  a  chondrichthyes, 
Helicoprion  sp.,  from  sandy  shale  of  the  middle  part  of  the 
Ochiai  Formation,  which  crops  out  at  a  tributary  of  the 

Kurosawa  River  in  the  Kamiyasse  district,  northern  Kesen- 
numa. He  also  collected  some  cephalopods  from  a  horizon 

slightly  lower  than  that  of  Helicoprion.  These  horizons  were 
correlated  with  the  upper  part  of  the  Kanokuran  Series  based 
on  a  preliminary  study  of  the  cephalopod  fauna  (Araki,  1980). 
The  upper  Kanokuran  Series  is  generally  correlated  with  the 
upper  Maokouan  of  South  China  and  with  the  Capitanian  of 
North  America.    These  cephalopods,  however,  have  not 

been  described  previously,  nor  have  been  known  other  index 
fossils  near  the  fossil  locality. 

Recently,  the  present  authors  studied  stratigraphically  the 
Permian  strata  in  and  around  the  Kurosawa  River  and 

collected  some  additional  cephalopods  from  Araki's  locality and  other  new  localities  with  the  assistance  of  Yukihiro 

Takaizumi.  The  present  paper  describes  the  cephalopods 
from  the  middle  part  of  the  Ochiai  Formation  distributed  in 
the  catchment  area  of  the  Kurosawa  River  and  discusses  the 

age  of  the  fauna. 

Geologic  settings 

The  Ochiai  Formation  in  the  Kamiyasse  district  is  com- 
posed mainly  of  shales,  except  for  the  upper  part  of  the  lower 

part  (Toyazawa  Member).  In  this  member,  distributed  in  the 

upper  tributaries  of  the  Shigejizawa  River  (Figure  1),  sand- 
stones and  impure  limestones  predominate.  It  yields  diverse 

fossils  such  as  fusulinids,  brachiopods,  bryozoans,  crinoids 
and  molluscs.  Monodiexodina  matsubaishi  (Fujimoto),  which 

is  a  characteristic  fusulinid  of  the  lower  part  of  the  Kanokur- 
an Series,  dominates  in  the  lower  to  middle  part  of  the 

member.  The  upper  part  of  the  member  yields  such 
fusulinids  as  Verbeekina,  Pseudodoliolina  and  Lepidolina 

(Tazawa,  1976),  which  characterize  the  upper  Kanokuran. 
The  middle  part  of  the  Ochiai  Formation,  consisting  mainly 

of  massive  sandy  shales  and  shales  with  rare  thin  sandstone 
interbeds,  is  widely  distributed  in  the  Kurosawa  River  and  its 
tributaries.  In  a  horizon  about  400  m  above  the  top  of  the 

Toyazawa  Member,  thin  lenticular  limestones  with  maximum 
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Rgure  1.  Index  map  (A)  and  geologic  map  of  the  Kurosawa  district,  northern  Kesennuma,  Southern  Kitakami 

Massif,  Northeast  Japan  (B).  1-2.  lower  part  of  the  Ochiai  Formation  (1  :  shale,  2  :  sandstone).  3.  Toyazawa 
Member  of  the  Ochiai  Formation  (sandstone,  limestone,  shale  and  conglomerate).  4-6.  middle  part  of  the  Ochiai 
Formation  (4  :  shale,  5  :  thin  sandstone,  6  :  limestone).    7.  porphyrite.    8.  fossil  localities. 

thicknesses  of  5  to  20  meters  are  intercalated  at  some 

localities  (Figure  1B).  They  yielded  fusulinids,  Lepidolina  sp. 

(Loc.  F-1  in  Figure  1B)  and  Verbeekina  sp.  (Loc.  F-2).  The 
relationships  between  these  limestone  lenses  and  surround- 

ing shales  is  uncertain.  The  latter  are  not  calcareous. 
This  points  to  a  possibility  that  these  limestone  lenses  are 
not  in  situ  but  are  exotic  blocks  derived  likely  from  lower 
horizons. 

Shales  in  the  middle  part  of  the  Ochiai  Formation  are 
almost  barren  of  fossils,  but  some  cephalopods,  together 
with  a  few  brachiopods  and  gastropods,  have  been  collected 

at  some  localities  (Loc.  A-1  to  C-2  in  Figure  1B).  Among 
these  are  Loc.  B-1  and  B-2  which  yielded  abundant  ce- 

phalopods. Examination  led  to  the  discrimination  of  the 
following  forms. 

Locality  A-1  :  Propinacoceras  sp. 
Locality  A-2  :  Eumedlicottia  primas  (Waagen) 

Locality  B-1  :  Tainoceras  carinatum  sp.  nov.,  Pleuronautilus 
sp.,  Jilingites  kesennumensis  sp.  nov.,  Timorites  takaizumii 
sp.  nov,  Pseudagathiceras  ornatum  sp.  nov.,  Propinacoceras 

sp. 
Locality  B-2:  Tainoceras  sp.,  Pleuronautilus  sp.,  Sta- 

cheoceras  sp.,  Timorites  ?  sp.,  Propinacoceras  sp.,  Eumed- 
licottia primas  (Waagen) 

Locality  B-3  :  Stearoceras  sp. 

Locality  C-1  :  Timorites  takaizumii  sp.  nov. 
Locality  C-2  :  Tainoceras  sp. 

Ammonoid  locality  A-1  is  stratigraphically  about  100  m 
lower  than  that  of  Lep/do//na-bearing  lenticular  limestone. 
The  ammonoid  Eumedlicottia  from  Loc.  A-2  at  a  horizon 
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about  20  m  higher  than  that  of  Loc.  A-1  was  collected  from 
a  large  loose  shale  block  on  the  river  bed.  Cephalopod 

horizons  at  Loc.  B-1,  B-2  and  B-3  are  about  80-90,  «110-120 
and  300  m  above  the  limestone  lenses,  respectively.  The 

locality  of  Helicoprion  is  near  Loc.  B-2  and  is  stratigraphically 
30-40  m  higher  than  that  of  the  latter.  Cephalopods  of  Loc. 
C-1  and  C-2  were  both  collected  from  floats  on  the  river 

floor,  possibly  derived  from  shales  little  above  Verbeekina- 
bearing  limestone. 

Faunal  consideration 

The  cephalopod  fauna  of  Kurosawa  comprises  three 
genera  of  nautiloids  and  six  of  ammonoids.  Timorites  is 
abundant  in  the  fauna  and  more  than  20  specimens  are  at 

hand.  Propinacoceras  is  the  next  most  common.  Speci- 
mens of  the  other  genera  are  rarer,  one  to  four  specimens 

each.  Jilingites  and  Pseudagathiceras  are  described  here 
from  Japan  for  the  first  time. 

Cephalopod  genera  of  Kurosawa,  except  for  Jilingites, 

Timorites  and  Pseudagathiceras,  have  rather  long  stratigra- 
phie ranges.  Jilingites  bidentus  Liang,  which  is  the  type 

species  and  only  known  representative  of  the  genus,  occurs 
in  the  Middle  Permian  (Wordian)  Fanjiatun  Formation  of  Jilin, 

North  China  (Liang,  1982).  The  Kurosawa  species  of  Jilin- 
gites is  closely  similar  to  the  Chinese  species. 

Species  of  Timorites  are  characteristic  of  the  Permian 
ammonoid  Equatorial  Provinces  (Ehiro,  1996),  and  have  been 

reported  from  the  upper  Middle  Permian  (Capitanian)  forma- 
tions in  the  Tethyan  province  from  such  places  as  Timor, 

Japan,  Far  Eastern  Russia,  South  China  and  the  Himalayan 
region  of  China,  and  Texas,  U.S.A,  and  Coahuila,  Mexico,  in 
North  America.  They  are  also  known  from  Upper  Permian 
Dzhulfian  formations  in  the  Kitakami  Massif  (Ehiro  et  al., 
1986),  Transcaucasia  and  Central  Iran  (Zhou  et  al.  1989). 

According  to  Miller  (1944),  five  species  of  Pseudagathiceras 
are  known  from  Wordian  formations  of  Timor,  Sicily  and 
Coahuila.  The  Kurosawa  species  of  Pseudagathiceras 
closely  resembles  the  Coahuila  species  in  the  shape  of 
shells  and  the  presence  of  prominent  ventrolateral  spines. 

Based  on  the  occurrence  of  Timorites,  the  ammonoid- 
bearing  horizons  of  Kurosawa,  especially  B-1  and  B-2,  are 
correlatable  with  somewhere  in  the  interval  from  the 

Capitanian  to  Dzhulfian.  On  the  other  hand,  the  associated 
Jilingites  and  Pseudagathiceras  suggest  that  the  age  of  the 

fauna  is  not  younger  than  Wordian,  although  their  stratigra- 
phie ranges  are  less  certain.  The  horizons  of  B-1  and  B-2  are 

a  little  higher  than  those  of  limestone  lenses,  which  yield 
Capitanian  fusulinids  such  as  Lepidolina  and  Verbeekina, 
although  there  is  a  possibility  that  the  limestone  lenses  are 
not  in  situ.  No  typical  Dzhulfian  ammonoids,  such  as 

araxoceratids  and  advanced  xenodiscids,  have  been  col- 
lected from  these  horizons.  Therefore,  the  age  of  the 

cephalopod  fauna  and  of  Helicoprion  sp.  from  Kurosawa  is 
considered  to  be  late  Capitanian  as  presumed  by  Araki 
(1980),  not  Dzhulfian. 

Systematic  description 

Specimens  described  in  this  paper  are  kept  in  the  Institute 
of  Geology  and  Paleontology,  Tohoku  University,  Sendai 

(IGPS). 

Subclass  Nautiloidea  Agassiz,  1847 
Order  Nautilida  Agassiz,  1847 

Superfamily  Tainocerataceae  Hyatt,  1883 
Family  Tainoceratidae  Hyatt,  1883 

Subfamily  Tainoceratinae  Hyatt,  1883 
Genus  Tainoceras  Hyatt,  1883 

Type  species.— Nautilus  quadrangulus  McChesney,  1868 

Tainoceras  carinatum  sp.  nov. 

Figures  3-2a,  b 

Material.— A  fragmentary  specimen,  IGPS  coll.  cat.  no. 
103114,  collected  from  Loc.  B-1  by  Y.  Takaizumi. 

Diagnosis.— Tainoceras  having  lateral  ribs  and  carinated 
ventrolateral  shoulders. 

Descriptive  remarks.— About  one  third  of  the  outer  volution, 
the  diameter  of  which  is  estimated  to  attain  45  mm,  was 
examined.  The  conch  is  thickly  discoidal  and  evolute  in 
outline,  with  a  large  and  deep  umbilicus.  It  is  slightly  wider 
than  high,  and  has  flat  sides,  which  very  slightly  converge 
toward  the  broadly  rounded  venter.    The  umbilical  shoulder 

—-  ( 

1  cm 

1  cm 

Figure  2.  Suture  lines  of  nautiloids  from  the  Ochiai  Forma- 
tion, a.  Tainoceras  sp.,  IGPS  coll.  cat.  no.  103115.  b.  Pleur- 

onautilus  sp.,  IGPS  coll.  cat.  no.  103116.  c.  Stearoceras  sp., 
IGPS  coll.  cat.  no.  103118. 
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is  acutely  rounded  and  ventral  shoulder  is  edged  with  a  fine 
keel.  The  flanks  have  rather  fine  but  strong  radial  ribs, 
which  are  straight  throughout  their  length.  They  extend 
from  the  umbilical  to  ventral  shoulder  and  are  nodose  at  the 

ventral  end.  There  are  two  rows  of  nodes,  which  character- 
ize the  genus  Tainoceras,  on  the  venter.  The  suture  is 

unknown. 

In  having  straight  and  fine  lateral  ribs,  the  present  species 

somewhat  resembles  Tainoceras  noetlingi  Frech  (Freeh,  1911, 

p.  106,  pi.  16,  fig.  1)  and  7.  noetlingi  subglobosa  Reed  (Reed, 
1931,  p.  51,  pi.  7,  fig.  5)  from  the  Salt  Range  and  T.  orientale 
(Kayser)  from  South  China  (Kayser,  1883,  p.  163,  pi.  14,  fig.  2). 
The  Kurosawa  species,  however,  has  a  larger  umbilicus  than 

the  Salt  Range  and  Chinese  species.  Moreover,  the  car- 
inated  ventral  shoulders,  though  the  keels  are  very  fine,  are 
unique  in  the  present  species  and  distinguishes  it  from  all 

Figure  3.  Nautiloids  from  the  Ochiai  Formation.  1.  Stearoceras  sp.,  IGPS  coll.  cat.  no.  103118,  lateral  (a)  and 
ventral  (b)  views,  xrj.9.  2.  Tainoceras  carinatum  sp.  nov.,  IGPS  coll.  cat.  no.  103114  (Holotype),  lateral  (a)  and  ventral 
(b)  views,  X1.1.  3.  Tainoceras  sp.,  IGPS  coll.  cat.  no.  103115,  lateral  (a)  and  ventral  (b)  views,  M.  4,5.  Pleur- 
onautilus  sp.,  4  :  IGPS  coll.  cat.  no.  103117,  lateral  (a)  and  ventral  (b)  views,  x  0.65,  5  :  IGPS  coll.  cat.  no.  103116. 
lateral  (a)  and  ventral  (b)  views,  xo.75. 
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other  species  of  the  genus  Tainoceras. 

Etymology.— From  the  carinated  form  of  the  ventrolateral 
shoulders. 

Tainoceras  sp. 

Figures  2-a  ;  3-3a,  b 

Material.— A  deformed  specimen,  IGPS  coll.  cat.  no.  103115, 
collected  from  Loc.  C-2  by  M.  Ehiro. 

Description— The  conch  is  flattened  dorsoventrally  due  to 
tectonic  deformation.  It  is  moderately  evolute  and  may  be 

thickly  discoidal  in  outline.  The  whorl  section  is  subrectan- 
gular  with  broadly  rounded  sides  which  converge  toward  the 
convex  venter.  The  flanks  bear  radial  ribs  extending  from 
the  umbilical  to  ventral  shoulder.  There  is  a  pair  of  rows  of 
nodes  on  the  venter,  though  not  so  visible  owing  to  tectonic 
flattening. 

The  suture  is  simple  and  nearly  straight,  but  with  a  shallow 
and  wide  lateral  lobe. 

Subfamily  Pleuronautilinae  Hyatt,  1890 
Genus  Pleuronautilus  Mojsisovics,  1882 

Type  species.— Pleuronautilus  trinodosus  Mojsisovics,  1882 

Pleuronautilus  sp. 

Figures  2-b;  3-4,5 

Materials.— Two  fragmental  specimens,  IGPS  coll.  cat.  no. 
103116,  collected  at  Loc.  B-1  by  M.  Ehiro,  and  IGPS  coll.  cat. 
no.  103117,  at  Loc.  B-2  by  H.  Araki. 

Descriptive  remarks— The  conch  attains  more  than  100 
mm  in  diameter.  It  is  evolute  and  considered  to  be  thickly 
discoidal  in  outline  with  a  large  and  deep  umbilicus.  The 
umbilical  wall  is  steep  and  umbilical  shoulder  is  acutely 
rounded.  The  flat  to  slightly  convex  sides  converge  toward 
the  venter.  The  wide  venter  is  flat  and  the  ventral  shoulder 

is  edged.  The  cross  section  of  the  conch  is  subtrapezoidal. 
The  flanks  are  ornamented  with  broad  and  strong  radial  ribs. 
They  extend  from  the  umbilical  wall  to  the  outer  third  of  the 

flank  or  to  the  ventral  shoulder,  and  are  widest  and  highest 
just  above  the  umbilical  shoulder.  The  suture  consists  of  a 
very  shallow  ventral  lobe,  a  small  ventrolateral  saddle  and  a 
wide  and  shallow  lateral  lobe. 

Broad  and  strong  ribs  on  the  flanks  are  unique  in  the 

present  species,  but  the  material  is  too  incomplete  to  repre- 
sent any  type  of  taxa. 

Superfamily  Trigonocerataceae  Hyatt,  1884 
Family  Grypoceratidae  Hyatt  in  Tittel,  1900 

Genus  Stearoceras  Hyatt,  1893 

Type  species.— Endolobus  gibbosus  Hyatt,  1891 

Stearoceras  sp. 

Figures  2-c  ;  3-1a,  b 

Material.— One  specimen,  IGPS  coll.  cat.  no.  103118,  col- 

lected  from  Loc.  B-3  by  M.  Ehiro. 
Description.— The  specimen  is  involute  in  outline,  with  an 

almost  closed  umbilicus.  It  attains  a  diameter  of  more  than 

50  mm.  The  side  of  it  is  broadly  rounded  and  the  venter  is 
slightly  convex  with  rounded  ventral  shoulders.  The  cross 

section  of  the  whorl  is  subtrapezoidal  and  depressed  dor- 
soventrally in  outline,  but  its  depressed  form  is  partly  due  to 

tectonic  flattening.  The  surface  of  the  conch  is  smooth. 
The  suture  lines  are  simple,  forming  a  broad  and  shallow 
ventral  lobe,  a  low  ventrolateral  saddle  and  a  broad  and 
shallow  lateral  lobe.    The  dorsal  lobe  is  somewhat  deep 

hw 

1  cm 

Figure  4.  Suture  lines  of  Jilingites,  Stacheoceras, 

Pseudagathiceras  and  Eumedlicottia  from  the  Ochiai  Forma- 
tion, a,  b.  Jilingites  kesennumensis  sp.  nov.,  a  :  IGPS  coll. 

cat.  no.  103119  (Hole-type),  b:  IGPS  coll.  cat.  no.  103121.  c. 
Stacheoceras  sp.,  IGPS  coll.  cat.  no.  103123.  d.  Pseudagath- 

iceras ornatum  sp.  nov.,  IGPS  coll.  cat.  no.  103136.  e,f. 
Eumedlicottia  primas  (Waagen),  e  :  IGPS  coll.  cat.  no.  103142, 
f  :  IGPS  coll.  cat.  no.  103143. 



60 Masayuki  Ehiro  and  Hideo  Araki 

compared  with  the  others. 

Subclass  Ammonoidea  Agassiz,  1847 
Order  Goniatitida  Hyatt,  1884 

Suborder  Goniatitina  Hyatt,  1884 
Superfamily  Marathonitaceae  Ruzhentsev,  1938 

Family  Marathonitidae  Ruzhentsev,  1938 
Subfamily  Jilingitinae  Liang,  1982 

Genus  Jilingites  Liang,  1982 

Type  species.— Jilingites  bidentus  Liang,  1982 

Jilingites  kesennumensis  sp.  nov. 

Figures  4-a,  b  ;  5-1, 4, 5 

Materials—  Holotype :  IGPS  coll.  cat.  no.  103119,  collected 
from  Loc.  B-1  by  Y.  Takaizumi.  Paratypes  :  IGPS  coll.  cat.  no. 
103120,  by  Y.  Takaizumi  and  IGPS  coll.  cat.  no.  103121,  by  M. 

Ehiro,  both  from  Loc.  B-1,  and  IGPS  coll.  cat.  no.  102122,  from 
Loc.  B-2  by  H.  Araki. 

Diagnosis.— Jilingites  with  a  small  but  deep  umbilicus. 

The  surface  of  the  living  chamber  is  ornamented  by  fine 

radial  growth  lines. 

Description.— The  shell  is  involute  and  thickly  lenticular  in 
outline.  It  is  moderately  large  and  attains  a  diameter  of  54 
mm.  The  umbilicus  with  a  steep  umbilical  wall  is  small  but 
deep.  The  sides  of  the  conch  are  broadly  convex  and 
converge  towards  the  venter.  The  venter  is  broadly 
rounded,  but  acutely  rounded  on  the  adorai  part  of  the  body 
whorl.  The  whorl  cross  section  is  subtriangular,  with 
rounded  umbilical  and  ventral  shoulders.  The  surface  of  the 

phragmocone  may  be  smooth,  but  on  the  living  chamber  of 
the  holotype  there  are  faint  sigmoidal  growth  lines. 

The  suture  consists  of  a  broad  bifid  ventral  lobe,  four  bifid 
lateral  lobes  and  a  pointed  small  umbilical  lobe  on  the 
umbilical  shoulder.    All  saddles  are  rounded. 

Comparison.— The  Kitakam i  species  of  Jilingites  closely 
resembles  J.  bidentus  Liang  (Liang,  1982,  p.  651,  text-figs. 
6a-b,  pi.  1,  figs.  10-13)  reported  from  the  Wordian  Fanjiatun 
Formation  of  Jilin,  North  China  in  the  shape  of  the  conch  and 
suture.  The  former,  however,  differs  from  the  latter  in  having 
a  deeper  umbilicus  and  ornamented  living  chamber. 

Etymology.— The  specific  name  is  derived  from  Kesen- 

Figure  5.  Jilingites,  Stacheoceras  and  Pseudagathiceras  from  the  Ochiai  Formation.  All  figures  approximately 
natural  size  unless  otherwise  stated.  1, 4, 5.  Jilingites  kesennumensis  sp.  nov.,  1  :  IGPS  coll.  cat.  no.  103122,  lateral 
view  (a)  and  cross  section  (b),  4  :  IGPS  coll.  cat.  no.  103119  (Holotype),  lateral  view,  5  :  IGPS  coll.  cat.  no.  103120. 
lateral  (a)  and  ventral  (b)  views.  2, 3.  Stacheoceras  sp.,  2  :  IGPS  coll.  cat.  no.  103124,  lateral  (a)  and  ventral  (b) 
views,  3  :  IGPS  coll.  cat.  no.  103123,  lateral  (a)  and  ventral  (b)  views.  6, 7.  Pseudagathiceras  omatum  sp.  nov.,  6  : 
IGPS  coll.  cat.  no.  103135  (Holotype),  lateral  (a)  and  ventral  (b)  views,  X1.6,  7:  IGPS  coll.  cat.  no.  103136,  lateral 
view,  X1.5. 
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numa  City,  where  it  was  collected. 

Superfamily  Cyclolobaceae  Zittel,  1895     * 
Family  Vidrioceratidae  Plummer  and  Scott,  1937 

Genus  Stacheoceras  Gemmellaro,  1887 

Type  species.— Stacheoceras  mediterraneum  Gemmellaro, 
1887 

Stacheoceras  sp. 

Figures  4-c  ;  5-2, 3 

Materials—  IGPS  coll.  cat.  nos.  103123  and  103124,  from 
Loc.  B-2  collected  by  H.  Araki. 

Description.— The  conch  is  involute,  subglobular  to  sub- 
lenticular in  outline,  with  a  closed  umbilicus.  One  specimen 

(no.  103124)  is  tectonically  flattened  laterally.  The  phrag- 
mocone  attains  a  diameter  of  42  mm.  The  sides  are  convex 

and  the  venter  is  broadly  rounded  with  rounded  ventral 
shoulders.  The  shell  surface  may  be  smooth.  The  suture 
consists  of  a  large  bifid  ventral  lobe  and  many  lateral  lobes. 
The  first  lateral  lobe  is  primarily  bifid  and  each  of  its  prongs 
is  also  bifid.    The  other  lateral  lobes  are  trifid. 

?•'•
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Figure  6.  Suture  lines  of  Timorites  takaizumii  sp.  nov. 
from  the  Ochiai  Formation,  a.  IGPS  coll.  cat.  no.  103125 

(Holotype),  b.  IGPS  coll.  cat.  no.  103132. 
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Figure  7.  Umbilical  diameter/shell  diameter  ratios  of  Timorites.  Filled  circles  are  Timorites  takaizumii  sp.  nov. 
Open  circles  other  known  species  of  Timorites  :  T.  curvicostatus  Haniel  (Haniel,  1915),  7.  gemmellaroi  (Haniel) 
(Haniel,  1915),  7.  giganteus  Sheng  (Sheng,  1988),  7.  intermedium  (Wanner)  (Wanner,  1932  ;  Ehiro  et  a/.,  1986),  7. 
markevichi  Zakharov  (Zakharov  in  Kotlyar  et  al.,  1989),  7.  schucherti  Miller  and  Furnish  (Miller  and  Furnish,  1940),  7 
sigillarius  Ruzhentsev  (Ruzhentsev,  1976),  7  sinensis  Sheng  (Sheng,  1984),  7  striatus  Haniel  (Haniel,  1915),  7 
yunnanensis  Liang  (Liang,  1983),  7  uddeni  Miller  and  Furnish  (Miller  and  Furnish,  1940). 
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Family  Cyclolobidae  Zittel,  1895 
Genus  Timorites  Haniel,  1915 

Type  species.— Timorites  curvicostatus  Haniel,  1915 

Timorites  takaizumii  sp.  nov. 

Figures  6-a,  b  ;  8-1—5 

Materials—  Holotype  :  IGPS  coll.  cat.  no.  103125,  collected 
from  Loo  B-1  by  M.  Ehiro.  Paratypes  :  IGPS  coll.  cat.  no. 
103126-103132,  collected  by  M.  Ehiro,  IGPS  coll.  cat.  nos. 
103133  and  103134,  collected  by  Y.  Takaizumi,  all  from  Loo 
B-1. 

Diagnosis.— Timorites  with  an  almost  smooth  shell  surface 
and  a  very  small  umbilicus. 

Description.— The  holotype  is  fairly  large,  estimated  to  be 
more  than  250  mm  in  diameter.  Paratypes  are  moderately 
large,  usually  measuring  70  to  85  mm  in  diameter.  The 

conch  is  involute  and  subglobular  in  outline.  It  is  com- 
pressed laterally,  but  the  ratios  of  width  to  height  of  conch 

vary  from  0.3  to  1.0  due  to  tectonic  deformation.  Because 
the  outer  whorl  embraces  completely  inner  whorls  in  the 
adult  stage,  the  ratios  of  umbilical  diameter  to  shell  diameter 
become  smaller  with  increasing  height.  They  are  nearly 
equal  or  less  than  0.1  in  mature  specimens  as  shown  in 
Figure  7.  The  umbilical  wall  is  almost  perpendicular  and  the 
umbilical  shoulder  is  acutely  rounded.  The  convex  sides 
grade  round  into  a  rounded  venter.  The  shell  surface  is 
ornamented  with  fine,  weakly  sigmoidal  growth  lines  in  a  few 
specimens,  but  smooth  in  many  specimens.  The  living 
chamber  is  about  a  volution  in  length. 

The  sutures  are  not  so  well  preserved,  but  are  characteris- 
tic of  Timorites  as  shown  in  Figure  6. 

Comparison— The  Kurosawa  species  of  Timorites  is  easily 
distinguished  from  the  other  species  by  having  a  very  small 
umbilicus  and  nearly  smooth  shell  surface,  except  for  slight 
growth  lines.  The  umbilical  diameter  of  the  present  species 
is  about  10  percent  of  the  shell  diameter  or  smaller,  while 
those  of  the  others  are  larger  than  15  percent  at  a  diameter 
smaller  than  200  mm  (Figure  7). 

Etymology.— The  specific  name  is  given  in  honor  of  Mr. 
Yukihiro  Takaizumi,  who  collected  many  cephalopod  fossils 
from  Kurosawa. 

Superfamily  Adrianitaceae  Schindewolf,  1931 
Family  Adrianitidae  Schindewolf,  1931 

Genus  Pseudagathiceras  Schindewolf,  1931 

ewolf  (1931)  based  on  Agathiceras  (Doryceras  ?)  wichmanni 
Haniel  described  from  the  Basleo  beds  of  Timor  and  was 

regarded  as  valid  by  Miller  (1944)  and  Ruzhentsev  (1962).  On 
the  other  hand,  Miller  et  al.  (1957)  considered  that 
Pseudagathiceras  is  congeneric  with  Doryceras  established 
by  Gemmellaro  (1887).  The  present  authors  agree  with 

Miller  (1944)  and  Ruzhentsev  (1962),  and  treat  Pseudagath- 
iceras as  a  distinct  genus,  because  the  species  referable  to 

the  genus  Pseudagathiceras  have  a  considerably  larger 
umbilicus  and  one  or  two  more  external  lobes  than  do  the 

species  of  Doryceras.  The  Coahuila  species  P.  difuntense 
Miller  and  P.  spinosum  Miller  have  two  rows  of  prominent 
spines  on  the  ventrolateral  shoulder  at  full  maturity. 

Pseudagathiceras  omatum  sp.  nov. 

Figures  4-d  ;  5-6, 7 

Materials— Two  specimens,  both  from  Loc. B-1  :  IGPS 
coll.  cat.  no.  103135  (holotype),  collected  by  Y.  Takaizumi, 
and  IGPS  coll.  cat.  no.  103136,  collected  by  M.  Ehiro. 

Diagnosis.— A  large  Pseudagathiceras  with  prominent  lat- 
eral ribs,  ventral  spines  and  a  wide  umbilicus. 

Description.— The  conch  is  subdiscoidal,  moderately 
evolute  and  widely  umbilicate.  Holotype  is  moderately  large 
in  size,  attaining  a  diameter  of  35  mm  in  the  deformed  state, 
and  at  the  adorai  end  its  umbilical  diameter  is  15  mm.  The 

venter  is  broadly  rounded  and  the  sides,  which  converge 
toward  the  venter,  are  also  rounded.  The  whorl  is 
depressed  in  outline.  The  surface  of  the  conch  is  marked 
by  rather  prominent  longitudinal  lirae,  and  at  maturity  it  is 
ornamented  by  radial  ribs  and  two  rows  of  ventrolateral 
nodes  or  spines,  but  the  nodes  or  spines  are  not  so  visible  on 
the  apertural  half  of  the  last  whorl.  The  small  paratype  has 
longitudinal  lirae  and  transverse  constrictions.  The  suture  is 

poorly  preserved  on  the  paratype,  consisting  there  of  some 
rounded  lateral  saddles  and  pointed  lateral  lobes. 

Comparison.— In  having  prominent  lateral  ribs  and  two 
rows  of  ventrolateral  spines,  the  present  species  resembles 
the  Coahuila  species,  Pseudagathiceras  difuntense  Miller 

(Miller,  1944,  p.  101,  plate  29,  figs.  6-12)  and  P.  spinosum  Miller 
(Miller,  1944,  p.  103,  plate  29,  figs.  1-5).  The  former  is,  how- 

ever, considerably  larger  than  the  latter  two.  It  is  also 
distinguished  in  having  more  prominent  lateral  ribs  and  a 
larger  umbilicus. 

Etymology— The  specific  name  is  derived  from  its  remark- 
able shell  ornamentation. 

Type  species.— Agathiceras  (Doryceras?)  wichmanni  Haniel, 
1915 

Remarks.— Pseudagathiceras  was  established  by  Schind- 

Figure  8.  Timorites  takaizumii  sp.  nov.  from  the  Ochiai  Formation.  1.  Holotype,  IGPS  coll.  cat.  no.  103125,  lateral  (a)  and 
ventral  (b)  views  of  phragmocone,  xO.68,  ventral  view  (c)  of  phragmocone,  x0.47,  cross  section  (d)  of  living  chamber,  \0.42, 
and  lateral  view  (e)  of  living  chamber,  x0.33.  2.  IGPS  coll.  cat.  no.  103126,  lateral  (a)  and  ventral  (b)  views,  x0.9.  3.  IGPS 
coll.  cat.  no.  103133,  lateral  (a)  and  ventral  (b)  views,  x0.78.  4.  IGPS  coll.  cat.  no.  103132,  lateral  view,  x0.9.  5.  IGPS  coll. 
cat.  no.  103130,  lateral  view,  X1.1. 
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Figure  9.  Propinacoceras  and  Eumedlicottia  from  the  Ochiai  Formation.  All  figures  approximately  natural  size. 

1-4.  Propinacoceras  sp.,  1  :  IGPS  coll.  cat.  no.  103141,  lateral  (a)  and  ventral  (b)  views,  2  :  IGPS  coll.  cat.  no.  103138, 
lateral  (a)  and  ventral  (b)  views,  3  :  IGPS  coll.  cat.  no.  103137,  lateral  (a)  and  ventral  (b)  views,  4  :  IGPS  coll.  cat.  no. 
103139,  lateral  (a)  and  ventral  (b)  views.  5, 6.  Eumedlicottia  primas  (Waagen),  5  :  IGPS  coll.  cat.  no.  103142,  lateral 
(a)  and  ventral  (b)  views,  6  :  IGPS  coll.  cat.  no.  103143,  lateral  view. 

Order  Prolecanitida  Miller  and  Furnish,  1954 
Superfamily  Medlicottiaceae  Karpinsky,  1889 

Family  Medlicottidae  Karpinsky,  1889 
Genus  Propinacoceras  Gemmellaro,  1887 

Type  species.— Propinacoceras  beyrichi  Gemmellaro,  1887 

Propinacoceras  sp. 

Figures  9-1—4 
Materials—  IGPS  coll.  cat.  no.  103137-103140,  collected 

from  Loc.  B-1  by  M.  Ehiro,  and  IGPS  coll.  cat.  no.  103141,  from 
Loc.  B-2  collected  by  H.  Araki. 

Description.— The  conch  is  involute  and  thinly  discoidal  in 
outline,  with  a  very  small  umbilicus.  The  sides  are  flat  and 
almost  parallel,  but  slightly  converge  toward  the  umbilicus. 
The  venter  is  also  flat,  but  bears  two  rows  of  prominent 
nodes  or  short  ribs,  which  are  separated  by  a  median  groove. 
The  umbilical  and  ventral  shoulders  are  acutely  rounded. 
The  suture  is  only  poorly  preserved  in  some  specimens  and 
its  details  cannot  be  observed. 

Genus  Eumedlicottia  Spath,  1934 

Type  species.— Medlicottia  bifrons  Gemmellaro,  1887 

Eumedlicottia  primas  (Waagen) 

Figures  4-e,  f  ;  9-5,  6 

Sageceras  primas  Waagen,  1879,  p.  39,  pi.  2,  figs.  7a-c 
Medlicottia  primas  Waagen.    Noetling,  1904,  p.  355,  pi.  17,  figs.  1- 

1b,  pi.  19,  fig.  1. 

Materials— Two  specimens,  IGPS  coll.  cat.  no.  103142, 
collected  from  Loc.  A-2  by  M.  Ehiro,  and  IGPS  coll.  cat.  no. 
103143,  from  Loc.  B-2  by  H.  Araki. 

Descriptive  remarks.— The  conch  is  involute  and  thinly 
discoidal  to  sublenticular  in  outline,  with  a  closed  umbilicus. 

The  phragmocone  attains  a  diameter  of  at  least  65  mm. 
The  flanks  are  slightly  convex  and  converge  toward  the 
venter.  The  venter  is  narrow  and  grooved,  with  keeled 
ventrolateral  shoulders.    The  shell  surface  is  smooth. 

The  suture  forms  a  deep  and  narrow  ventral  lobe,  a  high 
and  narrow  ventrolateral  saddle,  and  many  lateral  and 
auxiliary  saddles  and  lobes.  There  are  many  secondary 
lobes  in  the  ventrolateral  saddle.  Ten  to  eleven  saddles, 

which  have  notches  at  midheight  on  each  wing,  and  sub- 
divided lobes  are  on  the  flanks. 

In  having  a  smooth  shell  surface  and  complex  sutures, 
especially  many  notched  saddles,  the  present  specimens  are 
identified  with  Eumedlicottia  primas  (Waagen). 
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Abstract  A  new  species  of  a  small  allosoricine  shrew  from  Late  Pliocene  cave  deposits  in  Yinan  County 
is  described  under  the  name  Paenelimnoecus  chinensis,  and  its  systematic  position  is  discussed. 
Detailed  description  of  the  species  reveals  morphological  characters  that  distinguish  it  from  the  known 
species  of  Paenelimnoecus.  Comparisons  with  the  known  species  indicate  close  relationships  between 
this  new  species  and  P.  pannonicus  from  the  Pliocene  of  Europe.  Owing  to  lack  of  reliable  Pliocene  records 
in  the  literature,  P.  chinensis  first  demonstrates  the  Pliocene  distribution  of  Paenelimnoecus  in  East  Asia, 
although  this  genus  was  very  recently  described  from  the  Late  Miocene  of  Inner  Mongolia.  It  is  inferred 
that  Paenelimnoecus  was  widely  distributed  from  Europe  to  north  China  across  the  northern  part  of  Eurasia 
in  the  Late  Pliocene. 

Key  words  :  New  species,  north  China,  Paenelimnoecus,  Pliocene,  shrew 

Introduction 

Paenelimnoecus  is  a  small  allosoricine  shrew,  which  is 
known  mainly  from  the  Miocene  and  Pliocene  of  Europe. 
The  taxonomy  of  the  genus  was  greatly  confused  until  the 
revision  by  Reumer  (1984).  He  concluded  that  the  generic 

names  Petenyiella,  Suncus,  Pachyura  and  Allopachyura  previ- 
ously used  for  this  shrew  were  untenable,  and  that  the 

generic  name  Paenelimnoecus  was  appropriate  for  the 
shrew. 

In  China,  Cai  (1987)  referred  a  small  soricid  mandible  from 
the  lower  part  of  the  Nihewan  beds  to  Paenelimnoecus  sp. 
This  was  the  only  record  of  the  genus  hitherto  known  in  East 
Asia,  but  unfortunately,  his  unillustrated  description  is  too 
simple  to  confirm  the  generic  allocation  of  the  mandible. 
Recently,  Storch  (1995)  described  a  new  species  of 
Paenelimnoecus  from  the  Late  Miocene  of  Inner  Mongolia, 
which  indicates  its  distribution  in  East  Asia  during  Late 
Miocene  time. 

Pliocene  cave  deposits  recovered  on  the  Qipanshan  Hill 
near  Xingtunzhi  in  Yinan  County  have  yielded  a  great  number 
of  mammalian  remains,  which  include  two  forms  of  shrew 

with  striking  difference  in  size.  The  larger  form,  Lunano- 
sorex  Hi,  was  already  described  in  our  preceding  paper  (Jin 
and  Kawamura,  1996b),  while  the  smaller  form  is  assignable 
to  a  new  species  of  Paenelimnoecus  and  is  described  herein. 

The  specimens  of  this  species  comprise  a  skull,  a  mandible, 
and  maxillary  and  mandibular  fragments,  which  were 
obtained  from  Layer  6  of  the  cave  deposits.  A  geological 
account  of  the  deposits  is  given  in  Jin  and  Kawamura 

(1996b). 

Terminology  and  measuring  method 

Jin  and  Kawamura  (1996a)  provided  the  terminology  and 

measuring  method  for  a  soricid  skull,  mandible  and  dentition, 
which  are  also  used  herein.  Measurements  were  taken  by 

using  a  measurescope  (Nikon  :  MM-11)  with  an  electric 
digital  counter  (Nikon  :  CM-65). 

Systematic  paleontology 

Order  Insectivora  Bowdich,  1821 
Family  Soricidae  Gray,  1821 

Subfamily  Allosoricinae  Fejfar,  1966 
Genus  Paenelimnoecus  Baudelot,  1972 

Remarks.— We  follow  the  conclusion  of  Reumer  (1992),  in 
which  this  genus  is  allocated  to  the  subfamily  Allosoricinae 
instead  of  to  the  Limnoecinae,  Crocidurinae,  Soricinae,  or 
Crocidosoricinae. 

Paenelimnoecus  chinensis  sp.  nov. 

Figures  1-6 Holotype—  Right  mandible  with  first  lower  incisor,  P4,  M! 
and  M2  (V10814, 1). 

Paratype—  Fragmentary  skull  with  left  P4,  M1  and  M2 
(V10814,  2). 
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Referred  specimens.— A  left  maxilla  with  P4,  M1  and  M2 
(V10815, 1)  ;  a  right  maxilla  with  P4,  M1  and  M2  (V10816)  ;  a  left 
maxillary  fragment  with  P4  (V10815,  3);  a  right  mandibular 
fragment  with  M2  (V10815,  2). 

Repository.— All  the  specimens  described  are  stored  in  the 
Institute  of  Vertebrate  Paleontology  and  Paleoanthropology, 
Academia  Sinica,  Beijing. 

Geographic  and  geologic  distribution.— Known  only  from 
the  locality  of  Yinan  ;  Late  Pliocene. 

Name  derivation.— chinensis,  denoting  its  occurrence  in 
China. 

Diagnosis.— A  Paenelimnoecus  species  with  four  alveolar 

pits  for  upper  antemolars  between  first  upper  incisor  and  P4  ; 
teeth  pigmented  red  to  orange  ;  infraorbital  foramen  ranging 

from  the  position  above  paracone  of  P4  to  that  above 
mesostyle  of  M1  ;  lacrimal  foramen  opening  above  post- 
ectoflexus  of  M1  ;  alveolus  of  first  lower  incisor  ending  below 
protoconid  of  Mi  ;  mental  foramen  positioned  below  hypo- 
flexid  of  Mi  ;  upper  facet  triangular  ;  interarticular  area  very 

short  and  narrow  ;  lower  facet  rectangular  with  no  emargina- 
tion  on  its  lower  margin,  and  its  lingual  protrusion  weaker 

than  in  P.  micromorphus,  P.  crouzeli  and  P.  repenningi  ;  lower 
sigmoid  notch  narrow  dorsoventrally  in  lateral  view;  first 
lower  incisor  with  very  weak  serration  on  its  cutting  edge, 

and  without  buccal  cingulum  ;  Mi  and  M2  completely  lack- 
ing entoconid  and  entoconid  crest;  overlap  of  M2  on  Mi 

weak  relative  to  P.  pannonicus. 

Description  — Skull  :  In  lateral  view,  the  rostrum  extends  almost  straight 
forward  (Figure  1B)  in  contrast  to  Sorex  where  it  is  strongly 
bent  anteroventrally.  The  lateral  wall  of  the  rostrum  is 
weakly  depressed  above  the  alveoli  of  the  antemolars.  The 
infraorbital  foramen  is  a  large  oval  depression  ranging  from 

the  position  above  the  paracone  of  P4  to  that  above  the 
mesostyle  of  M1  (Figure  2A).  Two  small  foramina  open  in 
the  depression  near  its  anterior  margin.  The  posteroventral 

corner  of  the  depression  is  almost  right-angled.  A  slender 
vertical  bar  separates  the  lacrimal  foramen  from  the  depres- 

sion. The  foramen  has  a  round  outline,  and  is  placed  above 

the  post-ectoflexus  of  M1.  The  anterior  margin  of  the  orbit 
is  almost  vertical  and  situated  above  the  pre-ectoflexus  of 
M2.    The  rostral  part  of  the  bony  palate  is  broader  and 

1mm 

Figure  1.  Paenelimnoecus  chinensis  sp.  nov.  Fragmentary  skull  with  left  P\  M1  and  M2  (paratype  ;  V10814,  2). 
A  :  palatal  view,  B  :  left  lateral  view,  aa  :  alveolar  pits  for  antemolars,  af  :  alveolar  pit  for  first  upper  incisor,  d  : 

depression  probably  formed  by  the  damage  of  the  maxillary  wall,  df  :  displaced  fragment  of  P1,  P4  :  alveolus  of  P\ 
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shorter  than  that  of  Sorex  (Figure  1A).  Four  alveolar  pits  for 
antemolars  are  present  between  the  first  upper  incisor  and 

P4.  The  most  anterior  alveolus  has  a  gourd-shaped' outline 
larger  posteriorly,  and  with  a  marked  central  constriction.  It 

is  considered  to  be  the  alveolus  of  A1  and  A2,  in  accordance 

with  Rzebik-Kowalska's  interpretation  (1990).  The  second 
discrete  alveolus  is  round,  and  is  much  smaller  than  the 

preceding  one.  The  third  and  fourth  are  of  nearly  the  same 
size,  and  have  round  outlines.  They  are  much  larger  than 

the  second.  Of  the  alveoli  of  P4,  the  anterior  and  lingual 
ones  are  observable  on  the  right  side  of  the  bony  palate  of 
V10814, 2  (Figure  1A).  The  former  has  a  round  outline,  and  is 
nearly  the  same  size  as  the  fourth  antemolar  alveolus.  The 

lingual  one  is  a  large  curved  depression,  elongated  antero- 
posteriorly,  with  anterior  and  posterior  ends  being  deep  pits. 
The  posterior  palatal  foramina  open  lingually  to  the  position 

between  the  hypocone  and  the  posterior  margin  of  M1.  The 
bony  palate  is  elevated  along  its  posterior  margin  to  form  a 
low  transverse  ridge.  The  mesopterygoid  fossa  is  observed 
behind  this  ridge.  The  anterior  margin  of  the  fossa  is 
arcuate. 

P4  :  The  occlusal  outline  is  a  rounded  trapezoid  with  its 
posterior  margin  markedly  emarginated.  The  parastyle  is  a 
low,  small  conical  cusp  placed  at  the  anterobuccal  corner  of 
the  crown,  where  it  forms  a  distinct  protrusion  of  the  anterior 
margin  of  the  crown.  The  paracone,  the  highest  cusp  in  the 
crown,  is  separated  from  the  parastyle  by  a  distinct  notch. 
A  high  sharp  ridge  extending  from  the  paracone  to  the 

posterobuccal  corner  of  the  crown  is  obtusely  V-shaped  in 

occlusal  view.  This  ridge  and  the  paracone  is  stained  red  to 
orange,  whereas  other  parts  of  the  crown  are  not  pigmented. 
The  protocone  is  a  small  conical  cusp  on  the  middle  of  the 
anterior  margin  of  the  crown.  It  is  lower  and  smaller  than 
the  parastyle.  A  ridge  connecting  the  protocone  to  the 
parastyle  is  slender  and  distinct  in  V10815, 3  (Figure  3A),  while 
it  is  broad  and  indistinct  in  V10816  and  V10815, 1  (Figures  2B 
and  3B).  A  low  blunt  ridge,  into  which  the  hypocone  is 
merged,  runs  along  the  lingual  margin  of  the  crown.  The 
anterior  tip  of  the  ridge  is  separated  from  the  protocone  by  a 
broad  shallow  valley.  In  the  valley,  a  supplementary  low 
cusplet  is  observed  in  V10815, 1  (Figure  3B),  but  it  is  absent  in 
V10815, 3  and  V10816.  On  the  buccal  face  of  the  crown, 
there  is  a  weak  cingulum  in  V10815, 1  and  V10815, 3,  whereas 
no  cingulum  is  present  in  V10816. 

M1  and  M2  :  The  occlusal  outline  is  roughly  a  broad  oblong 
with  its  posterior  margin  strongly  emarginated.  The 
ectoloph  is  stained  red  to  orange,  while  the  remaining  part  of 
the  crown  is  unpigmented.  The  paracone  is  situated  near 
the  anterior  margin  of  the  crown.  This  cusp  is  much  lower 

and  smaller  than  the  metacone  in  M1,  while  the  differences 
between  them  are  slighter  in  M2.  The  mesostyle  is  rather 
conical  and  not  completely  merged  into  the  ectoloph.  At  a 
position  somewhat  lingual  to  the  apex  of  the  mesostyle,  the 

ridge  extending  from  the  paracone  meets  that  from  the 
metacone.  A  slender  flange  extends  from  the  posterior 
base  of  the  metacone  to  that  of  the  metastyle  along  the 

posterior  margin  of  the  crown.  The  pre-ectoflexus  is  much 
smaller  than  the  post-ectoflexus  in  M\  while  the  two  are 

Figure  2.    Paenelimnoecus  chinensis  sp.  nov.  Right  maxilla  with  P4,  M1  and  M2  (V10816).    A  :  right  lateral  view, 
B  :  palatal  view. 
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Figure  3.    Paenelimnoecus  chinensis  sp.  nov.    A  :  left  maxillary  fragment  with  P4  in  palatal  view  (V10815,  3), 
B  :  left  maxilla  with  P4,  M1  and  M2  in  palatal  view  (V10815,  1). 

nearly  the  same  size  in  M2.  On  the  buccal  face  of  the 
crown,  no  cingulum  is  present  in  V10815, 1  and  V10816,  but 
there  is  a  weak  cingulum  in  V10814, 2  (Figure  1B).  The 
protocone,  situated  near  the  anterior  margin  of  the  crown,  is 
much  lower  than  the  ectoloph.    From  the  protocone,  a 

distinct  ridge  extends  buccally  along  the  anterior  margin  of 
the  crown,  and  another  ridge  extends  straight  posteriorly. 
The  latter  ridge  is  separated  from  the  lingual  base  of  the 
metacone,  and  thereby  the  trigon  basin  is  continuous  with 
the  talon  basin.    The  hypocone  is  indistinct  and  merged  into 

Figure  4.    Paenelimnoecus  chinensis  sp.  nov.    Right  mandible  with  first  lower  incisor,  P4,  Mt  and  M2  (holotype  : 
V10814,  1).    A  :  buccal  view,  B  :  lingual  view. 
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Figure  5.  Paenelimnoecus  chinensis  sp.  nov.  Ascending  ramus  of  the  holotype  (V10814,  1).  A  :  posterior 

view,  B  :  dorsal  view,  C  :  ventral  view,  cs  :  coronoid  spicule,  ia  :  interarticular  area,  If  :  lower  facet,  mf  :  man- 
dibular foramen,  uf  :  upper  facet. 

a  low  ridge  running  along  the  posterior  half  of  the  lingual 
margin  of  the  crown.  This  ridge  is  almost  parallel  to  the 

above-mentioned  posterior  ridge  of  the  protocone.  These 
two  ridges  are  separated  by  a  shallow  valley  continuous  with 
the  talon  basin. 

Mandible  :  The  horizontal  ramus  is  slender  and  delicate, 
and  has  an  almost  straight  lower  margin  in  lateral  view.  It 
shows  nearly  the  same  height  from  front  to  rear  in  buccal 
view,  whereas  it  attains  its  maximum  height  below  Mj  in 
lingual  view  (Figure  4).  The  alveolus  of  the  lower  incisor  ends 
below  the  protoconid  of  Mj.  The  mental  foramen  is  small, 

and  opens  below  the  hypoflexid  of  Mi.  The  symphysis 
forms  an  elliptical  swelling,  with  a  central  groove  elongated 
anteroposteriorly,  and  terminates  below  the  metaconid  of  Ml 
The  morphology  of  the  ascending  ramus  is  generally  similar 
to  that  of  Sorex.  The  deflection  of  the  ascending  ramus 
toward  the  buccal  side  is  relatively  slight  (Figure  5A),  to  the 
same  extent  as  in  Sorex.  The  tip  of  the  coronoid  process  is 
thickened  to  form  a  rounded  surface  with  no  depression. 
The  coronoid  spicule  is  well  developed,  and  situated  at 
midheight  of  the  coronoid  process.  The  external  temporal 
fossa  is  clearly  observed  between  the  tip  of  the  process  and 
the  spicule,  but  is  indistinct  below  the  spicule.  The  upper 
sigmoid  notch  is  slightly  emarginated  ventrally  in  lateral  view. 
There  is  no  pterygoid  spicule.  The  upper  pterygoid  fossa  is 
broadly  excavated  on  the  dorsolingual  face  of  the  condyle, 
and  forms  a  strong  lingual  emargination  of  the  interarticular 
area.  In  posterior  view,  this  area  is  very  short,  and  much 
narrower  than  the  upper  facet  (Figure  5A).  The  buccal 
margin  of  the  area  is  straight.  The  upper  facet  is  triangular 
in  posterior  and  ventral  views,  and  a  narrow  ellipse  in  dorsal 

view  (Figures  5A-C).  The  lower  facet  is  rectangular  in 
posterior  and  ventral  views,  and  protrudes  lingually  far 
beyond  the  lingual  tip  of  the  upper  facet.  Its  lower  margin 
is  straight  and  not  emarginated  dorsally  in  posterior  view 

1mm 

L0 

Figure  6.    Paenelimnoecus  chinensis  sp.  nov.    Dentition 
of  the  holotype  in  occlusal  view  (V10814, 1). 
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(Figure  5A).  In  dorsal  and  ventral  views,  its  lingual  margin  is 
rather  straight  and  not  pointed  lingually  (Figures  5B  and  5C). 
The  lower  facet  can  be  seen  from  the  buccal  side  (Figure 
4A).  A  small  foramen  is  observed  just  anterior  to  the  lower 

facet  (Figure  5C).  The  lower  sigmoid  notch  is  deeply  emar- 
ginated  into  the  ascending  ramus,  and  is  narrow  dor- 
soventrally  in  lateral  view.  The  internal  temporal  fossa  is 
very  large  and  deep,  and  exhibits  a  rounded  triangular  shape. 
Its  basal  margin  lies  nearly  on  the  same  level  as  the  upper 
margin  of  the  horizontal  ramus.  The  mandibular  foramen  is 
relatively  small,  and  opens  below  and  somewhat  anterior  to 
the  middle  of  the  basal  margin  of  the  internal  temporal  fossa. 
It  extends  anteriorly,  and  is  not  connected  to  the  internal 
temporal  fossa.  The  lingual  face  of  the  angular  process  is 
depressed  to  form  the  lower  pterygoid  fossa. 

First  lower  incisor:  The  crown  is  relatively  long  and 

extends  straight  forward  in  dorsal  view  (Figure  6).  Its  ante- 
rior part  is  stained  red  to  orange.  The  tip  of  the  crown  is 

somewhat  upturned.  In  the  specimen  observed  (holotype 
only),  this  tooth  seems  to  be  somewhat  displaced  anteriorly 
on  the  buccal  face  of  the  horizontal  ramus.  Judging  from 
the  posterior  end  of  the  alveolus  of  this  tooth,  the  original 
position  of  the  posterior  margin  of  its  crown  is  probably  below 
the  protoconid  of  Mi.  The  cutting  edge  undulates  very 

weakly,  possibly  corresponding  to  the  weakly  "mono- 
cuspulate"  or  "bicuspulate"  character  states  of  Reumer 
(1984).    No  cingulum  is  observed  along  the  posterior  margin 

of  the  crown.  There  is  a  shallow  broad  groove  on  the 
lingual  face  of  the  crown. 

P4  :  Both  lingual  and  buccal  faces  of  the  crown  are 
damaged.  The  main  cusp  with  orange  pigmentation  is 
situated  at  the  anterior  tip  of  the  crown.  From  the  cusp,  a 
ridge  extends  posterobuccally  and  gradually  descends  to  the 
middle  of  the  crown,  where  it  turns  posterolingually  and  rises 
slightly  to  form  another  cusp  without  pigmentation.  From 
this  cusp,  the  ridge  descends  again  in  the  same  direction 
and  extends  to  the  posterior  margin  of  the  crown.  The  ridge 

therefore  exhibits  a  broad  V-shape  in  occlusal  view  (Figure 
6),  and  is  notched  between  the  cusps  in  lateral  view  (Figure 
4).  A  broad  indistinct  valley  occurs  on  the  lingual  side  of  the 
ridge. 

Mi  and  M2  :  The  occlusal  outline  is  trapezoidal.  The 
buccal  face  of  the  ectolophid  is  stained  orange.  The 
paraconid  at  the  anterior  tip  of  the  crown  is  remote  from  the 
protoconid,  and  the  ridge  between  them  is  strongly  notched. 
In  occusal  view,  the  posterior  half  of  this  ridge  is  parallel  to 
the  lingual  margin  of  the  crown  (Figure  6).  On  the  other 

hand,  the  metaconid  is  situated  near  the  protoconid  (espe- 
cially in  MO,  and  the  notch  in  the  ridge  between  them  is 

much  weaker.  The  metaconid  is  more  conical  than  other 

main  cusps.  The  hypoflexid  is  deep  (especially  in  M2),  and 
almost  reaches  the  buccal  cingulum.  A  ridge  extending 
anterolingually  from  the  hypoconid  attaches  to  the  posterior 
face  of  the  protoconid,  and  steeply  descends  toward  the 

Table  1.    Measurements  of  Paenelimnoecus  chinensis  sp.  nov. 
Element Parameter V10814,  2 V10815, 1 V10815,  3 VÏ0816 V10814, 1 VÏ0815,  2 

P4 

BL — 1.18 1.16 1.14 — 
LL — 0.80 0.73 0.80 — 

PE — 0.65 0.58 
0.71 

— 

W — 1.14 
1.19 

1.27 — 

M1 

BL 1.19 1.05 — 1.16 — 
LL 1.23 — — 1.13 — 

PE 0.88 — — 
0.94 

— 

AW 1.32 — — 
1.30 

— 
PW 1.45 — — 1.42 — 

M2 

BL 1.06 1.02 — 1.05 — 

LL 
1.17 1.04 

— 1.12 — 
PE 0.87 0.84 

— 
0.89 

— 

AW 
1.31 1.25 — 1.31 — 

PW 1.26 
1.23 — 1.26 — 

Mandible LMH — — — — 
3.32 HC — — — — 
2.94 LUF — — — — 0.61 

First  lower L — — — — 2.95 
incisor 
M, 

L — — — — 1.20 
TRW — — — — 0.60 

TAW — — — — 0.65 
M2 

L — — — — 1.12 

TRW — — — — 
0.70 TAW — — — — 
0.62 

0.65 

Abbreviations  AW  :  anterior  width,  BL  :  buccal  length,  HC  :  height  of  the  coronoid  process,  L  :  length,  LL  :  lingual 
length,  LMH  :  length  from  the  mental  foramen  to  the  uppermost  point  of  the  lower  margin  of  the  ascending  ramus,  LUF  : 
length  of  the  upper  facet,  PE  :  length  to  the  posterior  emargination,  PW  :  posterior  width,  TAW  :  talonid  width, 
TRW  :  trigonid  width,    W  :  width.    For  detailed  explanation  see  Jin  and  Kawamura  (1996a) . 
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protoconid.  The  hypoconulid  (entostylid  in  Reumer,  1984)  is 
a  ridgelike  cusp,  which  is  lower  than  the  hypoconid.  The 

ridge  between  them  is  weakly  notched.  There  is  'neither 
entoconid  nor  entoconid  crest,  so  that  the  talonid  basin 

opens  broadly  to  the  lingual  side.  The  buccal  cingulum  is 
well  developed  and  not  undulated,  while  the  lingual  one  is 
weak  in  Mi  and  indistinct  in  M2.  In  buccal  view,  the  anterior 

part  of  M2  overlaps  the  posterior  end  of  Mi  (Figure  4A).  In 
lingual  view,  the  lower  margin  of  the  crown  is  arcuate 
ventrally,  more  extremely  so  in  Mi  than  in  M2  (Figure  4B). 
Measurements.— The  measurements  of  the  teeth  and 

mandible  are  given  in  Tablet  As  regards  M1  and  M2,  the 
PE  index  of  Reumer  (1984)  is  calculated  in  order  to  quantify 

the  degree  of  the  posterior  emargination  (PE  index  =  {(LL+ 

BL)/2PE}  -1).  Values  for  M1  are  0.37  in  V10814, 2  and  0.22 
in  V10816,  while  those  for  M2  are  0.28  in  V10814, 2  and  0.22 
in  V10815, 1  and  V10816. 

Systematic  position— The  specimens  described  above 
have  the  following  diagnostic  characters  :  the  upper  facet 
triangular  ;  the  interarticular  area  very  short  ;  entoconid  and 
entoconid  crest  completely  absent;  the  ridge  connecting 
the  paraconid  to  the  protoconid  long,  and  its  posterior  half 
parallel  to  the  longitudinal  axis  of  the  mandible  ;  the 
metaconid  placed  near  the  protoconid.  These  coincide 
with  the  diagnostic  characters  of  the  tribe  Allosoricini  given 
by  Reumer  (1984),  and  are  applicable  to  the  subfamily 

Allosoricinae  of  Reumer  (1992),  who  dropped  the  tribal  treat- 
ment he  used  previously.  The  present  specimens  are  there- 

fore referred  to  Allosoricinae.  According  to  Reumer  (1992), 
the  subfamily  comprises  only  two  genera,  Allosorex  and 
Paenelimnoecus.  The  detailed  description  of  Allosorex 
given  by  Fejfar  (1966)  indicates  that  this  genus  differs  greatly 
in  much  larger  size,  a  unique  shape  in  the  ascending  ramus 
(coronoid  process  very  short  and  strongly  deflected  buccally  ; 
upper  pterygoid  fossa  very  large  ;  lower  facet  placed  very 
anteriorly,  etc.),  and  in  having  the  teeth  unpigmented,  the 
lower  incisor  strongly  upturned  in  its  apical  part,  the  lower 
molars  without  cingula  and  with  the  protoconid  placed  much 
nearer  to  the  metaconid,  and  Mi  larger  relative  to  M2. 

On  the  other  hand,  the  morphological  characters  of  the 
maxillae,  mandibles  and  teeth  of  Paenelimnoecus  hitherto 
described  (Engesser,  1979, 1980  ;  Reumer,  1984, 1992  ; 

Rzebik-Kowalska,  1990)  are  consistent  with  those  of  the 
present  specimens.  This  justifies  their  allocation  to  the 
genus  Paenelimnoecus. 

Reumer  (1992)  listed  four  species  for  the  genus,  and  gave 

their  temporal  ranges.  They  are  :  P.  micromorphus  (Doben- 
Florin,  1964)  from  the  Early  Miocene,  P.  crouzeli  Baudelot, 
1972  from  the  Middle  Miocene,  P.  repenningi  (Bachmayer 
and  Wilson,  1970)  from  the  Late  Miocene,  and  P.  pannonicus 
(Kormos,  1934)  from  the  Pliocene. 

Doben-Florin  (1964)  and  Ziegler  (1989)  described  and  fig- 
ured the  morphology  of  P.  micromorphus.  The  present 

specimens  are  distinguishable  from  P.  micromorphus  in 
having  the  mental  foramen  positioned  more  posteriorly,  the 
alveolus  of  the  lower  incisor  ending  more  posteriorly  in 

buccal  view,  the  condyle  with  remarkable  lingual  emargina- 
tion (the  condyle  of  P.  micromorphus  with  buccal  emargina- 
tion as  stated  by  Ziegler,  1989),  the  lingual  protrusion  of  the 

lower  facet  weaker,  the  lower  margin  of  the  lower  facet  not 

emarginated  dorsally,  the  lower  sigmoid  notch  much  nar- 
rower in  lateral  view,  the  mandibular  foramen  positioned 

more  anteriorly,  the  lower  incisor  without  cingulum  (buccal 
cingulum  is  present  in  P.  micromorphus,  judging  from  fig.  3  of 
PI.  5  in  Ziegler,  1989),  and  the  teeth  distinctly  pigmented.  In 
addition  to  these,  the  infraorbital  and  lacrimal  foramina  seem 

to  be  placed  more  anteriorly  in  the  specimens. 

On  the  basis  of  the  illustrations  and  descriptions  in  Enges- 
ser (1979, 1980)  and  Reumer  (1992),  P.  crouzeli  resembles  P. 

micromorphus  in  the  position  of  the  mental  foramen  and  that 
of  the  alveolus  of  the  lower  incisor,  and  in  the  morphology  of 
the  lower  facet  and  lower  sigmoid  notch.  These  characters 
therefore  distinguish  the  present  specimens  from  P.  crouzeli. 
Furthermore,  the  present  specimens  are  distinct  from  P. 
crouzeli  in  having  the  coronoid  process  slenderer  and  less 

stout,  the  interarticular  area  narrower,  and  the  internal  tem- 
poral fossa  smaller. 

The  descriptions  and  illustrations  of  P.  repenningi  given  by 
Bachmayer  and  Wilson  (1970, 1978)  indicate  that  the  present 
specimens  differ  from  P.  repenningi  in  having  the  teeth 
clearly  pigmented,  the  posterior  border  of  the  infraorbital 
foramen  positioned  more  anteriorly,  the  anterior  margin  of  the 
coronoid  process  sloping  down  more  gently  (in  P.  repenningi, 

it  makes  a  near-right  angle  with  the  horizontal  ramus),  in  the 
buccal  shape  of  the  condyle  (in  P.  repenningi,  the  lower  facet 
distinctly  protrudes  ventrally),  and  in  having  the  lower  sigmoid 
notch  much  narrower  in  lateral  view.  The  buccal  view  of 

the  fragmentary  skull  of  P.  repenningi  is  illustrated  in  Bach- 
mayer and  Wilson  (1978  ;  PI.  1,  fig.  3),  where  three  antemolars 

are  observable.  In  the  figure,  the  most  anterior  and  middle 
ones  are  much  larger  than  the  most  posterior  one.  This 

possibly  suggests  that  P.  repenningi  has  a  different  alveolar 
pattern  from  the  present  specimens. 

The  morphological  characters  of  P.  pannonicus  given  by 

Reumer  (1984)  and  Rzebik-Kowalska  (1990)  are  compared 
with  those  of  the  present  specimens.  The  specimens  are 
distinguished  from  P.  pannonicus  in  having  the  lacrimal 
foramen  positioned  more  anteriorly,  an  additional  alveolar  pit 
for  upper  antemolars  probably  indicating  the  presence  of  an 

additional  antemolar,  the  interarticular  area  narrower  in  rela- 
tion to  the  width  of  the  upper  facet,  the  lower  incisor  with  a 

less  serrated  cutting  edge,  and  weaker  overlap  of  M2  on  Mi 
(thereby  the  posterior  face  of  the  hypoconid  is  not  concave 
in  MO.  Moreover,  the  pigmentation  of  the  teeth  seems 
heavier  (red  to  orange)  than  in  P.  pannonicus  (light  orange, 
according  to  Reumer,  1984). 

Additionally,  the  Late  Miocene  species  P.  obtusus  recently 
described  by  Storch  (1995)  is  compared  with  the  present 
specimens  on  the  basis  of  his  description  and  figures.  The 
specimens  are  clearly  distinct  from  P.  obtusus  in  having 

somewhat  larger  size  ;  P4  and  M1  with  much  stronger  poste- 
rior emargination  ;  the  coronoid  process  not  leaning  anterior- 

ly ;  the  mandibular  condyle  with  stronger  lingual  emargina- 
tion, with  a  narrower  interarticular  area  and  with  a  triangular 

upper  facet  ;  the  lower  sigmoid  notch  much  narrower  ;  and 
M,  and  M2  with  more  roundish  occlusal  outlines,  with  buccal 

cingula  sloping  posteriorly  and  with  no  entoconid. 
The  specimens  are  therefore  different  from  all  the  known 
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species  of  Paenelimnoecus.  We  can  conclude  that  they 
represent  a  new  species  of  the  genus,  which  we  name  P. 
chinensis. 

Discussion.— Among  the  Paenelimnoecus  species  hitherto 
described,  the  information  on  skulls  and  upper  teeth  is  poor 
or  absent  for  the  Early  and  Middle  Miocene  species  P. 
micromorphus  and  P.  crouzeli.  It  is  therefore  impossible  to 
discuss  the  relationships  among  the  two  species  and  P. 
chinensis  on  the  basis  of  these  parts.  On  the  other  hand, 
the  morphology  of  mandibles  is  comparable  among  all  the 
species  of  the  genus.  P.  micromorphus  and  P.  crouzeli  are 
distinct  from  P.  chinensis  in  the  anterior  position  of  the 
mental  foramen  and  that  of  the  alveolus  of  the  lower  incisor, 
in  the  morphology  of  the  lower  facet  (with  strong  lingual 
protrusion  and  emargination  on  its  lower  margin),  and  in 
having  a  much  broader  lower  sigmoid  notch.  According  to 
Bachmayer  and  Wilson  (1970),  a  Late  Miocene  species,  P. 
repenningi,  has  the  position  of  the  mental  foramen  near  that 
in  P.  chinensis,  but  it  is  distinct  from  P.  chinensis  in  the 
morphology  of  the  ascending  ramus  (morphology  of  its 
anterior  border,  lower  condyle  and  lower  sigmoid  notch). 
The  other  Late  Miocene  species,  P.  obtusus,  clearly  differs 
from  P.  chinensis  in  having  the  coronoid  process  leaning 
anteriorly  and  lower  sigmoid  notch  much  broader,  and  in  the 
morphology  of  the  condyle  (oval  upper  facet,  much  weaker 
lingual  emargination  and  broader  interarticular  area). 
The  difference  in  mandibular  morphology  between  P. 

chinensis  and  the  Pliocene  P.  pannonicus  is  less  than  that 

between  P.  chinensis  and  the  above-mentioned  Miocene 
species.  The  mandible  of  P.  chinensis  is  similar  to  that  of  P. 
pannonicus  in  the  position  of  the  mental  foramen  and  that  of 
the  alveolus  of  the  lower  incisor,  and  in  the  morphology  of 
the  ascending  ramus  (narrow  lower  sigmoid  notch,  weak 
lingual  protrusion  of  the  lower  facet  and  no  emargination  on 
its  lower  margin,  and  curvature  of  the  anterior  margin  of  the 
ramus).  P.  chinensis  is  therefore  considered  to  be  closely 
related  to  P.  pannonicus. 

Our  recognition  of  P.  chinensis  confirms  the  existence  of 
Paenelimnoecus  in  East  Asia  during  Late  Pliocene  time.  In 
the  Early  Miocene,  this  genus  appeared  in  Europe,  and 
survived  there  until  the  Late  Pliocene.  In  East  Asia,  the 

genus  first  appeared  in  the  Late  Miocene,  which  is  indicated 
by  P.  obtusus  from  Inner  Mongolia.  P.  obtusus  is  not  a 
direct  ancestor  of  P.  chinensis,  because  there  is  great 
morphological  difference  between  them.  P.  chinensis  was 
possibly  derived  from  a  form  close  to  the  European  species, 
P.  pannonicus,  while  the  lineage  of  P.  obtusus  had  possibly 
become  extinct  before  the  Pliocene.  It  is  inferred  that  the 

ancestor  of  P.  chinensis  migrated  from  Europe  in  the  Early 
Pliocene,  and  speciated  into  P.  chinensis.  Again  in  the  Late 
Pliocene  Paenelimnoecus  was  widely  distributed  from  Europe 
to  north  China  across  the  northern  part  of  Eurasia.  Such  a 
distribution  pattern  in  Pliocene  time  is  also  inferred  for 
another  soricid  genus,  Beremendia  (Jin  and  Kawamura, 
1996a). 

Conclusions 

Small  shrew  remains  from  Late  Pliocene  cave  deposits  of 

Yinan  County  are  assigned  to  a  new  species  of  the  genus 
Paenelimnoecus  and  named  P.  chinensis.  This  species  is 
characterized  by  pigmented  teeth,  four  alveolar  pits  for  upper 
antemolars,  anteriorly  positioned  infraorbital  and  lacrimal 
foramina,  posteriorly  positioned  alveolus  of  the  lower  incisor, 
posteriorly  positioned  mental  foramen,  short  and  narrow 
interarticular  area,  rectangular  lower  facet  with  weak  lingual 
protrusion,  narrow  lower  sigmoid  notch,  absence  of  buccal 
cingulum  in  the  lower  incisor  and  weak  serration  on  its 
cutting  edge,  and  weak  overlap  of  M2  on  M^  These 
characters  distinguish  P.  chinensis  from  the  known  species 
of  the  genus,  P.  micromorphus,  P.  crouzeli,  P.  repenningi,  P. 
obtusus  and  P.  pannonicus.  Of  these  known  species,  the 
morphological  difference  from  P.  chinensis  is  smallest  for  the 
Pliocene  species,  P.  pannonicus.  It  is  therefore  inferred  that 
P.  chinensis  originated  from  a  form  close  to  P.  pannonicus  of 
the  Late  Miocene  or  the  Early  Pliocene.  P.  chinensis 
confirms  the  distribution  of  Paenelimnoecus  in  East  Asia 

during  the  Late  Pliocene.  In  this  time,  Paenelimnoecus  was 
widely  distributed  from  Europe  to  north  China  across  the 
northern  part  of  Eurasia 
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Abstract.  Anatomically  well  preserved  fertile  and  vegetative  remains  of  Glyptostrobus  rubenosawaensis 

sp.  nov.  (Coniferae-Taxodiaceae)  have  been  recovered  from  silicified  lacustrine  deposits  of  the  late  Middle 
Miocene  Shimokawa  Group  near  Shimokawa  Town,  Kamikawa  district,  Central  Hokkaido.  Vegetative 
remains  include  shoots  bearing  polymorphic  leaves.  Fertile  remains  include  seed  and  pollen  cones.  The 
fossil  remains  closely  resemble  living  Glyptostrobus  pensilis  (D.  Don)  K.  Koch  in  gross  morphology,  but 
differ  in  possessing  larger  cones  and  a  prominent  abaxial  projection  of  the  bract 

Previous  reports  of  fossil  Glyptostrobus  were  limited  to  compression  floras.  This  report  is  the  first  to 
use  permineralized  remains  to  reconstruct  fossil  Glyptostrobus  and  document  the  internal  anatomical 
features  of  the  genus  to  allow  meaningful  comparison  with  the  living  representative,  G.  pensilis. 

Abundant  remains  of  Glyptostrobus  indicate  wetland  as  the  paleoecological  setting,  based  on  the  co- 
occurrence of  wetland  taxa  such  as  Decodon  (Lythraceae),  Osmunda  and  Alnus,  and  mountainous  taxa 

such  as  Picea  and  Tsuga,  and  using  permineralized  plant  fossils.  We  can  reconstruct  an  ecological 
setting  in  a  lake. 

Key  words  :  Anatomy,  conifer,  Glyptostrobus,  Hokkaido,  Miocene,  permineralization 

Introduction 

In  a  number  of  previous  reports,  Matsumoto  et  al.  (1994, 
1995, 1996)  and  Nishida  (1990)  reported  on  the  occurrence  of 
permineralized  leaves  of  Picea  Dietrich  and  Tsuga  (Endlicher) 
Carrière,  seeds  of  Decodon  Gmelin  and  Osmunda  L  rhi- 

zomes from  the  late  Middle  Miocene  sediments  of  the 

Shimokawa  Group  near  Shimokawa  town,  Kamikawa  district, 
Hokkaido,  Japan.  In  addition,  others  such  as  Uemura  (1991), 
Sato  (1992),  Tanai  et  al.  (1992)  and  Igarashi  et  al.  (1993) 

discussed  the  regional  paleovegetation  based  on  compres- 
sion fossils  or  palynological  remains  from  the  Middle  to  Late 

Miocene  deposits  near  our  study  area. 
This  is  the  third  report  on  the  permineralized  conifers 

contained  within  the  silicified  lacustrine  deposits  of  the 
Shimokawa  Group.  Here  we  describe  a  new  species  of  fossil 
Glyptostrobus  Endlicher.  Extant  Glyptostrobus  pensilis  (D. 
Don)  K.  Koch  is  monotypic  and  a  rare  endemic  to  southern 
Guangdong,  northern  and  southern  Fujian,  southern  Guangxi, 

and  southeastern  Yunnan  provinces  in  China.  Understand- 
ing of  the  ecological  tolerance  and  attempting  to  determine 

the  natural  geographic  distribution  of  Glyptostrobus  pensilis 
have  been  made  difficult  because  extensive  deforestation 

throughout  China  has  left  few,  if  any,  natural  stands. 
Nevertheless,  where  present,  Glyptostrobus  pensilis  occurs 
in  small  groves  and  is  restricted  to  the  subtropical  and  mixed 
mesophytic  forests  where  climate  is  warm,  humid,  and  rich  in 
rainfall  (Wang,  1961). 

Fossil  remains  of  Glyptostrobus  have  been  found  in  the 
Cretaceous  (Bell,  1949,  1957;  Brown,  1962).  Tertiary  fossil 
remains  of  Glyptostrobus  have  been  found  in  Eocene  to 
Pliocene  age  deposits  throughout  the  northern  hemisphere 

(Florin,  1963).  Its  present  distribution  is  probably  a  Plio- 
Pleistocene  relict  outpost  with  phylogenetic  affinities  to  a 
much  larger  Late  Tertiary  Asian  population  (Florin,  1963). 
LePage  and  Basinger  (1991,  1995),  using  features  of  seed 
cones,  reported  that  some  coniferous  taxa  such  as  Larix  Mill 

and  Pseudolanx  Gordon  were  present  as  a  high- latitude 
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forest  constituent  during  the  early  Tertiary.  They  provide 
insight  into  the  early  evolution  and  distribution  of  those  two 

genera. 
Conventional  thought  suggests  that  all  fossil  remains  of 

Glyptostrobus  are  in  fact  representatives  of  living  G.  pensilis 
(Christophel,  1976;  Endo  and  Okutsu,  1936;  ere).  The 

discovery  of  Glyptostrobus  rubenosawaensis  sp.  nov.  pro- 
vides significant  data  for  interpreting  the  evolutionary  history 

of  this  genus. 

Geologic  setting 

The  study  site  is  located  near  the  town  of  Shimokawa,  15 
km  east  of  Nayoro  City,  Kamikawa  district,  Central  Hokkaido, 
Japan  (Figure  1A).  This  area  has  been  studied  by  Sako  and 
Osanai  (1955),  Sako  er  al.  (1960),  Suzuki  and  Matsui  (1975) 
and  Yamaguchi  et  al.  (1990).  In  the  Shimokawa  area  the 
following  three  stratigraphically  distinct  units  are  recognized 
in  an  ascending  order  :  (1)  Sandstone,  mudstone  and  chert 

rocks  of  the  pre-Tertiary  Hidaka  Group  ;  (2)  Volcaniclastic 
rocks,  lacustrine  deposits  of  the  Miocene  Shimokawa 
Group  ;  and  (3)  Volcanic  rocks  and  fluvial  deposits  Of 

Pliocene  to  Quaternary  age  (Figures  1A-C,  2).  The  bound- 
aries between  these  units  exhibit  unconformable  relation. 

As  all  specimens  analyzed  in  this  study  were  collected  from 
the  Shimokawa  Group,  we  present  further  information  about 
it. 

The  Shimokawa  Group  covers  an  area  of  approximately 

600  km2,  extending  30  km  wide  in  N-direction,  and  20  km 
wide  in  E-direction.  Its  total  thickness  reaches  500  to  600 

m.  As  G/ypfosfrobus-bearing  beds  occur  in  the  eastern 
region,  we  make  a  brief  stratigraphie  description  only  in  this 
region  in  an  ascending  order  :  the  Sanru  Lava,  the  Mosanru 

and  the  Ninohashi  Formations  (Suzuki  and  Matsui,  1975). 

The  Sanru  Lava  is  exposed  widely  and  consists  of  volcani- 
clastic rocks;  welded  tuff,  lava  and  voluminous  pyroclastic 

flow.  The  Mosanru  Formation  is  recognized  as  lacustrine 

deposits  including  conglomerate,  sandy  conglomerate,  sand- 
stone, and  mudstone  (Sako  and  Osanai,  1955  ;  Sako  et  al., 

1960;  Suzuki  and  Matsui,  1975).  As  the  mudstone  is 

strongly  silicified,  abundant  macro-  and  micro-permineral- 
ized  plants  have  been  well  preserved  in  it.  The  Ninohashi 
Formation  consists  of  tuffaceous  conglomerate  containing 

gravels  derived  from  underlying  silicified  rocks.  The  similar 
successions  are  also  found  in  the  southern  and  western 

regions.  The  main  Formation  names  are  summarized  in 

Figures  1C  and  2. 
The  Glyptostrobus  specimens  analyzed  in  this  study  were 

collected  primarily  from  the  western  outcrop  in  the  Mosanru 
Formation  (Figures  1B,  3).  Four  silicified  mudstone  layers 

(S1-S4)  and  two  agate  mudstone  layers  (A1,  A2)  are  found 
from  the  three  outcrops  of  the  Formation  (Figures  1A,  B,  3). 
The  facies  analysis  of  this  lacustrine  sediments  indicates 

fining-upwards  system  (Figure  3).  Glyptostrobus  rubenos- 
awaensis were  collected  at  one  horizon  (S1)  in  the  Mosanru 

Formation.  The  upper  agate  mudstone  layers  (A1,  A2)  do  not 

contain  plant  mega-fossils  but  contain  pollen  grains  and 
spores.  As  the  grain  size  of  this  mudstone  is  very  fine,  their 

depositional  condition  seems  to  be  that  of  topmost  super- 
natant. 

Fission  track  and  K-Ar  analysis  indicate  that  the  age  of 
the  volcaniclastic  rocks  such  as  the  Furebetsu  and  the 

Futamata  Volcanics,  the  Sakingawa  and  the  Sanru  Forma- 
tions ranges  from  11-13  Ma,  while  the  age  of  upper  volcani- 

clastic rocks,  the  Fureppu  Lava  is  from  10-12  Ma  (Table  1, 
Figure  2  ;  Watanabe  er  a/.,  1991  ;  era).    These  data  show 

Figure  1A.    Locality  map  of  study  area  (using  the  topographical  map  "Shimokawa",  scale  1 :  25,000  published by  Geographical  Survey  Institute  of  Japan)  showing  the  four  silicified  layers  and  study  sites. 
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Legend 
Pliocene-Quaternary  |       |  Fluvial  deposits 

I   1       |  Mosanru  Fm. 
Late  Middle  Miocene  [7^7]  Sanru  Lv. 

I   |  #  |  Fossil  locality 

(  Glyptostrobus) 
Figure  1B.  Geologic  map  of  Shimokawa  district  including 

the  distribution  of  the  plant-fossiliferous  lacustrine  deposits,  in 
the  Mosanru  Formation,  Shimokawa  Group.  Fm.  :  Formation, 
Lv.  :  Lava. 

5km 

Figure  1C.  Map  showing  the  permineralized  plant-bear- 
ing localities  and  gravity  contours.  Bouguer  anomalies  based 

on  the  Normal  Gravity  Formula  (Yamaguchi  ef  a/.,  1990),  which 

is  assumed  to  be  2.0  g/cm3.  Contour  intervals  5  milligals. 
E  :  Eastern  region  is  mainly  located  along  the  Ponmosanru 
River,  W:  Western  region  is  located  along  the  Sanru  River, 
S  :  Southern  region  is  located  along  the  Shimokawa  Panke 
River 

Age ♦Stratigraphie  Units 
Western  R.         Eastern  R.        Southern  R. 

Main  Lithology Thickness 

Quaternary 
Pliocene 

Late  Middle 

Miocene 

Pre-Tertiary 

Fluvial  deposits  and  volcanic  rocks  >50m 

Fureppu  Lv.        Ninohashi  Fm. Lv.,  Pyroclastic  rocks ca.300m 

Penke  Fm. 

Sanru  Fm. **Mosanru  Fm.      Panke  Fm. Lacustrine  deposits 
ca.50-80m 

Sanru  Lv. 

Sakingawa  Fm. 

Furebetsu  Fm. 

Futamata  V. . 

Hidaka  Gp. 

Welded  Tf.,  Lv.,  Py-flow 

Sandstone,  mudstone,  chert  rocks 

ca.200m 

Figure  2.  Stratigraphie  sequence  of  the  pre-Tertiary,  late  Middle  Miocene,  Pliocene  and  Quaternary  in  the 
Shimokawa  region.  Three  regions  are  referred  to  Figure  1C.  Fm.  :  Formation,  Gp.  :  Group,  Lv.  :  lava,  Py  : 

pyroclastic,  R:  region,  Tf:  tuff,  V.:  volcanics,  *:  see  to  Suzuki  and  Matsui  (1975)  and  Yamaguchi  ef  al. 
(1990),    **  :  this  study 
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PO-2 Upper    volcanic    rocks 

Basal    volcanic    rocks 

Figure  3.    Columnar  sections  of  the  Mosanru  Formation 

at  ltoge-no-taki,  in  Shimokawa  town. 

that  deposition  of  the  Shimokawa  Group  probably  occurred 

without  significant  interruption  and  that  the  age  of  the  plant- 

bearing  horizon  is  the  late  Middle  Miocene. 

Floristic  setting 

Based  on  the  quality  of  preservation  the  plants  grew  and 

were  preserved  in  situ  under  the  low-energy  condition 
associated  with  a  swamp  or  lake  (Yamaguchi  et  al.,  1990). 

Such  depositional  environments  and  preservational  condi- 

tions are  commonly  associated  with  volcanic  terrains  (Tiff- 

ney,  1981  ;  Cevalloz-Ferriz  et  al.,  1988).  The  deposits 

containing  the  plant  fossils  roughly  correspond  to  a  low 

gravity  area  and  a  caldera  lake  is  suggested  as  a  possible 

depositional  environment  (Figures  1C,  4).  Megafloral 
remains  associated  with  the  lacustrine  deposits  include 

Picea,  Tsuga,  Glyptostrobus,  Alnus  P.  Miller,  Decoöon,  and 

Osmunda  (Nishida,  1990  ;  Matsumoto  et  al.,  1994, 1995, 1996). 

This  assemblage  suggests  a  possible  candidate  for  the 

sedimentary  environment  of  the  lacustrine  deposits.  Thus 

we  offer  a  schematic  drawing  of  the  paleo-vegetation  (Figure 
4). 

Throughout  the  high-latitude  regions  of  the  northern 
hemisphere  Glyptostrobus  was  a  common  constituent  of  the 

warm-temperate  forests  (Budanstev,  1992).  Extant  Glyptos- 
trobus pensilis  is  very  sensitive  to  frost,  requires  high  humid- 

ity during  the  winter  months,  and  will  not  tolerate  tempera- 
tures below  0°C.  Similar  conditions  are  inferred  for  Hok- 
kaido during  the  late  Middle  Miocene. 

Occurrence  of  fossil  plants 

The  plants  occur  in  a  1.0-1.5  m  thick  silicified  mudstone 
(S1)  that  crops  out  near  ltoge-no-taki,  a  small  waterfall  on 
the  Ponmosanru  River  (also  called  Rubeno  Sawa),  a  tributary 

of  the  Nayoro  River  (Figures  1A-C,  3).  The  columnar  section 
(PO-1)  of  the  outcrop  is  shown  in  Figure  3  and  their  strike  and 

dip  are  N40°W  and  10°N,  respectively  (Figure  1B).  Another 
two  columnar  sections  (PO-2,  3)  are  also  indicated  in  Figure 
3. 

The  rock  consists  largely  of  chalcedonic  quartz  and 

includes  abundant  anatomically  and  morphologically  well- 
preserved  plant  remains  (Figures  5A-C).  Preserved  shoots 
are  commonly  orientated  perpendicular  to  the  bedding  plane, 

Table  1.    Ages  of  formations  of  the  Shimokawa  Group 

Formation Rock Methods Age  (Ma) References 

Fureppu  Lv. Andésite 

K-Ar 

12.8  ±0.6 Watanabe  et  al. 
1988 

Fureppu  Lv. Andésite 

K-Ar 

10.0±0.5 Watanabe  et  al. 
1988 

Furebetsu  V. Andésite 

K-Ar 

11.2  ±0.3 Sugawara  et  al. 
1992 

Sakingsawa  Fm. Andésite 

K-Ar 

11. 2  ±0.5 Watanabe  et  al. 
1988 

Sanru  Fm. Altered  volcanics FT 11.3±0.7 Koshimizu  et  al. 1987 
Sanru  Fm. Rhyolite,  Dacite 

K-Ar 

12.1  ±0.6 Watanabe  et  al. 
1988 

Futamata  V. Basait 

K-Ar 

12.1  ±0.7 
Sugawara  et  al. 1992 

Sakingawa  Fm. Altered  volcanics FT 12.1  ±0.9 Koshimizu  et  al. 1987 
Futamata  V. Basait 

K-Ar 

12.4±1.3 Watanabe  et  al. 1991 

Sakingawa  Fm. Green  tuff 

FT 

13.9  ±1.1 Koshimizu  et  al. 
1986 

Futamata  V. Basalt 
K-Ar 

15.2±1.6 Watanabe  et  al. 

1991 
Fm.  :  Formation,  FT  : fission  track,  Lv.  :  Lava,  V. Volcanics 
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Tsuga 

Picea 

Glyptostrobus 
A      ̂      Alnus 

Osmunda     Decodon 
Figure  4.    Generalized  reconstruction  of  the  region  showing  the  environmental  setting  and  inferred  relationship 

of  floristic  constituents  within  a  larger  vegetational  mosaic. 

Figure  5.  Hand-ground  thin  sectioned  rock  samples  (A-C)  from  ltoge-no-taki  (S1  layer,  #950615010),  and  peel 
section  (D).  A,  B.  Silicified  rock  and  quartz  vein  enclosing  plant  fragment: .  C.  Lowermost  rocks  from  the  plant 
bearing  horizon.  D.  Peel  of  shoots  and  leaves  of  Glyptostrobus  rubenoss  vaensis  sp.  nov.  in  transverse  section 
(#93081402).    Scale  bars  :  A,  C  =  0.5  mm  ;  B  =  0.1  mm  ;  D  =  2  mm. 
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Figure  6-1.  Camera  lucida  drawings  showing  the  arrangement  of  the  vascular  bundles  and  resin  canals  within 
the  bract-scale  complexes  of  Glyptostrobus  rubenosawaensis  sp.  nov.  A-F.  Transverse  sections.  G.  Longitudi- 

nal section.  Note  the  arrow  showing  the  prominent  bract,  c  :  cortex,  I  :  leaf,  p  :  pith,  r  :  resin  canal,  v  :  vascu- 
lar bundle. 

Table  2.    Measurements  (mm)  of  extant  and  fossil  Glyptostrobus  cones 

QnûPiQC 
Cone 

b-s  complex 
Measured 

Locality 

OpcUcb Length Diameter Length Width no.  of  specimes 

Glyptostrobus  rubenosawaensis  sp.  nov. 26.2 18.8 20.1 7.0 22 Hokkaido,  Japan 

G.  pensilis  End  I. 20.9 17.5 
11.5 

5.5 11 Chiba,  Japan 

G.  pensilis  Endl. 22.4 16.8 16.5 6.2 
103 

Shizuoka,  Japan 

G.  pensilis  Koch. 
21.0 16.0 

11.5 

4.8 

? Many  places,  Honsyu,  Japan 
G  pensilis  Endl. 19.1 

12.5 
16.1 

4.0 
45 

Aichi,  Japan 

G.  orientalis  Endo 16.0 10.5 10.5 
6.0 1 

Kyushin,  Korea 
G.  nordenskioeldii  (Heer)  Brown 13.5 10.6 — — 1 Axel  Heiberg  Island,  Canada 
G.  nordenskioeldii  (Heer)  Brown 14.7 10.9 

7.5 

5.0 

13 

Smoky  Tower,  Canada 
G  nordenskioeldii  (Heer)  Brown 

10.0 10.0 — — ? Alberta,  Canada 

G.  europaeus  (Brong)  Heer 
24.0 19.0 — — 1 Gifu,  Japan 

G.  europaeus  (Brong)  Heer 
17.0 12.3 — — 3 Hokkaido,  Japan 

G.  europaeus  (Brong)  Heer 18.0 14.0 
8.0 4.0 

1 Hokkaido,  Japan 

G.  europaeus  (Broug)  Heer 22.0 16.0 — — 2 
Akita,  Japan 

G.  europaeus  (Brong)  Heer 
18.5 11.5 

9.2 4.7 4 

Germany 

this  paper;  **  :  collector 
Cret  :  Cretaceous,  E  :  Early,  L  :  Late, 

s  :  bract-scale,  Ex  :  Extant 
M  :  Middle,  Pal  :  Paleocene,  Eoc  :  Eocene,  Mio  :  Miocene,  Pli  :  Pliocene,  U  :  Upper,  b- 

indicating  that  plant  burial  and  preservation  was  rapid  and  in 
situ  (Figures  5A,  D).  Branches  with  attached  leaves  and 
cones  of  Glyptostrobus  are  concentrated  around  some  of 

these  shoots  (Figures  7A,  B,  F,  10C-E).  Many  organs,  such 
as  leaves,  shoots  and  seed  and  pollen  cones  have  kept  their 
original  shapes  without  deformation. 

Microscopic  observations  of  thin-sectioned  rocks  show 
the  textures  of  the  well  preserved  shoots,  branches  and 
fragments  of  plants.  Numerous  quartz  network  veins  sur- 

round the  plant  fragments  preserving  their  st/  ucture  (Figures 

5A-C). 

Materials  and  Methods 

Twelve  fossiliferous  rocks  (No.  903000,  903001,  903005. 

931122,  94081401,  94081402,  94081403,  94081406.  94081407, 
95052802,  95061501C,  and  95071401)  were  collected  by 
Isekichi  Nakauchi  of  Shimokawa,  Kamikawa  district,  Central 
Hokkaido,  and  the  authors  from  the  riverbeds  of  the  Pon- 
mosanru  River,  tributary  of  the  Nayoro  River  (Figures  1A-C). 
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Figure  6-2.  Camera  lucida  drawings  showing  the  internal  anatomy  of  leaves  of  Glyptostrobus  rubenosawaen- 
sis  sp.  nov.  in  transverse  section.  A.  Note  that  the  shape  of  the  leaf  changes  at  different  levels.  B.  Transverse 

section  of  a  rhomboid-shaped  leaf  (#93081403).  en  :  endodermis,  ep  :  epidermis,  m  :  mesophyll,  p  :  phloem, 
r  :  resin  canal,   st  :  stomata,    v  :  vascular  bundle,   x  :  xylem. 

and  bract-scale  complex 

Age Source 

Mio.  I.  Nakauchi,  M.  Matsumoto  &  T.  Ohsawa* 
Ex  M.  Matsumoto  &  T.  Ohsawa* 
Ex  M.  Matsumoto* 
Pli.  S.  Miki  (1950) 

L.  Mio.-Pli.  K.  Uemura  (1982)** 
E.  Mio.  S.  Endo  &  H.  Okutsu  (1936) 
Eoc.  J.F.  Basinger  (1991) 
Pal.  D.C.  Christophel  (1976) 
U.  Cret.  W.  Bell  (1949) 
M.  Mio.  T.  Tanai  &  N.  Suzuki  (1961) 
M.  Mio.  T.  Tanai  &  N.  Suzuki  (1961) 
M.  Mio.  T.  Tanai  &  N.  Suzuki  (1961) 
E.  Mio.  K.  Huzioka  (1964) 

Tertiary  O.  Heer  (1855-59) 

mens  are  housed  in  the  Laboratory  of  Phylogenetic  Botany, 
Faculty  of  Science,  Chiba  University,  Japan.  Specimen  No. 
94081407  is  housed  in  the  Board  of  Education  Office, 
Shimokawa,  Hokkaido,  Japan. 

Leaves,  shoots  and  seed  and  pollen  cones  of  extant 

Glyptostrobus  pensilis  were  examined  anatomically  for  com- 
parison purposes.  These  specimens  were  collected  from  a 

number  of  localities  throughout  Japan  (Table  2),  fixed  in  FAA, 
and  embedded  in  Palaplast.  The  leaves,  shoots,  and  pollen 

cones  were  then  sectioned  with  a  rotary  microtome  in  12.0- 
20.0  ,um  thick,  stained  with  safranine  and  fastgreen,  and 
mounted  on  glass  slides.  The  seed  cones,  both  attached 

and  detached,  were  either  fixed  with  a  glycerin-alcohol 
mixture  or  air  dried,  and  sectioned  by  hand  using  a  razor. 

A  number  of  fossil  Glyptostrobus  specimens  were  studied 
for  comparative  purposes  (Table  2).  Unfortunately,  it  was 
not  possible  to  examine  some  of  these  specimens  and  the 
taxonomic  information  was,  from  necessity,  obtained  from 
the  literature. 

The  fossils  are  preserved  as  silica  permineralizations. 

Rocks  were  sliced  by  a  rock  cutter,  at  intervals  of  1-2  cm. 
All  specimens  were  prepared  using  the  cellulose  acetate 
peel  method  which  has  been  modified  for  silicifications  with 

25-45%  hydrofluoric  acid  as  the  etching  reagent  (Joy  et  al., 
1956;  Basinger,  1981).  The  peels  were  mounted  in  a 

xylene-soluble  Canada  balsam  suitable  for  light  microscopy. 
We  also  made  thin  sections  of  rocks  for  microscopic  obser- 

vation and  examined  textures. 

With  the  exception  of  specimen  No.  94081407,  all  speci- 

Description 

Systematic  treatment 
Order  Coniferae  Jussieu,  1789 

Family  Taxodiaceae  Warming,  1884 

Genus  Glyptosrobus  Endlicher,  1847 

Type    species.— Glyptostrobus   pensilis    Endlicher,    Syn. 
Conif.,  1847 

Glyp  xtrobus  rubenosawaensis  sp.  nov. 

Occurrence.— Itoge-no-taki  ;  S1  Bed  of  the  Mosanru  For- 
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F    -  te  '  iïïR 
Figure  7.  Transverse  and  longitudinal  sections  of  the  bract-scale  complex  of  Glyptostrobus  rubenosawaensis  sp.  nov.  A.  Seed 

cones  in  longitudinal  section  showing  the  individual  bract-scale  complexes  (#94081407).  B.  Enlargement  of  specimen  in  Figure  7A. 
Note  the  prominent  bract  (arrow,  #94081407).  C.  Cross  section  of  seed  cone  (#95071401).  D.  Transverse  section  of  cone  axis 

showing  pith  (p),  cortical  tissues  (c)  (#94081403).  E.  Transverse  section  of  cone  axis  showing  pith,  cortical  tissues,  and  bract-scale 
complexes  with  large  resin  canals  (#94081403).  F.  Transverse  section  of  cone  axis  and  bract-scale  complex  showing  large  resin 
canals  (#94081403).  G.  Transverse  section  of  cone  axis  showing  cylindrical  units  (#94081403).  c  :  cortex,  p  :  pith,  r  :  resin  canal, 

sx-  secondary  xylem,   v:  vascular  bundle.    Scale  bars:  A, C=10.0mm;  D=150//m;  E-G=400/zm. 

L 
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mation  of  the  Shimokawa  Group. 

Geologic  age.— The  late  Middle  Miocene. 
Diagnosis.— Foliaged-bearing  shoots  bearing  cryptomer- 

oid,  taxodioid,  and  cupressoid-like  leaves  (Figures  6-2A,  10D, 
E,  11A).  Leaves  bifacially  flattened  or  four-sided,  stomata 
present  in  two  to  three  rows  on  all  surfaces  (Figures  6-2B, 

11  A).  Epidermis  one  cell- layer  thick  and  consisting 'of  ellipti- 
cal to  rounded  cells,  7.0-15.0// m  wide,  5.0-7.5  ju m  high. 

Hypodermis  not  discernible  (Figure  11A).  Endodermis  com- 
posed of  isodiametric  parenchyma  cells,  90.0-130.0  /*m  in 

diameter  and  forming  a  continuous  sheath  around  the  vas- 
cular bundle  (Figures  6-2B,  11A).  Single  resin  canal  40.0- 

65.0  jum  in  diameter  located  just  on  the  abaxial  surface  near 
the  epidermis  and  encircled  by  one  layer  of  epithelial  cells 

(Figures  6-2B,  11A).  One  single  centrally  located  vascular 
bundle.  Mesophyll  undifferentiated,  elliptic  to  isodiametric 

in  shape,  10.0-25.0  ̂ m  long,  15.0-40.0 /zm  wide. 
Seed  cones  obovate  in  outlook.  Ovuliferous  scale 

wedge-shaped  and  fused  with  bract  basally;  bract  free 
apically.  Free  portion  of  the  bract  is  up  to  2.0  mm  long, 

conspicuous,  and  forming  a  90°  angle  with  ovuliferous  scale 
(Figures  6-1G,  7B,  9A).  Bract-scale  complex  wedge- 
shaped,  narrowing  toward  the  basal  part  (Figures  6-1G,  7A,  B, 
8F,  G,  9A).  Bract  width  is  about  one  half  the  length  of  the 

bract-scale  complex. 
Pollen  cones  composed  of  four  to  five  microsporophylls, 

each  bearing  4-8  microsporangia  (Figures  11 D-F).  The 
arrangement  of  microsporophyll  and  subtending  scale- 
leaves  helical. 

Type  and  deposition.— Specimen  including  leaves,  seeds 
and  pollen  cones. 

Holotype  :  Specimen  No.  94081402 
Paratypes:  Specimens  Nos.  903000,  903001,  903005, 

931122,  94081401,  94081403,  94081404,  94081407,  95052802, 
95061501C,  and  95071401 

Extant  material  :  Specimen  Nos.  950529  and  941125. 

Etymology.— The  specific  epithet  is  named  after  this  fossil 
locality,  Rubeno-Sawa. 

Detailed  description 

Descriptive  terms.— The  terminology  used  here  concerning 
coniferous  seed  cones  are  after  Miller  (1975).  The  terms 

bract-scale  complex,  scale,  and  bract  signify  the  cone-scale 
complex,  ovuliferous  scale,  and  bract-scale  of  Florin  (1951), 
respectively.    We  describe  the  term  cone  as  seed  cone. 

Shoots  and  leaves.— The  leafy  twigs  bear  cryptomeroid 
and  taxodioid  leaves  distally  and  cupressoid  leaves  proximal- 
ly  (Christophel,  1976)  (Figure  10E).  Shape  of  leaf  is  acute- 
acuminate-obtuse  or  rotundate  in  cross  section  ;  their  width 
and  thickness  are  various  in  size,  ranging  from  0.4-1.1  mm 
wide,  0.3-0.9  mm  thick  (Figures  6-2A,  B,  10C-E,  11A). 

The  epidermis  consists  of  a  single  layer  of  elliptical  to 

rounded  cells  in  cross  section,  7.0-15.0  /um  wide,  5.0-7.5  /urn 
high,  with  cell  walls  1.0-2.0  ̂ m  thick  (Figures  6-2B,  11A). 

Stomata  are  arranged  in  two  to  three  rows  on  each  face 

(Figures  6-2B,  11A).  We  did  not  examine  the  hypodermis  on 
these  specimens.  Mesophyll  cells  are  not  differentiated  into 
palisade  and  spongy  tissues.  These  cells  are  elliptical  to 
isodiametric  in  shape,  with  round  corners  in  cross  section 

and  10.0-25.0  /urn  thick,  15.0-40.0  /urn  wide  with  cell  walls 
1.0-2.5  jum  thick  (Figures  6-2B,  11A). 

Cell  of  the  endodermis  are  isodiametric,  90-130  jum  in 
diameter,  and  form  a  single  layer  that  completely  encircles 

the  vascular  bundle  (Figures  6-2B,  11A).  Endodermal  cells 
are  not  well  preserved,  about  20  cells  in  number.  Details  of 

their  anatomy  are  obscured  (Figures  6-2B,  11A).  The  diame- 
ter of  endodermis  is  about  150-180  jum.  The  median  vascu- 
lar bundle  is  poorly  preserved  and  details  of  its  anatomy  are 

obscured  (Figures  6-2A,  B,  11A). 

A  single  resin  canal  40.0-65.0  jum  in  diameter  and  encir- 
cled by  one  layer  of  epithelial  cells  is  located  on  the  abaxial 

surface  near  the  epidermis.  Epithelial  cells  are  10-16  in 
number  (Figures  6-2A,  B,  11A). 
Cones.— The  seed  cones  are  obovate  in  outline,  26.2  mm 

long  and  18.8  mm  wide  on  average  (Table  2,  Figures  7A,  B). 

Each  cone  is  composed  of  approximately  15  bract-scale 
complexes  arranged  helically  on  a  central  cone  axis.  Seven 

to  nine  bract-scale  complexes  are  visible  in  lateral  view  in 
longitudinal  section  (Figures  7A-C).  The  ovuliferous  scale  is 
fused  with  the  bract  basally,  but  free  apically  (Figures  7A,  B). 
The  shape  and  size  of  the  cone  scales  vary  with  positions. 

Those  near  the  base  of  the  cone  are  spatulate,  3.5-6.7  mm 
wide,  and  1.5-2.7  mm  thick,  those  near  the  middle  are 
peltate,  1.3-3.8  mm  wide,  and  1.9-4.4  mm  thick,  while  those 
near  the  top  are  cuneate,  0.5-2.0  mm  wide,  and  1.9-2.4  mm 
thick  (Figure  7B).  The  cone  scales  are  wedge-shaped, 
narrow  at  the  base  and  reaching  a  maximum  width  of  7.0-8.0 
mm  near  the  apex,  and  range  from  17.0-23.0  mm  in  length 
(Figure  7B). 

The  centrally  located  cone  scales  diverge  from  the  central 

axis  at  22-26°,  while  the  basal  scales  diverge  from  the 

central  axis  at  45-52°  and  turn  upwards  at  a  20°  angle 
(Figures  7A,  B,  8F,  G,  9A).  The  basal  scales  are  somewhat 
furrowed  and  possess  wavy  margins  (Figures  7A,  B,  10A). 

The  free  portion  of  the  bract  is  up  to  2.0  mm  long,  conspicu- 

ous, and  forming  a  90°  angle  with  the  ovuliferous  scale 
(Figures  6-1G,  7A,  B,  8F,  G,  9A).  Bract  width  is  about  one 
half  the  length  of  the  bract-scale  complex  (Figures  6-1G,  7B, 
8F,  G,  9A). 

Cone  axis.— The  cone  axis  is  2.7-3.0  mm  in  diameter  with 

a  central  vascular  cylinder  0.5-0.6  mm  in  diameter  (Figures 
6A,  7D-F).  The  pith  is  1.0-1.2  mm  in  diameter  and  com- 

posed of  thick-walled  isodiametric  parenchyma  cells,  25.0- 
50.0  ̂ m  in  diameter  and  100-125  ̂ m  in  length  (Figures  6-1  A, 
7D-F).  The  vascular  cylinder  is  2.2-2.4  mm  in  diameter  and 

composed  primarily  of  secondary  xylem  (Figures  6-1A,  7D-F). 
Secondary  xylem  tracheids  are  8.0-15.0 //m  in  diameter. 
The  primary  xylem  is  endarch  and  located  at  the  inner  edge 

of  the  vascular  cylinder  (Figures  7D-F). 
Cortex.— The  cortex  of  the  cone  axis  is  80.0-120.0  jum 

thick  and  composed  of  isodiametric  parenchyma  cells  that 

are  10.0-15.0  jum  in  diameter  and  cell  walls  2.0-2.5  jum  thick 
(Figures  6-1A,  7E,  F).  Resin  canals  were  not  observed  in  the 
cortex  or  surrounding  tissues  ;  however,  tissues  external  to 
the  cortex  were  not  well  preserved. 

Bract-scale  complex.— Tissues  of  the  bract- scale  com- 
plexes consist  cf  epidermis,  hypodermis,  fundamental  tissue, 

vascular  trace  and  resin  canals. 
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The  vascular  trace  that  supplies  the  bract-scale  complex 
diverges  from  the  central  stele  in  the  cone  axis  as  a  cylindri- 

cal unit  (Figures  6-1B,  7G,  8A).  A  small  strand  diverges  from 
the  trace  that  enters  the  complex  on  the  abaxial  surface  and 

enters  the  bract  (Figures  6-1C,  D,  8B-G).  The  trace  then 
splits  into  14  18  vascular  strands  in  two  horizontal  rows  that 

supply  the  scale  (Figures  6-1 E,  F,  9C,10A,  B).  Phloem  as- 
sociated with  the  adaxial  vascular  strands  occurs  on  the 

adaxial  surface,  while  that  of  the  abaxial  strands  is  found  on 

the  abaxial  surface.  In  the  distal  part  of  the  bract-scale 
complex  the  vascular  bundle  consists  of  7-12  filed  xylem 
cells  and  5-7  filled  phloem  cells  (Figure  9F). 

Near  the  base  of  the  bract-scale  complex  one  resin  canal, 
0.5-1.4  mm  in  diameter,  is  present  (Figures  6-1A,  7F).  This 
large  canal  divides  acropetally  into  14-18  smaller  resin 
canals,  0.1-0.4  mm  in  diameter,  and  arranged  in  two  rows  on 
the  abaxial  side  (Figures  6-1A-G,  8A-G,  9A-C,  10A,  B).  The 
fundamental  tissue  consists  of  parenchyma  cells  and  scat- 

tered fibers  (Figures  8G,  9B-F).  The  parenchyma  cells  are 
isodiametric  and  25.0-70.0  /*m  in  diameter,  while  the  fibers 
are  round  to  polygonal  and  50-90  pt  m  in  diameter,  with  walls 
15.0-30.0  fim  thick.  The  fibers  are  moderately  abundant 
basally  and  become  more  prevalent  in  the  apical  part  of  the 

cone  scales  (Figures  9D-F). 
The  epidermis  consists  of  a  single  layer  of  thick-walled, 

elliptical  cells,  15.0-25.0  pcm  in  diameter  on  the  adaxial  and 
lateral  sides  of  the  distal  part  of  the  complex  (Figures  9D,  G). 

The  hypodermis  is  composed  of  2-5  layers  of  thin-walled, 
isodiametric  parenchyma  cells,  20.0-35.0  pern  in  diameter 
(Figures  9D,  G).  On  the  adaxial  surface  these  cells  are 
occluded  by  an  unidentifiable  black  substances.  Adaxially, 
trichomes  are  abundant  (Figure  9D). 

Pollen  cones.— The  pollen  cones  are  subtended  by  3-4 
bracts  and  consist  of  4-5  helically  arranged  microsporophylls 
bearing  4-8  peltate  microsporangia.  The  microsporangia 
are  40.0-50.0// m  in  diameter  and  arranged  in  two  rows 
(Figures  11 D-F).  A  longitudinal  dehiscence  zone  occurs  on 
the  abaxial  side. 

Affinity  and  Discussion 

Comparisons  with  extant  genera  of  Taxodiaceae 

Seed  cones.— Taxodiaceous  cones  are  separated  into 
three  distinct  groups  based  on  bract-scale  morphology,  the 
relative  size  of  the  ovuliferous  scales  and  bracts,  and 
arrangement  of  the  vasculature  traces  within  the  bract-scale 
complex  (Eames,  1913;  Satake,  1934;  Hirmer,  1936;  Dal- 
limore  and  Jackson,  1966  ;  La  Pasha  and  Miller,  1981). 
The  first  group  includes  Glyptostrobus,  Cryptomeria  D. 

Don,  and  Taxodium  Richard.  The  bract-scale  complexes  of 
this  group  are  commonly  cuneiform  and  non-peltate 
(although  peltate  in  Taxodium)  and  possess  small  bracts. 

The  vascular  trace  is  of  the  open  type  (Satake,  1934  ;  La 
Pasha  and  Miller,  1981). 

The  second  group,  which  includes  Sequoia  Endlicher, 
Sequoiadendron  Buchholz,  and  Metasequoia  Hu  et  Cheng 

has  peltate  bract-scale  complexes,  equally  sized  scales  and 

bracts,  and  possesses  a  circular  trace  to  the  bract-scale 
complex  (Eames,  1913  ;  Hirmer,  1936  ;  La  Pasha  and  Miller, 1981). 

Group  three  consists  of  Cunninghamia  R.  Brown  and 

Taiwania  Hayata  and  possesses  tapering  non- peltate  bract- 
scale  complexes,  large  bracts,  reduced  scales  and  terete 

traces  (Satake,  1934).  Athrotaxis  D.  Don  shows  wide  varia- 
tion in  these  features  and  is  commonly  not  considered  in 

such  analyses  (Eames,  1913  ;  Hirmer,  1936  ;  Dallimore  and 
Jackson,  1966). 

Based  on  gross  morphological  features,  the  shape  and 
size  of  the  bract,  the  small  ovuliferous  scale,  and  degree  of 
fusion  between  the  bract  and  scale,  our  fossil  material  most 
closely  resembles  the  seed  cones  of  Glyptostrobus, 

Cryptomeria  and  Taxodium  (Satake,  1934  ;  La  Pasha  and 
Miller,  1981). 

Although  Cryptomeria  and  Taxodium  resemble  our  fossil 
specimens  in  some  aspects,  there  are  significant  differences. 
Cryptomeria  seed  cones  are  globular,  less  than  15.0  mm  in 

diameter,  and  possess  wedge-shaped  bract-scale  complex- 
es with  deeply  sculptured  apical  margins.  Seed  cones  of 

Taxodium  are  ovoid  to  sub-globose  with  peltate  cone  scales. 
Pollen  cones.— Pollen  cones  of  Metasequoia  and  7ax- 

odium  are  also  subtended  by  a  number  of  bracts,  but  in 

Metasequoia  the  arrangement  of  the  bracts,  microsporo- 
phylls, and  subtending  scale  leaves  is  decussate  and  only 

three  microsporangia  are  present.  In  Taxodium  there  are  5- 
9  microsporangia  per  microsporophyll  (Dallimore  et  al.,  1966  ; 

Rothwell  er  al.,  1979  ;  Basinger,  1981)  ;  usually  the  microspor- 
angia flattened  on  the  abaxial  side.  However  the  mi- 

crosporangia of  Glyptostrobus  are  arranged  in  a  double 
horizontal  lines.  The  shape  of  the  microsporophylls  is 
peltate  with  a  radial  longitudinal  downward  curve  at  the 
abaxial  side.  Based  on  these  features  and  comparison  of 
our  fossil  specimens  with  those  of  living  Metasequoia  and 

Taxodium  there  is  no  doubt  that  our  material  is  Glypto- strobus. 

Shoots  and  leaves.— The  shoots  and  leaves  of  Glypto- 
strobus rubenosawaensis  are  characterized  by  possession  of 

helically  arranged,  four-sided,  linear  to  acicular  scalelike 
leaves  with  stomata  on  all  surfaces.  Internally,  there  is  a 
single  resin  canal  near  the  epidermis  on  the  abaxial  surface, 

no  hypodermis,  a  single  median  vascular  bundle,  and  meso- 
phyll  which  has  not  been  differentiated  into  palisade  tissues 
or  spongy  mesophyll.  Although  Cryptomeria  (Suzuki,  1979), 
Athrotaxis  (Dallimore  et  al.,  1966),  and  Taxodium  (Basinger, 

1981)  possess  four-sided,  linear  to  acicular  scalelike  leaves, 

Figure  8.  Transverse  and  longitudinal  sections  of  the  bract  -scale  complex  of  Glyptostrobus  rubenosawaensis  sp.  nov. 
A.  Transverse  section  showing  a  large  and  small  resin  canals  (#94081403).  B.  Transverse  section  of  a  bract-scale  complex 
(#903005).  C-E.  Enlargement  of  specimen  of  Figure  8B  (#903005).  F.  Transverse  and  longitudinal  section  of  bract-scale 
complex  (#94081402).  G.  Enlargement  of  specimen  of  Figure  8G  (#94081402).  ep  :  epidermis,  ph  :  phloem,  r:  resin 
canal,   t:trichome,    v  :  vascular  bundle,    x  :  xylem.    Scale  bars  :  A,  B,  F=800^m  ;  C,  E,  G=400^m  ;  D=150^m. 
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with  undifferentiated  mesophyll,  and  a  S"r  -  and 

bear  some  similarity  to  those  of    -,  us  ,ubenos- 

awaensis,  there  are  notable  rJ  Leaves  of  Tax- 
odium  are  broader  and  possess  .ierids  abaxial  to  the 

vascular  bundle.  Leaves  of  Cryptomeria  and  Athrotaxis 

possess  a  single -layered  hypodermis,  and  a  resin  canal 

which  is  closely  associated  with  the  vascular  bundle  sheath, 
but  not  in  contact  with  the  epidermis. 

Thus  our  leaf  specimens  are  not  assigned  to  these  three 

genera  of  Taxodiaceae  but  belong  to  Glyptostrobus. 
Based  on  anatomical  and  morphological  features  of  the 

seed  and  pollen  cones,  shoots  and  leaves  our  fossil  speci- 
mens most  closely  resemble  those  of  extant  Glyptostrobus 

pensilis  (extant  G  pensilis  :  pollen  cone-  Figure  11C,  leaf  in 
cross  section-Figure  11B). 

Comparisons  with  extant  and  fossil  Glyptostrobus 

Specimens  of  Glyptostrobus  rubenosawaensis  were 
compared  with  G.  pensilis  and  a  number  of  previously 
described  fossil  Glyptostrobus  (Table  2).  Glyptostrobus 
rubenosawaensis  differs  from  G  pensilis  in  having  larger 

seed  cones,  longer  bract-scales,  and  a  prominent  bract 
(Table  2;  Figures  6-1G,  7B,  8F,  G,  9A).  The  most  obvious 
difference  between  Glyptostrobus  rubenosawaensis  and  the 
other  fossils  is  the  larger  cone  size  and  prominent  projection 
of  the  bract  in  G.  rubenosawaensis.  The  North  American 

Glyptostrobus  nordenskioeldii  (Heer)  Brown  and  Asian  G. 
orientalis  Endo  are  significantly  smaller,  while  those  of  G 
europaeus  Heer  and  G.  pensilis  are  about  25%  smaller. 
Although  cone  size  may  not  necessarily  be  a  diagnostic 
feature  on  which  to  base  a  new  species,  the  prominent  bract 
distinguishes  Glyptostrobus  rubenosawaensis  from  all  other 
fossil  and  living  species  of  Glyptostrobus.  The  bract  of 
Glyptostrobus  rubenosawaensis  is  more  than  twice  as  long 
and  wide  as  in  the  extant  species.  This  is  a  major  reason 
why  we  describe  Glyptostrobus  rubenosawaensis  as  a  new 

species. 

Fossil  records  of  Glyptostrobus 
The  first  appearance  of  the  genus  Glyptostrobus  was 

reported  from  the  Upper  Cretaceous  of  northwestern  North 
America  (Bell,  1949,  1957  ;  Brown,  1962).  The  fossil  record 
of  this  genus  indicates  that  the  genus  was  a  common  forest 
constituent  throughout  Europe,  North  America,  Asia,  and 
Japan  from  the  Early  Tertiary  until  the  Late  Pleistocene  (Heer, 
1855  ;  Endo  er  al.,  1936  ;  Shimakura,  1939  ;  Miki,  1941, 1950, 
1954,  1957;  Endo,  1953;  Hantke,  1954;  Okutsu,  1955; 
Tanai,  1952, 1961, 1970, 1992  ;  Tanai  er  a/.,  1963, 1972, 1992  ; 
Wang,  1961  ;  Huzioka,  1964, 1972  ;  Ferguson,  1967  ;  Matsuo, 

1967,  1970a,  b,  1971,  1972;  Klipper,  1968;  Murai,  1968; 

Pabs't,  1968;  Ishida,  1970;  Schweitzer,  1974;  Christophel, 
1976;  Basinger,  1981,  1991;  Uemura,  1988,  1990;  Ozaki, 

1991  ;  Budantsev,  1992  ;  Yamakawa,  1993  ;  Momohara  er 

ai,  1993  ;  Momohara,  1994a,  b). 

Although  the  fossil  records  of  Glyptostrobus  are  relatively 

extensive,  aspects  of  its  evolutionary  history  and  intergeneric 

relationships  within  the  Taxodiaceae  are  poorly  understood. 

While  most  of  these  reports  are  based  on  well-preserved, 

morphologically  informative  compression  fossils,  anatomical 
data  are  rare  and  limited  to  reports  of  leaves  (Basinger,  1981) 

and  wood  (Watari,  1947  ;  Suzuki  et  al.,  1989  ;  Itoh,  1993). 

Based  on  data  derived  from  immunological  (Price  and 

Lowenstein,  1989)  and  DNA  analyses  (Chase  et  al.,  1993), 

Ohsawa  (1994)  concluded  that  the  genus  probably  first 

appeared  sometime  during  the  early  Tertiary. 

Evolutionary  history  of  Glyptostrobus 
The  fossil  records  indicate  that  the  genus  was  much  more 

widespread  than  today.  Florin  (1963)  suggested  that  the 
genus  was  concentrated  in  three  regions  throughout  the 
northern  hemisphere  :  western  North  America,  Europe,  and 
Asia.  In  western  North  America  the  genus  extended  from 
Montana  to  Alaska  during  the  Upper  Cretaceous  to  Lower 
Paleocene.  This  was  thought  to  be  the  center  of  origin 
(Bell,  1949,  1957  ;  Brown,  1962  ;  Christophel,  1976).  By  the 
Late  Paleogene  and  Early  Neogene  Glyptostrobus  was 
widespread,  but  appears  to  have  disappeared  from  North 
America  by  the  end  of  the  Miocene  (Basinger,  1991). 

In  Eurasia,  Glyptostrobus  europaeus  was  widely  distributed 
from  the  Eocene  to  Pliocene  (Wolfe  and  Tanai,  1980).  The 

Asian  region,  including  southeastern  Siberia,  Korea,  Sakhalin 
and  Japan  is  considered  to  be  the  secondary  center  of 
distribution.  In  Japan,  the  genus  is  well  known  from  the 
Pliocene  deposits  (Miki,  1957),  with  fossil  representatives  of 

Glyptostrobus  pensilis  becoming  rare  in  the  Early  Pleis- 
tocene (Momohara  er  al.,  1993).  The  genus  survived  into  the 

first  warm  interglacial  of  the  Pleistocene  (Florin,  1963). 

We  mentioned  above  that  the  Eurasian  species  Glypto- 
strobus europaeus  was  widely  distributed  in  the  northern 

hemisphere  during  the  Tertiary,  and  is  difficult  to  distinguish 
from  the  North  American  species,  G.  nordenskioeldii  from  the 
Oligocène  to  Miocene,  which  are  represented  by  impressions 
or  compressions  of  foliage  and  cones.  We  reconstruct 
generalized  paleogeographic  distribution  of  the  genus 
Glyptostrobus  in  the  northern  hemisphere  of  the  late  Middle 
Miocene  (Figure  12).  Data  on  distribution  of  fossil  and  living 
Glyptostrobus  include  specimens  referred  to  Florin  (1963)  and 

previous  data. 

Figure  9.  Transverse  and  longitudinal  sections  of  the  bract-scale  complex  of  Glyptostrobus  rubenosawaensis  sp.  nov. 
A.  Longitudinal  section  showing  the  angle  of  divergence  between  the  bract  and  scale  (#94081402).  B.  Enlargement  of 
specimen  in  Figu;e8A  showing  large  resin  canals  and  hypodermal  cells  (#94081402).  C.  Transverse  section  showing 
vascular  strands  arranged  in  two  rows  (#903005).  D.  Transverse  section  of  the  bract-scale  complex  showing  epidermis, 
hypodermis,  resin  canals,  vascular  bundles,  parenchyma,  and  trichorres  (#94081404).  Note  the  2-5  layers  of  hypodermis  and 
trichomes  on  the  abaxial  surface.  E.  Enlargement  of  specimen  in  Figure  9D  (#94081404).  F.  Enlargement  of  specimen  in 
Figure  9D  showing  vascular  bundle.  (#94081404).  G.  Enlargement  of  specimen  in  Figure  9C  showing  epidermis  and  hypoder- 

mis (#94081404).  ep:  epidermis,  p:  phloem,  v:  vascular  bundle,  x:  xylem.  Scale  bars:  A=800//m;  B-D=400/<m; 
E  =  200//m;  F,  G  =  50//m. 



Miocene  permineralized  Glyptostrobus  from  Hokkaido 



44 
Midori  Matsumoto  er  al. 

sectioÄS^  A.  Cross 

cone  scale  showing  arrangement  of  vascS  bundles  anS  Sfcanaf «9030M  ?'? Z  ?T  f94^1402»'  B"  Cross  secti°n  °f 

cone  scale  (#94081402).  D.  Transverse  section  of  he  basa  region  of  a  ione  sea  e  (4Ä!  E  TSS  ?  ̂  *??  L*9'™  °f  a 
section  of  a  cone  scale  and  shoots  (#9408140  >).    Scale  bars    A  D^OO  "m    E    800    m  Longitudinal  and  slightly  obl.que 
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Figure  tl.  Transverse  section  of  leaves  and  pollen  cones  of  Glyptostrobus  rubenosawaensis  sp.  nov.  and  leaf 
of  G.  pensilis.  A.  Leaf  showing  resin  canal  and  vascular  bundle  (#94081402).  Compare  with  Figure  11B.  B.  Leaf 
of  living  Glyptostrobus  pensilis  showing  resin  canal  and  vascular  bundle  (#950529).  Compare  with  Figure  11A.  C. 

Pollen  cone  showing  the  microsporophyll  and  microsporangia  (#941125).  D.  Pollen  cones.  (#903000).  E-F. 
Enlargement  of  specimens  Figure  D  (#903000).  b  :  bract,  ms  :  microsporangia,  r  :  resin  canal.  Scale  bars  :  A, 
B=100//m;  C,  E=400//m;  F=800^m. 
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Figure  12.  Generalized  paleogeographic  reconstruction  of  the  genus  Glyptostrobus  in  t
he  northern  hemi- 

sphere, showing  the  distribution  orders.  ®  :  first  center,  (2)  :  second  center,  ®  :  third  center  through
  Thulian 

Route,'  ©:  fourth  center  through  Beringian  Corridor,  ©:  fifth  center,  in  Japan,  ©:  present  distribution.  •: 
Upper  Cretaceous,    •  :  Paleocene,   ©  :  Eocene,    ■  :  Oligocène,    a  :  Miocene,    C  :  Pliocene,    *  :  Present

. 

By  the  Miocene,  the  distribution  of  Glyptostrobus  was 

becoming  restricted  as  climate  in  the  northern  hemisphere 

cooled  (LePage  and  Basinger,  1995).  In  North  America, 

Glyptostrobus  appears  to  have  become  extinct  by  the  Late 

Miocene.  Glyptostrobus  became  extinct  in  Europe  and 

Japan  at  the  end  of  the  Pliocene  when  the  climate  turned 

more  arid  (Figure  12  ;  Miki,  1957).  The  discovery  of  Glypto- 
strobus rubenosawaensis  suggests  diversification  within  the 

genus  in  the  Tertiary. 
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Abstract.  Nine  species  of  orthoconic  cephalopods  have  been  described  from  Moscovian  (Carboniferous) 

limestone  of  the  Guizhou  and  Guangxi  region,  South  China.  The  fauna  is  composed  of  four  orthocerids  : 

Bogoslovskya  guizhouensis  sp.  nov.,  Mericoceras  guangxiense  sp.  nov.,  Mericoceras  sp.,  and 

Mimogeisonoceras  ?  sp.  and  five  bactritids  :  Bactrites  faqingensis  sp.  nov.,  Bactrites  cf.  nagatoensis  Niko, 

Nishida  and  Kyuma,  Bactrites  sp.,  Ctenobactrites  ?  sp.,  and  Sinobactrites  wuae  gen.  et  sp.  nov.  The  new 

parabactritid  genus  Sinobactrites  is  diagnosed  by  its  relatively  small  angle  of  shell  expansion,  oval  cross 

section,  and  abruptly  recurved  septal  necks.  It  is  noteworthy  that  the  assemblage  includes  species 
closely  related  to  some  of  the  Akiyoshi  fauna. 

Key  words  :  Bactritida,  Moscovian,  Orthocerida,  South  China 

Introduction 

During  most  of  the  Late  Paleozoic  Era,  South  China  (Yang- 
tze platform)  was  located  in  tropical  to  subtropical  zones 

(Scotese  and  McKerrow,  1990  ;  Zhang  and  Yan,  1993).  A 
thick  Carboniferous  sequence,  dominated  by  limestones  and 
dolomites,  is  widely  developed  in  the  Yunnan,  Guizhou,  and 
Guangxi  region,  and  has  provided  important  information  to 
biozonation  schemes  using  fusulinids,  brachiopods,  corals 

(Wu  et  al.,  1974),  and  ammonoids  (Yang,  1978)  in  low-latitude 
waters.  In  contrast,  knowledge  of  orthoconic  cephalopods  of 
South  China  has  remained  insufficient.  As  far  as  we  know, 
only  four  (or  five  ?)  orthocerid  species  and  a  single  species  of 
actinocerid  have  been  reported  in  Visean  strata  of  the  area 
(Lai,  1964  ;  Liang  and  Zhu,  1988).  It  is  the  purpose  of  this 
report  to  describe  Carboniferous  orthoconic  cephalopods 
from  Faqing  of  the  Riupansui  area,  Guizhou  Province  (see 

text-fig.  2  in  Nishida  et  al.,  1996)  and  Balai  of  the  Riucai  area, 
Guangxi  Zhuangzu  Autonomous  Region  (Figure  1).  The 

cephalopods  described  herein  occur  in  light-gray  bioclastic 
limestone  with  the  following  associated  fusulinids  : 
Fusulinella  cf.  pseudobocki  (Lee  and  Chen)  in  Faqing,  and 
Fusulinella  bocki  Möeller  and  F.  cf.  pseudobocki  in  Balai. 

Nishida  ef  a/.  (1996)  stated  that  the  cephalopod- bearing 
rocks  belong  to  the  Dala  (Huanglong)  Formation  and  can  be 
correlated  with  strata  of  the  lower  Upper  Carboniferous 
Moscovian  Stage.  The  type  specimens  are  deposited  in  the 
geological  collections  of  Saga  University  (Go). 

Systematic  paleontology 

Class  Cephalopoda  Cuvier,  1797 
Subclass  Nautiloidea  Agassiz,  1847 

Order  Orthocerida  Kuhn,  1940 

Superfamily  Orthocerataceae  M'Coy,  1844 
Family  Orthoceratidae  M'Coy,  1844 

Subfamily  Michelinoceratinae  Flower,  1945 
Genus  Bogoslovskya  Zhuravleva,  1978 

Type  species.— Bogoslovskya  perspicua  Zhuravleva  1978. 

Bogoslovskya  guizhouensis  sp.  nov. 

Figures  2—1-13 
Diagnosis.— Species  of  Bogoslovskya  with  approximately 

8-10  degrees  angle  of  shell  expansion,  weak  lateral  com- 
pression in  cross  section,  transverse  lirae-ribs  ;  adorai 

cameral  ratio  2.8-3.9  ;  minimum  distance  of  central  axis  of 
siphuncle  from  shell  surface  per  dorsoventral  diameter 
approximately  0.22  in  adorai  shell. 

Description. — Orthocones  with  rapid  shell  expansion  for 
genus,  angle  ranges  from  8.1  to  10.0  degrees  :  cross  section 
of  shell  laterally  compressed  weakly,  lateral  dorsoventral 

ratio  0.92  in  holotype  ;  largest  specimen  (GS.C145)  of  phrag- 
mocone  reaches  15.1  mm  in  dorsoventral  diameter  :  juvenile 

shells  (up  to  4-5  mm  dorsoventral  diameter)  lack  surface 
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Figure  1.  Index  map  of  fossil  locality  on  the  southwestern 
foot  of  small  conical  mountain  called  Balai  in  Guangxi,  South 
China. 

ornamentation,  then  anti-siphuncular  (dorsal  ?)  shell  surface 
marks  begin  with  straight,  transverse  but  slightly  oblique 

(toward  aperture  on  anti-siphuncular  side)  lirae,  which  dimin- 
ish toward  siphuncular  side  and  possess  periodic,  well 

prominent  ridges;  these  ridges  become  distinct  adorally, 
forming  slightly  sinuate  ribs  ;  however,  ornamentation 
becomes  faint  again  in  most  adorai  shell  (dorsoventral  shell 
diameter  approximately  15  mm)  ;  sutures  straight,  directly 
transverse  to  slightly  oblique  ;  septal  curvature  moderate  ; 

cameral  length  short  for  genus,  2.3-3.7  mm  in  adorai  shell  of 
holotype,  cameral  ratio  (dorsoventral  diameter/ length)  2.8-3. 
9  ;  siphuncle  narrow,  maximum  diameter  of  septal  neck/ 
dorsoventral  shell  diameter  approximately  0.06,  submarginai 
position,  minimum  distance  of  central  axis  of  siphuncle  from 
shell  surface  per  dorsoventral  shell  diameter  ranges  from  0.21 

to  0.23  in  holotype  at  dorsoventral  shell  diameter  of  approxi- 

mately 10-12  mm  ;  septal  necks  gently  tapering  ortho- 
choanitic,  forming  funnel  shape,  neck  length  1.0  mm  at 
dorsoventral  shell  diameter  of  12.3  mm  of  holotype  ;  weak 
auxiliary  deposits  recognized  in  septal  foramina  ;  connecting 
rings  not  preserved  ;  no  cameral  deposits  detected. 

Discussion— Bogoslovskya  guizhouensis  sp.  nov.  is  close- 
ly similar  to  B.  akiyoshiensis  Niko,  Nishida  and  Kyuma  (1995, 

figs.  1-1— 14)  described  from  the  Moscovian  of  the  Akiyoshi 
Limestone,  Southwest  Japan.    It  differs  from  the  Akiyoshi 

species  by  the  larger  angle  of  shell  expansion  (approximately 

8-10  degrees  vs.  approximately  7  degrees  in  Bogoslovskya 
akiyoshiensis),  the  well-developed  surface  ornamentation, 
and  the  less  eccentric  siphuncular  position  ;  i.e.  ratio  of  the 
minimum  distance  of  the  central  axis  of  the  siphuncle  from 
shell  surface  per  the  dorsoventral  diameter  is  approximately 
0.22  vs.  0.19  in  B.  akiyoshiensis  in  the  corresponding  shell 
diameter. 

The  surface  ribs  are  also  recognized  in  the  Gzhelian  to 
Asselian  species  Bogoslovskya  miharanoroensis  Niko  and 

Ozawa  (1997,  figs.  2-1— 9)  from  the  Taishaku  Limestone, 
Southwest  Japan.  However,  ß.  miharanoroensis  is  evidently 
distinguished  from  the  new  species  by  the  narrower  shell 

(angle  of  shell  expansion  4-5  degrees)  and  the  well-devel- 
oped ribs  even  in  the  adorai  shell. 

This  new  species  is  the  most  abundant  cephalopod  in  the 
Dala  (Huanglong)  Formation.  To  date  44  specimens,  which 
account  for  approximately  72  per  cent  of  all  examined 

orthoconic  cephalopods,  have  been  obtained.  The  swarm- 
ed occurrence  is  also  known  in  Bogoslovskya  akiyoshiensis. 

Etymology.— The  specific  name  is  derived  from  the  prov- 
ince name  of  the  type  locality,  Guizhou. 

Material  and  occurrence.— The  holotype,  GS.C128,  is  an 
incomplete  phragmocone,  24.0  mm  in  length.  The  following 
11  paratypes  of  fragmentary  phragmocones  are  assigned  : 

GS.C129, 144-147,  156-159,  167,  170.  In  addition,  32  refer- 

ence specimens,  GS.C127,  130-143,  148-155,  160-166,  168, 
169,  were  also  examined.  All  specimens  were  collected 
from  Faqing. 

Genus  Mericoceras  Zhuravleva,  1978 

Type  species.— Mericoceras  karagandense  Zhuravleva, 
1978. 

Mericoceras  guangxiense  sp.  nov. 

Figures  3-4—6 

Diagnosis.— Species  of  Mericoceras  with  angle  of  shell 

expansion  approximately  7  degrees  ;  cameral  ratio  2.2-2.4  ; 
siphuncle  with  weak  constrictions  at  septal  foramina. 

Description.— Single  orthoconic  phragmocone  with  moder- 
ate to  relatively  rapid  shell  expansion,  angle  7.3  degrees 

(reconstructed  from  slightly  deformed  shell)  in  adorai  portion 

of  shell  ;  cross  section  of  shell  circular,  reaches  approxi- 

mately 19  mm  (reconstructed)  diameter  ;  surface  ornamenta- 
tion of  reticulated  pattern  composed  of  transverse  and  longi- 

tudinal lirae,  transverse  lirae  wider  and  more  prominent  than 

longitudinal  lirae,  form  salients  in  adorai  shell  ;  sutures  nearly 
transverse  ;  septal  curvature  moderate  to  relatively  deep  ; 

cameral  length  6.1-7.4  mm  in  adorai  shell,  giving  cameral 
ratio  2.2-2.4  ;  siphuncle  central  in  position,  siphuncular 

diameter/corresponding  shell  diameter  0.13-0.15,  free  of 
endosiphuncular  deposits  ;  septal  necks  short,  weakly 

recurved  suborthochoanitic  to  orthochoanitic,  0.7-1.0  mm  in 

length  at  shell  diameter  of  approximately  18  mm  (reconstruct- 
ed), connecting  rings  thin,  cylindrical  with  weak  constrictions 

at  septal  foramina;  cameral  deposits  not  observed. 
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Figure  2.  Bogoslovskya  guizhouensis  sp.  nov.  1.  Paratype,  GS.C146,  side  view  of  early  juvenile  shell.  2. 

Paratype,  GS.C147,  side  view  of  early  juvenile  shell.  3.  Paratype,  GS.C167,  lateral  view  of  juvenile  shell,  siphun- 
cular  side  on  right.  4.  Paratype,  GS.C144,  lateral  view  of  juvenile  shell,  siphuncular  side  on  right.  5.  Paratype,  GS. 

C157,  anti-siphuncular  view.  6-11.  Holotype,  GS.C128,  6  :  anti-siphuncular  view,  7  :  siphuncular  view,  8  :  lateral 
view,  siphuncular  side  on  right,  9  :  septal  view  of  adorai  end,  siphuncular  side  down,  10  :  dorsoventral  thin  section, 
11  :  details  of  adorai  siphuncle.  12.  Paratype,  GS.C170,  lateral  view,  siphuncular  side  on  left.  13.  Paratype.  GS. 

C156,  anti-siphuncular  view.  14.  Paratype,  GS.C145,  lateral  view,  siphuncular  side  on  left.  1,  2, 10=  \4,  3-9, 12- 
14=  x  2,  11=x10. 



Moscovian  cephalopods  from  South  China 

103 

Figure  3.  1-3.  Mericoceras  guangxiense  ?,  GS.C124,  1  :  side  view,  2  :  longitudinal  thin  section,  3  :  details  of 
apical  shell.  4-6.  Mericoceras  guangxiense  sp.  nov.,  holotype,  GS.C125,  4  :  side  view,  5  :  longitudinal  thin 
section  of  adorai  shell,  6  :  details  of  adorai  siphuncle.  7, 8.  Mericoceras  sp.,  GS.C126,  7  :  anti-siphuncular  view, 
8  :  dorsoventral  thin  section.  9.  Bactrites  cf.  nagatoensis  Niko,  Nishida  and  Kyuma,  GS.C178,  dorsal  view.  10, 11. 
Ctenobactrites  ?  sp.,  GS.C183,  10  :  dorsal  view,  11  :  lateral  view,  venter  on  left.  1  =  x 3,  2,  6=  x  5,  3=  x10, 4, 10, 
11=x1,5,7,  9=x2,  8=x4. 



104 Shuji  Niko  et  al. 

Discussion— The  possession  of  reticulate  surface  orna- 
mentation consisting  of  lirae  is  relatively  rare  for  orthoconic 

cephalopods,  but  recognized  through  several  families,  such 

as  Orthoceratidae,  Geisonoceratidae,  and  Pseudorthocer- 

atidae.  The  siphuncular  structure  mentioned  above  sug- 
gests that  the  cephalopod  is  a  species  of  the  orthoceratid 

genus  Mericoceras  Zhuravleva  (1978).  The  type  species, 

Mericoceras  karagandense  Zhuravleva  (1978,  pi.  4,  figs.  1-4), 
from  the  Famennian  (Upper  Devonian)  of  central  Kazakhstan, 
was  previously  the  only  species  definitely  assigned  to  the 
genus.  Slightly  larger  angle  of  adorai  shell  expansion 

(approximately  7  degrees  vs.  4-6  degrees  in  Mericoceras 
karagandense)  and  the  possession  of  weak  constriction  at 
septal  foramina  of  the  Carboniferous  species  are  considered 
as  difference  of  specific  rank. 

Etymology.— The  specific  name  is  derived  from  the  Auton- 
omous Region  name  of  the  type  locality,  Guangxi. 

Material  and  occurrence.— The  holotype,  GS.C125,  is  an 
incomplete  phragmocone,  108.5  mm  in  length.  The  speci- 

men was  collected  from  Balai. 

Mericoceras  guangxiense  Niko,  Nishida  and  Kyuma  ? 

Figures  3-1—3 
Discussion.— In  addition  to  the  holotype  described  above  a 

phragmocone  questionably  assigned  to  Mericoceras 
guangxiense  sp.  nov.  was  also  examined.  The  specimen  is 
an  orthoconic  shell  with  circular  cross  section,  reticulate 

surface  ornamentation,  Michelinoceras-Wke  siphuncular 
structure  and  mural  deposits.  It  may  represent  the  juvenile 

portion  of  Mericoceras  guangxiense.  However,  lack  of  inter- 
mediates between  the  holotype  and  this  specimen  prevents 

a  positive  assignment. 
Internally  and  externally  siphuncle  of  this  specimen  is 

covered  with  thin  carbonate.  Judging  from  position  and 
uniform  thickness  of  the  deposits,  we  consider  that  they  are 
of  diagenetic  origin. 

Material  and  occurrence.— GS.C124  from  Balai. 

Mericoceras  sp. 

Figures  3-7,8 

Description.— Single  incomplete  phragmocone  of  ortho- 
conic shell  with  circular  cross  section,  weak  reticulate 

surface  ornamentation  ;  angle  of  shell  expansion  approxi- 
mately 4  degrees  ;  siphuncle  subcentral  with  orthochoanitic 

necks  and  cylindrical  connecting  rings  ;  no  cameral  and/or 
endosiphuncular  deposits  detected. 

Discussion.— The  species  differs  from  Mericoceras  guan- 
gxiense sp.  nov.  in  its  subcentral  siphuncular  position,  but 

this  is  insufficient  for  a  specific  identification. 

Niko  et  al.  (1987)  illustrated  an  ill-preserved  Moscovian 
orthocerid  as  Striacoceras  ?  sp.  from  the  Akiyoshi  Limestone. 
The  combination  of  reticulate  surface  ornamentation  and  the 

orthochoanitic  septal  necks  suggests  that  the  species  prob- 
ably falls  within  the  genus  Mericoceras.  With  the  exception 

of  the  siphuncular  position,  both  species  share  diagnostic 
morphology. 

Material  and  occurrence.— GS.C1 26  from  Faqing. 

Genus  Mimogeisonoceras  Shimanskiy,  1968 

Type  species.— Mimogeisonoceras  ljubovae  Shimanskiy, 
1968. 

Mimogeisonoceras?  sp. 

Figure  4-11 
Description.— Single  incomplete  phragmocone  of  ortho- 

conic shell  with  circular  cross  section,  gradual  shell  expan- 
sion ;  surface  ornamentation  of  transverse,  slightly  sinuate 

grooves  with  very  deep  salient  ;  siphuncular  position  central. 

Discussion.— The  species  shares  the  characteristic  orna- 
mentation with  Mimogeisonoceras  ljubovae  Shimanskiy 

(1968,  pi.  1,  fig.  3)  from  the  Namurian  of  the  Southern  Urals, 
but  the  shell  is  more  slender  than  that  of  M.  ljubovae.  It  is 

represented  by  a  single  fragment  of  the  probably  juvenile 
portion.    Thus,  the  generic  assignment  is  tentative. 

Material  and  occurrence.— GS.C171  from  Faqing. 

Subclass  Bactritoidea  Shimanskiy,  1951 
Order  Bactritida  Shimanskiy,  1951 
Family  Bactritidae  Hyatt,  1884 

Genus  Bactrites  Sandberger,  1843 

Type  species.— Bactrites  subconicus  Sandberger,  1843. 

Bactrites  faqingensis  sp.  nov. 

Figures  4-1—7 Diagnosis.— Species  of  Bactrites  with  approximately  7-8 
degrees  angle  of  shell  expansion,  circular  cross  section  ; 
surface  ornamentation  transverse  dense  lirae  ;  cameral  ratio 
1.8-2.5. 

Description.— Orthocones  with  relatively  rapid  shell  expan- 
sion for  genus,  angle  7.1-8.4  degrees  ;  cross  section  of  shell 

circular;  largest  specimen  (holotype)  attains  16.6mm  in 
diameter  at  portion  of  last  septum  ;  preserved  body  chamber 
29.9  mm  in  length  ;  shell  surface  marked  by  transverse 
dense  lirae  that  are  slightly  oblique  towards  aperture  on 

dorsal  side  ;  excepting  ventral  lobe  sutures  directly  trans- 
verse, straight;  septa  deeply  concave  with  wide  mural 

portion  ;  cameral  length  moderate,  6.2-7.4  mm,  its  ratio  1.8- 
2.5  in  holotype  at  shell  diameter  approximately  13-16  mm  ; 
siphuncular  position  ventral  margin  ;  septal  necks  ortho- 

choanitic in  dorsum,  1.0  mm  in  length  at  last  septum  of 
holotype  ;  ventral  septa  attached  to  shell  wall  in  dorsoventral 
section  with  weak  projections  at  septal  foramina  ;  minimum 
diameter  of  septal  foramen  shell  diameter  in  holotype 
approximately  0.05  ;  connecting  rings  not  preserved  ;  lacks 
cameral  and/or  endosiphuncular  deposits. 

Discussion.— This  species  is  easily  distinguished  from 
moot  known  Carboniferous  species  of  Bactrites  by  its  surface 
ornamentation  of  transverse  dense  lirae.  Only  Bactrites 
costatus  Mapes  (1979,  pi.  31,  figs.  7-9, 13),  from  the  Virgilian  of 
Texas,  possesses  similar  surface  ornamentation.    However. 
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Figure  4.  1-7.  Bactrites  faqingensis  sp.  nov.,  1  :  paratype,  GS.C174,  lateral  view,  venter  on  left,  2  :  paratype, 
GS.C173,  ventral  view,  3-7  :  holotype,  GS.C172,  3,  lateral  view,  venter  on  left  ;  4,  ventral  view,  arrow  indicates 
position  of  the  last  septum  ;  5,  septal  view  of  the  last  septum,  venter  down  ;  6,  dorsoventral  thin  section  ;  7,  details 
of  adorai  siphuncle.  8.  Bactrites  cf.  nagatoensis  Niko,  Nishida  and  Kyuma,  GS.C178,  adorai  end,  venter  down.  9, 
10.  Bactrites  sp.,  GS.C181,  9:  lateral  view,  venter  on  right,  10:  septal  view  of  apical  end,  venter  down.  11. 

Mimogeisonoceras  ?  sp.,  GS.C171,  side  view.    1-5,  8-10=  x2,  6=  x2.5,  7=  x5,  11=  x4. 
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it  has  longer  camerae  (cameral  ratio  1.2-1.7  vs.  1.8-2.5)  and  a 
somewhat  narrower  shell  (angle  of  expansion  5-7  degrees 
vs.  approximately  7-8  degrees)  than  does  Bactrites  faqingen- 
sis. 

Etymology. —The  specific  name  is  derived  from  the  type 
locality  name,  Faqing. 

Material  and  occurrence— The  holotype,  GS.C172,  is  an 
incomplete  phragmocone  with  apical  body  chamber,  63.7 
mm  in  length.  The  following  two  paratypes  of  incomplete 
phragmocones  are  assigned  :  GS.C173,  174.  In  addition, 

three  fragmentary  specimens,  GS.C175-177,  were  also 
examined.    All  specimens  were  collected  from  Faqing. 

Bactrites  cf.  nagatoensis  Niko,  Nishida 
and  Kyuma,  1991 

Figures  3-9;  4-8 

cf.  Bactrites  nagatoensis  Niko,  Nishida  and  Kyuma,  1991,  p.  715, 
figs.  2-1—10,  3-1—5. 

Description.— Orthocones  with  moderate  shell  expansion, 
angle  of  expansion  approximately  6  degrees  ;  cross  section 

of  shell  circular  ;  largest  specimen  (GS.C179)  attains  approxi- 
mately 22mm   (reconstructed)  diameter;  a  single   dorsal 

carina  strongly  developed,  shell  surface  lacks  other  orna- 
mentation ;  septal  and  siphuncular  morphology  not  obser- 

ved. 

Discussion.— This  species  bears  a  close  resemblance  in 
its  shell  shape  and  ornamentation  to  Bactrites  nagatoensis 
from  the  Moscovian  (Kyuma  and  Nishida,  1992)  of  the 
Akiyoshi  Limestone,  but  its  internal  structure  needs  to  be 
examined. 

Material  and  occurrence.— GS.C178, 179  from  Faqing. 

Bactrites  sp. 

Figures  4-9,10 

Description.— Orthocones  with  relatively  rapid  shell  expan- 
sion, angle  approximately  8  degrees  ;  largest  specimen  (GS. 

C181)  attains  9.8mm  in  diameter;  cross  section  of  shell 

circular  ;  shell  surface  lacks  ornamentation  ;  sutures  trans- 
verse, but  form  weak  sinuation  and  ventral  lobe  ;  siphuncular 

position  ventral  margin. 

Discussion— The  specimens  may  represent  immature 
shells.  Inadequate  knowledge  of  morphology  prevents 
comparison  at  the  specific  level. 

Material  and  occurrence.— GS.C180-182  from  Faqing. 

Figure  5.    Sinobactrites  wuae  gen.  et  sp.  nov.,  holotype,  GS.C184.    1.  Lateral  view,  venter  on  right     2   Adorai 

of  sipLTde   T2=  x^T^T^r  SeCti°n'  VentSr  °n  rl9ht    4  D0rS0ventral  thin  section-  showin9  details 
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Genus  Ctenobactrites  Shimanskiy,  1951 

Type  species.— Ctenobactrites  costatus  Shimanskiy,  1951. 

Ctenobactrites?  sp. 

Figures  3-10,11 

Description.— Single  large-sized  orthocone  with  circular 
cross  section,  having  maximum  diameter  of  approximately  43 

mm  (reconstructed);  shell  surface  ornamented  by  flat- 
topped  wide  ribs  that  form  broad,  but  shallow  ventral  sinus 
and  dorsal  saddle,  each  rib  ranges  from  2.5  to  3.0  mm  in 

width  ;  grooves  separating  ribs  narrow  ;  septal  and  siphun- 
cular  morphology  not  observed. 

Discussion.— The  lack  of  internal  structure  of  the  present 
specimen  hinders  confident  taxonomic  assignment.  How- 

ever, the  characteristic  rib  form  suggests  a  relationship  to 
Ctenobactrites.  The  surface  ornamentation  of  this  species 
somewhat  resembles  Ctenobactrites  spp.  from  the  Virgilian  of 

Texas  (Mapes,  1979,  pi.  23,  figs.  1, 2)  and  the  Moscovian  of 

the  Akiyoshi  Limestone  (Niko  et  al.,  1991,  figs.  3-10, 11). 
Material  and  occurrence.— GS.C183  from  Faqing. 

Figure  6.  Sinobactrites  wuae  gen.  et  sp.  nov.,  holotype, 
GS.C184.  Camera  lucida  drawing  of  siphuncle,  based  on 
dorsoventral  thin  section.    Scale  bar=5mm. 

Family  Parabactritidae  Shimanskiy,  1951 
Genus  Sinobactrites  gen.  nov. 

Type  species.— Sinobactrites  wuae  sp.  nov.,  by  monotypy. 
Diagnosis.— Breviconic  orthocone  with  relatively  small 

angle  of  expansion  for  family,  approximately  15  degrees  ; 
cross  section  of  shell  laterally  compressed  ;  shell  surface 

smooth  ;  siphuncle  marginal,  relatively  large  ;  septal  necks 
abruptly  recurved,  brims  in  contact  with  posterior  surface  of 

septa. 

Etymology.— The  generic  name  is  derived  from  Sino  (com- 
bining form  of  the  Latin  Sinae,  meaning  Chinese),  and 

Bactrites. 

Sinobactrites  wuae  sp.  nov. 

Figures  5-1—4,  6 

Diagnosis.— As  for  the  genus. 
Description.— Single  large-sized  breviconic  orthocone, 

angle  of  shell  expansion  relatively  small  for  family,  14.8 

degrees  in  dorsoventral  plane  ;  cross  section  of  shell  later- 
ally compressed,  oval  ;  adorai  end  attains  41.6  mm  in  dorso- 

ventral diameter  and  35.1  mm  in  lateral  diameter,  giving  form 

ratio  0.84  ;  shell  surface  smooth,  lacks  conspicuous  orna- 
mentation ;  sutures  rectilinear  except  for  ventral  lobe  ;  sep- 

tal curvature  moderate  to  relatively  deep  for  the  family; 
camerae  short,  cameral  ratio  in  dorsoventral  section  0.2  ; 

siphuncular  position  ventral  margin  ;  siphuncle  relatively 
large,  minimum  diameter  of  septal  foramen/shell  diameter  in 
dorsoventral  section  approximately  0.07  ;  dorsal  septal 
necks  abruptly  recurved  and  septal  brims  in  contact  with 

posterior  surface  of  septa,  brim  length  1.6-2.0  mm  in  approxi- 
mately 31  (reconstructed)-38  mm  in  dorsoventral  shell  diame- 

ter ;  septa  on  ventral  side  of  siphuncle  in  contact  with  shell 
wall  in  dorsoventral  plane  with  weak  projections  at  septal 

foramina  ;  connecting  rings  not  preserved  ;  lacks  any  evi- 
dence of  cameral  and/or  endosiphuncular  deposits. 

Discussion.— The  abruptly  recurved  septal  necks  of 
Sinobactrites  wuae  gen.  et  sp.  nov.  are  also  recognized  in 
Belemnitomimus  palaeozoicus  Shimanskiy  (1954,  pi.  12,  figs.  1, 

2  ;  type  species  of  the  genus)  from  the  Lower  Permian  of  the 
Southern  Urals.  However,  Belemnitomimus  can  be  clearly 
distinguished  from  the  new  genus  by  its  much  greater  shell 
expansion  (approximately  30  degrees  vs.  approximately  15 
degrees  in  Sinobactrites  wuae),  the  circular  cross  section  of 
the  shell,  and  the  well  prominent  ventral  septa. 

The  Permian  genus  Microbactrites  Shimanskiy  (1954,  type 

species,  Parabactrites  scorobogatovae  Shimanskiy,  1948,  fig. 
2)  from  the  Southern  Urals  has  somewhat  similar  shell  shape 
to  Sinobactrites.  Although  the  siphuncular  structure  of 
Microbactrites  is  not  illustrated  by  Shimanskiy,  the  genus  is 

clearly  distinguished  from  Sinobactrites  in  having  oblique 
folds  in  the  shell  surface. 

The  geographic  distribution  of  parabactritids  was  previous- 
ly restricted  to  the  Southern  Urals  (Shimanskiy,  1948,  1954, 

1968),  Pamirs  (Shimanskiy,  1993),  and  the  Taishaku  Lime- 
stone (Niko  et  al.,  1993).  Thus,  the  Chinese  species  extends 

the  range  of  the  family.    In  addition,  pre-Permian  undoubted 
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records  of  parabactritids  are  exceedingly  rare.  Previously 

only  a  single  Namurian  species  from  the  Southern  Urals, 

Aktastioceras  sp.,  has  been  recorded  (Shimanskiy,  1968). 

Etymology.— The  specific  name  honors  Dr.  Wu  Wangshi,  in 

recognition  of  her  contributions  to  the  Carboniferous  strati- 
graphy of  South  China. 

Material  and  occurrence— The  holotype,  GS.C184,  is  an 

incomplete  phragmocone  66.7  mm  in  length.  The  speci- 
men was  collected  from  Faqing. 
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Abstract.  The  Sagara  Fauna  has  been  regarded  as  the  Middle  Miocene  to  Early  Miocene  warm-water 
molluscan  faunal  unit  in  Southwest  Japan.  Descriptive  works,  however,  have  not  been  enough  to  discuss 

the  faunal  succession  in  the  type  section  of  the  Sagara  Fauna.  This  paper  reports  a  molluscan  assem- 

blage from  shell-concentrated  beds  in  the  lower  part  of  the  Sagara  Group,  Shizuoka  Prefecture,  giving 

systematic  descriptions  of  the. representative  species.  This  assemblage  is  composed  of  molluscs  trans- 

ported from  shelf  depths,  such  as  Phos,  Olivella,  Megacardita,  and  Glycymerb.  The  shell  beds  are  placed 

in  Zone  N14  of  Blow's  planktonic  foraminiferal  zonal  scheme  in  which  the  late  Middle  Miocene  global 

warming  condition  has  been  recognized  as  the  Climatic  Optimum  2.  The  warming  evidence  in  Japan  is 

the  appearance  of  tropical  to  subtropical  molluscs  from  the  Kukinaga  Group  in  Tanegashima  Island.  The 

molluscan  assemblage  reported  here  represents  a  warm  temperate  molluscan  fauna  in  the  paleo- 
Kuroshio  realm.  Moreover,  it  is  noteworthy  that  the  last  appearance  of  the  Early  to  Middle  Miocene  relict 

elements  and  the  first  appearance  of  some  living  species  are  recognized  in  this  assemblage.  This 

supports  a  division  of  the  so-called  Sagara  Fauna  into  the  middle  to  late  Middle  Miocene  Kukinaga  Fauna 
and  the  Late  Miocene  to  Early  Pliocene  Zushi  Fauna. 

We  define  the  Sagara  Faunule  for  the  fossil  assemblage  from  the  lower  part  of  the  Sagara  Group, 
which  lived  in  the  warm-temperate  region  in  Southwest  Japan  during  the  Climatic  Optimum  2. 

Key  words  :  Japan,  Kukinaga  Fauna,  Middle  Miocene,  Molluscan  fossils,  Sagara  Faunule,  Sugegaya 
Formation 

Introduction 

The  Middle  Miocene  to  Early  Pliocene  Sagara  Group  has 
been  regarded  as  one  of  the  type  sections  of  the  Neogene 

warm-water  molluscan  faunal  succession  in  Japan.  Tsuchi 
(1961)  studied  the  temporal  change  of  the  younger  Neogene 

fauna  in  the  Sagara- Kakegawa  area,  Shizuoka  Prefecture, 
central  Japan,  and  first  proposed  the  Sagara  Fauna  for  the 
fossil  molluscs  from  the  Sagara  Group.  In  his  stratigraphie 

range  chart  of  molluscan  fossils,  the  Sagara  Fauna  is  char- 
acterized by  the  appearance  of  Amussiopecten  iitomiensis 

and  Chlamys  miurensis.  Subsequently,  the  term  Sagara 
Fauna  has  been  used  to  describe  a  warm-water  fauna  which 
flourished  along  the  Pacific  coast  of  Southwest  Japan  during 
the  Middle  Miocene  to  Early  Pliocene  (e.g.,  Chinzei,  1986). 
However,  the  fossil  records  from  the  Sagara  Group  were 
based  on  allochthonous  poorly  preserved  specimens  from 

some  shell-beds.  Moreover,  no  descriptive  works  has  been 
done  on  the  fossils,  except  for  Yokoyana  (1926b).    He 

reported  16  species  from  the  "Sagara  Bed"  but  provided  no 
data  on  the  fossil  localities  or  the  modes  of  occurrence.  In 

addition,  Yokoyama  (1926b)  reported  no  characteristic 
species  such  as  Amussiopecten  iitomiensis.  Therefore, 
paleontological  and  paleoecological  basic  data  are  not 

enough  to  discuss  the  faunal  succession  and  paleobiogeo- 
graphy.  The  Sagara  Fauna  is  used  as  a  general  term 

denoting  a  warm-water  "linkage"  fauna  between  the  early 
Middle  Miocene  Kadonosawa  Fauna  and  the  Plio-Pleis- 
tocene  Kakegawa  Fauna. 

Recently  Ozawa  ef  al.  (1995)  revised  the  outline  of  the 

Japanese  Neogene  warm-water  molluscan  faunas  in  relation 
to  global  climatic  events.  They  divided  the  Sagara  Fauna 
into  the  following  two  faunas  :  the  Kukinaga  Fauna  in  the 
middle  to  late  Middle  Miocene  and  the  Zushi  Fauna  in  the 

Late  Miocene  to  Early  Pliocene.  The  time  intervals  of  the 
faunas  correspond  to  the  Climatic  Optima  2  and  3  of  Barron 
and  Baldauf  (1990),  respectively.  Concerning  the  later 
phase  of  the  Sagara  Fauna,  Ozawa  and  Tomida  (1992) 
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reported  the  molluscan  assemblages  and  their  species 
composition,  and  clearly  defined  the  Zushi  Fauna.  On  the 
other  hand,  the  details  of  the  early  phase  of  the  Sagara 
Fauna  remain  unclear  in  the  type  section. 
We  obtained  abundant  molluscan  fossils  from  the 

Sugegaya  Formation,  the  lowermost  part  of  the  Sagara 
Group.  This  paper  reports  the  molluscan  assemblage,  with 
systematic  descriptions  of  the  representative  species. 
Paleobiogeographic  significance  is  also  discussed  on  the 
basis  of  the  taxonomic  data  obtained  in  this  study. 

Geologic  setting 

We  collected  molluscan  fossils  from  lenticular  beds  of 

granule-bearing  sandstone  of  the  Sugegaya  Formation 

exposed  in  a  cliff  (lat.  34°43'23"N  ;  long.  138=11'22"E)  near 
Tsuchizawa  (Figure  1). 

The  Miocene  Sugegaya  Formation  is  the  lowermost  part  of 
the  Sagara  Group  (Figure  2).  It  consists  of  alternating  beds 

of  granule-sized  conglomerate,  sandstone  and  mudstone 
(Ujiié,  1962  ;  Oda,  1971  ;  Nakamori  et  al.,  1991  ;  Tsukawaki, 

1994).  It  is  distributed  on  both  flanks  of  the  Megami  anti- 
cline from  Shirai  north  of  Tsuchizawa  to  Iwachi.  The  total 

thickness  is  about  500  m  (Oda,  1971).  The  Sugegaya  For- 
mation comes  into  fault  contact  with  the  lower  Middle 

Miocene  Megami  Formation,  and  grades  upwards  into  the 

Sagara  Formation.  Sedimentary  facies  analysis  by  Tsuka- 
waki (1994)  suggested  that  the  Sugegaya  Formation  was 

deposited  in  submarine  channels.  The  Sagara  Group  is 
estimated  to  have  been  deposited  in  the  bathyal  zone  on  the 
basis  of  benthic  foraminifers  (Ishigaki,  1991). 

In  the  outcrop  alternating  beds  of  sandstone  and  siltstone 
show  slumping  structures  and  intercalate  many  lenticular 

beds  of  medium-grained  sandstone  (Figure  3).  We  recog- 
nized two  fossiliferous  beds  which  are  separated  by  an  about 

4  m  stratigraphie  interval  from  each  other.  We  found  no 
differences  in  species  composition  between  the  two  shell 

beds.  Therefore,  for  convenience,  we  treated  the  speci- 
mens from  the  two  shell  beds  as  one  sample. 

This  locality  is  the  same  as  Loc.  TZ  02  in  the  studies  of 
planktonic  foraminiferal  biostratigraphy  by  Ibaraki  (1986). 
She  revealed  that  the  horizon  is  assigned  to  Zone  N14  of 

Blow's  planktonic  foraminiferal  zonation  in  the  late  Middle 
Miocene  (Figure  2).  Oda  (1971)  listed  seven  molluscan 
species  from  this  locality  :  Glycymeris  sp.,  Limopsis  sp., 
Venericardia  sp.,  Tectonatica  janthostomoides,  Mitra  sp., 
Siphonalia  sp.,  and  Fulgoraria  sp. 

Figure!    Index  map  and  fossil  locality  plotted  on  the  1 :  25,000-scale  topographic  map,  "Sagara"  (Geographi- 
cal Survey  Institute  of  Japan). 
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Figure  3.    Columnar  section  of  the  Sugegaya  Formation 

at  the  fossil  locality  in  Tsuchizawa,  Sagara  Town. 

Molluscan  assemblage 

The  molluscan  fossils  were  obtained  from  two  granule- 
bearing  sandstone  beds  about  50  cm  thick,  which  grade 

laterally  into  fine-grained  sandstone  (Figure  3).  No  mollus- 
can fossils  were  obtained  from  the  siltstone.  The  shells  are 

supported  by  matrix  sediments.  Most  of  the  shells  were 
disarticulated  or  fragmented  and  their  shell  surfaces  were 
abraded. 

We  recognize  26  species  of  molluscs,  as  shown  in  Table 
1.  Olivella  fulgurata  is  the  dominant  species.  Phos 
miyagiensis,  Glycymeris  idensis,  Crenulilimopsis  sp.  cf.  C. 
oblonga,  and  Megacardita  ferruginosa  are  also  abundant. 
This  assemblage  contains  seven  living  species.  They  are 
represented  by  three  tidal  to  sublittoral  dwellers  (Olivella 
fulgurata,  Nipponocrassatella  nana  and  Callista  chinensis),  two 
sublittoral  inhabitants  (Megacardita  ferruginosa  and  Antalis 

weinkauffi),  and  two  eurybathyal  ones  (Acila  divaricata  sub- 
mirabilis  and  Anisocorbula  venusta).  In  addition,  most  of  the 
extinct  species  were  dwellers  of  tidal  to  sublittoral  depths 

(e.g.  Glycymeris  and  Phos).  The  mode  of  occurrence  and 
species  composition  suggest  that  this  assemblage  was 

formed  by  the  transportation  of  shells  from  littoral  to  sublittor- 
al  depths. 

Table  1.    List  of  fossil  molluscs  from  the  shell  beds  of  the 

Sugegaya  Formation.  A  ;  abundant  (more  than  25  speci- 

mens), C;  common  (11-25  specimens),  F;  frequent  (5-10 
specimens),    R  ;  rare  (less  than  5  specimens). 

1.  Acila  divaricata  submirabilis  (Makiyama)  C 

2.  Bathyarca  sp.  R 

3.  Glycymeris  idensis  Kanno  A 

4.  Glycymeris  izumoensis  Matsukuma  and  Okamoto  C 

5.  Crenulilimopsis  sp.  cf.  C.  oblonga  (A.  Adams)  A 

6.  Nipponolimopsis  sp.  cf.  N.  azumana  (Yokoyama)  F 

7.  Nipponocrassatella  nana  (A.  Adams  and  Reeve)  F 

8.  Megacardita  ferruginosa  (A.  Adams  and  Reeve)  A 

9.  Laevicardium  sp.  R 

10.  Callista  chinensis  (Holten)  F 

11.  Anisocorbula  venusta  (Gould)  C 

1 2.  Cuspidaria  sp.  cf.  C  nobilis  A.  Adams  R 

1 3.  Otukaia  sp.  R 

14.  Solariella  sp.  R 

15.  Solariella  (Machaeroplax)  sp.  F 

16.  Caput  us?  sp.  R 

17.  Neverita  coticazae  (Makiyama)  R 

1 8.  Primovula  sp.  cf.  P.  rhodia  (A.  Adams)  R 

19.  Phalium  yokoyamai Nomura  and  Hâtai  F 

20.  Shiponalia  sp.  F 

21.  Phos  miyagiensis  Masuda  and  Takegawa  A 

22.  Olivella  fulgurata  (A.  Adams  and  Reeve)  A 

23.  Conus  (Endemoconus)  sp.  cf.  C.  (E.)  sieboldi  Reeve  R 

24.  Conus  (Chelyconus)  tok unaga i  Otuka  R 

25.  Comitas  sp.  R 

26.  Antalis  weinkauffi  (Dunker)  F 
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Marine  climate  and  paleobiogeography  : 

Reexamination  of  the  Sagara  Fauna 

The  species  composition  reflects  the  marine  climate  at 
shelf  depths  on  the  Pacific  side  of  central  Japan  in  N14. 

The  occurrence  of  two  Conus  species  suggests  the  influ- 
ence of  a  warm  current  system  from  the  south.  Except  for 

Conus,  however,  no  tropical-subtropical  elements  are  found 
in  this  assemblage.  Most  of  the  species  have  been  com- 

monly reported  from  the  Neogene  in  Honshu  or  the  present- 
day  warm-temperate  region  along  the  Pacific  coast  (Boso 
Peninsula  to  Kyushu).  Therefore,  the  marine  climate  may 

have  been  warm-temperate. 
On  the  other  hand,  many  tropical-subtropical  elements 

such  as  Telescopium  telescopium  and  Tibia  fusus  were 
reported  from  the  Kukinaga  Group,  Tanegashima  Island, 
which  correlates  with  the  Sugegaya  Formation  in  age  (Inoue, 

1992,  1994).  He  proposed  the  Kukinaga  Fauna  for  the 

tropical-subtropical  assemblages  and  suggested  that  this 
fauna  was  established  during  the  northward  shift  of  the 

tropical-subtropical  front  in  the  Climatic  Optimum  2  of  Barron 
and  Baldauf  (1990).  Many  global  warming  events  are  recog- 

nized to  correlate  with  the  Climatic  Optimum  2.  For  exam- 
ple, McGowran  (1986)  showed  that  the  distribution  of  larger 

foraminifers  expanded  from  the  equatorial  region  to  middle 
latitudinal  zones  in  both  hemispheres  in  N14.  In  Central  to 

Northeast  Japan,  much  evidence  of  warm-water  influence 
has  also  been  recognized,  as  follows  :  Sinum  yabei  from  the 
Kubota  Formation,  Fukushima  Prefecture  (Iwasaki,  1970; 

Ogasawara,  1988),  Apollon  sazanami,  Nanaochlamys  noto- 
ensis  otutumiensis  and  Calliostoma  sp.  cf.  C.  simane  from  the 
Ginzan  and  Utsuno  Formations,  Yamagata  Prefecture  (Hatai 
and  Kotaka,  1959  ;  Ogasawara  and  Sato,  1986), 

Cryptopecten  yanagawaensis  from  the  Nagaoka  Formation, 

130°   E 140'   E 

jc    type  of  the  Kukinaga  Fauna 

▲     the  Sagara  Faunule 

occurrence  of  warm-temperate 
molluscs 

4^§?  presumed  land  area 

x^>  cold  current ^f  warm  current 

Figure  4.    Paleobiogeographic  map  of  the  late  Middle  Miocene  arounl  the  Japanese  Islands  modified  from 
Maiya  (1988). 
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Tochigi  Prefecture  (Sato,  1991),  Aturia  formae  from  the 

Kokozura  Formation,  Ibaragi  Prefecture  (Tomida,  1992),  Aturia 

cubaensis  from  the  Amatsu  Formation,  Chiba  Prefecture 

(Tomida,  1992),  Mizuhobaris  izumoensis  from  the  Teradomari 

Formation,  Niigata  Prefecture  (Kobayashi  and  Yoshiwara, 

1988).  Figure  4  shows  the  paleobiogeographic  map  of 
Japan  in  the  Climatic  Optimum  2. 

Next,  we  discuss  the  characteristics  of  the  fossil  assem- 

blage reported  here  from  the  viewpoint  of  the  faunal  succes- 
sion in  Japan.  The  climatic  fluctuations  mentioned  above 

have  controlled  the  distribution  of  marine  organisms  and 

directly  influenced  faunal  compositions,  especially  in  mid- 
latitude  areas.  As  noted  in  the  introduction,  Ozawa  et  al. 

(1995)  divided  the  Sagara  Fauna  into  two  faunal  units:  the 
middle  to  late  Middle  Miocene  Kukinaga  Fauna  and  the  Late 

Miocene  to  Early  Pliocene  Zushi  Fauna.  These  fauna  flou- 
rished under  global  warming  conditions,  i.e.,  the  Climatic 

Optima  2  and  3  respectively.  The  assemblage  from  the 
Sugegaya  Formation  corresponds  to  the  early  phase  of  the 
Sagara  Fauna  in  the  type  section. 

This  assemblage  is  composed  of  three  elements,  namely, 
1)  survivors  from  the  Early  to  early  Middle  Miocene,  2) 
species  confined  in  occurrence  to  the  Middle  to  Late 
Miocene,  and  3)  living  species  which  first  appeared  in  this 
age.  The  survivors  from  the  Early  to  early  Middle  Miocene 
are  Glycymeris  izumoensis,  Conus  (Chelyconus)  tokunagai, 
and  so  on.  These  relic  species  make  their  first  records  in 
the  upper  Middle  Miocene,  as  well  as  their  last  appearance. 
Glycymeris  idensis  and  Phos  miyagiensis  have  been  reported 
only  from  the  Middle  to  Late  Miocene  of  Japan.  Some  living 
species  such  as  Olivella  fulgurata,  Nipponocrassatella  nana, 
and  Megacardita  ferruginosa  occur  for  the  first  time  in  the  late 
Middle  Miocene  of  Japan.  It  is  noteworthy  that  we  obtained 
no  specimens  of  the  characteristic  species  of  the  Sagara 
Fauna,  such  as  Amussiopecten  iitomiensis  or  Chlamys 
miurensis,  although  they  commonly  occur  in  the  Late 
Miocene  of  Japan  (Ozawa  and  Tomida,  1992). 

In  conclusion,  we  redefine  the  molluscan  assemblage  from 
the  lower  part  of  the  Sagara  Group  as  the  Sagara  Faunule, 

which  is  a  warm-temperate  faunule  in  the  warm-water 

Kukinaga  faunal  realm  under  the  influence  of  the  Climatic 

Optimum  2. 

Systematic  descriptions 

All  the  specimens  examined  are  deposited  in  the  collec- 
tion of  the  Furukawa  Museum,  Nagoya  University  (ESN). 

Class  Bivalvia  Linnaeus,  1758 
Order  Nuculoida  Dall,  1889 
Family  Nuculidae  Gray,  1824 

Genus  Acila  H.  and  A.  Adams,  1858 

Acila  divaricate  submirabilis  (Makiyama,  1926) 

Figure  5-3 Synonymy.— see  Noda,  Kikuchi  and  Nikaido  (1993,  p.  125, 
126). 

Descriptive  remarks.— Seven  poorly  preserved  specimens 
were  obtained.  The  shells  are  medium-sized,  thick  and 
ovate  in  shape.  The  posterior  margin  is  shortly  rostrate. 
The  outer  surface  is  sculptured  by  divaricating  radial  ribs 

forming  angles  from  the  umbo  to  the  midpoint  of  the  ventral 
margin.  The  escutcheonal  area  is  also  decorated  with 
radial  sculpture.  This  is  a  diagnostic  feature  of  A.  divaricata 
submirabilis.  Acila  divaricata  (s.s.)  has  no  sculpture  on  the 
escutcheon.  As  mentioned  by  Noda,  Kikuchi  and  Nikaido 

(1993),  many  Japanese  specimens  identified  as  A.  divaricata 
need  to  be  reexamined,  paying  attention  to  the  escutcheon 

sculpture. 
Dimensions  (in  mm).— Length  15.2,  height  12.1  (ESN  no. 

2615) 

Distribution— Late  Early  Miocene  to  Recent. 

Order  Arcoida  Stoliczka,  1871 

Family  Glycymerididae  Newton,  1922 
Genus  Glycymeris  Costa,  1778 

Figure  5.  Representative  molluscan  species  of  the  Sagara  Faunule.  1a,  b.  Nipponolimopsis  sp.  cf.  N.  azumana  (Yo- 
koyama),  left  valve,  ESN  no.  2613,  x  2.  2a,  b.  Crenulilimopsis  sp.  cf.  C.  oblonga  (A.  Adams),  right  valve,  ESN  no.  2614,  \  2. 
3.  Acila  divaricata  submirabilis  (Makiyama),  left  valve,  ESN  no.  2615,  x  2.  4a,  b,  8.  Glycymeris  izumoensis  Matsukuma  and 
Okamoto.  4:  right  valve,  ESN  no.  2616,  X1.5,  8:  right  valve,  ESN  no.  2617,  x1.5.  5a,  b,  6,  7.  Glycymeris  idensis  Kanno. 

5:  left  valve,  ESN  no.  2618,  X1.5,  6:  right  valve,  ESN  no.  2619,  X1.5,  7:  left  valve,  ESN  no.  2620,  \1.5.  9,10.  Nippono- 
crassatella nana  (A.Adams  and  Reeve).  9:  right  valve,  ESN  no.  2621,  x1.5,  10:  left  valve,  ESN  no.  2622,  xl.5.  Tl. 

Megacardita  ferruginosa  (A.Adams  and  Reeve),  right  valve,  ESN  no.  2623,  x1.5.  12.  Callista  chinensis  (Holten),  left  valve, 
ESN  no.  2624,  X1.5.  13,14.  Anisocorbula  venusta  (Gould).  13:  right  valve,  ESN  no.  2625,  x2,  14:  right  valve,  ESN  no. 
2626,  x2.  15.  Cuspidaria  sp.  cf.  C.  nobilis  A.  Adams,  left  valve,  ESN  no.  2627,  x1.5.  16.  Laevicardium  sp.,  left  valve,  ESN 
no.  2628,  x2.  17a,  b.  Otukaia  sp.  17a:  apical  view,  17b:  aperturral  view,  ESN  no.  2629,  \2.  18.  Solariella  sp.,  upper 
side  view,  ESN  no.  2630,  x2.  19a,  b.  Solariella  (Machaeroplax)  sp.  19a:  apertural  view,  19b:  basal  view,  ESN  no.  2631, 
x  2.  20a,  b.  Neverita  coticazae  (Makiyama).  20a  :  adapertural  view,  20b  :  apertural  view,  ESN  no.  2632.  x  2.  21a.  b. 
Primovula  sp.  cf.  P.  rhodia  (A.  Adams).  21a  :  ventral  view,  21b  :  dorsal  view,  ESN  no.  2633,  \  2.  22.  Capulus  ?  sp.,  dorsal 
view,  ESN  no.  2634,  x  2.  23.  Olivella  fulgurata  (A.  Adams  and  Reeve),  apertural  view,  ESN  no.  2635,  x  2.  24.  Siphonalia 
sp.,  adapertural  view,  ESN  no.  2636,  x  2.  25a,  b.  Phos  miyagiensic  Masuda  and  Takegawa.  25a  :  apertural  view,  25b  : 
adapertural  view,  ESN  no.  2637,  x  2.  26, 27.  Phalium  yokoyamai  Nomura  and  Hatai.  26  :  adapertural  view,  ESN  no. 
2638,  X1.5,  27:  adapertural  view,  ESN  no.  2639,  x1.5.  28.  Conus  (Endemoconus)  sp.  cf.  C.  (E.)  sieboldi  Reeve,  lateral 
view,  ESN  no.  2640,  x1.5.  29a,  b.  Conus  (Chelyconus)  tokunagai  Otuka.  29a:  apical  view,  29b:  adapertural  view,  ESN 
no.  2641,  x1.5.    30.  Antalis  weinkauffi  (L  mker),  ESN  no.  2642,  x1.5. 
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Glycymeris  idensis  Kanno,  1956 

Figures  5-5a,  b,  6,  7 

Glycymeris  idensis  Kanno,  1956,  p.  267,  268,  pi.  38,  figs.  1-5; 
Masuda  and  Takegawa,  1965,  pi.  1,  figs.  2, 3  ;  Mizuno,  Sumi 
and  Yamaguchi,  1969,  pi.  28,  fig.  10. 

Glycymeris  (Glycymeris)  idensis  Kanno.    Amano,  1983,  p.  41,  pi. 

2,  fig.  7  ;  Amano,  1986,   p.  193-195,   pi.  18,   figs.  1a-2b,   4  ; 
Honda,  1988,  p.  359,  pi.  1,  figs.  7-9. 

Type.— Holotype  (Institute  of  Geoscience,  University  of 
Tsukuba,  Reg.  no.  TKD  5536;  Kanno,  1956,  pi.  38,  figs.  1a,  b) 
from  the  Middle  Miocene  Yoshigasawa  Formation,  Miyagi 
Prefecture,  Northeast  Japan. 

Materials.— Three  illustrated  specimens  (ESN  nos.  2618, 
2619,  and  2620)  and  more  than  twenty  poorly  preserved 

specimens. 

Description— The  shells  are  solid,  small  (less  than  28  mm 
in  length),  longer  than  high,  and  moderately  convex.  They 

are  equilateral  and  equivalve.  The  shell  shape  is  subcir- 
cular  to  suboval.  The  beak  is  prominent  and  placed  at 
nearly  the  midpoint  of  the  dorsal  margin.  The  outer  surface 
is  ornamented  with  rather  obscure  radial  striae  which  are 

effeced  near  the  anterior  and  posterior  margins.  The  radial 
striae  are  crossed  by  wrinkled  and  fine  concentric  growth 
lines.  The  inner  ventral  margin  is  crenulated.  The 
ligamental  area  is  unknown  owing  to  the  poor  preservation. 
The  hinge  teeth  are  strong  and  become  smaller  towards  the 
middle.  Nine  to  ten  hinge  teeth  are  radially  arranged  in  the 
anterior  and  posterior  series,  respectively. 

Dimensions  (in  mm).— 
Specimens Height Length Thickness Valve 

ESN  no.  2618 
ESN  no.  2619 
ESN  no.  2620 

25.6 

13.0 
18.9 

27.4 
14.9 6.1 3.2 

5.2 

left 

right 
left 

Distribution— The  Middle  to  Upper  Miocene  in  Central  to 
North  Japan.  Middle  Miocene  :  Atsunai  Formation  in  Hok- 

kaido (Mizuno,  Sumi  and  Yamaguchi,  1969  ;  Honda,  1988), 
Togeshita  Formation  in  Hokkaido  (Amano,  1983),  Ishiizawa 
Formation  in  Hokkaido  (Amano,  1986),  Yoshigasawa  Forma- 

tion in  Miyagi  Prefecture  (Kanno,  1956),  Sugegaya  Formation 
in  Shizuoka  Prefecture  (present  study).  Upper  Miocene: 
Kanagase  Formation  in  Miyagi  Prefecture  (Masuda  and 
Takegawa,  1965) 

Glycymeris  izumoensis  Matsukuma 
and  Okamoto,  1986 

Figures  5-4a,  b,  8 

Glycymeris  (Glycymeris)  izumoensis  Matsukuma  and  Okamoto, 
1986,  p.  95,  96,  figs.  2A-C. 

Type—  Holotype  (Department  of  Zoology,  National  Sci- 
ence Museum,  Tokyo,  Reg.  no.  NSMT-Mo61507  ;  Matsu- 
kuma and  Okamoto,  1986,  fig.  2C)  from  the  Miocene  Fujina 

Formation,  Shimane  Prefecture. 

Species  diagnosis— see  Matsukuma  ano  Okamoto  (1986, 

p.  96). 
Materials— Two  illustrated  specimens  (ESN  nos. 2616, 2617). 

Description  .—The  shells  are  solid,  small  to  moderate  in 
size,  compressed  to  moderately  inflated,  higher  than  long, 
and  subequilateral  equivalve.  The  shell  shape  is  subtrigonal 
to  oval.  Both  dorsal  margins  are  almost  straight.  The 

posterior  dorsal  margin  is  more  or  less  shorter  than  the 
anterior  one.  The  anterior  and  ventral  margins  are  gently 
rounded.  The  posterior  margin  is  weakly  angulated.  An 
obtuse  ridge  runs  from  the  beak  to  the  posterior  angulation. 
The  outer  surface  is  ornamented  with  regularly  spaced 
periostracal  radial  striae.  The  beak  is  high,  pointed,  situated 
near  midpoint  of  dorsal  margin,  and  slightly  opisthogyrate. 

The  ligamental  area  is  small  trigonal,  inequilateral  and  in- 
cised with  narrow  grooves.  Nine  to  ten  hinge  teeth  are 

arranged  substraightly  in  the  anterior  and  posterior  series, 

respectively.  The  inner  ventral  margin  is  coarsely  crenulat- 
ed. 

Dimensions  (in  mm).— 
Specimens            Height Length 

Thickness Valve 

ESN  no.  2616            15.0 

ESN  no.  2617            26.0 
13.6 
27.3 

5.0 
5.6 

right right 

Remarks.— The  specimens  have  shell  characteristics  near- 
ly identical  with  the  type  specimens  of  Glycymeris  izumo- 

ensis from  the  Fujina  Formation. 

Distribution.— This  species  is  known  only  from  the  Middle 
Miocene  of  Japan  ;  the  middle  Middle  Miocene  Fujina 
Formation  in  Shimane  Prefecture  (Matsukuma  and  Okamoto, 

1986)  and  the  upper  Middle  Miocene  Sugegaya  Formation 
(present  study). 

Family  Limopsidae  Dall,  1895 
Genus  Crenulilimopsis  Kuroda  and  Habe,  1971 

Crenulilimopsis  sp.  cf.  C.  oblonga 
(A.  Adams,  1860) 

Figures  5-2a,  b 

Descriptive  remarks— The  shells  are  small  and  inflated. 
The  outer  surface  is  ornamented  with  fine  concentric  growth 
lines  and  obscure  radial  sculpture.  The  inner  ventral  margin 
is  finely  crenulated.  These  shell  features  are  close  to  those 

of  Crenulilimopsis  oblonga  living  in  the  adjacent  Sea  of 

Japan  (at  depths  of  50-2,000  m  ;  Habe,  1977). 

Genus  Nipponolimopsis  Habe,1951 

Nipponolimopsis  sp.  cf.  N.  azumana 
(Yokoyama,  1910) 

Figures  5-1a,  b 

Descriptive  remarks— More  than  nine  specimens  were 
examined.  The  illustrated  specimen  has  a  small  and 
subtriangular  shell  which  elongates  posteriorly.  The 
posterodorsal  margin  is  nearly  straight.    The  beak  is  anter- 
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iorly  placed.  The  outer  surface  is  ornamented  with  distinct 

and  wavy  concentric  lines.  The  radial  striae  are  recognized 

on  the  anterior  outer  surface.  Five  to  six  hinge  teeth  are 

arranged  substraightly  in  the  anterior  and  posterior  series, 

respectively.  Nipponolimopsis  azumana  which  lives  in 

Sagami  Bay,  central  Japan,  is  distinguishable  from  the 

present  species  in  having  a  more  rounded  shell. 

Dimensions  (in  mm).— Length  7.4,  height  7.3  (ESN  no.  2613) 

Order  Veneroida  H.  and  A.  Adams,  1856 

Family  Carditidae  Fleming,  1820 

Genus  Megacardita  Sacco,  1899 

Megacardita  ferruginosa  (A.  Adams 
and  Reeve,  1850) 

Figure  5-11 

Cardita  ferruginosa  A.  Adams  and  Reeve,  1850,  p.  76,  pi.  21,  fig.  29 

(non  vidi). 

Venericardia  kiiensis  Sowerby,  1913,  p.  238,  pi.  3,  fig.  14  (fide 
Kuroda,  Habe  and  Oyama,  1971). 

Venericardia  cipangoana  Yokoyama,  1920,  p.  137-139,  pi.  11,  figs. 
2a-c;  Yokoyama,  1922,  p.  162,  pi.  13,  fig.  4;  Yokoyama, 

1928,  p.  86,  87,  pi.  9,  figs.  3-5. 
Venericardia  (Megacardita)  kiiensis  cipangoana  Yokoyama.  Taki 

and  Oyama,  1954,  p.  38,  pi.  12,  fig.  2.  pi.  33,  fig.  4. 
Venericardia  (Megacardita)  ferruginosa  (A.  Adams  and  Reeve). 

Uozumi,  1953,  p.  329,  pi.  21,  figs.  165,  165a;  Ozaki,  Fukuta 
and  Ando,  1954,  p.  170,  pi.  31,  fig.  34  ;  Shuto,  1957,  p.  86,  pi. 

22,  fig.  13  ;  Hayasaka,  1973,  pi.  6,  fig.  6  ;  Oyama,  1973,  p.  91, 
pi.  37,  figs.  7, 11  ;  Matsuura,  1985,  pi.  35,  fig.  16. 

Megacardita  ferruginosa  (A.  Adams  and  Reeve).  Kuroda,  Habe, 

Oyama,  1971,  p.  602,  pi.  87,  fig.  5,  p.  386  ;  Habe,  1977,  p.  157, 

pi.  29,  figs.  7,  8  ;  Kobayashi,  1986,  pi.  21,  fig.  16  ;  Kobayashi, 

Yahata,  Sugimoto  and  lyoda,  1986,  pi.  15,  fig.  21  ;  Yoon,  1988, 

pi.  1,  figs.  38,  39  ;  Mizuno  and  Amano,  1988,  pi.  16,  figs.  3,  4  ; 

Amano  and  Kanno,  1991,  figs.  5-11. 

Venericardia  ferruginosa  (A.  Adams  and  Reeve).  O'Hara  and  Ito, 
1980,  pi.  16,  fig.  3  ;  Baba,  1990,  p.  273,  pi.  32,  fig.  3. 

Descriptive  remarks.— More  than  twenty  specimens  were 
obtained.  The  shells  are  solid,  convex,  rectangularly  ovate 

in  shape.  The  anterodorsal  margin  is  short  and  steeply 

inclined,  while  the  posterodorsal  margin  is  long  and  slightly 

convex.  The  posterior  end  is  obliquely  truncated.  The 

outer  surface  is  ornamented  with  round-topped,  14-15  radial 
ribs.  Interspaces  between  the  ribs  are  shallow  and  form  a 

wavy  cross- section.  These  shell  characters  are  identical 
with  those  of  M.  ferruginosa.  M.  granulicostata  differs  from 

this  species  in  having  granules  on  radial  ribs.  M.  panda  has 

deeper  interspaces  than  this  species. 

Dimensions  (in  mm).— Length  18.2,  height  15.6  (ESN  no. 
2623) 

Distribution.— Upper  Middle  Miocene:  Sugegaya  Forma- 
tion in  Shizuoka  Prefecture  (present  study).  Upper 

Miocene  :  Senhata  Formation  in  Chiba  Prefecture  (O'Hara 
and  Ito,  1980),  Tano  Formation  in  Miyazaki  Prefecture  (Shuto, 

1957).  Pliocene:  Setana  Formation  in  Hokkaido  (Uozumi, 

1953),  Nadachi  Formation  in  Niigata  Prefecture  (Amano  and 

Kanno,  1991),  Kota  Formation  in  Niigata  Prefecture  (Mizuno 

and  Amano,  1988),  Seoguipo  Formation  in  South  Korea 

(Yoon,  1988),  "Byoritz  Beds"  in  Formosa  (Yokoyama,  1928). 
Pliocene  to  Lower  Pleistocene  :  Haizume  and  Sawane  For- 

mations in  Niigata  Prefecture  (Kobayashi,  1986  ;  Kobayashi, 

Yahata,  Sugimoto  and  lyoda,  1986),  Junicho  Formation  in 

Toyama  Prefecture  (Matsuura,  1985),  Tajima  Formation  in 

Kagoshima  Prefecture  (Hayasaka,  1973).  Upper  Pliocene  to 

Middle  Pleistocene  :  Naganuma  Formation  in  Kanagawa 

Prefecture  (Yokoyama,  1920;  Taki  and  Oyama,  1954; 

Oyama,  1973),  Kazusa  Group  in  Chiba,  Tokyo  and  Kanagawa 

Prefectures  (Baba,  1990).  Middle  to  Upper  Pleistocene  : 

Shimosa  Group  in  Chiba  Prefecture  (Yokoyama,  1922  ; 

Uozumi,  1953  ;  Taki  and  Oyama,  1954  ;  Oyama,  1973  ;  Baba, 

1990),  Tokyo  Formation  in  Tokyo  (Ozaki,  Fukuda  and  Ando, 

1954).  Living  :  The  Western  Pacific  off  the  southern  Boso 

Peninsula  and  the  Japan  Sea  off  the  Noto  Peninsula  of 

Japan  (at  depths  of  10-100  m  ;  Habe,  1977). 

Family  Crassatellidae  Ferussac,  1822 

Genus  Nipponocrassatella  Kuroda 
and  Habe,  1971 

Nipponocrassatella  nana  (A.  Adams  and  Reeve,  1850) 

Figures  5-9, 10 

Crassatella  nana  A.  Adams  and  Reeve,  1850,  p.  81, 82,  pi.  23,  fig. 

2   (non    vidi);  Yokoyama,   1922,    p.  164, 165,    pi.  13,   fig. 8; 

Yokoyama,  1927,  p.  434,  pi.  49,  fig.  11  ;  Baba,  1990,  p.  276, 

pi.  32,  fig.  12. 
Crassatella  loebbeckei  Kobelt,  1886,  p.  18,  pi.  2,  fig.  6,  pi.  5,  fig.  5 

(fide  Nomura,  1933)  ;  Yokoyama,  1931,  p.  7  (fide  Nomura, 1933). 

Crassatella  heteroglypta  Pilsbry.    Yokoyama,  1920,  p.  141, 142,  pi. 

11,  figs.  10, 11. 
Crassatellites  nanus  (A.  Adams  and  Reeve).    Otuka,  1935,  p.  889, 

pi.  56,  figs.  146, 147  ;  Nomura  and  Hatai,  1936,  p.  122, 123,  pi. 

14,  figs.  5,  6  ;  Nomura  and  Zinbo,  1936,  p.  239,  pi.  11,  figs.  6a, 

b  ;  Takayasu,  1986,  pi.  62,  fig.  12. 
Crassatellites  (Crassatellites)  nanus  (A.  Adams  and  Reeve).    Taki 

and  Oyama,  1954,  p.  38,  pi.  12,  figs.  10, 11,  pi.  33,  fig.  8,  pi.  46, 

fig.  11  ;  Tanaka,  1961,  p.  71,  pi.  1,  figs.  16, 17  ;  Hayasaka,  1961, 

p.  36,  pi.  3,  figs.  3a,  b. 
Crassatellites    (Eucrassatella)    nana    (A.  Adams    and    Reeve). 

Oyama,  1973,  p.  90,  pi.  37,  figs.  5, 8-10. 
Crassatella   (Nipponocrassatella)  nana   (A.  Adams  and   Reeve). 

Matsuura,  1985,  pi.  32,  fig.  24. 

Nipponocrassatella  nana  (A.  Adams  and  Reeve).    Yoon,  1988,  pi. 

1,  figs.  22,  23  ;  Masuda  and  Huang,  1994,  pi.  1,  fig.  19. 

Eucrassatella  (Nipponocrassatella)  nanus  (A.  Adams  and  Reeve). 

Noda,  1991,  p.  25, 27,  figs.  11-1a,  b,  4a,  b. 

Descriptive  remarks.— Ten  small  specimens  were 
examined.  The  shells  are  solid,  compressed,  trigonally 

ovate,  shortly  rostrate  and  truncated  posteriorly.  The  sur- 
face is  ornamented  with  concentric  ribs.  The  trigonal  shell 

shape  and  concentric  ribs  of  the  specimens  are  diagnostic 

features  of  Nipponocrassatella  nana. 

Dimensions  (in  mm).— Length  18.9,  height  more  than  15.3 

(lacking  posterior  corner)  (ESN  no.  2621)  ;  length  12.3,  height 
11.2  (ESN  no.  2622). 
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Known  distribution— MM\e  Miocene:  Moriya  Formation 
in  Nagano  Prefecture  (Tanaka,  1961).  Upper  Middle 

Miocene:  Sugegaya  Formation  in  Shizuoka  Prefecture  (pre- 
sent study).  Upper  Miocene:  Kubota  Formation  in  Fuku- 

shima  Prefecture  (Nomura  and  Hatai,  1936).  Pliocene: 
Nakoshi  Formation  in  Okinawa  Prefecture  (Nomura  and 
Zinbo,  1936),  Yonabaru  Formation  in  Okinawa  Prefecture 
(Noda,  1991),  Seoguipo  Formation  in  South  Korea  (Yoon, 
1988),  Chinsui  Formation  in  Formosa  (Masuda  and  Huang, 
1994).  Lower  to  Middle  Pleistocene  :  Shibikawa  Formation 
in  Akita  Prefecture  (Takayasu,  1986),  Narita  Formation  in 
Chiba  Prefecture  (Yokoyama,  1922  ;  Taki  and  Oyama,  1954  ; 

Oyama,  1973  ;  Baba,  1990),  Tokyo  Formation  in  Tokyo  (Yo- 
koyama, 1927),  Naganuma  Formation  in  Kanagawa  Prefec- 

ture (Yokoyama,  1920;  Taki  and  Oyama,  1954;  Oyama, 
1973;  Baba,  1990),  Tahara  Formation  in  Aichi  Prefecture 
(Hayasaka,  1961).  Upper  Pleistocene  :  Hiradoko  Shell  Beds 
in  Ishikawa  Prefecture  (Otuka,  1935),  Tarayama  Shell  Bed  in 
Ishikawa  Prefecture  (Matsuura,  1985).  Living  :  South  China 
Sea  and  the  adjacent  Sea  of  Japan  up  to  the  Boso  Peninsula 
on  the  Pacific  side  and  Oga  Peninsula  on  the  Japan  Sea  side 
(intertidal  to  100  m  in  depth  ;  Habe,  1977). 

Family  Veneridae  Rafinesque,  1815 
Genus  Callista  Poli,  1791 

Callista  chinensis  (Holten,  1803) 

Figure  5-12 
Venus  chinensis  Holten,  1803,  p.  20  (non  vidi). 
Venus  pacifica  Dillwyn,  1817,  p.  175  {fide  Kuroda,  Habe  and 

Oyama,  1971). 
Cytherea  sinensis  Sowerby,  1855,  p.  624,  pi.  131,  figs.  80, 81  (fide 

Kuroda,  Habe  and  Oyama,  1971). 
Chione  roscida  Gould,  1861,  p.  31  (fide  Kuroda,  Habe  and  Oyama, 

1971)  ;  Johnson,  1964,  p.  141,  pi.  29,  fig.  5. 
Callista  pacifica  (Dillwyn).    Otuka,  1935,  p.  895,  pi.  56,  fig.  181. 
Callista  chinensis  (Holten).  Ozaki,  Fukuta  and  Ando,  1954,  p.  171, 

pi.  31,  fig.  32  ;  Kuroda,  Habe  and  Oyama,  1971,  p.  644,  pi.  90, 
fig.  9,  p.  417  ;  Oyama,  1973,  p.  101,  pi.  45,  figs.  1,  2  ;  Ta- 

kayasu, 1986,  pi.  23,  fig.  20,  pi.  64,  fig.  15. 
Callista  (Callista)  chinensis  (Holten).  Taki  and  Oyama,  1954,  p. 

43,  pi.  9,  figs.  9, 10  ;  Shuto,  1960,  p.  131,  pi.  13,  fig.  2  ;  Tana- 
ka, 1961,  p.  75,  pi.  1,  figs.  32,  33  ;  Hayasaka,  1961,  p.  43,  pi.  4, 

figs.  10a,  b  ;  Kaseno  and  Matsuura,  1965,  pi.  14,  fig.  2  ; 
Hayasaka,  1973,  pi.  6,  fig.  8  ;  Habe,  1977,  p.  269,  pi.  56,  fig. 
2  ;  Aoki  and  Baba,  1980,  fig.  18-18  ;  Ogasawara,  1981,  pi.  1, 
fig.  3;  Itoigawa,  Shibata,  Nishimoto  and  Okumura,  1981,  pi. 
16,  fig.  3  ;  Matsuura,  1985,  pi.  32,  fig.  28,  pi.  39,  fig.  10,  pi.  42, 
fig.  9  ;  Okumura  and  Takei,  1993,  pi.  39,  fig.  9  ;  Noda,  Kiku- 
chi  and  Nikaido,  1993,  p.  163, 164,  figs.  21-11a,  b. 

Callista  sp.  cf.  Callista  chinensis  (Holten).  Shibata  in  Itoigawa, 
Shibata  and  Nishimoto,  1974,  p.  85,  pi.  22,  fig.4. 

Descriptive  remarks— Only  one  specimen  was  obtained. 
The  outer  surface  is  smooth  except  for  concentric  ribs  in  a 
ventral  part. 

Dimensions  (in  mm).— Length  25.0,  height  17.8  (ESN  no. 
2624). 

Distribution— Many  fossil  records  have  been  reported  from 

the  Lower  Miocene  to  the  Quaternary  of  Japan.  This 

species  now  lives  in  the  coastal  waters  of  Japan,  Formosa, 
and  South  China.  The  northernmost  limit  of  distribution  is 
the  Boso  Peninsula  on  the  Pacific  side  (Habe,  1977). 

Order  Myoida  Stoliczka,  1870 
Family  Corbulidae  Lamarck,  1818 
Genus  Anisocorbula  Iredale,  1930 

Anisocorbula  venusta  (Gould,  1861) 

Figures  5-13, 14 
Corbula  venusta  Gould,  1861,  p.  25  (non  vidi)  ;  Gould,  1862,  p.  164 

(fide  Oyama,  1973)  ;  Tokunaga,  1906,  p.  39,  pi.  2,  fig.  22a-b'  ; 
Yokoyama,  1920,  p.  107,  108,  pi.  7,  figs.  4a-6. 

Caryocorbula  (Anisocorbula)  venusta  (Gould).  Taki  and  Oyama 

1954,  p.  49,  pi.  8,  figs.  4-6  ;  Oyama,  1973,  p.  116,  pi.  55,  fig. 
5  ;  Matsuura,  1985,  pi.  39,  fig.  14,  pi.  41,  fig.  16. 

Anisocorbula  venusta  (Gould).    Ozaki,  1958,  p.  135,  pi.  22,  figs.  16, 
17  ;  Hayasaka,  1961,  p.  63,  pi.  5,  figs.  7a,  b,  pi.  6,  figs.  8a,  b  ; 
Matsushima,  1969,  pi.  11,  fig.  14  ;  Kuroda,  Habe  and  Oyama, 
1971,  p.  707,  pi.  102,  fig.  15,  p.  465  ;  Itoigawa  and  Ogawa, 

1973,  pi.  5,  fig.  9  ;  Itoigawa  in  Itoigawa,  Shibata  and  Ni- 
shimoto, 1974,  p.  103,  pi.  32,  figs.  7a-8b  ;  Habe,  1977,  p.  282, 

pi.  59,  fig.  9  ;  Itoigawa,  Shibata,  Nishimoto  and  Okumura, 

1981,  pi.  21,  figs.  3a-4b  ;  Yasui  and  Kobayashi,  1985,  pi.  1,  fig. 
10  ;  Kobayashi,  Yahata,  Sugimoto  and  lyoda,  1986,  pi.  16,  fig. 

6  ;  Takayasu,  1986,  pi.  39,  figs.  16a-c,  pi.  55,  figs.  10a-b,  pi. 
56,  figs.  15, 16a-b,  pi.  66,  figs.  2,  8a-9b  ;  Yoon,  1988,  pi.  1,  fig. 
11. 

Descriptive  remarks.— More  than  ten  specimens  were 
obtained.  The  slightly  convex  posterodorsal  margin  and 
fine  concentric  sculpture  on  the  outer  surface  are  identical 
with  those  of  Anisocorbula  venusta. 

Dimensions  (in  mm).— Length  7.9,  height  5.1  (ESN  no. 
2625)  ;  length  7.5,  height  5.0  (ESN  no.  2626) 

Distribution.— Upper  Lower  to  lower  Middle  Miocene  : 
Akeyo  and  Oidawara  Formations  in  Gifu  Prefecture  (Itoigawa 
in  Itoigawa,  Shibata  and  Nishimoto,  1974  ;  Itoigawa,  Shibata, 
Nishimoto  and  Okumura,  1981).  Upper  Middle  Miocene  : 
Sugegaya  Formation  in  Shizuoka  Prefecture  (present  study). 
Pliocene  :  Annogawa  Formation  in  Niigata  Prefecture  (Yasui 
and  Kobayashi,  1985),  Seoguipo  Formation  in  South  Korea 
(Yoon,  1988).  Upper  Pliocene  to  Lower  Pleistocene  :  Sasa- 
oka,  Shibikawa  and  Nakazawa  Formations  in  Akita  Prefec- 

ture (Takayasu,  1986),  Haizume  Formation  in  Niigata  Prefec- 
ture (Kobayashi,  Yahata,  Sugimoto  and  lyoda,  1986),  Zukawa 

Formation  in  Toyama  Prefecture,  Suginoya  Formation  in 
Ishikawa  Prefecture  (Matsuura,  1985).  Middle  Pleistocene  : 
Katori  Formation  in  Chiba  Prefecture  (Ozaki,  1958),  Tahara 
Formation  in  Aichi  Prefecture  (Hayasaka,  1961),  Sakishima 
Formation  in  Mie  Prefecture  (Itoigawa  and  Ogawa,  1973). 
Upper  Pleistocene  :  Tokyo  Formation  in  Tokyo  (Tokunaga. 
1906).  Holocene  :  Sakuragicho  Formation  in  Kanagawa 
Prefecture  (Matsushima,  1969).  Living:  From  South  Hok- 

kaido to  Kyushu  and  South  Korea  (intertidal  to  200  m  in 
depth  ;  Habe,  1977). 
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Class  Gastropoda  Cuvier,  1795 
Order  Archaeogastropoda  Thiele,  1925 

Family  Trochidae  Rafinesque,  1815 
Genus  Otukaia  Ikebe,  1942 

Otukaia  sp. 

Figures  5-17a,  b 

Descriptive  remarks— Two  specimens  were  obtained. 
The  apical  part  is  missing.  The  shells  are  small  and  conical. 
Three  spiral  keels  are  on  the  body  whorls.  One  is  situated 
just  below  the  suture  and  the  others  on  the  periphery.  The 
base  is  abraded,  but  spiral  cords  with  narrow  interstices  are 
recognized.  These  specimens  resemble  the  young  stage  of 
Otukaia  kiheiziebisu,  but  the  species  identification  is  difficult 
owing  to  the  poor  preservation. 

Genus  Solariella  Wood,  1842 

Solariella  sp. 

Figure  5-18 

Descriptive  remarks.— Two  poorly  preserved  specimens 
were  examined.  The  shells  are  small,  low-spired  and  coni- 

cal. Each  whorl  is  rounded  and  ornamented  with  beaded 

spiral  cords.  The  aperture  is  circular.  The  umbilicus  is  open 
and  bounded  by  a  beaded  spiral  rib.  The  conchological 
profile  agrees  well  with  Solariella  (si). 

Subgenus  Machaeroplax  Friele,  1877 

Solariella  (Machaeroplax)  sp. 

Figures  5-19a,  b 

Descriptive  remarks.— Eight  poorly  preserved  specimens 
were  obtained.  The  shells  are  small  (7-8  mm  in  height), 
relatively  high-spired,  and  conical.  The  whorls  have  a 
narrow  flat  area  just  below  the  deep  suture.  The  outer 
surface  of  the  whorls  is  iridescent  and  ornamented  with  four 

beaded  spiral  cords.  The  base  is  also  ornamented  with 

many  beaded  cords.  The  umbilicus  is  open.  These  speci- 
mens resemble  Machaeroplax  delicatus,  but  the  latter 

species  has  remarkable  growth  lines. 

Order  Mesogastropoda  Thiele,  1925 
Family  Capulidae  Fleming,  1822 
Genus  Capulus  Montfort,  1810 

Capulus  ?  sp. 

Figure  5-22 

Descriptive  remarks.— Only  one  specimen  was  obtained. 
The  shell  is  small,  cap-shaped,  and  nearly  symmetrical. 
The  apex  is  posteriorly  situated.  The  outer  surface  is 
smooth.  The  inner  surface  cannot  be  observed.  This 

specimen  also  resembles  Crepidula,  but  the  genus  has  an 
apex  strongly  curved  to  the  right  side. 

Family  Naticidae  Gray,  1840 
Genus  Neverita  Risso,  1826 

Neverita  coticazae  (Makiyama,  1926) 

Figures  5-20a,  b 

Polinices  (Neverita)  coticazae  Makiyama,  1926,  p.  150,  pi.  12,  fig. 

8  ;  Nomura,  1939,  p.  255,  pi.  13,  figs.  13a-14b. 
Neverita  coticazae  (Makiyama).     Kamada,  1962,  p.  157,  pi.  18, 

figs.  21a- 22  ;  Masuda  and  Takegawa,  1965,  pi.  2,  fig.  21  ; 
Masuda,  1967,  p.  5,  pi.  1,  figs.  25a-26b  ;  Kotaka  and  Noda, 
1967,  pi.  1,  figs.  13,  16  ;  Itoigawa  in  Itoigawa,  Shibata  and 
Nishimoto,  1974,  p.  148,  pi.  45,  figs.  5,  10a,  b  ;  Taguchi,  Ono 
and  Okamoto,  1979,  pi.  4,  figs.  4,  5. 

Polinices  coticazae  Makiyama.    Kanno  and  Ogawa,  1964,  pi.  2, 

fig.  12. Neverita  (Glossaulax)  coticazae  (Makiyama).    Itoigawa,  Shibata, 

Nishimoto  and  Okumura,  1981,  pi.  34,  figs.  2a-b. 

Descriptive  remarks.— One  illustrated  specimen  (ESN  no. 
2632)  and  more  than  four  poorly  preserved  specimens  were 
examined.  The  shell  is  small  and  globular.  Most  of  the 
shells  are  abraded,  but  in  the  illustrated  specimen  the 

appressed  suture  is  preserved.  The  surface  is  smooth. 
The  umbilical  calus  is  transversely  grooved. 

Dimensions  (in  mm).— Height  10.9,  diameter  11.5  (ESN  no. 2632) 

Distribution.— Upper  Lower  to  lower  Middle  Miocene  : 
Takinoue  Formation  in  Hokkaido  (Kanno  and  Ogawa,  1964), 
Kozai  Formation  in  Miyagi  Prefecture  (Nomura,  1939),  Akeyo 
and  Oidawara  Formations  in  Gifu  Prefecture  (Itoigawa  in 
Itoigawa,  Shibata  and  Nishimoto,  1974;  Itoigawa,  Shibata, 

Nishimoto  and  Okumura,  1981),  Higashi-lnnai  Formation  in 

Ishikawa  Prefecture  (Masuda,  1967),  "lower  formation"  of 
Bihoku  Group  in  Okayama  Prefecture  (Taguchi,  Ono,  and 

Okamoto,  1979),  Mankodo  Formation  in  North  Korea  (Ma- 

kiyama, 1926).  Upper  Middle  Miocene:  Kokozura  Forma- 
tion in  Ibaragi  Prefecture  (Kamada,  1962),  Sugegaya  Forma- 
tion in  Shizuoka  Prefecture  (present  study).  Middle  to  Upper 

Miocene  :  Ogawara  Formation  in  Aomori  Prefecture  (Kotaka 
and  Noda,  1967),  Kanagase  Formation  in  Miyagi  Prefecture 
(Masuda  and  Takegawa,  1965). 

Family  Cassididae  Latreille,  1825 
Genus  Phalium  Link,  1807 

Phalium  yokoyamai  Nomura  and  Hatai,  1933 

Figures  5-26,27 

Galeodea  (Sconsia)  japonica  Yokoyama,  1923a,  p.  3,  pi.  1,  figs.  4a, 
b  ;  Yokoyama,  1923b,  p.  11  ;  Yokoyama,  1923c,  p.  11,  pi.  1,  fig. 
10  ;  Yokoyama,  1926a,  p.  240  ;  Yokoyama,  1926b,  p.  342. 

Tonna  japonica  (Yokoyama).  Makiyama,  1927,  p.  73,  not  Tonna 
japonica  (Dunker). 

Phalium  yokoyamai  Nomura  and  Hatai,  1933,  p.  50,  pi.  8,  figs.  1, 1a, 
3,  7,  new  name  for  Galeodea  japonica  Yokoyama  ;  Otuka, 
1936,  p.  442,  pi.  30,  fig.  4  ;  Otuka,  1937,  p.  170. 

Shichiheia  yokoyamai  (Nomura  and  Hatai).  Hatai  and  Nisiyama, 
1949,  p.  93,  94,  pi.  23,  figs.  14, 15. 

Doliocassis  japonica  (Yokoyama).    Kamada,  1962,  p.  162, 163,  pi. 
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19,  figs.  9, 10  ;  Suehiro,  1979,  p.  90,  91,  pi.  16,  figs.  3a-4b. 
Liracassis  yokoyamai  (Nomura  and  Hatai).    Moore,  1963,  p.  30. 

Phalium   (Mauicassis)  yokoyamai  Nomura  and   Hatai.    Abbott, 

1968,  p.  120,  pi.  99,  figs.  3-7. 

Descriptive  remarks— S\x  immature  specimens  of  P.  yo- 
koyamai were  obtained.  Illustrated  specimens  lack  an 

apical  part,  outer  lip,  and  siphonal  canal.  The  whorls  bear 

rounded  shoulder.  Twelve  spiral  cords  are  recognized  on 

the  body  whorl  with  fine  striae  in  the  interspaces.  The  spiral 

cords  that  cross  axial  threads  become  tubercular,  especially 
at  the  shoulder. 

Distribution— Upper  Lower  Miocene:  Shirado  Formation 

in  Fukushima  Prefecture  (Otuka,  1937).  Lower  Middle 

Miocene:  Sugota  Formation  in  Akita  Prefecture  (Otuka, 

1936  ;  Moore,  1963),  Susahara  Formation  in  Toyama  Prefec- 

ture (Hatai  and  Nisiyama  1949).  Middle  Middle  Miocene  : 

Fujina  Formation  in  Shimane  Prefecture  (Yokoyama,  1923a  ; 

Nomura  and  Hatai,  1933  ;  Moore,  1963  ;  Suehiro,  1979). 

Upper  Middle  Miocene:  Kokozura  Formation  in  Ibaragi 

Prefecture  (Yokoyama,  1923c;  Kamada,  1962),  Sugegaya 
Formation  in  Shizuoka  Prefecture  (present  study).  Upper 

Upper  Miocene  to  Lower  Pliocene  :  Embetsu  Formation  in 

Hokkaido  (Yokoyama,  1926a).  Upper  Pliocene  :  Kakegawa 

Group  in  Shizuoka  Prefecture  (Yokoyama,  1923b,  1926b; 
Makiyama,  1927). 

Order  Neogastropoda  Thiele,  1929 
Family  Buccinidae  Rafinesque,  1815 
Genus  Siphonalia  A.  Adams,  1863 

Siphonalia  sp. 

Figure  5-24 

Descriptive  remarks.— Two  specimens  that  preserved  only 
body  whorls  were  obtained.  They  resemble  the  body  whorls 
of  Siphonalia  declivis  in  the  form  and  ornamentation.  We 

have  postponed  the  species  identification  until  well-preserv- 
ed specimens  are  available. 

Genus  Phos  Montfort,  1810 

Phos  miyagiensis  Masuda  and  Takegawa,  1965 

Figures  5-25a,  b 

Phos  miyagiensis  Masuda  and  Takegawa,  1965,  p.  13,  pi.  2,  figs. 
22a,  b. 

Type.— Holotype  (Institute  of  Geology  and  Paleontology, 
Faculty  of  Science,  Tohoku  University,  Reg.  No.  IGPS  90792  ; 
Masuda  and  Takegawa,  1965,  pi.  2,  figs.  22a,  b)  from  the 
Miocene  Kanagase  Formation,  Miyagi  Prefecture. 

Materials.— One  illustrated  specimen  (ESN  no.  2637)  and 
more  than  twenty  specimens. 

Description.— The  shells  are  rather  thin,  medium  in  size 

and  fusiform,  having  an  apical  angle  of  about  35°.  The 
shells  are  composed  of  6  to  7  rounded  whorls  with  a  slightly 
angulated  shoulder.  The  whorls  are  ornamented  with  axial 

ribs  (30  on  body  whorl).    The  ribs  are  narrower  than  the 

interspaces  and  are  crossed  by  many  fine  spiral  threads. 

The  aperture  is  nearly  ellipsoidal  and  angulated  posteriorly. 

These  shell  characteristics  agree  well  with  the  original 

description. 
Dimensions  (in  mm).— Height  15.3,  diameter  8.5  (ESN  no. 2637). 

Remarks.— This  species  resembles  Phos  iwakiana  and  P. 

nigroliratum.  Phos  miyagiensis,  however,  has  a  higher  shell, 

more  rounded  whorls  and  more  numerous  spiral  threads  than 

P.  iwakiana.  P.  nigroliratum  differs  from  P.  miyagiensis  in 

having  distinct  and  deeper  sutures,  a  smaller  number  of  axial 

ribs  and  an  outer  lip  with  numerous  denticles. 

Known  distribution— The  distribution  is  confined  to  the 

Middle  to  Upper  Miocene  of  Japan:  namely,  the  upper 

Middle  Miocene  Sugegaya  Formation  in  Shizuoka  Prefecture 

(present  study)  and  the  Upper  Miocene  Kanagase  Formation 

in  Miyagi  Prefecture  (Masuda  and  Takegawa,  1965). 

Family  Olividae  Latreille,  1825 
Genus  Olivella  Swainson,  1831 

Olivella  fulgurata  (A.  Adams  and  Reeve,  1850) 

Figure  5-23 
Oliva  fulgurata  A.  Adams  and  Reeve,  1850,  p.  31,  pi.  10,  fig.  12  (non 

vidi);  Sowerby,  1871,  p.  37,  pi.  351,  figs.  424,  425  (fide  Ku- 
roda,  Habe  and  Oyama,  1971). 

Oliva  fabula  Sowerby,  1871,  p.  36,  pi.  350,  figs.  420, 421  (fide 
Kuroda,  Habe  and  Oyama,  1971). 

Olivella  fulgurata  (A.Adams  and  Reeve).  Nomura  and  Zinbo, 
1935,  p.  173,  pi.  15,  figs.  21,  22  ;  Yen,  1942,  p.  235,  pi.  24,  fig. 
173  ;  Ozaki,  1958,  p.  154,  pi.  19,  fig.  11  ;  Kuroda,  Habe  and 
Oyama,  1971,  p.  302,  pi.  54,  figs.  14,15,  p.  197  ;  Takayasu 
1986,  pi.  70,  figs.  9a,  b,  16,17;  Yoon,  1988,  pi.  5,  fig.  5 
Tomida,  1989,  pi.  13,  fig.  9  ;  Baba,  1990,  p.  182,  pi.  13,  fig.  21 
Okumura  and  Takei,  1993,  pi.  30,  fig.  12. 

Olivella  (Olivella)  fulgurata  (A.  Adams  and  Reeve).  Shuto,  1959, 
p.  180,  pi.  14,  figs.  7,  8, 13, 14  ;  Tsuru,  1983,  p.  77,  pi.  19,  figs. 

3a,  b  ;  Noda,  Kikuchi  and  Nikaido,  1993,  p.  184,  figs.  24-15a- 
16b  ;  Noda,  Watanabe  and  Kikuchi,  1995,  p.  79, 81,  fig.  16-11. 

Descriptive  remarks.— More  than  twenty  specimens  were 
obtained.  The  shell  surface  was  dissolved  in  most  of  the 

specimens.  The  shell  is  small  and  fusiform,  composed  of  5 
to  6  whorls.  The  body  whorl  is  about  3  5  as  long  as  the 

total  shell  length.  In  size  and  slender  shell  form,  the  speci- 
mens closely  resemble  those  of  O.  fulgurata.  The  speci- 
mens from  the  Sugegaya  Formation  are  also  similar  to  one  of 

the  specimens  of  O.  iwakiensis  from  the  Miocene  Kanagase 
Formation  (Masuda  and  Takegawa,  1965,  pi.  2,  fig.  24).  The 
relationship  between  O.  fulgurata  and  O.  iwakiensis  needs  to 
be  reexamined  taxonomically. 

Dimensions  (in  mm).— Height  7.8,  diameter  3.6  (ESN  no. 

2635) 

Distribution.— Upper  Lower  to  lower  Middle  Miocene  : 
Yar^qawa  Formation  in  Fukushima  Prefecture  (Nomura  and 

Zinbo,  1935),  Togane  Formation  in  Shimane  Prefecture 
(Tsuru,  1983).  Upper  Middle  Miocene  :  Sugegaya  Formation 
in  Shizuoka  Prefecture  (present  study).  Upper  Miocene  : 
Kawabaru  Formation  in  Miyazaki  Prefecture  (Shuto,  1959). 
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Senhata  Formation  in  Chiba  Prefecture  (Tomida,  1989). 

Pliocene  :  Kume  and  Hitachi  Formations  in  Ibaragi  Prefec- 
ture (Noda,  Kikuchi  and  Nikaido,  1993  ;  Noda,  Watanabe  and 

Kikuchi,  1995),  Ananai  Formation  in  Kochi  Prefecture 

(Okumura  and  Takei,  1993),  Seoguipo  Formation  in  South 
Korea  (Yoon,  1988).  Lower  Pleistocene  :  Anden  Formation 
in  Akita  Prefecture  (Takayasu,  1986).  Middle  Pleistocene  : 
Katori  Formation  in  Chiba  Prefecture  (Ozaki,  1958),  Mandano, 
Jizodo  and  Narita  Formations  in  Chiba  Prefecture  (Baba, 

1990).  Upper  Pleistocene  :  Miyata  Formation  in  Kanagawa 
Prefecture  (Baba,  1990).  Living  :  South  China  Sea  and  the 
adjacent  Sea  of  Japan  up  to  the  Boso  Peninsula  on  the 
Pacific  side  and  the  Oga  Peninsula  on  the  Japan  Sea  side 
(intertidal  to  20  m  in  depth  ;  Higo  and  Goto,  1993). 
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Family  Conidae  Thiele,  1925 
Genus  Conus  Linnaeus,  1758 

Subgenus  Endemoconus  Iredale,  1931 

Conus  {Endemoconus)  sp.  cf. 
C.  (E.)  sieboldi  Reeve,  1848 

Figure  5-28 

Descriptive  remarks.— An  incompletely  preserved  speci- 
men was  obtained.  The  shell  surface  was  slightly  dissolved. 

The  suturai  ramp  is  slightly  concave  to  flat  and  the  shoulder 
is  broadly  carinate  without  granules.  These  shell  features 
are  consistent  with  C.  sieboldi  which  lives  now  at  depths  of 
50  to  200  m  from  Kyushu  to  the  Boso  Peninsula  (Higo  and 
Goto,  1993). 

Subgenus  Chelyconus  Moerch,  1852 

Conus  (Chelyconus)  tokunagai  Otuka,  1934 

Figures  5-29a,  b 

Conus  tokunagai  Otuka,  1934,  p.  632,  pi.  50,  figs.  83, 84; 

Kamada,  1962,  p.  177,  pi.  21,  figs.  1a-c  ;  Masuda,  1967,  pi.  2, 
figs.  29a-30b  ;  Nakagawa  and  Takeyama,  1985,  pi.  24,  figs. 
7a,  b  ;  Ozawa,  Nakagawa  and  Takeyama,  1986,  pi.  13,  fig.  7. 

Descriptive  remarks.— Two  poorly  preserved  specimens 
were  collected.  The  shell  surface  was  slightly  dissolved. 
The  shell  is  moderate  in  size  (about  21.2  mm  high)  and 
ventricosely  conical  in  shape.  The  shoulder  is  subrounded, 
with  granules.  Fine  striations  are  recognized  in  the  suturai 
ramp.  The  shell  features  mentioned  above  agree  with  the 
original  description  of  Conus  tokunagai. 

Distribution.— Upper  Lower  to  lower  Middle  Miocene  : 
Shiratori  Formation  in  Iwate  Prefecture  (Otuka,  1934),  Higa- 

shi-lnnai  Formation  in  Ishikawa  Prefecture  (Masuda,  1967), 
Shimo  Formation  in  Fukui  Prefecture  (Nakagawa  and 
Takeyama,  1985  ;  Ozawa,  Nakagawa  and  Takeyama,  1986). 
Upper  Middle  Miocene  :  Kokozura  Formation  in  Ibaragi 
Prefecture  (Kamada,  1962),  Sugegaya  Formation  in  Shizuoka 
Prefecture  (present  study). 
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Abstract.  A  new  fossil  conifer,  Frenelopsis  pombetsuensis  sp.  nov.,  is  described  on  the  basis  of  a  single 

specimen  obtained  from  the  Lower  Cretaceous  (Albian)  of  Hokkaido,  Japan.  Frenelopsis  pombetsuensis 
is  similar  to  F.  choshiensis  from  the  Lower  Cretaceous  of  Choshi,  Kimigahama,  in  having  two  leaves  at 

each  node.  The  cuticular  feature  of  Frenelopsis  pombetsuensis  is,  however,  rather  more  similar  to  that 

of  F.  hoheneggeri  from  the  Lower  Cretaceous  of  Poland  than  to  F.  choshiensis.  The  Late  Jurassic  to  Early 

Cretaceous  paleofloras  of  Japan  have  been  divided  into  two  distinct  types:  the  Ryoseki  and  Tetori. 

However,  attributions  of  the  Early  Cretaceous  flora  of  Hokkaido  have  not  been  made  because  of  its  hitherto 

poorly- known  fossil  record.  The  genus  Frenelopsis  is  one  of  the  most  important  members  of  the  Ryoseki- 
type  floras  and  has  never  been  found  in  the  Tetori-type  floras.  The  present  fossil  is  the  first  record  of 
characteristic  taxon  of  the  Ryoseki-type  flora  from  the  Lower  Cretaceous  of  Hokkaido. 

Key  words  :  Albian,  conifer,  Frenelopsis  pombetsuensis,  Hokkaido,  Middle  Yezo  Group,  Ryoseki-type  floras 

Introduction 

During  Late  Jurassic  to  Early  Cretaceous  time,  two  paieo- 
floristic  types  flourished  in  Japan  and  its  adjacent  areas  ;  the 

Ryoseki-type  and  Tetori-type  floras  (Kimura,  1961,  1975, 
1987  ;  Kimura  and  Ohana,  1992;  Ohana  and  Kimura,  1995). 
The  taxonomic  compositions  of  these  two  paleofloristic  types 
of  floras  are  quite  different.  According  to  Ohana  and  Kimura 
(1995),  the  difference  between  the  two  floras  is  due  to 
climatic  factors.  Based  on  the  taxonomic  compositions  of 
the  floras,  and  the  morphological  features  of  fossil  plants, 

they  estimate  that  the  Ryoseki-type  floras  flourished  under 
tropical-subtropical  and  rather  arid  climatic  conditions,  while 
the  Tetori-type  floras  flourished  under  warm-temperate  and 
rather  humid  conditions. 

Although  a  number  of  fossil  plants  have  been  described 

from  the  Middle-Upper  Yezo  Group  of  Hokkaido  (see  Ni- 
shida,  1991),  all  of  them,  except  for  a  single  conifer  seedling- 

like structure  (Stockey  et  al.,  1990),  are  dated  as  Late 
Cretaceous.  Thus,  no  characteristic  plant  fossils  of  the 

Ryoseki-type  or  Tetori-type  floras  have  previously  been 
described  from  Hokkaido. 

In  the  present  paper,  the  author  describes  a  new  species 

of  Frenelopsis  from  the  Lower  Cretaceous  (Albian)  of  Hok- 
kaido. Frenelopsis  is  an  extinct  conifer  genus  assigned  to 

the  family  Cheirolepidiaceae.  Frenelopsids,  a  group  consis- 
ting of  the  genus  Frenelopsis  and  the  closely  related  genus 

Pseudofrenelopsis,  have  been  used  as  an  indicator  of  tropi- 
cal or  subtropical  and  arid  climate  (Alvin,  1982).  In  Japan, 

Frenelopsis  is  one  of  the  characteristic  taxa  of  the  Ryoseki- 

type  floras,  thought  to  have  flourished  under  tropical  or 

subtropical  and  arid  or  semi-arid  conditions  (Kimura  and 
Ohana,  1992  ;  Ohana  and  Kimura,  1995). 

Material  and  Methods 

Material.— The  compressed  conifer  shoot  was  found  in  the 
Pombetsu  Valley  about  60  km  northeast  of  Sapporo  City 

(Figure  1).  The  specimen  was  obtained  from  the  mudstone 
bed  of  the  uppermost  strata  of  the  Main  part,  Middle  Yezo 
Group.  Matsumoto  (1965)  described  Ammonoceratites 

yezoensis  (Yabe)  from  the  same  locality,  indicating  a  mid- 
dle ?-  upper  Albian  age. 

Methods.— For  the  cuticle  observation,  fossil  leaves  were 

treated  by  Schulze's  solution  followed  by  diluted  NaOH. 
Obtained  cuticles  were  mounted  in  EUKITT  for  light  micro- 

scope observation.  For  SEM  observation,  cuticles  were 

coated  by  Pt-Pd  with  a  HITACHI  E-1030  ion  sputter  and 

photographed  by  HITACHI  S-800. 
The  specimen  is  housed  in  the  Mikasa  City  Museum, 

Ikushumbets-nishikicho,  Mikasa,  068-21  Japan. 

Systematic  description 

Order  Coniferales 

Family  Cheirolepidiaceae  Takhtajan,  1963 
Genus  Frenelopsis  Schenk,  1869 
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Figure  1.    Locality  map. 

Frenelopsis  pombetsuensis  sp.  nov. 

Figures  2A-E,  3A-I 

Material—  Holotype,  MCM-A573. 
Horizon.— Uppermost  strata  of  the  main  part  of  Middle 

Yezo  Group  (Albian). 

Type  locality.— Pombetsu  Valley,  Mikasa  City,  Hokkaido 

(Figure  1  ;  roughly  43°16'19"N,  141°59'48"E).  The  outcrop 
corresponds  to  locality  no.  Ik  2024  of  Matsumoto  (1965). 

Diagnosis.— Internode  at  least  10  mm  long  and  1.4  mm 
wide  (Figure  2A).  Scale  leaves  two  at  each  node  (Figure 
2B).  Triangular  part  of  leaf  up  to  1.5  mm  high  at  a  node 
(Figure  2B).  Stomata  about  the  same  optical  density  as  rest 
of  cuticle  ;  arranged  in  longitudinal  rows  (Figures  2C,  D). 

Subsidiary  cells  4-5  in  number  (Figures  2D  ;  3C,  D). 
Internode  cuticle  about  10  /u m  in  total  thickness,  with  outer 

periclinal  epidermal  wall  about  3-4 //m  thick  (Figures  3A,  D). 
Epidermal  cells  rectangular  to  polygonal  in  shape,  30-50 //m 
in  diameter.  Outer  surface  of  cuticle  smooth,  non-papillate 

(Figure  3E).  Hypodermal  cells  thin-walled,  longitudinally 
arranged,  elongate  rectangular  in  shape,  20-40// m  wide 
(Figure  31).  Stomata  arranged  in  rather  irregular  longitudinal 

rows  in  100-150  //m  interval,  each  row  a  single  stoma  wide  ; 

stomata  30-40  per  mm2  in  density  (Figures  2C,  D  ;  3B,  C). 
Non-stomatal  zone  50-100  /*m  (2-3  cells)  wide,  consisting  of 
longitudinally  arranged  epidermal  cells.  No  dorsiventrality 
observed  (Figures  2C,  D). 

Stomatal  complex  65-80// m  in  diameter,  consisting  of  a 
pair  of  guard  cells  and  4-5  subsidiary  cells  (Figures  3C,  D). 
Guard  cells  sunken  about  7  //m  below  surface  ;  each  cell 

40-90  //m  long  and  30-40  jum  wide  (Figures  3D,  G).  Mouth 
of  stomatal  pit  rectangular  or  polygonal  in  shape,  bounded  by 

a  rather  thick,  lobed  canopy  (Figures  3E,  F)  ;  lobes  corre- 

sponding in  number  to  subsidiary  cells.  Papillae  in  throat  of 
pit  short  and  wide  ;  equal  in  number  with  that  of  subsidiary 
cells  (Figures  2E,  3G).  Stomatal  orientation  most  frequently 
transverse  (Figure  3H). 

Further  description.— The  branch  system  of  Frenelopsis 
pombetsuensis  and  the  whole  length  of  the  internode  are 
uncertain  because  of  fragmental  preservation  of  the  fossil. 

External  and  cuticular  observations  of  the  specimen 
clearly  indicate  the  absence  of  a  groove  or  suture  separating 
the  basal  cushions,  as  seen  in  living  cupressaceous  species. 

The  preservation  of  the  cuticle  of  one  side  is  poor,  but  is 
sufficient  to  observe  the  number,  shape  and  size  of  stomata 

and  other  epidermal  cells. 

Comparison  and  Discussion.— Although  the  present  speci- 
men is  frangmental,  both  external  and  cuticular  features  of 

the  specimen  correspond  well  with  the  diagnosis  of 

Frenelopsis  Schenk  emended  by  Watson  (1988).  The  oppo- 
site arrangement  of  leaves  is  similar  to  that  of  extant  cupres- 

saceous conifers  and  some  cheirolepidiaceous  conifer  gen- 
era such  as  Cupressinocladus  Seward.  However  the  pres- 
ent specimen  differs  from  these  taxa  in  the  absence  of  a 

groove  or  suture  separating  the  basal  cushions. 
Among  the  species  of  Frenelopsis  previously  described, 

most  have  leaves  in  whorls  of  three.  Only  two  exceptional 

species,  Frenelopsis  teixeirae  and  F.  choshiensis,  have  two 
leaves  at  each  node  like  the  present  specimen  (Table  1).  Of 

these  two  species,  Frenelopsis  teixeirae,  described  by  Alvin 
and  Pais  (1978)  from  the  Lower  Cretaceous  of  Portugal, 
differs  from  the  present  specimen  in  its  markedly  thick 
cuticle  and  absence  of  a  lobed  ring  around  the  mouth  of  the 
stomatal  pit.  The  other  species,  Frenelopsis  choshiensis,  is 
described  by  Kimura  et  al.  (1985)  from  the  Lower  Cretaceous 

of  Choshi,  Japan.  Frenelopsis  choshiensis  is  clearly  distin- 
guished from  the  present  specimen  in  its  large  canopy 

covering  the  mouth  of  the  stomatal  pit,  and  the  presence  of 
a  narrow  groove  surrounding  the  mouth. 

Despite  the  presence  of  two  leaves  at  each  node,  the 
cuticular  features  of  the  present  specimen  are  more  similar 
to  Frenelopsis  hoheneggeri  (Ettingshausen)  Schenk,  having 
leaves  in  whorls  of  three,  than  to  other  Frenelopsis  species 
with  opposite  decussate  arrangement  of  leaves  (Table  1). 
Frenelopsis  hoheneggeri  was  redescribed  in  detail  by 
Reymanöna  and  Watson  (1976)  based  on  specimens  from 
the  type  locality  in  the  Polish  Carpathians.  The  present 
specimen  is  distinguished  from  Frenelopsis  hoheneggeri  only 
by  the  number  of  leaves  and  cuticle  thickness.  Despite 
their  different  external  features,  the  cuticular  features  of  the 

present  specimen  suggest  its  close  relationship  with 
Frenelopsis  hoheneggeri. 

Paleophytogeography— Since  Kimura  (1961,  1975)  divided 
the  Late  Jurassic-Early  Cretaceous  floras  of  Japan  and  its 

adjacent  areas  into  the  Ryoseki-type  and  Tetori-type  floras, 
his  distinction  has  been  extended  around  Southeast  Asia, 

with  some  modification  (Kimura,  1980,  1987  ;  Kimura  and 
Ohana,  1992  ;  Ohana  and  Kimura,  1995). 

Stopes  and  Fujii  (1910)  described  some  fossil  plants  from 
the  Upper  Yezo  Group  (Upper  Cretaceous)  of  Hokkaido  and, 
since  then,  additional  specimens  have  been  described  from 
the  Upper  Cretaceous  part  of  the  Yezo  Group  (see  Nishida, 
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Figure  2.  Frenelopsis  pombetsuensis  Saiki  (MCM  A-573).  A  :  Holotype  (MCM  A-573).  B  :  Arrows  indicate 
a  pair  of  leaves.  C  :  Cuticle  of  internode,  light  microscope.  D  :  Cuticle  of  internode,  opposite  side  of  Figure  2C. 

No  dorsiventrality  observed.  E  :  Stoma,  light  microscope.  Scale  bars  =  5  mm  in  A  ;  1  mm  in  B  ;  100  //m  in  C,  D  ; 
50  //m  in  E. 
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Figure  3.  SEM  micrographs  of  cuticle  of  Frenelopsis  pombetsuensis  Saiki  (MCM  A-573).  A  :  Section  of 
cuticle  showing  cutinized  epidermis  (c)  and  hypodermis  (h).  B  :  Cuticle  of  internode,  showing  longitudinally 

arranged  rows  of  stomata.  C  :  Internode  cuticle  seen  from  inside  showing  transversely  oriented  stomatal  pit.  D  : 
Stomatal  complex  showing  a  pair  of  guard  cells(g)  and  four  subsidiary  cells(s).  E  :  Internode  cuticle  from  outside 
showing  mouth  of  stomatal  pit.  Surface  of  cuticle  smooth,  without  any  papillae  or  trichome.  F  :  Single  stoma  from 
outside  showing  rectangular  mouth  of  the  stomatal  pit  and  papillae  in  throat.  G  :  Section  of  stoma  showing  guard 
cells(g),  and  papillae  in  throat  of  stoma  (p).  H  :  Internode  cuticle.  Epidermal  layer  covered  by  hypodermal  layer 

in  lower  right  of  this  photograph.  I  :  Polygonal  epidermal  cells  covered  by  longitudinally  elongated  hypodermal 

cells.    Scale  bars=10^m  in  A,  F,  G  ;  100  /zm  in  B,  C,  E,  H  ;  50  ̂ m  in  D,  I. 
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Table  1.    Comparative  morphometries  of  Frenelopsis pombetsuensis  sp.  nov 
and  related  species. 1  :  Kimura  et 

al.  (1985),  2  :  Alvin  and  Pais  (1975), 3  :  Reymanowna  and  Watson  (1976). 

Characters\Species F.  pombetsuensis 
F.  choshiensis1 

F.  teixeirae2 

F.  hoheneggerP 

Internode  length at  least  10  mm 
4-4.5  mm 

2.5-5  mm 8  mm 
Internode  width 1.4  mm 1.5-2  mm 1.5  mm 3  mm 

Leaf  number  per  node 2 2 2 3 

Maximum  length  of  free  leaf up  to  1.5  mm 0.5  mm 
— 1.5  mm 

Leaf  margin 
— hairs  up  to  4 //m scarious scarious 

Total  thickness  of  cuticle 10 //m 50 //m 50  fxm 
40  //m 

Stomatal  arrangement ill  defined  rows ill  defined  rows ill  defined  rows well  defined  rows 

Density  of  stomatal  row 7-9  per  mm — — 10-12  per  mm 

Density  of  stomata 
30-40  per  mm2 

200  per  mm2 

— — 

Diameter  of  stomatal  complex 
65-80//  m 45-75// m — 

60-70// m 

Number  of  subsidiary  cells 
4-5 4-6,  usually  4 5-6 

4-6,  usually  4 

Orientation  of  stomatal  aperture horizontal horizontal — horizontal 

Surface  around  stomatal  pit thickened  ring 

grooved 
slightly  raised 

thickened  ring 

Papillae  in  throat  of  stomatal  pit 
present present present present 

Trichomes  on  epidermal  cells none none — none 

Stratigraphie  range Albian Barremian 

Hauterivian- 
Barremian 

Hauterivian 

1991).  All  of  these  specimens  have  been  obtained  from 
Upper  Cretaceous  sediments.  This  marked  absence  of 
fossil  plants  from  the  Lower  Cretaceous  of  Hokkaido,  has 
prevented  a  comparison  of  the  Early  Cretaceous  flora  of 

Hokkaido  with  the  Ryoseki-  and  Tetori-type  floras. 
Frenelopsis  pombetsuensis  is  therefore  important  because  it 

is  the  first  report  of  a  characteristic  taxon  of  the  Ryoseki- 
type  flora  from  the  Lower  Cretaceous  (Middle  Yezo  Group)  of 
Hokkaido. 

Based  on  their  distribution  in  the  fossil  record,  frenelopsids 
are  interpreted  as  thermophilous  plants.  Alvin  (1982)  plotted 

the  Berriasian-Cenomanian  distributions  of  frenelopsids  on 
the  paleogeographical  maps.  They  seem  to  lie  essentially 
at  the  edge  of  the  tropical  or  subtropical  and  arid  belt  of  low 

paleolatitudes.  Classopollis,  the  pollen  produced  by  cheir- 
olepidiaceous  conifers,  also  supports  the  thermophilous 
nature  of  frenelopsids.  The  occurrence  of  Classopollis 
corresponds  well  with  estimated  tropical  or  subtropical  and 
arid  paleoclimates  (Vakhrameev  1970, 1980, 1981,  1991). 

Although  the  thermophylly  of  the  frenelopsids  is  not  in 
dispute,  their  xerophytic  or  halophytic  nature  is  certainly 
controversial  (Alvin,  1982;  Watson,  1988).  Halophytic  and 
xerophytic  plants  have  evolved  similar  features  to  prevent 
excessive  water  loss  due  to  high  salinity.  Frenelopsids  have 
a  distinctly  succulent  appearance  which  is  sometimes 
compared  with  modern  halophytic  angiosperm  plants  such 
as  Salicornia  L.  (Zeil  1er,  1882  ;  Reymanöna  and  Watson, 
1976).  A  relatively  thick  cuticle  and  a  deeply  sunken  stoma 
surrounded  by  papillae  are  the  characteristic  features  not 
only  of  xerophytes  but  also  of  halophytes.  Moreover, 
sedimentological  evidence  clearly  indicates  a  coastal  habitat 
of  some  frenelopsids,  such  as  Frenelopsis  harissii  Doludenko 
and  Reymanöna  and  Pseudofrenelopsis  varians  (Fontaine) 
Watson  (Alvin,  1982).  Thus,  it  is  inappropriate  to  use 
frenelopsids  as  an  indicator  of  arid  climates  without  any 
additional  supporting  evidence. 

The  Ryoseki-type  flora  is  thought  to  have  flourished  under 
tropical-subtropical  climatic  conditions  with  a  fairly  long- 
term  arid  season  in  each  year  (Ohana  and  Kimura  1995). 
The  occurrence  of  frenelopsids  supports  the  presence  of 

tropical-subtropical  climate  in  Hokkaido  area.  However, 
the  remarkably  thinner  cuticle  of  Frenelopsis  pombetsuensis 

in  relation  to  other  frenelopsids,  and  the  non- papillate  sur- 
face of  its  cuticle,  may  also  indicate  rather  humid  conditions. 
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Abstract.  The  geometry  of  the  commarginal  shell  sculpture  and  internal  microgrowth  pattern  in  82 

species  of  the  Bivalvia  were  analyzed  both  theoretically  and  empirically.  Two  major  categories  were 

recognized  in  the  geometry  of  internal  microgrowth  increments  ;  1)  the  regular  type,  which  consists  of 

regularly  arranged  curves,  being  mutually  parallel  in  the  sections  and  maintaining  their  morphology  during 

growth  independent  of  the  sculpture  pattern,  and  2)  the  undulated  type,  with  undulated  microgrowth 

increments  along  the  folds  of  prominent  sculpture.  For  the  former  category,  geometric  patterns  of  the 

sculpture  and  increments  of  actual  specimens  were  well  reproduced  by  computer  simulations  under  the 

condition  that  the  sculpture  is  originated  by  mantle  extension  and  shrinkage.  In  the  latter  case,  mantle 

bulging  or  bending  appears  to  produce  a  plicated  shell  folding,  although  sculpture  formation  cannot  be 
simulated  by  the  model  adopted  in  this  study. 

Key  words  :  Bivalves,  microgrowth  increments,  shell  sculpture,  theoretical  morphology 

Introduction 

The  external  shell  sculpture  of  molluscs  and  brachiopods 
have  been  taken  for  granted  not  only  as  taxonomically 

useful,  but  also  as  functionally  significant  characters  (Wrig- 
ley,  1948;  Rudwick,  1968;  Stanley,  1969,  1970;  Seilacher, 
1972,  1974  ;  Savazzi  et  a/.,  1982  ;  Signor,  1982  ;  Savazzi, 

1986).  On  the  other  hand,  two-dimensional  patterns  of 
ornamentation  on  the  external  shell  surface  have  attracted 

much  attention  from  theoretical  morphologists  (Waddington 
and  Cowe,  1969;  Lindsay,  1982a,  1982b;  Hayami  and 
Okamoto,  1986;  Meinhardt,  1984;  Meinhardt  and  Klinger, 
1987;  Gunji,  1990;  Ackerly,  1992).  However,  only  a  few 
authors  have  focused  on  the  role  of  the  mantle  (Carter,  1967  ; 
Checa,  1994).  Analyzing  the  mantle  kinematics  during  shell 

growth  is  necessary  for  understanding  the  mantle-shell 
relationship  in  which  the  mantle  forms  the  shell  and  the  shell 
constrains  the  shape  of  the  mantle  (Savazzi,  1990  ;  Seilacher 
and  Gunji,  1993).  For  such  an  analysis,  the  commarginal 
sculpture  in  bivalves  is  particularly  suitable  because  it  is 
geometrically  simple  and  is  widespread  in  many  taxa. 

Commarginal  shell  sculpture  in  bivalves  consists  of  a 
series  of  conformable  curves  with  a  concentric  direction  on 

the  outer  shell  surface  determined  by  the  former  position  of 
the  shell.  Cox  (1969)  suggested  that  the  commarginal 
sculpturing  resulted  from  a  rhythmic  change  in  the  rate  of 
secretion  of  shelly  matter,  while  Seilacher  (1985)  assumed 
periodic  bulging  of  the  mantle  edge  for  its  origin.  However, 
no  attempts  have  yet  been  made  to  estimate  parameters 
determining  the  sculptural  patterns  in  general. 

The  present  work  analyzes  the  geometric  pattern  of  radial- 
ly sectioned  bivalve  shell  and  attempts  to  model  the  forma- 

tion of  the  commarginal  shell  sculpture  from  the  viewpoint  of 

mantle  kinematics.  The  relationship  between  internal  mi- 
crogrowth increments  and  the  sculptural  pattern  is  especially 

taken  into  consideration.  The  sequences  of  internal  micro- 
growth  increments  have  been  regarded  as  the  record  of 

periodic  time  series  in  many  cases  (Pannela  and  Mac- 
Clintock,  1968  ;  Jones  et  al.,  1978  ;  Jones,  1985  ;  Tanabe, 

1988  ;  Tanabe  and  Oba,  1988).  Then  the  internal  microgr- 
owth increments  are  also  the  record  of  the  mantle 

kinematics  because  the  mantle  is  in  contact  with  the  inner 
surface  of  the  shell  during  shell  secretion. 

Material  and  method 

In  order  to  clarify  the  microscopic  features  of  the  shell, 
microscopic  observations  in  radial  and  vertical  sections  were 
made  for  all  species  examined.  A  total  of  82  extant  and 
fossil  bivalve  species  listed  in  Table  1  were  studied.  Each 
species  is  represented  by  one  or  a  few  specimens.  Most 
specimens  were  collected  at  various  localities  around  the 
Japanese  Islands  and  the  Philippines  by  myself,  but  some 

specimens  were  selected  from  the  collection  of  the  Univer- 
sity Museum,  University  of  Tokyo.  All  the  figured  specimens 

are  preserved  in  the  University  Museum,  University  of  Tokyo 

(UMUT). 
A  single  valve  for  each  specimen  was  first  cut  using  an 

electric  saw  vertical  to  the  outer  shell  surface  along  the 
radial  direction.    Pieces  of  the  sections  were  embedded  in 
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Table  1.    List  of  materials  examined. 

Family 
species 

locality 

Arcidae 

Glycymerididae 

Mytilidae 

Inoceramidae 

Pteriidae 

Isognomonidae 

Malleidae 

Pinnidae 

Limidae 
Ostreidae 

Plicatulidae 
Pectinidae 

Spondylidae 

Unionidae 

Trigoniidae 
Lucinidae 
Carditidae 

Chamidae 

Astartidae 

Cardiidae 

Tridacnidae 

Mactridae 

Tellinidae 

Psammobiidae 

Glossidae 

Corbiculidae 
Veneridae 

Corbulidae 

Hiatellidac 

Pholadidae 

Cuspidaridae 

Area  navicularis 

A.  boucardi 

Barbatia  amygdarumlortum 
Anadara  antiquata 

Ghcymeris  yessoensis 
Mvtilus  grayanns 

M.  galloprovincialis 
M.  califoniianus 

Septifer  bilocularis 
Modiolus  modiolus 
Inoceramus  hobelsensis 

I.  uwajimensis 
Pinctada  margarilifera 

P.  fucata 
Isogtiomon  perna 
I.  isognomum 

I.  legumen 
Malleus  régula 
Pinna  muricata 

Alrina  kinoshitai 

Lima  vulgaris 
Crassostrea  lineata 
Crassostrea  gigas 

Plicatula  muricata 

Cryptopecten  vesiculosus 
Chlamys  swi/li 

Palinopecten  yessoensis 

Spondylus  squamosus 
S.  barbatus 

Inversidens  reiniana 

Vnio  biwae 

Lanceolaria  grayana  oxyrhyncha 
Cristaria  plicata 

Lamprotula  rochechoarli 
Lamprotula  sp. 

Xeotrigonia  margarilacea 
Codakia  tigerina 
Cardita  leana 

Beguina  semiorbiculata 
Megacardita  ferruginosa 
Chama  brassica 

Tridonta  alaskensis 

Fragum  unedo 
Nemocardium  samarangae 
Tridacna  crocea 
Mactra  cbinensis 

M.  veneriformis 
Pseudocardium  sachalinense 

Tellina  venutosa 
Solecurtus  divaricatus 

Meiocardia  tetragona 
Corbicula  sandai 

I  enus  foveolala 

Periglypta  puerpera 
Circe  scripta 

Gafrarium  tumidum 
Callanaitis  disjecta 
Anomalocardia  brasiliana 

Placamen  tiara 

Mercenaria  stimponi 

M.  cyprinoides 
M.  mercenaria 
Prolothaca  euglypla 

P.  jedoensis 
Timoctea  micra 

Meretrix  petechialis 
Callista  brevisiphonata 
Saxidomus  purpuralus 

Ruditapes  philippinarum 
Kalelysia  japonica 

Paphia  schnelliana 
P.  amabilis 
P.  euglypla 

Phacosoma  japonicum 
dementia  vatheleti 

Cyclina  sinensis 
Solidicorbula  erylhrodon 
Hiatella  orientalis 

Zirfaea  crispata 

Cuspidaria  hindsiana 
C.  nobilis 

Shikanoshima.  Fukuoka.  western  Japan 
Morozaki.  Aichi.  Central  Japan 

Iriomote  Is..  Okinawa,  southwest  Japan 

Honda  Bay.  Palawan,  southwest  Philippines 
Sarufutsu.  Hokkaido,  northern  Japan 
Samani.  Hokkaido,  northern  Japan 

Yokohama.  Kanagawa.  Central  Japan 

Neah  Bay.  Washington,  USA 
Turtlecove  Is.,  Palau 

Samani,  Hokkaido,  northern  Japan 
Obira.  Hokkaido,  northern  Japan 

Obira.  Hokkaido,  northern  Japan 

Ishigaki  Is..  Okinawa,  southwest  Japan 
Misaki,  Kanagawa,  Central  Japan 
Iriomote  Is..  Okinawa,  southwest  Japan 
San  Luice.  Bathangas.  Philippines 

Iriomote  Is..  Okinawa,  southwest  Japan 
Iriomote  Is..  Okinawa,  southwest  Japan 

Honda  Bay,  Palawan,  southwest  Philippines 
Amakusa,  Kumamoto.  western  Japan 
Turtlecove  Is..  Palau 

Iriomote  Is..  Okinawa,  southwest  Japan 

Misaki.  Kanagawa,  Central  Japan 
Misaki.  Kanagawa.  Central  Japan 

Misaki.  Kanagawa.  Central  Japan 
Wakkanai,  Hokkaido,  northern  Japan 
Wakkanai.  Hokkaido,  northern  Japan 

Iriomote  Is.,  Okinawa,  southwest  Japan 

Sagami  Bay.  Kanagawa.  Central  Japan 
Lake  Biwa.  Shiga.  Central  Japan 

Lake  Biwa,  Shiga.  Central  Japan 

Lake  Biwa.  Shiga.  Central  Japan 

Lake  Biwa.  Shiga.  Central  Japan 

Lake  Tung-t'ing,  China 

Lake  Tung-t'ing.  China 
French  Is.,  Australia 

Panglao  Is..  Cebu.  southern  Philippines 

Misaki.  Kanagawa.  Central  Japan 
Honda  Bay.  Palawan,  southwest  Philippines 

Misaki.  Kanagawa,  Central  Japan 

Honda  Bay.  Palawan,  southwest  Philippines 

Etorofu  Is..  Hokkaido,  northern  Japan 

Iriomote  Is.,  Okinawa,  southwest  Japan 

Misaki,  Kanagawa,  Central  Japan 
Honda  Bay,  Palawan,  southwest  Philippines 
Wakkanai,  Hokkaido,  northern  Japan 

Misaki.  Kanagawa.  Central  Japan 
Sarufutsu,  Hokkaido,  northern  Japan 

Sarufutsu,  Hokkaido,  northern  Japan 
Morozaki.  Aichi,  Central  Japan 

Misaki.  Kanagawa.  Central  Japan 
Lake  Biwa,  Shiga,  Central  Japan 
Shima.  Mie,  Central  Japan 

Honda  Bay.  Palawan,  southwest  Philippines 

Sagami  Bay,  Kanagawa,  Central  Japan 
Iriomote  Is.,  Okinawa,  southwest  Japan 

Australia 

Brazil 
Shima.  Mie,  Central  Japan 
Wakkanai,  Hokkaido,  northern  Japan 

Danvers,  Massachusetts,  USA 
Danvers,  Massachusetts,  USA 

Misaki,  Kanagawa.  Central  Japan 
Misaki.  Kanagawa.  Central  Japan 
Shikanoshima,  Fukuoka,  western  Japan 

Morozaki,  Aichi,  Central  Japan 

Sarufutsu,  Hokkaido,  northern  Japan 
Morozaki,  Aichi,  Central  Japan 

Misaki.  Kanagawa,  Central  Japan 
Iriomote  Is.,  Okinawa,  southwest  Japan 

Sagami  Bay.  Kanagawa,  Central  Japan 

Sagami  Bay,  Kanagawa,  Central  Japan 

Sagami  Bay,  Kanagawa,  Central  Japan 
Misaki,  Kanagawa,  Central  Japan 
Shima,  Mie,  Central  Japan 

Ariake,  Saga,  western  Japan 
Morozaki,  Aichi.  Central  Japan 

Misaki,  Kanagawa,  Central  Japan 
California,  USA 

Misaki,  Kanagawa,  Central  Japan 
Misaki,  Kanagawa,  Central  Japan   
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gypsum  and  polished  with  graded  powder.  The  polished 

plane  was  etched  with  5%  acetic  acid  for  several  minutes, 
washed,  and  dried  in  air.  For  optical  microscopy  an  acetate 

peel  was  prepared  for  each  specimen  by  pressing  a  sheet  of 
triacetylcellulose  film  (25 /^m  in  thickness)  onto  the  etched 
surface  flooded  with  acetone  (Kennish  er  al.,  1980).  Thin 
sections  were  made  for  fossil  specimens.  The  acetate 

peels  and  the  thin  sections  were  observed  with  an  Olympus 
AHBT  optical  microscope.  Polished  and  etched  surfaces  of 
selected  specimens  were  coated  with  platinum  vanadium 

using  an  Eiko  IB-5  ion  coater  and  examined  with  a  Hitachi 
S-2400  scanning  electron  microscope  operated  at  15  kV. 

For  the  computer  simulation  of  the  shell  section,  a  program 

written  in  N-88  BASIC  was  carried  out  with  a  personal 
computer  (NEC  PC-9821Xp)  interfaced  with  a  CRT  (SANYO 
CMT-B15M6)  and  an  ink-jet  printer  (Canon  BJC-600J). 

Geometric  pattern  of  shell  section  and 
remarks  on  sculpture  formation 

Internal  microgrowth  increments 
In  many  species,  internal  microgrowth  increments  consist 

of  regularly  arranged  straight  lines  with  elliptic  or  sigmoid 

curves  which  are  mutually  parallel  in  sections  (Figures  1-1,1- 
2).  They  maintain  a  similar  basic  morphology  during  growth 
which  is  independent  of  the  sculptural  pattern.  This  type  of 
microgrowth  increments  is  tentatively  called  the  regular  type. 
In  Anodonta  woodiana,  Cristaria  plicata,  Chlamys  swifti, 
dementia  vatheleti,  Cuspidaria  nobilis,  Cuspidaria  hindsiana, 

Inoceramus  hobetsensis  (Figure  1-3),  and  Inoceramus  uwa- 
jimensis,  microgrowth  increments  prominently  undulate  along 
the  plicated  sculpture.  Consequently,  the  shells  of  these 
species  consist  of  prisms  or  lamellae  which  are  not  parallel 

to  one  another  (Figure  1-4).  This  type  of  increment  is  here 
called  the  undulated  type. 

In  Inversidens  reiniana  and  Pseudocardium  sachalinense, 

morphology  of  microgrowth  increments  is  occasionally  dis- 
turbed at  a  localized  part  in  the  outermost  portion  (Figure  1- 

5).  Week  undulation  or  disturbance  of  microgrowth  incre- 
ments was  occasionally  found  in  Mytilus  galloprovincialis 

(Figure  1-6),  Mytilus  californianus  and  Modiolus  modiolus.  In 
Tridonta  alaskensis  (Figure  1-7),  Lamprotula  rochechoarti  and 
Solecurtus  divaricatus,  microgrowth  increments  in  the  outer 
most  shell  layer  slightly  change  their  shape  in  the  distal  part 

during  growth.  They  are  sigmoid-shaped  near  the  ridge  of 
the  sculpture,  but  such  a  feature  disappears  in  the  groove. 
The  morphology  of  increments  of  these  species  mentioned 

above  seems  to  be  an  intermediate  between  the  regular  and 

undulated  types,  but  the  undulation  of  the  increments  is 
generally  weak,  and  this  type  essentially  belongs  to  the 

regular  type  in  substance. 
If  mantle  deformation  is  restricted  to  lateral  extension  and 

shrinkage,  and  if  the  mantle  does  not  heave  or  bend,  internal 

microgrowth  increments,  which  are  trails  of  mantle  move- 
ment, maintain  their  direction  mutually  parallel  to  one 

another.  But  if  the  mantle  edge  bulges  or  bends,  the 

stacking  pattern  of  microgrowth  increments  is  disturbed  and 
they  change  their  direction  in  limited  parts  of  the  shell.  The 

basic  morphology  of  the  regular-type  microgrowth  incre- 
ments is  maintained  during  growth,  and  is  independent  of 

sculptural  pattern.  From  the  above  arguments,  it  is  expect- 
ed that  in  the  species  with  the  regular-type  increments,  the 

mantle  deformation  is  restricted  to  lateral  extension  and 

shrinkage  along  the  inner  surface  of  the  shell  in  substance. 
Conversely,  in  the  case  of  the  undulated  type  of  increments, 
the  mantle  edge  is  considered  to  heave  or  bend. 

Remarks  on  sculpture  with  undulated  type  of  increments 
In  many  bivalve  species,  wave  phases  of  the  ridges  and 

furrows  on  a  valve  usually  correspond  to  those  of  the  other 
valve.  However  in  Anodonta  woodiana,  Cristaria  plicata, 

which  have  the  undulated  type  of  increments,  folds  alter- 
nately occur  on  the  left  and  right  valves,  so  that  the  ridges  on 

one  valve  correspond  to  furrows  on  the  opposite  valve  (see 
also  Savazzi  and  Peiyi,  1992).  In  Anodonta  woodiana  and 
Cristaria  plicata,  ribs  are  often  oblique  to  the  commarginal 

growth  lines  on  the  external  shell  surface  (Figure  2-4),  name- 
ly the  sculpture  is  not  perfectly  commarginal.  In  this  case, 

a  bivalve  cannot  close  its  valves  tightly  without  phase 
difference  of  the  plicae  between  both  valves.  The  plicated 
fold  of  Inoceramus  hobetsensis  sometimes  runs  obliquely 

across  the  commarginal  growth  lines.  In  Inoceramus  hobet- 
sensis, it  is  presumed  that  the  folds  on  one  valve  correspond 

to  furrows  on  the  opposite  valve,  even  though  no  specimen 
of  this  species,  which  has  slightly  oblique  ribs,  with  the 
valves  conjoined  was  found. 

It  is  evident  that  plicated  folds  with  the  undulated  type  of 

increments  reflect  the  topography  of  the  wavy  mantle  sur- 
face which  acts  as  a  template  for  shell  formation.  Slight 

obliquity  of  the  sculpture  in  Anodonta  woodiana  (Figure  2-4), 
Cristaria  plicata  and  Inoceramus  hobetsensis  suggests  that 
the  phase  of  topographic  condition  of  the  mantle  waving 
shifts  along  the  mantle  margin  during  growth.  In  these  three 
species,  plicae  are  built  alternatively  on  both  valves.    These 

Figure  1.  Photographs  of  the  lateral  view  of  the  bivalve  shell  in  radial  sections.  The  outer  surface  of  the  shell  is  upward 
and  the  ventral  side  to  the  right.  Arrows  indicate  the  myostracum.  1.  Optical  micrograph  of  peeled  section  of  Paphia 
schnelliana  from  Sagami  Bay,  Kanagawa,  Central  Japan  (UMUT  RM  27340).  Scale  bar  :  500  ̂ m.  2.  Optical  micrograph  of 
peeled  section  of  Phacosoma  japonicum  from  Misaki,  Kanagawa,  Central  Japan  (UMUT  RM  27341).  Scale  bar  :  1  mm.  3. 
Broken  section  of  a  giant  shell  of  Inoceramus  hobetsensis  from  Turanian  (Cretaceous)  bed  in  Obira,  Hokkaido,  northern  Japan 
(UMUT  MM  27342).  Scale  bar  :  3  cm.  4.  Scanning  electron  micrograph  of  Cuspidaria  hindsiana  from  Misaki,  Kanagawa. 
Central  Japan  (UMUT RM 27343).  Scale  bar:  200 //m.  5.  Optical  micrograph  of  peeled  section  of  Pseudocardium  sa- 

chalinense from  Sarufutsu,  Hokkaido,  northern  Japan  (UMUT  RM  27344).  Scale  bar  :  1  mm.  6.  Optical  micrograph  of 
peeled  section  of  Mytilus  galloprovincialis  from  Misaki,  Kanagawa,  Central  Japan  (UMUT  RM  27345).  Scale  bar  :  1  mm.  7. 
Optical  micrograph  of  peeled  section  of  Tridonta  alaskensis  from  Etorofu  Is.,  Hokkaido,  northern  Japan  (UMUT  RM  27346). Scale  bar  :  1  mm. 
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Figure  2.  1-3, 5.  Optical  micrographs  of  radial  peeled  sections.  The  outer  surface  of  the  shell  is  upward  and 
the  ventral  side  to  the  right.  Arrows  indicate  the  myostracum.  1.  Callista  brevisiphonata  from  Sarufutsu,  Hokkaido, 
northern  Japan  (UMUT  RM  27347).  Scale  bar  :  2  mm.  2.  Paphia  amabilis  from  Sagami  Bay,  Kanagawa,  Central 
Japan  (UMUT  RM  27348).  Scale  bar  :  1  mm.  3.  Megacardita  ferruginosa  from  Misaki,  Kanagawa,  Central  Japan 
(UMUT  RM  27349).  Scale  bar  :  2  mm.  4.  Lateral  view  of  the  valve  of  Anodonta  woodiana  from  Lake  Biwa  Shiga, 
Central  Japan  (UMUT  RM  27350).  Scale  bar  :  2  cm.  5.  Meiocardia  tetragona  from  Misaki,  Kanagawa,  Central 
Japan  (UMUT  RM  27351).    Scale  bar  :  1  mm. 

facts  indicate  that  mantles  on  the  left  and  right  sides  bend 
in  the  same  direction  and  that  commarginal  waves  are 
formed  on  the  mantles,  namely,  commarginal  shell  sculpture 
appears  to  originate  from  mantle  bending  on  the  left  and 
right  sides  and  the  subsequent  shell  folding.  On  the  other 
hand,  in  Chlamys  swifti,  dementia  vatheleti  and  Cuspidaria 
spp.,  each  commarginal  ridge  on  a  valve  matches  that  on  the 
opposite  valve,  showing  that  bulging  of  the  mantles  on  both 
sides  or  swelling  of  the  visceral  mass  is  the  likely  factor.  In 
these  four  species,  sculpture  formation  is  explained  by  the 
bulging  or  rising  of  mantle  edges  on  both  sides. 

Remarks  on  sculpture  with  regular  type  of  increments 

The  accretionary  pattern  of  regular  type  internal  microgr- 
owth  increments  is  not-afways  conformable  to  that  of  the 
sculpturing  phase  on  the  shell.  For  example,  in  Tridonta 
alaskensis,  Tridacna  crocea,  Meiocardia  tetragona,  Corbicula 
sandai,  Circe  scripta,  Gafrarium  tumidum,  Anomalocardia 

brasiliana,  Katelysia  japonica,  Paphia  schnelliana  (Figure  1-1), 
Paphia  amabilis  (Figure  2-2),  Phacosoma  japonicum  (Figure  1- 
2),  and  other  many  species,  the  increments  are  generally 
irregularly  spaced  and  their  periodic  patterns  appear  to  be 
independent  of  the  sculptural  pattern.  The  accretionary 
patterns  of  internal  microgrowth  increments  in  such  species 
are  considered  to  be  affected  by  environmental  factors 
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(Pannella  and  MacClintock,  1968  ;  Lutz  and  Rhoads,  1977  ; 
Jones,  1985).  In  all  probability,  the  effect  of  environmental 
fluctuations  on  shell  precipitation  seems  to  be  not  strong 
enough  to  build  the  sculpture  in  such  species.  If  so,  what 
growth  components  form  the  sculpture  in  such  species  ? 

On  the  contrary,  in  Callista  brevisiphonata  (Figure  2-1), 
Pseudocardium  sachalinense  and  Mytilus  grayanus,  the  regu- 

lar-type increments  tend  to  be  densely  arranged  on  the 
ventral  side  of  the  slope  in  going  from  the  ridge  to  the  furrow 

of  the  costae.  An  irregular  and  incidental  furrow  is  occa- 

sionally accompanied  by  a  condensed  band  of  regular-type 
increments  in  Area  navicularis,  Glycymeris  yessoensis, 

Megacardita  ferruginosa  (Figure  2-3),  Solecurtus  divaricatus, 
Timoclea  micra  and  Protothaca  euglypta.  Does  fluctuation 
of  the  precipitation  rate  of  calcium  carbonate  cause  the 
sculpture  formation  in  such  cases  ? 

In  many  species  with  the  regular  type  of  increments,  the 
myostracum  is  generally  smooth,  independent  of  sculpturing 

(Figures  1-1, 1-7, 2-2).  However,  a  weak  undulation  of  the 
myostracum  is  occasionally  found  in  Barbatia  amygdarumtor- 

tum,  Megacardita  ferruginosa,  Meiocardia  tetragona  (Figure  2- 
5),  Mytilus  calif ornianus  and  Modiolus  modiolus.  What 

determines  the  geometry  of  myostracum  through  the  sculp- 
ture construction  ? 

Theoretical  morphology  of  shell  section 

with  regular  type  increments 

Modeling  of  growth  kinematics 

In  order  to  recognize  clearly  growth  components  control- 
ling the  sculpture  formation,  and  to  estimate  theoretical 

spectrum  of  geometric  pattern  of  the  shell  section,  the 
microscopic  shell  growth  with  the  regular  type  of  increments 
is  modeled  theoretically. 

Let  us  consider  the  process  of  shell  growth  in  Figure  3. 
The  shell  growth  in  radial  sections  during  a  short  period  of 

shift  of 

cells"j" 

introduction 

ofcells"i" 
palliai  attachment 

"M^na 

sG(s)      PAs*AS 

el\s)  =  (Ls+as  -  Ls) 
Figure  3.  Schematic  diagrams  of  the  shell  edge  of  a  bivalve  showing  the  model  of  growth  process  during  a 

short  period  of  time.  A.  In  a  growth  stage,  cells  "i"  arise  from  the  mantle  edge  and  the  cells  "j"  at  the  palliai 
attachment  shift  by  formation  of  cells  "i",  and  the  secretory  product  of  the  cells  "j"  alters  from  myostracum  to  inner 
shell  layer.  B.  During  a  growth  stage  As,  the  reference  point  RPS  shifts  by  er  where  r  is  equal  to  the  radius  of  the 
circular  arc  of  the  increment  curve,  the  palliai  attachment  point  translates  from  PAS  to  PAs+as  and  the  distal  part 
of  the  mantle  changes  its  length  from  Ls  to  Ls+as. 
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time  is  exhibited  by  kinematics  of  an  internal  microgrowth 

increment.  Growth  components  are  expressed  as  functions 

of  growth  stage  s,  rather  than  as  functions  of  time,  since  the 

time  scale  of  the  growth  process  is  hardly  detected  in  many 

cases.  The  position  of  a  microgrowth  increment  at  a  growth 

stage  s  is  shown  by  the  reference  point  RPs{xrs,  yvs).  On  the 
ventral  side  to  the  reference  point  the  morphology  of  a 

microgrowth  increment  is  represented  by  a  circular  arc 

whose  radius  is  expressed  as  r,  while  on  the  dorsal  side  it  is 

exhibited  by  a  straight  line  (Figure  3B).  The  translation  of 

the  internal  microgrowth  increment  is  described  by  the  three 

growth  parameters  C(s),  G(s)  and  P(s),  defined  below. 

Over  a  short  period  of  growth  step  As,  the  mantle  secretes 
calcium  carbonate  on  the  inner  surface  of  the  shell  giving 

rise  to  the  stippled  area  in  Figure  3A,  an  area  which  is 

analogous  to  Lison's  (1949)  matrix.     If  the  reference  point 

moves  to  the  right  by  er  parallel  to  the  X  axis  during  the 

growth  step,  the  reference  point  shifts  below  by  aC(s)  parallel 
to  the  Y  axis,  where  e  is  an  arbitrary  constant  reflecting  the 

magnitude  of  growth  step.  The  value  of  eC(s)  represents 
the  amount  of  shell  precipitation  on  the  inner  surface  of  the 
outer  shell  layer.  Meantime  the  palliai  attachment  point  PAS 

{xas,yas)  linearly  shifts  to  PAS-As(xas-As,yas-^)  (Figure  3B). 
Then  we  express  the  displacement  of  the  X  coordinate  of 
PAs  over  the  growth  step  by  eG{s)  which  exhibits  progression 

of  the  palliai  attachment.  While  calcium  carbonate  is  se- 
creted, the  mantle  proliferates  and  changes  its  length  by 

division  of  epithelial  cells.  The  outer  epithelial  cells  of  the 

mantle  mainly  arise  from  the  periostracal  groove,  and  suc- 
cessive introduction  of  cells  pushes  the  earlier  produced 

cells  out  into  the  more  proximal  part  of  the  mantle  (Figure 

3A).    Then  the  function  of  the  cells  change  from  perios- 

P(s)=3xrsin(s),  G(s)=Xr,  C(s)=02Xr 

B 
P(s)=0,  G(s)=xr{  l+sin(s)),  C(s)=02xr 

C       P(s)=0,  G(s)=0,  C(s)=0.2xr(l+sin(s)) 

Figure  4.  Computer  simulations  of  the  bivalve  shell  in  radial  sections,  showing  geometric  patterns  of 
microgrowth  increments  and  external  sculpture.  Only  the  effect  of  oscillation  of  one  parameter  is  considered.  The 
value  of  xr  represents  the  X  coordinate  of  the  reference  point.  A.  The  effect  of  mantle  extension  and  shrinkage 
is  simulated.  B.  The  effect  of  oscillation  of  mantle  proliferation  rates  is  simulated.  C.  The  effect  of  fluctuation  in 
shell  precipitation  rates  is  simulated. 
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tracum  secretion  to  shell  secretion  or  connection  to  the  shell 

(Stasek  and  McWilliams,  1973).  Consequently,  for  quite  a 
short  period  of  time,  the  proliferation  of  the  mantle  cells  can 
be  approximated  by  the  progression  of  the  palliai  attachment 
from  PAs  to  PAs+as,  even  though  the  progression  of  palliai 
attachment  represents  the  growth  of  visceral  mass  and  is 
indeed  slightly  slower  than  the  mantle  growth  rate  th/oughout 

ontogeny.  The  mantle  as  a  whole  is  a  kind  of  hydros- 
keleton  supported  by  blood  pressure  (Morita,  1991)  and  can 
be  shrunk  by  the  radial  palliai  muscle.  Consequently,  if  we 
express  the  length  from  PAS  to  the  mantle  edge  along  the 
increment  by  Ls,  its  value  may  be  changed  by  mantle 
extension  or  shrinkage.  Then,  the  value  of  eP(s)  is  defined 
by  the  difference  of  Ls  during  the  growth  step  As.  In 
general,  three  growth  parameters  are  defined  as  follows  : 

C(s)- 
yrs+As  —  yrs 

P(S)- 

G(s)= 

X/s+as  —  Xrs 

The  sculptural  pattern  of  a  bivalve  shell  in  the  radial 
sections  is  generally  more  or  less  periodic  and  originates  by 
fluctuation  of  some  parameters  given  by  a  periodic  function. 
Then,  a  constant  or  a  periodic  function  is  given  for  each 

parameter.  The  formulation  of  the  periodic  function  is 
considered  to  be  variable  depending  on  the  physiological 
nature  of  a  species  and  is  arbitrarily  chosen.  In  the  present 
simulations,  a  sine  curve  function  for  the  periodic  oscillation 
of  parameters  is  chosen.  Although  three  parameters  C(s), 

G(s)  and  P(s)  are  incremental  components  and  must  increase 
with  size  of  the  whole  animal,  the  zero  growth  of  P(s)  is 
assumed  for  a  limited  part  of  the  shell  section,  namely  the 
mean  of  P(s)  is  zero  in  this  model. 

Computer  simulation  of  shell  section 
Firstly,  a  case  was  considered  in  which  only  one  of  the 

three  parameters,  C(s),  G(s)  and  P(s)  oscillates,  with  the 

remaining  two  being  fixed.  Figure  4  shows  computer- 
produced  shell  sections  for  three  cases.  The  trail  of  the 
mantle  edge  during  growth  becomes  wavy  in  each  case, 
demonstrating  that  the  commarginal  sculpture  can  be 

produced  in  any  of  these  conditions.  In  each  case,  topog- 
raphy of  the  shell  surface,  which  varies  depending  on  the 

given  initial  microgrowth  increment  morphology,  is  not  a 
useful  criterion  for  estimating  the  origin  of  the  sculpture. 
But  significant  characters  such  as  the  trail  of  the  palliai 
attachment,  i.e.,  myostracum,  and  the  interval  of  microgrowth 
increments  are  different  among  the  three  cases.    When  P(s) 

P(s)=0 
C(s)=Q. 2*r(  l+sin(*)) 

A    G(*)=JCr(l+sin(s)) 

B    G(s)=jcr(l+sin0s+o.57t)) 

C     G(s)=Xr(l+Sm(s+n)) 

D    G(s)=jcr(l+sinOs+ i.5ji)) 

jP(^)=3xr(l+sin(Ä)) 

G(s)=Xr 

E    Qs)=0.2xr(\+sm(s)) 

P(s)=3xr(\+sm(s)) 

C(s)=0.2Xr 

I    G(*)=jcr(l+sin(s)) 

G    C(s)=0.2xr(\+sin(s+n)) 

H    C(s)=0.2xr(l+sm(s+\.5n)) 

J    GCî)=xr(l+sin(s+o.57r)) 

K    G(s)=xr  (l+sin(,s+7i)) 

L    G(s)=xr  (  1 +sin(5+ 1  .5ti)) 

Figure  5.  Computer  simulations  for  external  shell  sculpture  and  internal  microgrowth  increments  in  radial 
sections  as  two  parameters  fluctuate  by  sine  curve  functions.  This  shows  the  effects  of  phase  difference  between 

two  given  sine-curve  functions  for  two  parameters.  The  value  of  x,  represents  the  X  coordinate  of  the  reference 
point.  A-D.  The  progression  rates  of  the  palliai  attachment  and  shell  precipitation  both  oscillate,  and  mantle  does 
not  deform.  E-H.  Mantle  extends  and  shrinks,  rate  of  shell  precipitation  is  changed,  and  the  progression  rate  of 
the  palliai  attachment  is  fixed.  I-L  Mantle  extends  and  shrinks,  the  progression  rate  of  the  palliai  attachment  is 
fluctuated,  and  the  rate  of  shell  precipitation  is  constant. 
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oscillates  and  the  other  parameters  are  fixed,  the  myos- 
tracum  does  not  undulate  and  the  interval  of  increments 

remains  unchanged  (Figure  4A).  When  only  G(s)  oscillates, 
the  interval  of  microgrowth  increments  is  also  unchanged, 
but  the  myostracum  undulates  (Figure  4B).  When  only  C(s) 

oscillates,  periodically  narrowing  microgrowth  increments  are 

inevitably  produced  (Figure  4C).  In  this  case,  microgrowth 

increments  are  densely  arranged  on  the  slope  of  the  sculp- 
ture from  a  furrow  to  a  ridge,  i.e.,  on  the  dorsal  side.  The 

myostracum  also  undulates  by  C(s)  oscillation  because  the 
palliai  attachment  does  not  translate  linearly. 

Secondly,  let  us  consider  the  case  when  two  parameters 
both  oscillate  by  a  sine  curve  function  with  a  constant 

wavelength.  Figure  5  shows  some  examples  of  computer- 
produced  diagrams,  illustrating  the  effects  of  changes  in  the 
phase  difference  between  the  two  given  sine  curves  for 
variable  parameters.  Morphology  of  the  external  sculpture 
is  variable  depending  upon  the  phase  difference.  When 
external  sculpture  and  undulation  of  myostracum  originate  by 
oscillations  of  C(s)  and  G(s),  microgrowth  increments  tend  to 

be  crowded  on  the  dorsal  side  of  the  sculptural  slope  (Fig- 
ures 5B-D),  while  they  do  not  conspicuously  develop  if  the 

phase  of  oscillation  of  C(s)  is  the  same  as  that  of  G(s) 

because  effects  of  fluctuation  of  C(s)  and  G(s)  are  compen- 
sated by  each  other  (Figure  5A).    When  C(s)  and  P(s)  both 

oscillate  and  G(s)  is  fixed,  the  myostracum  inevitably  undu- 
lates and  the  sculpture  is  constructed  (Figures  5E-H). 

Under  this  condition,  microgrowth  increments  also  tend  to  be 
crowded  on  the  dorsal  side  of  the  sculptural  slope  (Figures 

5F-H),  but  the  sculpture  becomes  weak  when  the  phase  of 
P(s)  is  the  same  as  that  of  C(s)  because  of  compensating 
relationships  between  them  (Figure  5E).  When  both  G(s) 

and  P(s)  oscillate  and  contribute  sculpture  formation,  the 
interval  of  microgrowth  increments  has  a  fixed  value  during 
growth  and  the  myostracum  always  becomes  wavy  (Figures 

51-L).  In  this  case,  if  the  phase  of  G(s)  lags  180=  behind  that 
of  P(s),  the  sculpture  becomes  relatively  weak  because  of 
the  compensating  relationship  between  them  (Figure  5K). 

Thirdly,  let  us  consider  the  case  in  which  all  the  three 
parameters  oscillate  by  a  sine  curve  with  the  same  wave 

length.  Figure  6  shows  computer-produced  figures  illustrat- 
ing the  effects  of  phase  lag  of  P(s),  G(s)  or  C(s)  behind  the 

remaining  two  parameters  whose  fluctuation  effects  are 
compensated  by  each  other.  When  C(s)  and  G(s)  oscillate 

without  a  phase  difference,  the  myostracum  does  not  undu- 
late because  of  compensating  relationships  between  them 

(Figures  6A-E,  J),  the  case  in  which  sculpture  originates  by 
P(s)  oscillation.  In  other  cases,  the  myostracum  becomes 
wavy  by  fluctuation  effects  of  C(s)  and  G(s).  When  the 
phase  of  P(s)  is  the  same  as  that  of  C(s),  effects  of  fluctuation 

G(s)=xr(l+sin(s)),  C(s)=0.2xr(l+sin(s))       />(s)=3;cr{l+sin(s)),  C(s)=0.2xr(l+sm(s))    P(s)=3xr{]+sm(s)),  G(s)=xr{l+sm(sM).5n)) 

A   P(s)=3xr(l+sm(s)) 

B    P(s)=3xr(l+sm(s+0.5n)) 

C    P(.s)=3xr(l+sin(s+n)) 

D    />(s)=3^(l+sin(s+ 1.57t)) 

E    G(s)=A>(l+sin(5)) 

F    G(s)=;o{l+sin(s+0.57t)) 

G    G(s)=xr(  l+sin(i+n)) 

I    C(5)=0.2xr{l+sin(s)) 

J    C(s)=0.2xKl+sin(s-K).57i)) 

K   C(i)=0.2xKl+sin(*+it)) 

L    C(s)=0.2x,(l+sin(s+  1.5it)) 

Figures.  Computer  simulations  for  shell  sculpture  and  increments  in  the  sections  showing  the  effects  of 
phase  difference  among  three  oscillating  parameters  by  sine  curve  functions.  The  value  of  x,  represents  the  X 
coordinate  of  the  reference  point.  A-D.  The  effect  of  P(s)  oscillation  is  taken  into  consideration  in  the  case  of 
Figure  5A.  Phase  of  P(s)  fluctuation  is  deferred  from  the  other  two  parameters.  E-H.  Fluctuation  effect  of  G(s)  is 
taken  into  consideration  in  the  case  of  Figure  5E.  Phase  of  G(s)  oscillation  is  deferred  from  the  other  two.  I-L 
The  effect  of  C(s)  oscillation  is  taken  into  consideration  in  the  case  of  Figure  5K.  Phase  of  C(s)  fluctuation  is 
different  from  the  others. 
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^^^^^  profile  of  myostracum 

pattern  of  increments^^^^^ 

straight undulated 

condense  on  dorsal  slope 
A 

P{s\  C(s) 

D 

C(s),  G(s) 

condense  on  ventral  slope 
B 

P(s),  G(s) 

E G(s) 

independent  of  sculpturing 
C P(s) F 

P(s),  G(s) 

Figure  7.  Summary  of  computer  simulations  showing  what  parameters  may  be  effective  in  shell  sculpturing. 
If  myostracum  is  not  wavy  in  its  profile,  fluctuation  of  P(s)  is  considered  to  be  a  main  factor  of  sculpture  construction 

(A-C),  while  oscillation  of  G(s)  may  be  more  effective  in  shell  sculpturing  when  myostracum  becomes  wavy  (D-F). 

of  these  two  parameters  compensate  each  other  and  G(s) 

oscillation  causes  sculpture  formation  (Figures  6A,  E-H,  I). 
When  G(s)  lags  180  in  phase  behind  that  of  P(s),  effects  of 
fluctuation  of  them  also  compensate  for  each  other  and 

fluctuation  of  C(s)  is  the  origin  of  shell  sculpturing  (Figures 

6B,  F,  l-L).  However,  in  the  case  of  Figure  6C  or  Figure  6K, 
the  sculpture  is  regarded  to  originate  by  the  interaction  of 
P(s)  and  C(s)  oscillations  since  fluctuation  effect  of  G(s) 
compensates  for  those  of  remaining  two  parameters.  For 
the  same  reason,  in  the  case  of  Figure  6A  or  Figure  6E,  the 
sculpture  is  regarded  to  be  produced  by  the  interaction  of 

P(s)  and  G(s)  oscillations.  Microgrowth  increments  generally 
condense  on  the  dorsal  slope  of  the  sculpture  when  phase 

of  P(s)  lags  180°  behind  that  of  G(s)  (Figures  6I-L).  In  other 
cases,  the  relationship  between  the  phase  of  commarginal 
sculpture  and  the  pattern  of  microgrowth  increments 
becomes  variable  and  depends  upon  the  phase  lag  of  P{s)  or 

G(s)  behind  the  remaining  two  parameters  (Figures  6A-D,  E- 
H). 

To  sum  up  the  results  of  the  computer  simulations,  the 
theoretical  spectrum  of  geometric  pattern  of  the  shell  section 

is  obtained,  and  we  can  identify  effective  factors  on  sculptur- 
ing for  each  case  when  the  growth  pattern  of  the  microgr- 

owth increment  and  the  morphology  of  myostracum  are 

given  (Figure  7).  When  the  myostracum  does  not  undulate, 
oscillation  of  P(s)  caused  by  mantle  extension  and  shrinkage 

mainly  contributes  to  sculpture  construction  (Figures  7A-C). 
If  the  myostracum  is  wavy,  oscillation  of  G(s)  mainly  causes 

the  sculpture  (Figures  7D-F). 

Origin  of  commarginal  shell  sculpture  with  regular  type  of 
increments 

Although  the  regular-type  increments  tend  to  be  densely 
arranged  on  the  ventral  side  of  the  slope  or  at  the  furrow  of 
the  sculpture  in  Area  navicularis,  Glycymeris  yessoensis, 

Callista  brevisiphonata,  Paphia  schnelliana,  Megacardia  fer- 
ruginosa  (Figure  2-3),  Solecurtus  divaricatus,  Timoclea  micra 
and  Protothaca  euglypta,  the  pattern  of  microgrowth  incre- 

ments such  as  shown  in  Figure  7  was  not  found  in  the 
specimens  examined.  The  results  of  computer  simulations 
show  that  the  fluctuation  of  precipitation  rates  of  the  shell 
C(s)  does  not  influence  the  sculpture  formation.  In  addition, 

in  many  species  with  the  regular-type  increments,  the 
myostracum  does  not  prominently  undulate.  In  this  case  we 

can  identify  the  factor  of  sculpturing  as  the  mantle  exten- 
sion-shrinkage and/or  changes  in  progression  rates  of  the 
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palliai  attachment  (Figures  7B,  C).  The  undulating  myos- 
tracum,  whose  wavy  phase  corresponds  to  that  of  the 
sculpture,  is  only  found  in  Barbatia  amygdarumtortum, 
Meiocardia  tetragona  and  Mytilus  californianus.  However, 
such  an  undulation  is  generally  weak  and  is  not  enough  to 
construct  a  prominent  sculpture  by  itself.  In  this  case,  mantle 

extension-shrinkage  movement  surely  contributes  to  the 
sculpture  formation  (Figure  7C). 

In  Isognomon  perna,  Lamprotula  sp.,  Tridonta  alaskensis, 
Codakia  tigerina,  Mercenaria  cyprinoides,  Meretrix  petechialis 
and  Katelysia  japonica,  all  of  which  possess  two  sublayers  of 
different  shell  microstructure  or  coloration  in  the  outer  shell 

layer,  the  boundary  between  the  outermost  and  middle 

sublayers  often  oscillates  (Figures  1-2, 1-7).  This  fact  sug- 
gests that  the  relative  position  of  epithelia  secreting  each 

sublayer  is  almost  fixed  on  the  mantle  during  a  short  period 

of  time,  and  that  the  mantle  extension-shrinkage  movement 
causes  swinging  of  the  boundary  between  the  two  clusters 
of  epithelial  cells  on  the  mantle  edge. 

Concluding  remarks 

From  the  comparison  of  the  results  of  computer  simulation 
with  microscopic  observation  of  actual  specimens,  it  was 

made  clear  that  in  species  with  regular-type  increments,  the 
commarginal  shell  sculpture  is  mainly  constructed  by  mantle 
extension  and  shrinkage  by  blood  pressure  and  palliai 
muscle  contraction,  while  fluctuations  of  shell  precipitation 
rates  do  not  affect  sculpture  formation.  On  the  other  hand, 

in  species  with  undulated-type  increments,  the  commarginal 
shell  sculpture  is  produced  by  mantle  heaving  or  bending, 
the  pattern  of  which  cannot  be  represented  by  computer 
simulation  in  this  study.  In  any  case,  it  is  concluded  that 

periodic  state  change  of  the  mantle-shell  relationship  as- 
sociated with  sculpture  formation  originates  in  elastic  defor- 

mation of  the  distal  part  of  the  mantle.  The  above  discus- 

sion deals  with  the  two-dimensional  pattern  of  the  micro- 
scopic feature  in  the  radial  shell  section,  but  is  essentially 

valid  in  three-dimensional  morphology  as  far  as  the  commar- 
ginal sculpturing  is  concerned.  Since  internal  growth  pat- 

tern of  the  shell  is  often  preserved  in  fossils,  constructional 
morphology  of  shell  section  could  reveal  the  process  of  the 

microscopic-level  growth  and  mantle  movements  of  fossil 
bivalves. 

The  morphology  of  external  shell  sculpture  is  quite  variable 
in  actual  specimens.  They  are  strongly  influenced  by  the 
shape  and  direction  of  each  microgrowth  increment  which  is 
constrained  by  the  crystal  growth  in  the  shell  (Ubukata  1994, 
1997).  For  example,  in  Codakia  tigerina,  Gafrarium  tumidum, 
Anomalocardia  brasiliana,  Mercenaria  stimpsoni,  Periglypta 
puerpera,  Fragum  unedo,  and  Phacosoma  japonicum  (Figure 

1-2),  ridges  are  prominently  tilted  and  asymmetrical  like  saw 
teeth,  and  prisms  or  lamellae  radiate  from  the  central  longitu- 

dinal axis  in  the  outer  shell  layer  (Carter  and  Clark,  1985  ; 
Carter  et  al.,  1991)  ;  accordingly,  a  saw  like  thread  is  more 
easily  formed  in  such  species  by  mantle  extension  and 
shrinkage.  On  the  other  hand,  in  Inoceramus  uwajimensis, 
Pinctada  margaritifera,  Isognomon  legmen,  Malleus  régula, 
Atrina    kinoshitai,     Anodonta     woodiana,     and     Modiolus 

modiolus,  for  instance,  each  microstructural  unit  of  the  outer 

shell  layer  grows  from  the  periostracum  to  the  mantle.  In 
this  case,  it  is  easy  to  program  imbricated  lamellae  by 

rhythmic  mantle  extension-shrinkage  or  plicated  folds  by 
periodic  mantle  bulging  or  bending  (Figure  1-3).  The  saw 
like  thread  sculpture  may  be  suitable  for  burrowing  (Seila- 
cher,  1974),  while  the  imbricated  lamellae  are  considered  to 
resist  burial  movement  but  may  serves  a  stabilizing  function 
for  shallow  burrowers  (Stanley,  1970).  Plicated  folds  seem  to 
provide  mechanical  strength  for  thin  shells  (Stanley,  1970).  If 
a  close  relationship  between  the  commarginal  sculpture  and 
habitat  exist,  functional  morphology  and  diversity  of  the 
commarginal  sculpture  can  be  attained  with  variation  of 
mantle  behavior  in  bivalves. 
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Abstract.  Specimens  of  Tuscaridium  cygneum  (Murray),  the  eurybathyal  phaeodarian  Radiolaria,  from 

the  eastern  temperate  North  Pacific  Ocean  were  enclosed  in  an  intricate  latticed  sphere  in  in  situ  samples. 

Scanning  electron  microscopy  revealed  unique  microstructures  on  the  shells  of  individual  radiolarians  and 

on  the  spheres.  Although  the  function  and  significance  of  the  enclosing  spheres  are  unknown,  colonies 

of  these  deep-dwelling,  bioluminescent  phaeodarians  may  be  common  in  the  world's  oceans. 

Key  words  :  Enclosing  latticed  sphere,  eurybathyal  phaeodarian,  North  Pacific,  Radiolaria,  Tuscaridium 

cygneum 

Introduction 

The  occurrence  of  phaeodarian  radiolarians  in  the  depths 
of  the  ocean  has  been  well  documented  since  1885  (Murray, 
1885;  Haeckel,  1887;  Haecker,  1904,  1908;  Reshetnyak, 
1966  ;  Takahashi,  1987).  Furthermore  an  association  of 
phaeodarians  with  latticed  spheres  has  been  known  since 
the  beginning  of  this  century.  Haecker  (1904,  fig.  17  as 

Tuscarusa  chuni  ;  1908,  figs.  222,  223)  illustrated  some  indi- 

viduals of  Tuscaretta  globosa  chuni  (Borgert)  from  the  "Ant- 
arctic drift"  which  were  attached  to  the  surface  of  a  "shell". 

He  suggested  that  they  were  in  colonies  and  that  each 

individual  hung  to  a  "shell"  of  double- layered  lattice  network. 

Takahashi's  photograph  of  Tuscaridium  cygneum  from  the 
subarctic  Pacific  (1987,  fig.  11g)  shows  that  some  of  the  16 
individuals  associated  with  a  sphere  appear  to  attach  to  the 
sphere  with  their  oral  end,  probably  with  their  long  oral 
spines.  Here  we  report  specimens  of  Tuscaridium  cygneum 
which  were  completely  enclosed  in  a  latticed  sphere  col- 

lected off  California. 

Collection 

Specimens  were  collected  on  cruises  with  Dr.  James  J. 
Childress,  University  of  California,  Santa  Barbara,  using  an 

opening-closing  10-m2  Tucker-trawl  with  a  30 -I iter  thermally 
insulated  closing  cod  end  (Childress  et  al.,  1978).  Ship 
speed  was  kept  below  1  knot  during  the  horizontal  trawls  to 
minimize  damage  to  specimens  caused  by  the  net.  This 

system  is  effective  in  recovering  fragile  deep-sea  organisms 
(e.g.  Thuesen  and  Childress,  1994).  Specimens  examined  in 

this  study  were  collected  in  a  2,600  m  deep  trawl,  approxi- 
mately 160  km  west  of  Point  Conception,  California  (35  01  N, 

122°50'W)  in  March,  1993.  Additional  specimens  were 
obtained  from  a  depth  of  approximately  900  m  near  the  same 

location  (3455'N,  12257'W).  The  specimens  were  always 
found  to  be  colonial  in  nature  and  appeared  to  be  alive  when 
recovered,  since  upon  mechanical  stimulation  in  a  shipboard 

darkroom  they  produced  a  blue  bioluminescent  glow  charac- 
teristic of  photoprotein-bearing  radiolarians  (Campbell  and 

Herring,  1990  ;  unpublished  data).  The  specimens  used  for 

SEM  were  fixed  in  approximately  4%  formalin.  The  radiolar- 
ians are  identified  as  Tuscaridium  cygneum  (Murray). 

Figure  1.  Microstructure  of  Tuscaridium  cygneum  (Murray).  A.  A  specimen  with  four  incomplete  radial  tubes  at  the  oral 
end  and  a  caudal  spine.  Oral  spines  are  broken  off  during  the  preparation.  Scale  bar =556  pm.  B.  Outer  shell  wall  with 
irregularly  scattered  holes  which  are  the  outer  ends  of  the  canals.  Scale  bar=50//m.  C.  Solid  shell  wall  (top)  and 
irregularly  scattered  holes  which  are  the  inner  ends  of  the  canals.  Note  elevated  areas  surrounding  the  holes.  Scale  bar= 
50  ßm.  D.  Details  of  the  shell  wall  (top)  showing  the  solid,  porcellaneous  and  opaque  nature  of  the  wall  and  irregularly 
scattered  holes  which  are  the  inner  ends  of  canals.  Note  elevated  areas  surrounding  the  holes.  Scale  bar  =  26^m.  E 
Distal  end  of  the  shell  and  a  caudal  spine.  Note  lineate  surface  structure  and  scattered  bristles  on  the  surface.  Two  pedal 
pores  are  visible  at  the  proximal  end  of  the  spine.    Scale  bar =67  ̂ m. 
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Taxonomy 

Family  Tuscaroridae  Haeckel,  1887 

Original  description—  "Phaeodaria  with  an  ovate,  spindle- 
shaped,  or  nearly  spherical  shell  exhibiting  a  peculiar  solid 

porcellaneous  structure  ;  with  a  few  radial  pores  around  the 

base  of  the  hollow  tubules,  which  are  symmetrically  arranged 

around  the  main  axis  and  the  mouth.  Surface  of  the  shell 

smooth  or  spiny,  not  tabulate  nor  panelled". 

Remarks—  Haeckel  (1887,  p.  1703)  further  discussed  "...  a 
solid  porcellaneous  shell,  which  is  perfectly  opaque,  milky- 
white  or  yellowish-white  when  dried  and  has  a  smooth 
surface  (not  tabulated  or  panelled).  The  shell  wall  is  solid, 

but  is  pierced  by  innumerable  very  fine  pores,  which  every- 

where pierce  the  thick,  apparently  solid,  fundamental  sub- 

stance of  the  shell  wall". 

Genus  Tuscaridium  Haeckel,  1887 

Haeckel,  1887,  p.  1709  ;  Borgert,  1905,  p.  108  ;  Haecker,  1908,  p. 
225. 

Type  species.— T.  cygneum  (Murray,  1885). 

Original  description.— "Tuscarorida  without  radial  aboral 
feet,  but  with  a  terminal  axial  caudal  foot,  and  a  variable 

number  of  circoral  teeth". 
Remarks—  Among  the  three  genera  of  the  Family  Tuscar- 

oridae, the  genus  Tuscaridium  is  characterized  by  its  spindle- 
shaped  (vs.ovate  or  subspherical)  outline,  its  possession  of 
an  aboral  (=terminal,  axial,  or  caudal)  spine  (=foot),  but  the 
absence  of  radial  aboral  feet.  (The  genus  Tuscarora  bears 
three  equidistant  aboral  radial  feet,  while  Tuscarusa  has  four 
equidistant  aboral  radial  feet.)    In  addition,  Tuscaridium  also 

possesses  four  radial  tubes,  dorsal  and  ventral  pairs,  at  the 

oral  end,  which  extend  nearly  horizontally.  The  mouth  is 

prolonged  into  a  cylindrical,  spinulate  proboscis  which 
curves  towards  the  ventral  face  of  the  shell  (Haeckel,  1887). 

Tuscaridium  cygneum  (Murray,  1885) 

Figures  1,2 

Tuscarora  cygnea  Murray,  1885,  p.  226,  pi.  A,  fig.  20. 

Tuscaridium  cygneum  (Murray)  Haeckel,  1887,  p.  1709-1710. Tuscaridium  lithornithium  Haeckel,  1887,  p.  1710,  pi.  100,  figs.  8, 

8a. Tuscaridium  cygneum  (Murray)  Haecker,  1908,  p.  226,  pi.  26,  fig. 
204,  pi.  32,  fig.  243,  pi.  33,  fig.  254;  Reshetnyak,  1955,  p. 
98  ;  1966,  p.  163,  pi.  1,  fig.  3. 

Original  description— "Shell  spindle-shaped,  twice  as  long 
as  broad  (in  the  transverse  section  circular)  equally  tapering 
towards  both  poles  of  the  main  axis.  The  aboral  pole  bears 
a  thin,  cylindrical,  straight,  caudal  spine,  placed  in  the 
prolongation  of  the  main  axis,  and  about  half  as  long  as  the 
shell.  Its  base  is  pierced  by  two  large  opposite  pedal  pores. 
The  anterior  or  oral  pole  bears  a  cylindrical  peristome,  similar 

to  a  bird's  head,  and  curved  towards  the  ventral  face  ;  on 
both  sides  of  its  neck  (at  right  and  left)  a  series  of  three  or 

four  irregular,  ovate,  buccal  holes.  The  neck  bears  four 
cylindrical,  spinulate,  radial  tubes  (two  on  each  side),  crossed 

nearly  horizontally,  and  placed  in  two  diagonal  planes  per- 
pendicular one  to  another  ;  these  planes  correspond  to 

those  in  which  four  feet  of  Tuscarusa  medusa  lie.  The  base 

of  each  tube  is  pierced  by  four  dental  pores". 
Remarks—  Haeckel  (1887)  reported  two  species  within  the 

genus  from  his  Challenger  samples  in  the  tropical  Central 

North  Pacific  :  T.  cygneum  from  Station  250  and  T.  lithor- 

Table  1.    The  occurrence  and  measurements  of  Tuscaridium  cygneum  (Murray). 

Location Depth  (in  m) Length  (in  mm) Width  (in  mm) Investigator 

central  North  Pacific 

5,490 

3.6 

1.8 

Haeckel  (1887) 

5,582 3.2 

1.6 

Haeckel  (1887) 

equatorial  South  Atlantic 
3,500 

2.9-3.0 Heacker  (1908) 

Northwestern  Pacific 50-200,  200-1,000, 

1,000-2,000,  4,000-8,000 

Reshetnyak  (1966) 

Okhotsk 
3,395 

1.43-1.46 

(av.  1.44) 

Reshetnyak  (1966) 

Indian  Ocean 
1,500 

Reshetnyak  (1966) 

eastern  Subarctic  Pacific 4,200 
Takahashi  (1987) 

off  California 900,  2,600 2.70-2.79 

(av.  2.74) 
1.30-1.37 
(av.  1.34) 

this  paper 

Figure  2.  Microstructure  of  Tuscaridium  cygneum  (Murray).  A.  Right  ventral  view  of  the  cephalis  and  cylindrical  radial 
tubes  with  scattered  bristles.  Scale  bar=333/*m.  B.  Details  of  the  oral  part  and  bristly  proboscis  of  the  same  specimen. 
Note  that  all  the  bristles  are  located  on  the  top  of  a  slight  conical  elevation  thus  appearing  as  an  irregular  surface.  Also  the 

distal  end  of  the  proboscis  terminates  in  irregular  scalloped  edges  and  with  some  needle-like  projections.  Scale  bar=111 
ßir\.  C.  Dorsal  left  view  of  the  oral  part  with  helmet-like  proboscis.  Note  that  the  proximal  part  of  radial  spines  possesses 
a  lineation  and  bristles  on  the  surface.  Scale  bar=111  ̂ m.  D.  A  colony  of  eight  specimens  and  the  enclosing  lattice 
sphere.  Diameter  of  the  sphere  is  12.6  mm.  E.  Details  of  a  single-layered  geodesic  latticed  sphere.  Note  the  short  spines 
projecting  outward  from  slightly  elevated  nodal  points  and  the  web  among  the  silica  rods.    Scale  bar=100//m. 
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nithium  from  Station  264.  Although  their  overall  lengths  are 

similar,  7  cygneum  and  7.  lithornithium  differ  in  (a)  the 
number  of  dental  pores  (4  vs.  6~8),  (b)  the  number  of  pedal 
pores  (2  vs.  4),  and  (c)  the  surface  of  the  aboral  and  apical 
spines  (smooth  vs.  spiny). 

Haecker  (1908)  noted  similarities  between  specimens  he 
collected  from  the  equatorial  South  Atlantic  and  7  cygneum 
described  by  Haeckel  from  the  Pacific,  especially  in  the 
exceptionally  bristle  nature  of  the  peristome  and  the  spine. 
Despite  the  small  length  of  his  Atlantic  specimens  as 

compared  to  those  from  the  Pacific  (2.9-3.0  mm  vs.  3.2-3.6 
mm),  Haecker  concluded  that  all  the  specimens  should  be 
considered  conspecific. 

Apparently  the  species  has  considerable  length  variations 
because  in  the  Okhotsk  Sea  (Reshetnyak,  1966),  it  ranges 
from  1.43  to  1.46  mm  (average  1.44  mm),  while  our  California 
specimens  range  from  2.70  to  2.79  mm  (average  2.74  mm  : 
N=5)  (Table  1).  It  also  has  a  wide  geographic  distribution 
and  is  found  at  a  variety  of  depths  (Table  1). 

Discussion 

Microstructure 

In  our  discussion  below,  we  generally  follow  the  terminol- 
ogy of  Haeckel  (1887)  and  Haecker  (1908)  except  for  the 

enclosing  sphere  (see  below).  New  features  recognized 
based  on  the  present  investigation  are  italicized  hereafter. 
According  to  Haecker  (1908),  in  the  living  organism  the 
cephalis  is  located  below  while  a  long  single  caudal  spine 
points  upward.  However,  in  the  colony,  individuals  are 
apparently  randomly  oriented  within  the  sphere. 

Shells.— The  shell  is  oval  to  pear-shaped  in  outline  (Figure  1- 
A).  Numerous  holes  are  scattered  irregularly  all  over  the 

surface  (Figure  1-B)  of  the  porcellaneous  and  opaque  shell 
wall  (Figures  1-C,  D).  These  are  actually  the  outer  ends  of 
the  canals  which  pierce  through  the  solid  wall  and  end  as 
smaller  holes  on  the  inner  wall  with  slight  inward  protrusions 

(Figures  1-C,  D). 
The  cephalis  is  covered  by  an  irregular  surface  with 

bristles  at  its  top  (Figures  2-A-C),  which  both  Haeckel  (1887) 

and  Haecker  (1908)  described  as  "spiny".  A  helmet-like 
proboscis  covers  the  mouth  and  its  distal  end  terminates  in 

irregular  scalloped  edges  with  needle-like  projections  at 
each  cusp  (Figures  2-B,  C).  Four  long  cylindrical  radial 
tubes,  the  oral  spines,  are  divided  into  right  and  left  pairs. 
Numerous  holes  of  different  sizes  are  observed  both  on  the 

peristome  (buccal  holes  of  Haeckel)  and  the  proximal  part 

(dental  pores  of  Haeckel)  of  the  tubes  (Figures  2-B,  C).  The 
very  end  of  the  proximal  part  of  the  tubes  shows  lineate 

ridges  but  becomes  smooth  distally,  and  bristles  are  scat- 
tered along  the  surface  of  the  tube. 

At  the  aboral  end  of  the  specimen,  the  shell  tapers  into  a 

long  caudal  spine  with  many  distinct  linear  ridges  (Figure  1- 
E)  which  extend  all  the  way  to  the  distal  end.  Four  oval- 

shaped  pedal  pores  (Figure  1-E)  are  located  at  its  proximal 
end.  The  surface  of  the  caudal  spine  is  also  covered  with 

bristles,  but  compared  to  Haeckel's  (1887,  pi.  100,  fig.  8) 
specimen  from  the  Pacific,  they  are  few  in  number. 

The  enclosing  sphere— The  interest  of  the  present  study, 
aside  from  the  unusually  large  size,  unique  shell  structure 

and  morphology,  is  that  all  of  our  specimens  are  found  not 
individually  but  are  completely  enclosed  in  a  latticed  sphere 

(Figure  2-D).  This  is  not  only  the  first  such  report  for  the 
present  genus  in  the  California  Current,  but  also  the  first  time 
we  have  encountered  this  throughout  our  investigations  of 

plankton  samples. 

For  the  enclosing  sphere,  we  use  the  term  "latticed 
sphere"  instead  of  "latticed  shell"  (= Gitterschale,  German  of 
Haecker  and  Borgert)  in  order  to  differentiate  the  shell 

(= Schale,  German)  of  an  individual  Radiolaria.  The  com- 
plete enclosing  sphere  measures  12.6  mm  in  diameter.  It 

consists  of  a  single-layered,  geodesic-like  sphere,  formed  by 
cylindrical  rods,  0.1  mm  in  length,  which  connect  into  tri- 

angles of  different  sizes.  Qualitative  spot  mode  analysis 

with  an  energy-dispersing  spectrometer  indicates  that  the 
rods  are  made  of  silica,  as  expected.  Short  cylindrical 

spikes  project  outward  from  several  elevated  nodal  points 
where  silica  membranes  form  a  web  among  the  rods  (Figure 

2-E). 

Although  shells  of  our  California  specimens  are  completely 

enclosed  within  a  sing  le- layered  latticed  sphere,  some  shells 
of  this  species  from  the  eastern  Subarctic  Pacific  (Takaha- 
shi,  1987)  are  located  outside  of  the  sphere  with  their  oral 
ends  toward  the  sphere. 

Such  an  orientation  of  the  oral  end  toward  or  penetrating 
inside  the  sphere,  while  the  major  part  of  the  shell  remains 

outside,  has  been  observed  in  other  phaeodarians.  Haeck- 
er (1904,  1908)  reported  that  all  the  shells  of  Tuscaretta 

globosa  (Borgert)  were  outside  of  a  double- layered  latticed 
sphere.  They  attached  by  sticking  both  oral  spines  and  the 
proximal  part  of  their  four  strongly  recurved  aboral  spines  into 
the  sphere  (1904,  fig.  17  ;  1908,  figs.  222,  223)  as  is  the  case 
with  7.  passercula  Haecker  (1908,  fig.  181). 

The  shells  of  our  specimens  are  held  in  position  within  the 
sphere  by  their  long  spines.  The  sphere,  although  fragile, 
does  not  collapse  if  held  out  of  the  water  (Takahashi,  1987). 
Because  we  do  not  know  whether  the  sphere  is  filled  with 

sea  water  or  some  other  fluid,  its  contribution  to  the  buoy- 
ancy of  a  colony  has  not  been  determined. 

The  mechanism  by  which  the  sphere  is  formed  is  also  not 
known.  Because  radiolarians  cannot  get  inside  once  the 
sphere  has  been  made,  either  individuals  of  a  colony  are 
reproduced  inside  the  sphere  after  its  formation  (for  example, 
through  fission),  or  the  sphere  is  formed  collectively  by  a 
group  of  individuals.  The  spherical  shape  of  the  latticed 
sphere  appears  incongruous  with  the  asymmetry  of  the 
radiolarians  themselves  but  its  formation  is  probably  affected 
by  external  physical  constraints,  just  as  pressure  and  surface 
tension  determine  the  shape  of  a  bubble. 
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Abstract  in  this  paper  a  fairly  well- préservera  ammonite  is  shortly  described  to  show  its  interesting 
characters.  It  is  provisionally  referred  to  Bhimaites  and  regarded  as  a  new  species.  Since  it  is  small 
even  at  the  adult  stage  and  has  a  probable  trace  of  lappet,  it  may  represent  a  microconch  of  a  dimorphic 
pair.  It  was  found  solely  from  the  upper  part  of  the  Albian  in  the  Soeushinai  area  of  Hokkaido.  More 
material  is,  however,  required  to  clarify  the  extent  of  variation,  to  confirm  the  idea  of  dimorphism  and  to 
know  the  stratigraphie  range  and  geographic  distribution  of  this  species. 

Key  words  :  Ammonite,  Bhimaites,  dimorphic  pair,  Hokkaido,  mid-Cretaceous 

Introduction 

Among  a  large  collection  of  ammonites  from  the  mid- 
Cretaceous  strata  of  the  Soeushinai  area,  northwestern 
Hokkaido,  there  is  a  small  but  interesting  ammonite  which 
has  not  been  reported  previously.    This  is  a  short  note  on  it. 

Before  going  further,  we  greatly  appreciate  Yoshitaro 
Kawashita  for  his  keen  sight  and  also  for  the  generous 
supply  of  his  acquisition  to  scientific  research.  Thanks  are 
extended  to  Tamio  Nishida,  University  of  Saga,  for  his  warm 
help  during  the  course  of  field  and  indoor  works  related  to 

this  study;  to  C.W.Wright  for  his  kindness  in  reading  an 
earlier  draft  with  linguistic  improvement  ;  to  Kazuko  Mori  for 
her  assistance  in  preparing  the  manuscript. 

Palaeontological  description 

Genus  Bhimaites  Matsumoto,  1954 

Type  species.— Ammonites  bhima  Stoliczka,  1865  (by 
original  designation,  Matsumoto,  1954,  p.  113). 

Remarks.— Because  of  the  degree  of  morphological  simi- 
larity, Bhimaites  could  be  ranked  among  the  subgenera  of 

Puzosia  Bayle,  1878.  It  contains  several  species  of  Albian 
and/or  Cenomanian  age.  A  few  species  have  been  record- 

ed from  the  Turanian  and  possibly  from  the  Coniacian. 
From  the  standpoint  of  phylogenetic  divergence,  the  generic 
status  of  Bhimaites  is  kept  at  least  for  the  time  being  (see 
Matsumoto,  1988,  p.  21) 

Species  of  Bhimaites  ate  rare  in  the  Cretaceous  of  Japan. 
B.  takahashii  Matsumoto  (1988,  p.  107,  fig.  47)  was  a  sole 
example  from  the  mid-Turanian  Inoceramus  hobetsensis 
Zone  in  the  Obira  area  (northwestern  Hokkaido).    Here  is 

another  rare  but  interesting  new  species  which  is  provision- 
ally referred  to  Bhimaites  with  a  query. 

Bhimaites  ?  kawai  sp.  nov. 

Figures  1-3 Material.— GK.  H8490  (=YKC061111)  from  the  laminated 
sandstone  (feldspathic  wacke)  at  locality  R813  on  the  River 
Sounnai  from  the  uppermost  part  of  Member  My2,  Middle 
Yezo  Group  (see  Nishida  et  al.,  1996,  fig.  2  and  fig.  10).  This 
is  the  holotype.  We  have  endeavored  to  get  more  material, 
but  so  far  we  have  not  been  successful. 

Diagnosis.— Shell  small  and  discoidal,  with  moderate 
involution  (about  3/5)  and  umbilical  ratio  (13).  Whorls 
increasingly  compressed  with  growth.  Outer  whorl  narrowly 
oval  in  section  with  the  maximum  breadth  at  one  third  of 

height,  from  where  the  outer  flanks  converge  gently  to 
arched  venter,  while  the  inner  flanks  are  bent  abruptly  to  low 
but  nearly  vertical  umbilical  wall. 

Phragmocone  nearly  smooth.  Body  chamber  occupies 

about  three-quarters  of  the  last  whorl.  Constrictions  fairly 
frequent  on  the  body  chamber,  flexuous  on  the  main  part  of 
the  flank  and  much  projected  from  the  ventrolateral  shoulder 
to  the  venter.  On  each  interspace  of  the  constrictions  a  few 

weak  furrows  may  run  roughly  subparallel  with  the  constric- 
tions. 

Suture  rather  simple  ;  L  as  deep  as  E  and  rather  asym- 
metric ;  U2  much  smaller  than  L  and  tripartite  ;  auxiliaries 

still  smaller  and  regularly  descending. 

Specific  name.— This  species  is  dedicated  to  Kawa-san 
[Mr.  Kawa],  a  friendly  nickname  of  Yoshitaro  Kawashita. 
who  found  the  holotype. 
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Figure  1.  Bhimaites  ?  kawai  sp.  nov.  Holotype.  GK.  H8490  [ = YKC061111]  from  locality  R813,  Member  My2  of 
the  Soeushinai  area.  1.  left  lateral  (a),  frontal  (b),  sectional  (c),  back  (d)  and  right  lateral  views,  x  1.7.  2.  left  lateral 
view  of  the  same  specimen  in  different  light  before  cleaning  the  umbilicus,  x1.5  ;  arrow  :  last  septum.  Bar  scales  : 

10  mm  for  each  of  Figs.  1-1, 1-2. 

Figure  2.  Bhimaites  ?  kawai  sp.  nov.  The  last  third 
suture  (external)  of  the  holotype.  E,  L.  U2  :  external,  lateral 
and  2nd  umbilical  lobes  ;  s  :  umbilical  seam.  Bar  scale  :  1 
mm. 

Dimensions. —See  Table  1. 

Observation.— The  holotype  is  the  sole  material  which  is  at 
present  available  for  this  species.  Although  its  body  cham- 

ber is  fairly  long,  the  actual  apertural  margin  is  not  preserved. 
The  trace  of  the  faint  furrow  in  front  of  the  constriction  shows 

a  slightly  more  pronounced  lateral  convexity  than  that  of  the 
constriction.  This  seems  to  suggest  the  possible  existence 
of  a  lappeted  peristome.  For  the  reason  of  the  small  size 

and  the  above  observation,  the  holotype  may  represent  a 
microconch.  To  confirm  this  presumption,  examples  of 
corresponding  macroconchs  should  be  searched  out.  It  is 
noted  that  the  holotype  has  a  somewhat  larger  umbilical  ratio 
(U/D)  than  that  of  the  typical  species  of  Bhimaites.  This 
may  be  due  to  its  small  size,  corresponding  to  a  juvenile  of 
a  normal  species  of  Bhimaites.  Such  a  presumption  should 
be  examined  by  a  find  of  macroconchs  of  this  species. 

Comparison  and  discussion.— In  the  previous  literature, 
there  is  no  species  with  which  the  present  specimen  can  be 

Figure  3.  Bhimaites  ?  kawai  sp.  nov.  Cross-section 
(sketch)  of  the  holotype.  Bar  scale  :  2  mm.  While  the  um- 

bilicus was  under  cleaning,  the  specimen  was  cross-cut  into 
halves  and  the  section  was  sketched.  The  trace  of  the 

fissure  may  be  seen  in  Figure  1-1a. 

Table  1.    Measurements  of  Bhimaites  ?  kawai. 

Specimen D             U           U/D           H           H/D           B 
B/D 

B/H H/h 

Holotype  (E) 

;/        (E-180") 

16.4          5.4           .33           6.8           .41           4.5 

12.3           4.0           .33            5.1             .41            3.4 

.28 

.28 

.66 

.67 

1.33 

1.31 

D=diameter,  U=width  of  umbilicus,  H = whorl-height,  B= whorl-breadth,  h — whorl-height  at  half 

a  whorl  adapical  from  H  ;  E= preserved  end,  E-180°=at  half  a  whorl  adapical  from  E.  Measure- 
ments of  linear  dimensions  are  in  mm. 
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identified.  The  specimen  from  the  presumed  Lower 
Cenomanian  of  England,  described  as  Puzosia  (?  Bhimaites) 

sp.  by  Wright  and  Kennedy  (1984,  p.  59,  pi.  4,  fig.  4  ;  text-fig. 
2)  has  compressed  whorls  and  prorsiradiate  constriction.  It 
is,  hence,  somewhat  similar  to  the  Hokkaido  specimen 
described  above.  It  is  still  septate  at  its  preserved  end  at  a 

larger  diameter  (nearly  30  mm)  than  ours  and  is  less  com- 
pressed (B/H  =  0.87  as  compared  with  0.67  of  our  holotype) 

despite  its  later  growth  stage.  The  illustrated  suture  of  the 
British  specimen  is  rather  of  a  Puzosia  pattern,  whereas  that 
of  ours  is  dissimilar  to  it,  showing  a  somewhat  peculiar 
feature. 

The  holotype  of  Puzosia  decemsulcata  Collignon  (1964,  p. 

56,  pi.  332,  fig.  1495),  from  the  "Lower  Cenomanian"  of 
Madagascar,  has  frequent  constrictions  which  are  prorsir- 

adiate and  slightly  flexuous  on  the  main  part  of  the  flank  and 
markedly  projected  from  the  ventrolateral  shoulder  to  the 
venter.  In  this  respect  it  is  fairly  similar  to  our  species,  but 

it  is  larger  (still  septate  at  D=90  mm)  and  has  a  larger  ratio 

B/H  [0.78]  than  that  of  our  species.  Collignon's  species 
may  be  referable  to  Bhimaites,  but  a  final  conclusion  should 
be  deferred,  until  it  is  defined  more  clearly. 

As  in  the  case  of  Microdesmoceras  tetragonum  Mat- 
sumoto and  Muramoto  in  the  Desmoceratinae  (see  Mat- 
sumoto et  al.,  1972),  this  species  might  represent  a 

progenetic  dwarf  offshoot  of  Puzosia,  but  we  hesitate  to 
propose  a  new  subgenus  for  the  reason  of  insufficient 
evidence. 

Occurrence— As  for  Material.  Member  My2  is  referred  to 
the  upper  part  of  the  Upper  Albian  (see  Nishida  et  al.,  1996). 
The  true  stratigraphie  range  and  geographic  distribution  of 
this  species  should  be  determined  by  further  investigations. 
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Abstract.  Nine  species  of  cephalopods  from  the  Ayim  Formation  of  the  Jebel  Qamar  South  area,  United 
Arab  Emirates  are  described.  They  include  orthoceratids  :  Michelinoceras  sp.  1,  Michelinoceras  ?  sp.  2, 
Temperoceras  ayimense  sp.  nov.,  Mooreoceras  ?  sp.  1,  Mooreoceras  ?  sp.  2,  Mitorthoceras  ?  sp., 

Spyroceratinae,  genus  and  species  indeterminate  ;  oncocerid  :  Poterioceratidae,  genus  and  species  in- 
determinate ;  and  bactritid  :  Bactrites  cf.  quadrilineatus  Girty.  Based  on  the  fauna,  the  Early  Carbonifer- 

ous age  of  the  formation  is  first  established  herein. 

Key  words  :  Ayim  Formation,  Bactritida,  Early  Carboniferous,  Oncocerida,  Orthocerida,  United  Arab 
Emirates 

Introduction 

The  cephalopods  described  herein  were  collected  from 
the  Ayim  Formation  of  previously  uncertain  age,  during  field 
work  in  the  Jebel  Qamar  South  area,  United  Arab  Emirates 
(Figure  1).  Although  preservation  of  the  material  is  poor,  we 
can  provide  new  knowledge  concerning  age  determination 

for  the  Ayim  Formation  and  its  paleobiogeographical  implica- 
tions for  the  situation  of  the  Arabian  Peninsula  prior  to  the 

Neo-Tethys  rifting. 
The  specimens  studied  are  housed  in  the  paleontological 

collections  of  the  Geological  Museum  of  Lausanne,  Switzer- 
land, and  bear  its  registration  numbers  (prefixed  MGL). 

Geologic  setting  and  fauna 

The  Jebel  Qamar  South  area,  situated  in  the  northern 
Oman  Mountains,  is  composed  of  the  obducted  Semail 
Ophiolite  and  allochthonous  units  of  a  large  Paleozoic  exotic 
block  lying  in  the  Hawasina  Nappes  (Pillevuit,  1993).  The 
lithostratigraphy  of  this  exotic  block  was  first  subjected  to 
reconnaissance  study  by  Hudson  et  al.  (1954),  who  showed 
the  distribution  of  the  Ordovician  and  Permian  rocks  in  the 

area.  Robertson  et  al.  (1990)  subdivided  this  Paleozoic 
sediments  into  four  formations,  which  are  from  base  to  top  : 

Rann,  Ayim,  Asfar  and  Qamar  Formations.  Recently  Pil- 
levuit (1993)  redefined  those  sequences  as  constituents  of 

the  Ramaq  Group. 
The  cephalopods  occur  in  sandy  limestone  and  reddish 

shale  located  in  the  lower  part  of  the  Ayim  Formation  (Figure 

2).  Besides  cephalopods,  the  fossils  include  serpulids  (Spir- 
orbis  sp.),  bryozoans,  ostracodes,  echinoderms,  fish  remains 
(Robertson  et  al.,  1990),  and  trace  fossils  (Pillevuit,  1993).  An 
age  between  Ordovician  and  Early  Permian  for  the  Ayim 
Formation  is  not  questionable  because  of  its  stratigraphie 
setting,  viz.  the  Rann  and  Asfar  Formations  have  been  dated 
by  trilobites  (Hudson  et  al.,  1954)  and  brachiopods  (Yanagida 
and  Pillevuit,  1994),  respectively.  However,  the  lack  of 

biostratigraphic  study  has  left  pending  a  precise  age  deter- 
mination. A  possible  Devonian  age  has  been  suggested  by 

Robertson  et  al.  (1990)  for  this  formation,  based  on  lithologie 
similarities  with  the  Devonian  Griotte  and  Cephalopodenkalk 
of  the  Western  European  Variscan.  Pillevuit  (1993)  stated 
that  similar  faciès  to  the  Ayim  Formation  are  also  recognized 
in  Middle  Ordovician  to  Upper  Devonian  deposits  of  the 
Middle  East;  i.e.  the  Middle  to  Upper  Ordovician  Qasim 
Formation  in  Saudi  Arabia  (Vaslet,  1990),  and  the  Middle  to 
Upper  Silurian  unnamed  formation  (Clark  et  al.,  1975)  and  the 
Upper  Devonian  Shishtu  Formation  (Stöcklin  er  al.,  1965)  in 
Iran. 

The  cephalopod  fauna  of  the  Ayim  Formation  is  dominated 
by  orthoconic  forms,  and  consists  of  nine  species,  including 
seven  orthocerids  (Michelinoceras  sp.  1,  Michelinoceras?  sp. 

2,  Temperoceras  ayimense  sp.  nov.,  Mooreoceras?  sp.  1, 
Mooreoceras  ?  sp.  2,  Mitorthoceras  ?  sp.,  Spyroceratinae, 

genus  and  species  indeterminate)  and  two  species  of  on- 
cocerid (Poterioceratidae,  genus  and  species  indeterminate) 

and  bactritid  (Bactrites  cf.  quadrilineatus  Girty).    Although  our 
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Figure  1.  Map  showing  geology  of  the  Jebel  Qamar  South  area  (modified  from  Pillevuit,  1993).  1  :  Semail 
Ophiolite,  2  5  :  exotic  block  (Ramaq  Group),  in  descending  order,  2,  Qamar  Formation  ;  3,  Asfar  Formation  ;  4,  Ayim 
Formation  ;  5,  Rann  Formation,  6  :  Alluvium,  7  :  location  of  measured  stratigraphie  section  given  in  Figure  2. 

knowledge  of  the  distribution  of  Late  Paleozoic  orthoconic 
cephalopods  is  not  always  sufficient,  the  cephalopods 

resemble  species  known  from  the  North  American  Mid- 
continent  region  in  overall  aspect.  The  bactritid  species 
from  the  Ayim  Formation  is  comparable  to  that  of  Bactrites 
quadrilineatus  Girty  from  the  Chesterian  of  Oklahoma.  The 
species  Michelinoceras  sp.  1  and  Mitorthoceras?  sp.  also 
suggest  affinities  with  the  Late  Mississippian  species  of  the 

Midcontinent  region.  In  addition,  similar  species  to  Moor- 
eoceras  ?  sp.  1  is  known  to  range  from  Morrowan  to  Atokan 

of  North  America.  Documented  range  of  the  family  Poter- 
ioceratidae  and  the  genus  Temperoceras  extends  to  the 
Mississippian  and  the  Triassic,  respectively.  Based  on  the 
evidence,  the  Ayim  Formation  is  considered  to  be  Early 
Carboniferous  in  age,  with  faunal  exchange  taking  place 
through  the  seaway  between  Gondwana  and  Laurentia. 
Yanagida  and  Pillevuit  (1994)  indicated,  however,  that  the 

Artinskian  brachiopod  fauna  from  the  Asfar  Formation,  rest- 
ing unconformably  upon  the  Ayim  Formation,  shows  affinity 

with  the  faunas  of  the  Gondwana  Tethyan  and  Cathaysia 
Tethyan  provinces.    This  faunal  transition  may  be  caused 

by  the  closure  of  the  seaway  due  to  the  amalgamation  of 
Pangea  during  the  Late  Carboniferous  to  Early  Permian 
(Scotese  and  McKerrow,  1990). 

Systematic  paleontology 

Subclass  Nautiloidea  Agassiz,  1847 
Order  Orthocerida  Kuhn,  1940 

Superfamily  Orthocerataceae  M'Coy,  1844 
Family  Orthoceratidae  M'Coy  1844 Subfamily  Michelinoceratinae  Flower,  1945 

Genus  Michelinoceras  Foerste,  1932 

Type  species— Orthoceras  michelini  Barrande,  1866. 

Michelinoceras  sp.  1 

Figures  3-1—5 
Description.— Orthocones  with  moderate  shell  expansion 

(approximately  5°),  circular  cross  section  ;  largest  specimen 
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Figure  2.  Stratigraphie  section  showing  lithology  of  the  Paleozoic  formations  of  exotic  block  and  stratigraphie 
position  of  cephalopods  (modified  from  Pillevuit,  1993).  1  :  sandstone,  2  :  shale,  3  :  limestone,  4  :  dolomite,  5  : 
pillow  lava,  6  :  cross  bedding. 

of  phragmocone  attains  25  mm  shell  diameter  ;  septal  cur- 
vature moderate  to  relatively  deep  ;  cameral  length  some- 

what variable,  cameral  ratio  of  apical  shell  0.9-1.0,  adorally 
camerae  become  short  with  1.6-2.7  in  this  ratio;  sutures 
straight,  transverse  ;  siphuncle  central  with  weak  constric- 

tions at  septal  foramen,  lacks  endosiphuncular  deposits; 
septal  necks  moderately  long,  orthochoanitic  ;  connecting 
rings  cylindrical  ;  cameral  deposits  mural. 

Discussion.— This  species  shows  a  superficial  resem- 
blance to  Michelinoceras  wapanuckense  (Girty,  1909,  pi.  6, 

figs.  11, 12)  from  the  Mississippian  (Chesterian)  of  Oklahoma. 
However,  the  internal  structure  of  M.  wapanuckense,  shown 
by  Gordon  (1964,  pi.  5,  fig.  1),  indicates  longer  camerae  at  the 
corresponding  shell  diameter. 

Material.— Three  specimens  of  incomplete  phragmocones, 
MGL  72033-72035,  were  examined.  In  addition,  a 
deformed  specimen  (MGL  72036)  is  questionably  assigned  to 
this  species. 

Michelinoceras  ?  sp.  2 

Figures  3-8—10 

Description. — Orthocones  with  gradual  shell  expansion  (3- 

4°),  circular  cross  section  ;  largest  specimen  of  phrag- 
mocone reaches  16  mm  in  diameter  ;  septa  deeply  concave  ; 

cameral  ratio  approximately  2  ;  sutures  transverse,  with 
broad  lobes;  siphuncle  central  with  short  orthochoanitic 
septal  necks,  cylindrical  connecting  rings. 

Discussion.— This  species  differs  from  typical  species  of 
Michelinoceras  in  having  short  septal  necks  and  lobate 

sutures.  For  these  reasons  it  can  be  assigned  only  ques- 
tionably to  Michelinoceras. 

Material— Two  specimens  of  incomplete  phragmocones, 

MGL  72037  and  72038,  were  examined.  In  addition  two  ill- 
preserved  specimens  (MGL  72039,  72040)  are  questionably 
assigned  to  this  species. 

Family  Geisonoceratidae  Zhuravleva,  1959 
Genus  Temperoceras  Barskov,  1960 

Type  species— Orthoceras  temperans  Barrande,  1874. 

Temperoceras  ayimense  sp.  nov. 

Figures  4-1—6,  10 

Diagnosis.— Gradually  expanding  orthocones;  siphuncle 
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œëï 
Figure  3.  1-5.  Michelinoceras  sp.  1.  1,2:  MGL  72034,  1,  side  view;  2,  longitudinal  polished  section,  3,4:  MGL  72033,  3, 

longitudinal  polished  section  ;  4,  side  view,  5  :  MGL  72035,  longitudinal  polished  section.  6,  7.  Bactrites  cf.  quadrilineatus  Girty,  MGL 

72059,  6  :  ventral  view,  7  :  septal  view  of  adorai  end,  venter  down.  8-10.  Michelinoceras  ?  sp.  2.  8  :  MGL  72037,  side  view,  9, 10  : 
MGL  72038,  9,  side  view  ;  10,  longitudinal  polished  section.  11-13.  Poterioceratidae,  genus  and  species  indeterminate,  MGL  72058. 
11  :  lateral  view,  venter  on  right,  12  :  dorsoventral  thin  section,  venter  on  left,  13  :  details  of  siphuncle,  negative  print  of  thin  section.  1, 

4,  8,  9,11=  X  1.5,  2,3,  5-7, 10,12=  X 2,  13=  X10. 
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nearly  central  in  position  with  suborthochoanitic  to  ortho- 
choanitic  septal  necks  and  subcylindrical  connecting  rings  ; 

cameral  deposits  episeptal-mural,  hyposeptal  ;  small  en- 
dosiphuncular  deposits  occur  in  apical  septal  foramen. 

Description.— Moderately  large-sized  orthocones  with 

gradual  shell  expansion  (approximately  3°),  circular  cross 
section,  largest  paratype  (MGL  72043)  of  phragmocone 
attains  approximately  30mm  (reconstructed)  in  diameter; 
sutures  straight,  slightly  oblique;  camerae  short,  cameral 

length  3.3-5.0  mm  in  holotype,  cameral  ratio  in  paratype 
(MGL  72403)  approximately  4  ;  septal  curvature  moderately 
deep  ;  siphuncle  nearly  central  ;  siphuncular  diameter/shell 
diameter  approximately  0.1,  septal  necks  suborthochoanitic 
in  venter,  orthochoanitic  in  dorsum  ;  swollen  portion  of  septal 

necks  usually  not  preserved,  thus  they  appear  "loxo- 
choanitic"  ;  septal  neck  length  short,  0.2-0.3  mm  in  sub- 

orthochoanitic neck  in  apical  holotype  ;  connecting  rings 
subcylindrical,  slightly  inflated  in  segments  ;  cameral 

deposits  episeptal-mural,  usually  forming  circumsiphuncular 
ridges,  and  hyposeptal,  but  adorai  camera  lacks  hyposeptal 

deposits  ;  endosiphuncular  deposits  of  annuli  weakly  devel- 
oped in  apical  septal  foramen,  not  fusing. 

Discussion.— The  external  shell  ornamentation  is  not 
known,  so  that  generic  assignment  of  the  species  is  tentative 
at  present.  However,  the  siphuncular  morphology  and  the 
possession  of  endosiphuncular  annuli  are  shared  by  the  two 
geisonoceratid  genera  :  Temperoceras  Barskov  (1960  ;  type 

species,  Orthoceras  temperans  Barrande,  1874)  and  Proto- 
kionoceras  Grabau  and  Shimer  (1910,  type  species,  Orthocer- 

as medulläre  Hall,  1868).  The  gradual  shell  expansion  sug- 
gests the  species  belongs  to  Temperoceras  rather  than 

Protokionoceras. 

The  present  species  somewhat  resembles  Pseudo- 
temperoceras  pulchrum  Stschastlivtseva  (1986,  pi.  1,  fig.  1  ; 
type  species  of  the  genus)  which  occurs  in  the  Lower 
Triassic  of  Verkhoyanye,  Yakutia.  The  Triassic  species  has 
more  inflated  connecting  rings  than  Temperoceras  ayimense 
sp.  nov.  In  the  generic  comparison  Pseudotemperoceras 
differs  from  Temperoceras  only  in  degree  of  development  of 
endosiphuncular  deposits,  and  is  probably  a  junior  synonym 
of  Temperoceras. 

Material— The  holotype,  MGL  72041,  is  an  incomplete 
phragmocone,  84.5  mm  in  length.  Four  paratypes  of  incom- 

plete phragmocones,  MGL  72042-72045,  are  assigned.  In 
addition,  a  deformed  specimen  (MGL  72046)  was  also 
examined. 

Etymology.— The  specific  name  is  taken  from  the  Ayim 
Formation,  where  the  type  specimens  occurred. 

Superfamily  Pseudorthocerataceae  Flower  and  Caster,  1935 
Family  Pseudorthoceratidae  Flower  and  Caster,  1935 

Subfamily  Pseudorthoceratinae  Flower  and  Caster,  1935 
Genus  Mooreoceras  Miller,  Dunbar  and  Condra,  1933 

Type  species. 
Condra,  1933. 

-Mooreoceras  normale  Miller,  Dunbar  and 

Mooreoceras  ?  sp. 

Figures  4-7—9 
Description.— Orthoconic  shell  with  relatively  shell 

expansion  (approximately  8°),  laterally  compressed  uoss 
section,  dorsoventral  shell  diameter  15  mm  in  adorai  end  ; 
sutures  straight,  slightly  oblique  ;  septa  moderately  deep  ; 
cameral  length  short,  cameral  ratio  ranges  from  4.8  to  6.5  ; 
siphuncle  subcentral  with  cyrtochoanitic  short  septal  necks. 

Discussion.— This  description  is  based  on  a  single  poorly 

preserved  phragmocone.  This  species  resembles  Moor- 
eoceras normale  Miller,  Dunbar  and  Condra  (1933,  pi.  2,  figs. 

5-10)  from  Middle  Pennsylvanian  of  the  Midcontinent  region 
of  United  States,  although  until  more  material  is  obtained 
identification  is  pending.  Mooreoceras  normale  is  known  to 
range  from  Morrowan  to  Atokan  (Gordon,  1964). 

Material.— MGL  72047. 

Mooreoceras?  sp. 2 

Figures  5-7—9 
Description.— Orthoconic  shells  with  relatively  rapid  shell 

expansion  (approximately  7°),  circular  cross  section,  oblique 
and  nearly  straight  sutures;  largest  specimen  of  phrag- 

mocone reaches  approximately  22  mm  (reconstructed)  in 

diameter;  septa  moderately  deep;  cameral  ratio  2.6-3.7; 
siphuncle  subcentral  with  cyrtochoanitic  to  subortho- 

choanitic septal  necks,  connecting  rings  fusiform. 

Discussion.— Mooreoceras?  sp. 2  is  easily  distinguished 
from  M.  ?  sp.  1  by  its  partly  suborthochoanitic  septal  necks. 
The  available  specimens  are  insufficient  for  adequate 

assignment. 
Material.— Three  specimens  of  incomplete  phragmocones, 

MGL  72048-72050,  were  examined.  In  addition,  two  ill- 
preserved  specimens  (MGL  72051,  72052)  are  questionably 
assigned  to  this  species. 

Subfamily  Spyroceratinae  Shimizu  and  Obata,  1935 
Genus  Mitorthoceras  Gordon,  1960 

Type  species.— Mitorthoceras  perfilosum  Gordon,  1960. 

Mitorthoceras?  sp. 

Figures  5-1—4 
Description.— Weakly  lirated  orthocones  with  moderate  to 

relatively  rapid  shell  expansion  (6-8°),  circular  cross  section  ; 
largest  specimen  of  phragmocone  reaches  approximately  10 

mm  in  diameter  ;  sutures  straight,  transverse  ;  septal  curva- 
ture moderate  to  relatively  deep;  camerae  relatively  long, 

cameral  ratio  approximately  1.6;  siphuncle  central  with 
suborthochoanitic  septal  necks. 

Discussion.— The  available  specimens  are  very  poorly 
preserved,  but  the  surface  ornamentation,  relatively  long 

camerae,  and  suborthochoanitic  septal  necks  indicate  simi- 
larity to  the  Mississippian  species  Mitorthoceras  perfilosum 

Gordon  (1960,  pi.  27,  figs.  1-4,  8). 
Material.— Four  specimens  of  incomplete  phragmocones, 



162 Shuji  Niko  et  al. 

Figure  4.  1-6,10.  Temperoceras  ayimense  sp.  nov..  1-4:  holotype,  MGL  72041,1,  dorsal  view;  2,  dorsoventral 
polished  section,  venter  on  left  ;  3,  details  of  apical  siphuncle,  thin  section,  arrow  indicates  endosiphuncular 
deposits  ;  4,  details  of  adorai  siphuncle,  thin  section,  5  :  paratype,  MGL  72042,  side  view,  6  :  paratype.  MGL  72044. 

septal  view,  10  :  paratype,  MGL  72043,  longitudinal  polished  section.  7-9.  Mooreoceras  ?  sp.  1,  MGL  72047,  7  : 
lateral  view,  venter  on  right,  8  :  dorsoventral  polished  section,  venter  on  right,  9  :  details  of  siphuncle.  polished 

section,  arrow  indicates  cyrtochoanitic  septal  neck.    1,  5,  6=  x1,  2,  7, 10=  x1.5,  3,  4,  9=  \ 8,  8=  \  2. 
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MGL  72053-72056,  were  examined. 

Genus  and  species  indeterminate 

Figures  5-5,  6 

Discussion— h  single  fragmentary  specimen  of  a  gently 
cyrtoconic  phragmocone  with  circular  cross  section,  nearly 
straight  sutures,  central  siphuncular  position  is  suggestive  of 
a  pseudorthoceratid  rather  than  an  oncocerid  or  nautilid. 

Furthermore,  in  siphuncular  structure  tht  men  seeming- 
ly belongs  to  the  Spyroceratinae.    This  sp^         s  unlike  any 

known  Late  Paleozoic  cephalopod,  and  n  resent  a 
new  genus. 

Material.— MGL  72057. 

Order  Oncocerida  Flower  in  Flower  and  Kümmel,  1950 
Family  Poterioceratidae  Foord,  1888 

E*^ 

Figure  5.  1-4.  Mitorthoceras  ?  sp.,  1,  2  :  MGL  72055,  1,  side  view  ;  2,  details  of  surface  ornamentation,  3, 4  : 
MGL  72053,  3,  side  view  ;  4,  dorsoventral  polished  section.  5,  6.  Spyroceratinae,  genus  and  species  indetermi- 

nate, MGL  72057,  5  :  dorsoventral  polished  section,  6  :  side  view.  7-9.  Mooreoceras  ?  sp.  2,  7  :  MGL  72048, 
dorsoventral  polished  section,  8, 9  :  MGL  72050,  8,  dorsoventral  polished  section  ;  9,  lateral  view.  1, 3,  6, 9=  X1.5, 
2=x10,  4,  5,7,8=  X2. 
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Genus  and  species  indeterminate 

Figures  3-11—13 

Discussion.— A  single  fragmentary  and  slightly  deformed 
specimen  is  assigned  to  a  poterioceratid  genus  and  species 

indeterminate,  based  on  the  following  morphology  :  exogas- 
tric  cyrtocone,  submarginal  siphuncle  with  strongly  curved 

dorsal  septal  necks  and  subquadrate  connecting  rings  in 

longitudinal  section. 

The  thick  connecting  rings  of  this  species  suggest  rela- 
tionship to  the  Early  Devonian  genus  Xenoceras  (Flower, 

1951  ;  type  species,  X.  oncoceroides  Flower)  from  New  York. 

However,  this  species  lacks  the  pendent  deposits  in  septal 

foramen  which  are  a  diagnostic  feature  of  Xenoceras. 

Material.- MGL  72058. 

Subclass  Bactritoidea  Shimanskiy,  1951 

Order  Bactritida  Shimanskiy,  1951 

Family  Bactritidae  Hyatt,  1884 

Genus  Bactrites  Sandberger,  1843 

Type  species.— Bactrites  subconicus  Sandberger,  1843. 

Bactrites  cf.  quadrilineatus  Girty,  1909 

Figures  3-6,  7 

Compare  with.— 
Bactrites  ?    quadrilineatus  Girty,  1909,  p.  50-52,  pi.  6,  figs.  1-4. 
Bactrites  quadrilineatus  Girty.    Miller  and  Furnish,  1940,  pi.  45, 

fig.  5  ;  Mapes,  1979,  p.  35,  36,  pi.  1,  figs.  6-9,  pi.  2,  figs.  7-9, 
pi.  3,  figs.  1-3, 7-11,  pi.  4,  figs.  10, 12-16,  pi.  12,  fig.  3. 

Description.— Single  juvenile  phragmocone  of  longiconic 
orthocone,  38.5  mm  in  length,  with  circular  cross  section  ; 

angle  of  expansion  approximately  3°,  adorai  end  attains  6.5 
mm  in  diameter;  sutures  transverse,  straight  with  ventral 

lobe  ;  camera  relatively  long,  cameral  ratio  approximately  1.4, 

marginal  siphuncle  has  orthochoanitic  septal  necks  and 

cylindrical  connecting  rings. 

Discussion— \n  the  combination  of  numerical  value  of 
angle  of  shell  expansion,  straight  sutures  and  cameral  ratio, 

this  specimen  is  strongly  reminiscent  of  Bactrites  qua- 
drilineatus Girty  known  from  the  Mississippian  (Chesterian)  of 

the  midcontinental  United  States.  The  outer  shell  wall  with 

surface  ornamentation  and  wrinkle- layer  are  eroded  away 
making  reliable  specific  assignment  impossible. 

Material.— MGL  72059. 
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Abstract.  In  the  Churia  (Siwalik)  Group  of  west-central  Nepal  fossil  freshwater  molluscs  occur  in  relative 

abundance.  No  systematic  study  of  these  fossils  has  been  done.  Therefore,  in  this  paper  freshwater 

gastropods  belonging  to  nine  genera,  including  two  new  species,  are  described  :  Bellamya  celsispiralis,  sp. 

nov.,  Bellamya  sp.  A,  Bellamya  sp.  B,  Angulyagra  sp.,  Pila  sp.,  Bithynia  sp.,  Melanoides  sp.,  Brotia 

palaeocostula,  sp.  nov.,  Brotia  sp.  A,  Brotia  sp.  B,  Brotia  sp.  C,  Lymnaea  sp.,  Indoplanorbis  sp.,  and 

Gyraulus  sp.    The  genus  Angulyagra  is  recorded  for  the  first  time  from  the  Siwaliks. 

Key  words  :  Churia  (Siwalik)  Group,  freshwater  gastropods,  Middle  Miocene- Pliocene,  Nepal. 

Introduction 

The  Churia  Group  in  west-central  Nepal  is  of  Middle 
Miocene  to  PI io- Pleistocene  age  and  composed  of  molasse 
sediments,  5-6  km  thick.  It  is  considered  equivalent  to  the 
Siwalik  Group  of  India  and  Pakistan,  which  is  well  studied  at 
the  type  locality  of  Northern  Pakistan  (Pilgrim,  1910  ;  Johnson 
et  al.,  1982, 1985).  Recently,  many  geological  studies  were 
carried  out  in  different  areas  of  the  Siwaliks  of  Nepal  and 
these  have  resulted  in  the  establishment  of  an  independent 
lithostratigraphy  (Glennie  and  Ziegler,  1964  ;  Tokuoka  et  al., 
1986,1988,1990;  Corvinus,  1994;  Dhital  et  al.,  1995)  for 

each  area.  These  molasse  sediments,  showing  a  coarsen- 
ing-upward sequence,  are  considered  syntectonic  deposits 

associated  with  the  upheaval  of  the  Himalayas.  Various 
studies  to  decipher  the  geological  history  of  the  rising 
Himalayas  and  effects  on  the  climate,  environment,  and 
distribution  of  the  flora  and  fauna  through  time  have  been 
carried  out  in  the  Churia  Group  of  Nepal  (Awasthi  and 
Prasad,  1990;  Hisatomi  and  Tanaka,  1994;  Quade  et  al., 

1995  ;  Takayasu  et  al.,  1995).  In  the  Churia  Group  of  west- 
central  Nepal,  freshwater  molluscs  are  locally  abundant. 

The  present  study  is  an  initial  step  in  examining  their  rela- 
tionship to  changing  environments  through  the  time  of  uplift 

of  the  Himalayas.  With  this  and  one  earlier  paper  (Ta- 
kayasu et  al.,  1995)  we  hope  to  record  the  number  of  genera 

of  fossil  molluscs  from  the  Nepal  Siwaliks,  which  could  be  of 
help  for  further  comparison  with  similar  faunas  from  other 
parts  of  the  Siwaliks.  In  addition,  the  paleontological  data 
can  be  of  interpretive  value  to  the  reconstruction  of 
paleoenvironments,    paleobiogeographic    distribution,    and 

stratigraphie  correlation. 

The  fossil  specimens  were  collected  from  localities  report- 
ed by  Tokuoka  et  al.  (1986, 1988, 1990)  and  from  those  added 

by  us  in  subsequent  field  work.  Part  of  the  systematic 
description  of  these  fauna  was  carried  out  in  our  earlier 
paper  (Takayasu  et  al.,  1995),  which  reported  on  nine  taxa 
belonging  to  four  genera  of  Bivalvia.  In  the  present  paper 

fourteen  gastropod  taxa,  including  two  new  species,  belong- 
ing to  nine  genera  are  described. 

Geological  Setting 

The  fossil  localities  cover  the  valleys  of  the  Arungkhola, 
Binaikhola  and  Tinaukhola  rivers,  about  250  km  southwest 

of  Kathmandu  in  west-central  Nepal  (Figure  1).  The  litho- 
stratigraphy of  the  Arung-Binaikhola  area  was  established 

by  Tokuoka  et  al.  (1986),  and  was  extended  westward  up  to 
the  Tinaukhola  area  by  Tokuoka  et  al.  (1988, 1990)  (Figure  2). 
Due  to  lack  of  isotopically  dateable  beds,  the  age  of  the 
group  is  controlled  by  paleomagnetic  polarity  chrons. 
Magnetic  polarity  stratigraphy  measured  by  Tokuoka  et  al. 
(1986)  is  compared  with  the  La  Brecque  er  al.  (1981).  In  this 
report  the  same  measured  polarity  chrons  are  correlated  with 
the  timescale  of  Cande  and  Kent  (1992,1994)  (Figure  3). 
The  formational  boundaries  therefore  differ  slightly  from  the 

previous  report  (Takayasu  et  al.,  1995)  (Figure  3).  The  for- 
mational boundary  between  the  Arung  Khola  Formation  and 

Binai  Khola  Formation  became  older  by  0.8  Ma  and  between 
the  Binai  Khola  Formation  and  Chitwan  Formation  become 

younger  by  0.3  Ma. 
The  Churia  Group  is  divided  into  the  Arung  Khola,  Binai 
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Figure  1.    Index  map  of  the  study  area. 

Khola,  Chitwan  and  Deorali  Formations,  in  ascending  order, 
and  is  divided  into  South  and  North  Belts  by  the  Central 
Churia  Thrust  (Figure  2).  The  group  is  separated  from  the 
northern  older  Midland  Group  by  the  Main  Boundary  Thrust 
(M.B.T.),  and  from  the  southern  younger  Gangetic  Alluvium  by 

the  Frontal  Churia  Thrust  (F.C.T.).  The  Arung  Khola  Forma- 

tion (9.3-14  Ma)  is  composed  mainly  of  alternating  beds  of 
variegated  siltstone  and  sandstone  with  finer  sediment 
dominating.  It  is  divided  into  lower,  middle  and  upper 
members.    The  sandstone  beds  become  thicker  toward  the 

upper  part.  The  Binai  Khola  Forme,  '2.7-9.3  Ma)  is 
dominated  by  alternating  beds  of  sands  nd  siltstone, 
the  sandstone  beds  being  much  thicker  ai  3  siltstone 
beds  not  variegated  ;  it  is  further  divided  into  Ic  middle 

and  upper  members.  The  Chitwan  Formation  (1.3-2.7  Ma)  is 
composed  of  clast-supported  pebble  to  cobble  conglomer- 

ates. The  Deorali  Formation  (<1.3Ma)  is  dominated  by 

matrix-supported  cobble  to  boulder  conglomerates  and 
alternating  beds  of  coarse-grained  sandstone. 

The  molluscan  fossils  are  found  from  the  upper  member  of 

the  Arung  Khola  Formation,  dated  as  about  10.5  Ma,  to  the 

upper  part  of  the  middle  member  of  the  Binai  Khola  Forma- 
tion, about  3.5  Ma  (Figure  3).  The  molluscan  fossil  occur- 

rences are  not  continuous  stratigraphically  ;  they  are  want- 
ing between  9  Ma  to  8  Ma  and  6  Ma  to  5  Ma.  Generally  the 

fossil  shells  are  better  preserved  in  the  younger  localities 
than  in  the  older  ones.  All  of  the  gastropod  taxa  are  aquatic 
prosobranchs  and  three  are  aquatic  pulmonates  (Table  1). 

Systematic  paleontology 

All  the  specimens  described  here  are  deposited  at  the 
Toyohashi  Museum  of  Natural  History  (TMNH),  Toyohashi, 
441-31  Japan. 
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Table  1.     List  of  the  Gastropoda  taxa  from  the  Churia 

(Siwalik)  Group,  west-central  Nepal. 
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Figure  3.  Generalized  stratigraphie  column  of  the  Churia 
(Siwalik)  Group  with  polarity  chron  of  Tokuoka  ef  a/.  (1986) 
correlated  with  the  magnetic  stratigraphy  of  Cande  and  Kent 
(1992)  and  the  occurrences  of  the  molluscan  fossils. 

Class  Gastropoda 
Subclass  Prosobranchia 

Order  Mesogastropoda  Thiele,  1929 
Family  Viviparidae  Gray,  1847 

Subfamily  Bellamyinae  Rohrbach,  1937 
Genus  Bellamya  Jousseaume,  1886 

Type  species.— Paludina  bellamyi  Jousseaume.  Recent  : 
Senegal,  West  Africa. 

Distribution.— Africa,  South,  East  and  Southeast  Asia. 

Geologic  range.— Jurassic  to  Recent. 
Remarks.— The  shell  of  the  genus  is  turbiniform  with 

ovately  rounded  aperture,  pointed  apex  and  rounded  base. 
Whorls  are  rounded  and  almost  smooth  without  traces  of 

distinct  spiral  ridges  or  sculpture.  Umbilicus  narrow  or 
closed. 

This  operculate  gastropod  from  the  Indian  subcontinent 
was  generally  described  under  the  generic  name  Paludina 
Lamarck  and  then  later  referred  to  by  the  senior  name  of 

Class  Gastropoda 
Subclass  Prosobranchia 
Order  Mesogastropoda 

Family  Viviparidae 
Subfamily  Bellamyinae 
Genus  Bellamya 

Bellamya  celsispiralis 
Bellamya  sp.  A 
Bellamya  sp.  B 
Genus  Angulyagra 

Angulyagra  sp. 
Family  Ampullariidae 

Genus  Pila Pila  sp. 

Family  Bithyniidae 
Genus  Bithynia 
Bithynia  sp. 

Family  Thiaridae 
Genus  Melanoides 
Melanoides  sp. 

Genus  Brotia 
Brotia  palaeocostula 
Brotia  sp.  A 
Brotia  sp.  B 
Brotia  sp.  C 

Subclass  Pulmonata 
Order  Basommatophora 

Family  Lymnaeidae 
Genus  Lymnaea 
Lymnaea  sp. 

Family  Planorbidae 
Subfamily  Bulininae 
Genus  Indoplanorbis 
Indoplanorbis  sp. 

Subfamily  Planorbinae 
Genus  Gyraulus 
Gyraulus  sp. 

Viviparus  or  Vivipara  Lamarck.  The  genus  Idiopoma  estab- 

lished by  Pilsbry  (1901)  with  "dissimilis"  as  the  type  species 
was  used  as  a  subgenus  of  Vivipara  by  Preston  (1915)  but  at 

present  "dissimilis"  is  grouped  in  the  genus  Bellamya  Jous- 
seaume. According  to  Prashad  (1928)  the  African  species 

B.  unicolor  (Olivier)  is  very  closely  allied  to  the  Indian  species 
V.  dissimilis  (Müller).  The  name  Viviparus  sensu  lato  for  the 
Asian  and  African  species  has  been  generally  discarded 
following  the  anatomical  study  of  Rohrbach  (1937)  which 
pointed  out  the  differences  from  Viviparus  sensu  stricto. 
Yen  (1943)  also  assigned  Viviparus  (s.  I.)  or  the  group  called 

"Vivipari  dissimilis"  in  Bellamya.  Similarly,  Subba  Rao  (1989) 
has  grouped  the  Indian  viviparids  into  Bellamya  Jousseaume  ; 

Cipangopaludina  Hannibal  ;  Angulyagra  Rao  ;  and  Taia  An- 
nandale.  Common  species  of  living  viviparids  in  the  Indian 
subcontinent  are  Bellamya  bengalensis  (Lamarck)  and  B. 

dissimilis  (Müller),  the  second-  and  third-mentioned  genera 
are  distributed  in  Assam  (Northeast  India),  Burma,  and  East 
Asia,  and  the  last  genus  is  considered  to  be  endemic  to 
Burma.  Annandale  and  Seymour  Sewell  (1921)  included  all 

Indian  forms  with  dark-banded  shells  into  V.  bengalensis 

(Lamarck)  with  one  form  nepalensis  from  "Nepal  Valley". 
The  present  fossil  specimens  show  close  affinities  with  the 
recent  genera  Bellamya  Jousseaume  and  Angulyagra  Rao. 

Hislop  (1860)  was  the  first  to  record  fossil  viviparids  from 
the  Indian  subcontinent  with  materials  from  the  Late 

Cretaceous  Intertrappean  Beds.  He  reported  twelve 
species  of  Paludina  Lamarck,  but  Annandale  (1921b)  found 
only  Paludina  normalis  Hislop,  to  be  a  true  viviparid,  belonging 

to  the  group  of  Vivipara  dissimilis  (Müller).  Fossil  V.  ben- 
galensis was  reported  from  the  Pliocene  Nerbuddah  Gravel, 

India,  by  Annandale  (1921b). 
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Bellamya  celsispiralis  sp.  nov. 

Figures  4-1—4 

Materials.— TMNH02098,  TMNH02099,  TMNH02100, 
TMNH02101. 

Diagnosis.— Shell  elongated  turbinate  in  shape,  spire  high, 
spire  nearly  equal  to  body  whorl  and  whorls  much  rounded 
with  impressed  suture. 

Description.— Shell  medium  in  size  for  the  genus,  about  18 
to  23  mm  high,  dextral,  elongated  turbinate  in  shape  and 
moderately  solid.  Spire  elevated,  long,  equal  or  slightly 

longer  than  the  body  whorl,  apical  angle  about  50°,  consist- 
ing of  six  whorls,  gradually  and  regularly  increasing  in  size. 

Apex  not  preserved.  Whorls  rounded  and  separated  by 
impressed  suture.  Body  whorl  not  greatly  enlarged  in  size. 

Shell  surface  marked  with  coarse  and  fine  slightly  opistho- 
clined  growth  lines.  Aperture  (not  completely  preserved  in 
the  holotype  but  as  observed  in  the  paratypes)  broadly  ovate, 
small,  thinly  lipped,  slightly  angled  on  adapical  side  with 
continuous  margin  ;  inner  lip  thicker  than  the  outer  lip  ; 
umbilicus  imperforate  to  narrowly  perforate. 

Type—  Holotype  :  Figures  4-1a,  b,  TMNH02098.  Para- 
types :  Figures  4-2—4,  TMNH02099,  TMNH02100, 

TMNH02101. 

Measurements  (in  mm).— 

TMNH*  coll.  cat.  no. Height Width Height  of    Height  of 
body  whorl  aperture Apical angle 

02098  (Holotype) 

02099  (Paratype-1) 
02100  (Paratype-2) 
02101  (Paratype-3) 

21.8 

19.2 
23.0 

18.4 

13.3 

14.3 
16.4 
15.7 

12.7            7.8+ 

10.0 

50°
 

50°
 

45°
 

50'
 

*  Toyohashi  Museum  of  Natural  History 

Etymology.— The  name  is  given  after  its  rather  high  spire. 
Type  Locality.— About  500  m  west  of  Dumkibas  along  the 

Mahendra  Highway  (F-18  in  Figure  2).  Middle  member  of 
the  Binai  Khola  Formation. 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fossil  Localities.— F-18,  F-21. 

Remarks.— The  present  fossil  species  has  an  elongated 
turbinate  shape  shell  with  smooth  rounded  whorls  with  a 

characteristically  long  spire.  The  recent  and  fossil  species 

belonging  to  the  genus  Bellamya  Jousseaume  do  not  pos- 
sess a  spire  longer  than  the  height  of  the  body  whorl.  The 

recent  species  of  Bellamya  common  in  the  Indian  subconti- 
nent and  Southeast  Asia  have  spires  shorter  than  the  body 

whorl. 

V.  hasani  Prashad  which  is  considered  to  be  from  the 

Nerbuddah  alluvial  deposit  (embedded  in  consolidated  sand- 
stone, which  may  have  been  derived  from  an  older  forma- 

tion), India,  is  somewhat  similar  in  shape  and  size,  but  has 
weak  peripheral  angulation  and  a  spire  shorter  than  the  body 
whorl.  Paludina  bugtica  Blanford,  1883,  and  Vivipara  atavia 

Annandale,  1921b,  from  Oligo-Miocene  beds  of  Gaj  Stage, 
Bugti  Hills,  Baluchistan,  differ  from  the  present  species  in 
having  less  inflated  whorl  and  a  shorter  spire.  The  present 
species  differs  from   Vivipara  gregoriana  Annandale,  1924, 
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eocene  Dawna 
tiorls  with  a 

and  V.  dubiosa  Annandale,  1924,  from 

Hills  of  Burma,  in  possessing  more  rous 
well  impressed  suture. 

Bellamya  sp.  indet.  A 

Figures  4-5—8 
Materials.— TMNH02158,  TMNH02159,  TMNH02160, 

TMNH02161. 

Description.— The  shell  is  small  in  size  for  the  genus,  about 
12  to  15  mm  in  height,  but,  owing  to  deformation,  the  original 
size  cannot  be  accurately  determined.  The  shell  is  dextral, 
subconically  turbinate  and  thin  ;  spire  short,  less  than  half 

the  shell  height,  apical  angle  about  75°,  consisting  of  five  to 
six  whorls  with  rapidly  increasing  whorl  diameter.  Earlier 
whorls  very  small,  slightly  shouldered  below  suture.  Later 
whorls  almost  flat  or  slightly  rounded  with  a  moderately 

strong  angulation  below  the  suture.  Suture  weakly  im- 
pressed. Body  whorl  greatly  enlarged.  Shell  surface 

smooth,  glossy  with  fine  growth  lines,  original  shell  probably 
thicker.    Aperture  poorly  preserved. 

Measurements  (in  mm).— 
TMNH  coll. Height Width Height  of      Height  of    Apical 
cat.  no. body  whorl  aperture     angle 

02158 

12+ 

12 

6+                -            70° 02159 
9  + 

10 

4+                -             75° 02160 

12+ 

11 

6+ 

02161 

11  + 

12- 

7  + 

Stratigraphie  range.— Upper  member  of  the  Arung  Khola 
Formation  to  lower  member  of  the  Binai  Khola  Formation. 

Fossil  Localities— F-65,  F-11,  F-12  (Figure  2). 

Remarks.— The  present  species  is  placed  under  the  genus 
Bellamya  based  on  its  shell  morphology  with  its  smooth 

rounded  whorls,  turbinate  shape  and  lack  of  surface  sculp- 
ture. From  its  small  size  and  a  little  rounded  whorl  with 

weakly  developed  angulation  just  below  the  suture,  it  is  most 
similar  to  Bellamya  dissimilis  (Müller).  Because  of  the  lack 
of  well  preserved  specimens,  specific  identification  is 
deferred. 

Bellamya  sp.  indet.  B 

Figures  4-9—12 
Materials.— TMNH02102,  TMNH02103,  TMNH02104, 

TMNH02105. 

Description.— Shell  small  in  size  for  the  genus,  commonly 
ranging  from  10  to  15  mm  in  height,  dextral,  turbinate  and 
somewhat  thick.  Spire  slightly  elevated,  short,  less  than  half 
the  height  and  consisting  of  rounded  whorls.  Apical  angle 

about  70°.  Apex  small.  Whorl  diameter  rapidly  increasing. 
Body  whorl  much  larger,  inflated,  with  smooth  and  convex 
periphery  and  basally  rounded.  Suture  between  whorls 
impressed.  Surface  of  the  shell  very  smooth  and  glossy, 
marked  with  very  fine  growth  lines.  Aperture  oval  with  a 

slight  angulation  on  adapical  side.  Aperture  margin  contin- 
uous, of  uniform  thickness  ;  inner  lip  with  narrow  parietal 



170 Damayanti  Gurung  et  al. 

Figure  4.  1-4.  Bellamys  celsispiralis  sp.  nov.,  1  :  holotype,  TMNH  02098, 1a  :  adapertural  view,  1b  :  side  view, 
2  :  paratype  1,  TMNH  02099,  3  :  paratype  2,  TMNH  02100,  4  :  paratype  3,  TMNH  02101.  5-8.  Bellamya  sp.  indet. 
A,  5  :  TMNH  02158,  6  :  TMNH  02159,  7  :  TMNH  02160,  8  :  TMNH  02161.  9-12.  Bellamya  sp.  indet.  B,  9  :  TMNH 
02102,  10  :  TMNH  02103, 11  :  TMNH  02104, 12  :  TMNH  02105.  13-15.  Angulyagra  sp.  indet.,  13  :  TMNH  02110, 14  : 
TMNH  02106,  15  :  TMNH  02109.    All  scale  bars  :  5  mm. 
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callus.    Umbilicus  imperforate. 

Measurements  (in  mm).— 
TMNH  coll. 

Height 

Width     He
i9htof 

aperture 
Height  of    Apical 

cat  no. body  whorl  angle 

02102 10.6 9.0 

7.5            70° 02103 11.0+ 11.0            7.5+ 

10.0+          70° 02104 10.0+ 9.4            7.8+ 

8.5+         70° 02105 10.0+ 9.0  + 

8.0+         70° 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fossil  Locality— F -88002. 
Remarks.— At  present  the  specimens  are  collected  from 

only  one  locality  (F-88002)  and  are  few  in  number.  Vivipara 
atavia  Annandale  (1921b)  from  the  Oligo-Miocene  Bugti  Hills, 
Baluchistan,  resembles  the  present  species  in  having  a  short 
spire  and  impressed  suture  but  the  latter  is  smaller  in  size, 
with  more  rounded  whorls.  The  Recent  species  Bellamya 

micron  described  by  Annandale  (1921a)  from  Manipur,  North- 
east India,  is  similar  in  shape  and  size  to  the  present  species, 

but  the  former  has  a  blunt  peripheral  angle.  Until  more 
specimens  from  other  localities  can  be  found  a  species  level 
determination  is  deferred. 

Genus  Angulyagra  Rao,  1931 

Type  species.— Paludina  oxytropis  Benson.  Recent: 
Manipur  Valley,  Northeast  India. 

Distribution.— Assam,  Burma  and  China. 

Geologic  Range.— Oligocène  to  Recent. 
Remarks.— The  shell  of  the  genus  is  medium  in  size,  thin, 

conical  in  shape  with  spiral  ridges,  peripheral  keel  well 
developed  and  base  flattened. 

The  genus  was  initially  described  as  Dactylochlamys  by 
Rao  (1925).  However,  as  the  name  was  preoccupied  a  new 

generic  name  Angulyagra  was  proposed  in  1931.  The  pres- 
ent species  shows  close  affinities  to  this  Southeast  Asian 

genus  Angulyagra  in  shell  shape  and  sculpture.  Recent 

species  of  this  genus  A.  oxytropis  (Benson)  and  A.  micro- 
chactophora  (Annandale)  are  reported  from  Manipur,  Assam 
by  Annandale  (1921a).  Yen  (1943)  reported  the  following 
species  from  China:  Angulyagra  costata  (Quoy  and 
Gaimard),  A.  thersites  (Reeve),  A.  oxytropoides  (Heude),  A. 

polyzonata  (Frauenfeld),  A.  quangdungensis  (Kobelt),  A.  an- 
nulata  (Yen). 

Angulyagra  sp.  indet. 

Figures  4-13—15 

Materials—  TMNH02106,  TMNH02107,  TMNH02108, 
TMNH02109,  TMNH02110. 

Description.— Shell  medium  in  size,  dextral,  conically  tur- 
binate in  shape  and  thin.  Spire  moderately  elevated,  less 

than  half  of  the  shell  height  with  five  whorls.  Earlier  whorls 

rounded  to  weakly  shouldered  and  latter  ones  strongly 

shouldered  just  below  the  suture.  Apical  angle  about  70°. 
Initial  whorls  very  small.    Body  whorl  large,  comprising  of 

two  thirds  of  the  shell  height,  sides  b  and  obliquely 
flattened  and  obtusely  angled  at  the  perip.  Base  of  the 
body   whorl    only   slightly   convex.    Suture  abutting 
whorls.  Shell  surface  with  fine  growth  lines  anc  or  three 
lines  of  the  spiral  sculpture.  Aperture  only  partly  preserved 

in  some  specimens,  rounded  oval  with  weakly  reflected  lip. 
Umbilicus  imperforate  to  narrowly  perforate. 

Measurements  (in  mm).— 
TMNH  coll. 
cat.  no. Height     Width 

Height  of      Height  of    Apical 
body  whorl   aperture      angle 

02106 
10.0+ 

9.0 

7.0+ 
— 

68°
 

02107 
20.0+ 15.6+ 10.7  + — — 

02108 
15.0+ 

14.0+ 10.0+ 
— 

70° 

02109 
15.0+ 

15.0 — — — 
02110 

18.0+ 16.0  + 
13.0+ 

7.0+ 

70° 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fbss/7  Locality.— F-13. 
Remarks.— The  specimens  belonging  to  this  genus  are 

collected  from  only  one  locality,  F-13.  Most  are  incomplete- 
ly preserved.  The  fossil  shell  is  characterized  by  a  thin  and 

subconical  shell.  The  occurrence  of  the  genus  Angulyagra 
in  a  fossil  state  so  far  west  from  its  Recent  distribution 

indicates  that  its  past  distribution  may  have  been  much 
wider.  The  surface  spiral  sculpture  of  the  fossil  species  is 
weaker  than  in  the  Recent  taxa.  However,  at  present  well 

preserved  samples  with  a  complete  aperture  are  not  avail- 
able, preventing  species  level  identification. 

Family  Ampullariidae  Gray,  1847 
Genus  Pila  Röding,  1798 

Type  species.— Helix  ampullacea  Linné,  1758.  Recent: Asia. 

Distribution.— Asia  and  Africa. 

Geologic  range.— Lower  Eocene  to  Recent. 
Remarks.— The  genus  is  characterized  by  a  shell  with  an 

inflated  body  whorl  with  large  aperture  and  a  short  spire. 
The  operculum  is  thick  with  an  inner  calcareous  layer  and 
nacreous  columnar  side.  Recent  species  of  this  genus  are 
widely  distributed  in  the  tropical  regions  of  Africa  and  Asia. 

Pila  sp.  indet. 

Figures  5-1—3 
Materials.— TMNH02111,  TMNH02112,  TMNH02113 

Description.— Shell  medium  in  size  for  the  genus,  dextral, 
reversely  conic  in  shape  and  thin.  Spire  short,  obtuse, 
consisting  of  five  whorls.  Body  whorl  very  large,  inflated 
below  the  weakly  convex  periphery.  Shell  surface  marked 
by  fine  growth  lines.  Aperture  also  deformed  but  probably 

elongate  pyriform  as  inferred  from  the  shape  of  the  oper- 
culum. Umbilicus  narrowly  perforated.  Operculum  thick, 

calcareous,  light  brown  in  colour  and  pyriform  in  shape. 
The  upper  margin  narrowly  rounded  and  somewhat  elongate, 
lower  margin  regularly  rounded.    Outer  surface  with  small 
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subcentral  nucleus  situated  toward  the  inner  margin,  sur- 
rounded by  concentric  growth  lines.  Rim  of  the  operculum 

slightly  thickened.     Inner  surface  with  large  muscle  scar. 

Measurements  (in  mm).—      

TMNH  coll.  cat.  no.      Height   Width Height  of    Height  of    Apical 
body  whorl  aperture      angle 

02111 
02112 

02113  (operculum) 

30.0+  36.0+ 
24.4+  25.5+ 

21 .6+*  15.7 

24.4 
21.7  + 

*  Length 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fossil  Locality— F-13  (Figure 2). 

Remarks.— Few  poorly  preserved  shells  from  locality  F-13, 
with  numerous  fragmented  shells.  In  all  specimens  the 
spire  is  depressed  to  the  body  whorl  level  due  to  deformation. 
Opercula  are  more  numerous  and  better  preserved  than  the 
shells.  Pachylabra  (=Pila)  prisca  Prashad,  is  the  only  fossil 
species  of  this  genus  reported  from  the  Siwaliks.  It  is 
described  by  Prashad  (1925)  based  on  opercula  collected 
from  the  Lower  Siwalik  (Chinji)  series  of  Kashmir  which  are 

similar  in  size  to  the  operculum  of  the  present  fossil  speci- 
men. However  the  latter  is  more  elongate  and  thinner.  As 

compared  with  the  operculum  of  Pila  globosa  (Swainson),  a 
Recent  widely  distributed  species  of  the  Indian  subcontinent, 
the  fossil  one  is  narrower  and  elongated.  Within  the  Recent 
species  of  the  subcontinent,  P.  virens  (Lamarck)  has  the 
most  similar  operculum  to  that  of  the  present  species.  As 
most  specimens  are  poorly  preserved,  the  characters  needed 
for  species  identification  are  insufficient. 

Family  Bithyniidae  Walker,  1927 
Genus  Bithynia  Leach,  1818 

Type  species.— Helix  tentaculata  Linné.  Recent:  Eur- 
ope. 

Distribution.— Europe  and  Asia. 

Geologic  range.— Miocene  to  Recent. 
Remarks.— This  genus  is  characterized  by  a  small,  ovate- 

conoidal  shell  with  very  delicate  spiral  lines  ;  without  a  varix 
parallel  to  the  peristome  ;  calcareous  operculum  with  a 
paucispiral  nucleus. 

Bithynia  sp.  indet. 

Figures  5-4—10 

Materials.— TMNH02114,  TMNH02116,  TMNH02117, 
TMNH02118,  TMNH02121,  TMNH02122,  TMNH02123. 

Description.— Shell  small  in  size,  ranging  from  2  to  5  mm, 
dextral,  ovate- conoidal  in  shape,  somewhat  thick.  Com- 

posed of  four  regularly  increasing  whorls,  rounded  and 
convex.  Body  whorl  larger  than  spire,  periphery  and  base 
rounded.  Suture  distinct  but  shallow.  Shell  surface  cor- 

neous, somewhat  glossy  and  sculptured  with  delicate  lines  of 
growth  only.  Aperture  partially  observed,  ovate  in  outline,  lip 

slightly  reflected.  Umbilicus  closed.  Operculum  calcar- 
eous, ovoidal  in  shape,  white  colour,  concentric  with  large 

subcentral  nucleus,  internal  surface  convex  with  a  flattened 
border  on  the  outer  margin  with  raised  rim. 

Measurements  (in  mm}.—         

TMNH  coll.  cat.  no.      Height  Width 
Height  of     Height  of    Apical 
body  whorl  aperture      angle 

02114 

2.3+ 

1.8 

1.2+ 

- 

48=
 

02115 

3.2+ 3.0+ 2.0+ 
— - 

02116 

5.8+ 
3.5 

3.6+ 
- 

48°
 

02117 

3.3+ 2.3+ 2.0+ 

- - 

02118 
- 2.2 

2.2+ 1.5+ 
- 

02119 
— 2.0 

2.2+ 
- — 

02120 
- 

2.0+ 

2.2+ 

1.5+ 
- 

02121 
2.3 

1.8 

1.2 - 

50°
 

021 22  (operculum) 

1.8* 

1.2 - - - 

021 23  (operculum) 

1.9* 

1.3 — — — 
*  Length 

Stratigraphie  range.— Upper  member  of  the  Arung  Khola 
Formation  to  middle  member  of  the  Binai  Khola  Formation. 

Fossil  Localities.— F13  and  F21  (shell  and  operculum)  ;  F65, 
F18,  F19,  F17  (only  opercula). 

Remarks.— According  to  Subba  Rao  (1989)  and  Annandale 
(1920)  the  subfamily  Bithyniinae  of  the  Indian  subcontinent 
can  be  divided  on  the  basis  of  shell  characters  into  five 

genera:  Bithynia  Leach,  Sataria  Annandale,  Gabbia  Tryon, 
Dignostoma  Annandale  and  Hydrobioides  Nevill.  Based  on 
the  shell  morphology  and  its  calcareous  operculum  with 
concentric  growth  lines  and  subcentral  nucleus,  the  present 
specimens  are  identified  as  a  species  of  Bithynia  Leach. 
Shells  of  Bithynia  sp.  are  found  along  with  opercula  at  two 

localities  only  (F-13,  F-21),  although  white  calcareous  oper- 
cula are  found  at  most  localities.  The  opercula  are  not 

found  attached  to  the  shell  and  they  are  of  a  different  shape 

and  size,  probably  belonging  to  two  or  more  species.  Most 
of  the  tiny  shells  are  fragile  and  difficult  to  separate  from  the 

sediment  containing  them,  so  preventing  specific  identifica- 

tion. 

Family  Thiaridae  Gray,  1847 
Genus  Melanoides  Olivier 

Type  species.— Melanoides  fasciolata  Olivier= Nerita 
tuberculata  Müller.    Recent:  India. 

Distribution.— Paleotropic  and  subtropic. 

Geologic  range.— Paleocene  to  Recent. 
Remarks.— This  world-wide  genus  is  characterized  by  its 

turreted  shell  with  a  long  spire  consisting  of  many  whorls. 
The  shell  is  sculptured  with  more  or  less  strong  spiral 
grooves  and  axial  ribs  and  generally  shows  great  variability 
within  each  species. 

Regarding  the  taxonomy  of  melanians  there  are  different 
opinions  :  Morrison  (1954)  regarded  it  as  a  genus  of  the 
family  Thiaridae  Gray  and  Brandt  (1974)  also  treated  it  as  a 
genus  of  the  subfamily  Thiarinae  Gray  ;  Subba  Rao  (1989), 
following  Pace  (1973),  regarded  Melanoides  as  a  subgenus  of 
genus  Thiara  Röding,  of  the  subfamily  Thiarinae  Gray. 
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Melanoides  cf.  tuberculata  (Müller,  1774) 

Figures  5-11—16 

Materials.— TMNH02124,  TMNH02125,  TMNH02126, 
TMNH02127,  TMNH2128. 

Description.— Shell  small  to  medium  in  size  for  the  genus, 
20  to  24  mm  long,  dextral,  moderately  thin,  elongate  and 
turreted  with  eight  remaining  whorls.  Spire  elevated,  long, 

apical  angle  about  21°  to  25°.  The  early  whorls  including  the 
apex  eroded.  Whorls  increasing  in  diameter  slowly  and 
regularly,  sides  gently  rounded  in  profile.  Body  whorl  not 
very  large  and  below  the  periphery  only  marked  by  spiral 
ridges.  Suture  shallow  but  distinct.  Strongly  sculptured 
with  four  to  five  spiral  ridges  crossed  by  closely  spaced 
obtuse  ribs.  The  ribs  stronger  than  the  spiral  ridges  in  the 
early  whorls,  in  later  whorls  it  is  formed  into  rows  of  tubercles. 
Aperture  not  well  preserved. 

Measurements  (in  mm).— 
TMNH  coll. 

Height Width Height  of Height  of Apical cat  no. body  whorl aperture 
angle 

02124 24.0+ 10.5 13.0+ 
7.0+ — 

02125 17.0+ 9.0+ 6.0+ — — 
02126 19.0+ 11.0+ — — — 

02127 18.0+ 9.0+ — — — 

02128 15.0+ 5.0+ 5.0+ — 

25°
 

02129 25.0+ 

8.0^ 

- - 

25°
 

Stratigraphie  range.— Upper  member  of  the  Arung  Khola 
Formation  to  middle  member  of  the  Binai  Khola  Formation. 

Fossil  Localities.— F-65,  F-12,  F-17,  F-18,  F-19,  F-13,  F-21. 
Remarks.— The  present  specimens  are  quite  similar  to  the 

Recent  species  of  Melanoides  tuberculata  (Müller).  The 
fossil  specimens  have  more  prominent  surface  sculpture. 
However,  the  variability  within  the  species  is  extremely  great 
as  pointed  out  by  many  authors  (Van  Benthem  Jutting,  1956  ; 
Starmuhlner,  1974  ;  Brandt,  1974).  Therefore,  we  concluded 
that  the  fossil  specimens  belong  to  this  species. 

Genus  Brotia  H.  Adams,  1866 

Type  species— Melania  pagodula  Gould.    Recent  :  Asia. 
Distribution.— Southeast  Asia. 

Geologic  range.— Pliocene  to  Recent. 
Remarks.— The  genus  Brotia  H.  Adams  is  characterized  by 

a  long  turreted  shell,  the  spire  being  longer  than  the  body 
whorl,  which  is  smooth  or  sculptured  with  spiral  ridges  and/ 
or  axial  ribs  and  may  be  ornamented  with  tubercles  or  spines. 

The  genus  was  established  with  Melania  pagodula  Gould 
as  the  type  species  and  subdivided  into  several  subgenera 

(Preston,  1915  ;  Brandt,  1974  ;  Subba  Rao,  1989)  with  Mor- 
rison (1954)  treating  the  subgenus  Antimelania  Crosse  and 

Fischer  as  a  genus.  The  Indian  subcontinent  species  are  all 
grouped  under  the  subgenus  Antimelania  Crosse  and  Fischer 
by  Subba  Rao  (1989)  with  a  regularly  rounded  aperture  at  the 
base  as  a  characteristic  feature.  Brandt  (1974)  similarly 
subdivided  the  genus  into  two  subgenera  Brotia  s.S.  and 
Senckenbergia  Yen,  for  Thai  species,  the  former  with 
protracted   peristome  at  the  base  and   in  the  latter  not 

protracted.    The  same  criteria  is  app  *  an  opposite 

manner  for  other  species,  for  example,  :a  variabilis 
Benson,    which    is   the   type    species   of  ubgenus 

Antimelania  Crosse  and  Fischer,  is  regarded  as  a  ->ym  of 
Brotia  costula  (Rafinesque)  which  is  placed  into  subgenus 
Brotia  s.S.  by  Brandt  (1974)  but  has  a  rounded  aperture  base. 
Hence,  the  use  of  the  criteria  for  further  subdivision  is  rather 
confusing.  Furthermore,  in  the  case  of  the  present  fossil 

specimens  the  base  of  the  aperture  is  generally  not  preser- 
ved. Therefore,  we  are  reluctant  to  divide  the  genus  into 

subgenera  for  the  present  fossil  species  based  on  the  above 
character. 

Brotia  palaeocostula  sp.  nov. 

TMNH02132, 
TMNH02136, 

Figures  5-17—23 
Materials.— TMNH02130,  TMNH02131, 

TMNH02133,  TMNH02134,  TMNH02135, 
TMNH02137. 

Diagnosis.— Suture  banded,  beltlike,  shell  marked  with 
spiral  and  axial  ridges,  in  the  latter  whorls  with  relatively 
widely  spaced  prominent  axial  ridges  with  blunt  spines  just 
above  the  periphery. 

Description.— Shell  medium  in  size  for  the  genus,  30  to  50 
mm  long,  dextral,  turreted,  narrowly  conic  and  a  little  thick. 
Spire  high  and  elongated  with  gradually  increasing  whorls. 
Apex  and  early  whorls  eroded.  Shell  generally  with  two  to 
five  remaining  whorls.  Body  whorl  rounded,  shorter  than  the 
spire.  Suture  between  the  whorls  distinct,  not  impressed 
but  banded  beltlike  appearance  due  to  a  parallel  groove 
below  it.  Surface  of  the  shell  distinctly  marked  with  spiral 

and  axial  ridges.  Surface  of  the  early  whorls  cancellate.  In 
the  last  two  whorls  axial  ridges  more  prominent  with  blunt 

projecting  spines  just  above  the  periphery,  strongly  devel- 
oped in  the  last  whorl.  The  spines  more  pronounced  in 

larger  matured  specimens.  Below  the  periphery  of  the  body 
whorl  the  area  is  marked  with  spiral  ridges  only.  Aperture 

incompletely  preserved,  probably  elongated  oval  in  outline 
with  thin  outer  lip. 

Type—  Holotype  :  Figures 4-17,  TMNH02130.  Paratypes: 
Figures  4-18-23,  TMNH02131,  TMNH02132,  TMNH02133, 
TMNH02134,  TMNH02135,  TMNH02136. 

Measurements  (in  mm).— 
TMNH  coll.  cat.  no. Height Width Height  of     Height  of 

body  whorl  aperture 
Apical 

angle 
02130  (Holotype) 

50.0+ 
23.4 

26.0+ 

35°
 

02131  (Paratype-1) 
36.0+ 23.0+ 18.0+ — 

02132  (Paratype-2) 
36.5+ 15.4+ -                - - 

02133  (Paratype-3) 
33.0+ 30.0+ 

18.0+ 
- 

02134 
36.0+ 

16.0+ 18.0+ 
— 

02135 
28.0+ 24.0+ 22.0+ — 

02136 25.0+ 20.0+ 
18.0+ 

— 
02137 26.0+ 18.0+ 

13.0+ 
- 

Etymology.— The  present  fossil  species  shows  some  simi- 
larity to  the  Recent  species  B.  costula  (Rafinesque),  hence 

the  name  'old-costula'. 
Type  Locality.— At  the  right  bank  of  the  Jhumsakhola  river 
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about  600  m  east  of  the  confluence  with  the  Tinaukhola  river 

(F  72  in  Figure  1).  Middle  member  of  the  Binai  Khola  For- mation. 

Stratigraphie  Range— Upper  member  of  the  Arung  Khola 
Formation  to  middle  member  of  the  Binai  Khola  Formation. 

fossil  Localities.-F-65,  F-72,  F-17,  F-20,  F-18,  F-16,  F-13. 

Remarks.— The  species  belonging  to  this  genus  are  re- 
presented by  many  subgenera  in  Southeast  Asia.  The 

presently  described  species  Brotia  palaeocostula  is  most 
similar  to  Brotia  (Antimelania)  costula  (Rafinesque)  in  shape 

but  differs  in  surface  sculpture,  suture  and  size.  The  pres- 
ent species  was  collected  from  many  localities  and  surface 

sculpture  is  consistent.  Generally  in  large  and  mature 
specimens  of  the  new  fossil  species,  the  sculpture  is  more 
pronounced.  Due  to  its  distinct  surface  sculpture  and  size 
we  regard  it  as  a  new,  extinct  species. 

Brotia  sp.  indet.  A 

Figures  6-1—3 
Materials.— TMNH02138,  TMNH2139,  TMNH2140. 
Description.— Shell  medium  in  size  for  the  genus,  30  to  40 

mm  long,  dextral,  turreted  with  elongated  conic  spire,  moder- 
ately thick.  Spire  conical,  high,  nearly  half  the  shell  length. 

Apex  and  early  whorls  eroded.  The  shell  consists  of  more 
than  nine  evenly  increasing  whorls.  Early  whorls  nearly  flat 
in  outline  but  the  later  ones  obtusely  convex.  Apical  angle 

about  30°  to  32°.  Sutures  shallow  with  area  below  it  a  flat 
and  bandlike.  Shell  surface  sculptured  with  prominent 
rounded  axial  ridges  with  three  to  four  weak  spiral  threads. 
Axial  ridges  comparatively  strongly  developed,  rounded, 
curved,  and  constricted  at  the  narrow  suture  area.  Body 
whorl  larger,  rounded,  marked  with  eight  to  nine  axial  ribs  ; 
subequal  with  spire  ;  and  below  the  periphery  marked  with 

many  prominent  spiral  ridges.  Aperture  is  not  well  pre- 
served. 

Brotia  palaeocostula  in  shell  surface  sculptures  and  size  ;  the 
former  has  well  developed  axial  ridges  with  weak  spiral  ridge 
and  is  smaller  in  size.  It  shows  some  similarity  to  fossil 

Melania  pseudepiscopalis  Blanford,  1883,  but  the  present 
species  has  more  closely  placed  axial  ribs  and  is  smaller  in 
size.  It  is  also  somewhat  similar  in  shell  sculpture  to  Thiara 

(Melanoides,  1876)  herculea  (Hanley  and  Theobald,  1876) 
which  is  considered  to  be  a  synonym  of  Brotia  (Brotia)  costula 

costula  by  Brandt  (1974).  However,  the  present  species  is 
much  smaller  in  size  with  weakly  developed  spiral  threads 

and  prominent  axial  ribs  which  do  not  develop  spines. 
Brotia  sp.  B  has  more  widely  placed  axial  ridges  with 
absence  of  spiral  sculpture  and  Brotia  sp.  C  has  both  spiral 
and  axial  sculpture  more  well  developed  than  in  Brotia  sp.  A. 

Due  to  lack  of  more  well  preserved  specimens  further  identi- 
fication is  difficult. 

Brotia  sp.  indet.  B 

Figures  6-4—7 Materials—  TMNH02141,  TMNH02142,  TMNH02143, 
TMNH02144. 

Description.— Shell  moderately  large  for  the  genus,  30  to 
60  mm  long,  dextral,  slender,  elongated  conic  in  shape, 

moderately  thin.  Spire  long,  more  than  two-thirds  of  the 
shell  length,  consisting  of  only  six  remaining  whorls.  Apex 
and  early  whorls  eroded.  Side  of  whorls  obtusely  rounded, 
slowly  increasing  in  diameter.  Suture  impressed.  In  the 
early  whorls  shell  surface  sculptured  with  comparatively 
closely  placed  prominent  axial  ridges,  slightly  enlarged 
around  the  peripheral  area.  In  the  later  whorls  axial  ridges 
more  widely  spaced  and  in  the  last  two  whorls  ridges 
produced  into  short  blunt  tubercles.  Axial  ridges  do  not 
extend  beyond  the  suture.  Spiral  sculpture  absent.  Body 
whorl  a  little  larger  and  moderately  rounded.  Aperture  not 

preserved. 

Measurements  (in  mm).- 
TMNH  coll. 
cat.  no. Height     Width Height  of 

body  whorl 
Height  of 

aperture 
Apical angle 

02138  37.0+       16.6         17.3+ 
02139  30.6+       13.1  15.2  + 

02140  39.0+       18.8  - 

32° 

30°
 

32° 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

fossil  Localities— F-19,  F-8806,  F8812. 
Remarks.— There  are  only  three  slightly  well  preserved 

specimens  and  five  poorly  preserved  ones.  Although  the 
shell  surface  as  well  as  shape  can  be  clearly  seen,  due  to 
the  lack  of  complete  specimens  characters  such  as  the 
aperture  cannot  be  observed.    This  species  differs  from 

Measurements  (in  mm).- 
TMNH  coll.    .  ,     .......      Height  of      Height  of    Apical 

Height     Width    .    J ,      .     .        ~.  . cat  no.  body  whorl   aperture      angle 

02141  56.5+  21.2+  25.0- 
02142  33.2+  9.5+  11.0- 
02143  20.0+  8.0+  8.0+ 

02144  23.8+  10.2+  13.2- 
32 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

fossil  Localities— F-13,  F-8806,  F-8812. 
Remarks.— Although  the  shape  and  the  sculpture  of  the 

poorly  preserved  sample  clearly  indicate  its  relation  to  the 
genus  Brotia,  further  identification  is  difficult.  There  are  only 

three  specimens  so  far,  one  each  from  localities  F-8806,  F- 

Figure  5.  1-3.  Pila  sp.  indet,  1  :  TMNH  02112,  2  :  TMNH  02111,  3  :  Operculum,  TMNH  02113.  4-10.  Bithynia  sp.  indet.. 
4:  TMNH  02114,  5:  TMNH  02117,  6:  TMNH  02118,  7:  TMNH  02116,  8:  TMNH  02121,  9:  TMNH  02122,  10:  TMNH  02123. 

11-16.  Melanoides  cf.  tuberculata,  11  :  TMNH  02124, 12  :  TMNH  02125, 13  :  TMNH  02126, 14  :  TMNH  02128, 15  :  TMNH  02127, 
16  :  TMNH  02128.  17-23.  Brotia  palaeocostula  sp.  nov.,  17  :  holotype,  TMNH  02130,  18  :  paratype  1,  TMNH  02131,  19  : 
paratype  2,  TMNH  02132,  20  :  TMNH  02134,  21  :  paratype  3,  TMNH  02133,  22  :  TMNH  02135,  23  :  TMNH  02136.  All  scale 
bars  :  5  mm. 
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88012  and  F-13.  The  present  specimens  differ  from  Brotia 
palaeocostula,  Brotia  sp.  A,  and  Brotia  sp.  C  in  having  simple 
surface  sculpture  consisting  of  comparatively  widely  spaced 
axial  ribs  with  absence  of  spiral  sculpture. 

Brotia  sp.  indet.  C 

Figures  6-8 — 11 

Materials.— TMNH02145,  TMNH02146,  TMNH02147, 
TMNH02148. 

Description.— Shell  small  in  size  for  the  genus,  20  to  35 
mm  long,  dextral,  slender,  narrowly  conic  in  shape,  moder- 

ately thin.  Spire  high,  long,  more  than  half  the  shell  length, 
consisting  of  six  remaining  convex  whorls.  Apex  and  early 
whorls  eroded.  Whorls  slowly  increasing  in  diameter  with 
obtusely  rounded  sides,  later  ones  less  rounded  and  angled 
due  to  more  developed  subsutural  and  subperipheral  spiral 
ridges.  Body  whorl  large,  rounded  with  nearly  straight  flat 
side  between  upper  and  lower  spiral  sculpture.  Suture 
distinct  but  shallow.  Shell  surface  marked  by  four  to  five 
thin  spiral  threads  crossing  the  stronger  axial  ridges,  giving  a 
beaded  appearance  to  the  axial  ridges.  The  axial  rib  does 
not  extend  beyond  the  suture.  Basal  part  of  the  body  whorl 
with  spiral  ridges  only.    Aperture  not  observed. 

Measurements  (in  mm).— 
TMNH  coll. no.. .  .  ,. 

Height Width Height  of      Height  of 
Apical cat. body  whorl  aperture angle 

02145 31.8+ 11.2+ 18.6+ 

50°
 

02146 20.7+ 8.0 8.2 

50°
 

02147 31.8  + 13.5  + 12.4+ 

50°
 

02148 28.7  + 12.0  + 10.4+ - 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fossil  Localities— F -25,  F-8806,  F-17. 
Remarks.— The  specimens  of  this  species  are  also  few 

and  poorly  preserved.  However,  in  shell  sculpture  it  is  quite 
different  from  the  previously  described  three  forms. 
Although  the  present  fossil  species  is  small  in  size  for  the 
genus,  its  characteristic  turreted  shell  with  distinct  axial  and 
spiral  sculpture  shows  its  affinity  to  Brotia,  H.  Adams  rather 
than  Melanoides  Olivier.  It  shows  some  similarity  in  surface 
sculpture  to  the  Recent  species  Brotia  (B.)  pseudoasparata 
Brandt,  1968,  distributed  in  Southeast  Asia  ;  but  the  former  is 
much  smaller  in  size  and  has  a  greater  number  of  spiral 

ridges.  Further  identification  is  difficult  until  better  preser- 
ved samples  are  found. 

Subclass  Pulmonata 

Order  Basommatophora  Keferstein,  1864 
Family  Lymnaeidae  Gray,  1842 
Genus  Lymnaea  Lamarck,  1799 

Type  species.— Limnaea  stagnalis  (Linné) = Helix  stagnalis 
Linné,  1758.    Recent  :  Europe  and  Asia. 

Distribution  .—Worldwide. 

Geologic  range.— Palaeocene  to  Recent. 

Lymnaea  sp.  indet. 

Figures  6-12—13 
Mater/a/s.-TMNH02149,  TMNH02150. 

Description.— Shell  medium  for  the  genus,  dextral,  elon- 
gate ovate  in  outline,  rather  thin.  Spire  small,  acuminated, 

nearly  equal  in  height  with  the  width  of  the  suture  at  the  base 
of  the  spire.  Body  whorl  much  longer  and  larger  than  the 
spire,  outer  lip  expanded  and  convex.  Surface  of  the  body 
whorl  marked  with  fine  growth  lines.  Aperture,  columella 

and  spire  whorls  not  observed. 

Measurements  (in  mm).— TMNH  coll.                           Wjdth 

cat.  no. 
Height  of 

body  whorl Apical 
angle 

02149  11.4+       7.0+ 
02150  3.2+       2.3 

9.4- 

2.8 

— 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fossil  Localities— F-13,  F-17. 
Remarks.— So  far  only  two  specimens,  incompletely 

preserved,  have  been  collected  from  localities  F-13  and  F-17 
(Figure  2).  The  shell  is  not  completely  preserved,  but  shell 
form  is  most  like  that  of  Lymnaea  Lamarck.  From  its  much 
larger  body  whorl,  in  comparison  to  the  spire,  and  slightly 

expanded  outer  lip,  the  specimen  from  F-17  is  distinguished 
as  Lymnaea  Lamarck.  However,  the  second  specimen  from 

F-13  is  of  small  size  for  the  genus.  Further  identification 
can  be  done  only  if  better  preserved  specimens  can  be 
collected.  The  rare  occurrence  of  this  species  in  the  fossil 
assemblage  is  most  probably  due  to  the  fragile  nature  of  the 
shell  of  this  group.  Bhatia  (1974)  reported  two  species  of 
Lymnaea  from  the  Pleistocene  of  Upper  Karewa,  Kashmir,  L. 
(Galba)  andersoniana  forma  similans  (Preston)  and  L 

(Pseudosuccinea)  acuminata  (Lamarck)  forma  hians  (Sower- by). 

Family  Planorbidae  Gray,  1840 
Genus  Indoplanorbis  Annandale  and  Prashad,  1921 

Type  species— Planorbis  exustus  Deshayes.  Recent: 
Malabar  Coast. 

Distribution. South  and  Southeast  Asia. 

Geologic  range.— Pliocene  to  Recent. 
Remarks.— The  genus  Indoplanorbis  Annandale  and  Pra- 

shad, differs  from  genus  Bulinus  Müller,  in  having  a  discoid 
shell  and  in  certain  minor  anatomical  characters  (Hubendick, 1955). 

Indoplanorbis  cf.  exustus  (Deshayes,  1834) 

Figures  6-14—15 
Materials.— TMNH02151,  TMNH02152. 

Description.— Shell  large  in  size  for  the  family,  discoidal 
and  moderately  thick.  Upper  and  lower  sides  somewhat 
concave.  The  specimen  consists  of  three  to  four  whorls, 
rapidly  increasing  in  size  and  rounded.    All  the  whorls  not 
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Figure  6.  1-3.  Brotia  sp.  indet.  A,  1  :  TMNH  02138,  2  :  TMNH  02139,  3  :  TMNH  02140.  4-7.  Brotia  sp.  indet. 
B,  4  :  TMNH  02141,  5  :  TMNH  02142,  6  :  TMNH  02143,  7  :  TMNH  02144.  8-11.  Brotia  sp.  indet.  C,  8  :  TMNH  02145, 
9  :  TMNH  02146,  10  :  TMNH  02147,  11  :  TMNH  02148.  12, 13.  Lymnaea  sp.  indet,  12  :  TMNH  02149,  13  :  TMNH 

02150.  14,15.  Indoplanorbis  cf.  exustus,  14:  TMNH  02151,  15:  TMNH  02152.  16-20.  Gyraulus  sp.  indet,  16: 
TMNH  02154,  17  :  TMNH  02155,  18  :  TMNH  02153,  19  :  TMNH  02156,  20  :  TMNH  02157.     All  scale  bars  :  5  mm. 

visible  from  basal  side.  Suture  distinctly  impressed.  Sur- 
face of  the  shell  marked  with  irregular  but  distinct  growth 

striation.    Aperture  not  preserved. 

Measurements  (in  mm).— 
TMNH  col.          Height 
cat.  no. 

Diameter     Height  of  aperture 

02151  6.0+ 
02152  4.0+ 

10.9+ 
10.0+ 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
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Formation. 

Fossil  Locality.— F-13. 
Remarks.— Large  number  of  incomplete  and  broken  speci- 

mens are  collected  from  locality  F-13,  only  two  are  more 
completely  preserved.  The  aperture  is  not  preserved  and 
the  shell  is  slightly  compressed  with  only  one  side  visible. 
The  present  specimen  is  most  similar  to  the  Recent  widely 
distributed  Indoplanorbis  exustus  (Deshayes)  in  shape,  size 
and  surface  sculpture.  Bhatia  (1974)  reported  /.  exustus 
from  the  Pleistocene  Upper  Karewa,  Kashmir,  India,  his 
specimens  are  much  larger  than  the  presently  reported 
specimens  which  may  be  immature  shells. 

Genus  Gyraulus  Charpentier,  1837 

Type  species.— Planorbis  albus  Müller =Planorbis  hispidus 
Draparnaud.    Recent:  Switzerland. 

Distribution.— Europe,  Asia,  Africa  and  North  America. 

Geologic  range.— Jurassic  ?    to  Recent. 
Remarks.— The  discoidal  shell  of  this  genus  is  small,  less 

than  10  mm  in  diameter. 

Gyraulus  sp.  indet. 

Figures  6-16—20 

iWater/a/s— TMNH02153,  TMNH02154,  TMNH02155, 
TMNH02156,  TMNH02157. 

Description.— Shell  very  small  in  size,  ranging  from  2  to  4 
mm  in  diameter,  discoidal,  dextral  and  thin.  All  the  whorls 
visible  from  above  but  apical  part  cannot  be  observed. 
Whorls  increasing  in  diameter  rapidly  and  consist  of  two  and 

a  half  to  three  whorls.  Body  whorl  larger  and  a  little  expand- 
ed around  the  aperture. 

Measurements  (in  mm).— 
TMNH  coll. Height Diamete 

cat.  no. 

02153 - 2.5+ 

02154 - 
4.0+ 

02155 — 
2.5  + 

02156 - 1.5  + 

02157 — 0.8+ 

Stratigraphie  range.— Middle  member  of  the  Binai  Khola 
Formation. 

Fossil  Localities— F-13,  F-72,  F-21. 
Remarks.— The  shells  of  this  species  are  abundant  at  few 

localities.  Generally  only  one  side  of  specimens  can  be 
observed,  preventing  accurate  identification.  These  small, 

discoid  and  dextral  shells  are  grouped  into  Gyraulus  Char- 
pentier. Due  to  the  thin  and  fragile  nature  of  the  shell, 

preservation  is  poor,  identification  to  species  level  is  not  pos- 
sible at  present.  In  the  fossil  state  the  genus  is  reported  by 

Bhatia  (1974)  from  the  Pleistocene  Upper  Karewa,  Kashmir. 
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Abstract.  Two  new  Nilssoniocladus  species  are  erected  based  on  the  well  preserved  specimens  collected 

from  the  Tochikubo  Formation  (Oxfordian),  Soma-Nakamura  Group,  Northeast  Honshu,  Japan.  Both 
Nilssoniocladus  tairae  sp.  nov.  and  N.  japonicus  sp.  nov.  are  represented  by  long  and  short  shoots 
terminally  with  a  rosette  of  leaves.  Detached  leaves  of  Nilssoniocladus  were  piled  up  on  the  bedding 

planes,  forming  so-called  'Nilssonia'  mats  which  suggest  that  the  leaves  of  both  species  are  deciduous  like 
those  of  the  type  species.  The  slender  habit  of  long  shoots  suggests  that  Nilssoniocladus  plants  are 
climbers. 

Key  words  :  Late  Jurassic  (Oxfordian),  'Nilssonia',  Nilssoniocladus,  Northeast  Japan,  Ryoseki-type  flora 

Introduction 

Instead  of  a  leaf  genus  'Nilssonia',  the  genus  Nilssonio- 
cladus was  established  by  Kimura  and  Sekido  (1975)  based 

on  a  much  more  complete  specimen  consisting  of  a  slender 
long  shoot  and  helically  arranged  short  shoots.  The  short 

shoot  gives  off  a  terminal  rosette  of  'Nilssonia'  leaves.  The 
type  species  is  Nilssoniocladus  nipponensis  (Yokoyama)  from 
the  Lower  Cretaceous  Oguchi  Formation  in  the  Inner  Zone  of 

Japan.  In  the  type  specimen  (KM -301 U),  a  long  shoot, 
several  short  shoots  and  rosettes  of  leaves  are  clearly  in 
organic  connection. 

The  leaves  appear  to  be  deciduous,  because  a  number  of 
detached  leaves  of  Nilssoniocladus  nipponensis  proximally 
with  expanded  petiole  base  are  seen  piled  up  everywhere, 
forming  thick  mats.  Judging  from  the  slender  habit  of  the 
long  shoot,  this  plant  was  thought  to  be  a  climber. 

Later,  Spicer  and  Herman  (1996)  described  two  species  of 
Nilssoniocladus,  N  alaskensis  and  N  chukotensis,  from 

uppermost  Albian-lower  Cenomanian  beds  in  Alaska  and 
Chukotka  (Russia)  respectively. 

In  this  paper,  we  propose  two  new  Nilssoniocladus 
species,  N.  tairae  sp.  nov.  and  N.  japonicus  sp.  nov.,  based  on 

newly  collected  specimens  from  the  fossiliferous  Tochikubo 
Formation,  Northeast  Honshu,  Japan. 
The  shoots  and  leaves  are  sometimes  preserved  in 

organic  connection.  Nilssoniocladus  tairae  bears  at  least 
seven  leaves  terminally  to  the  vertically  compressed  young 
short  shoot.  The  leaves  of  Nilssoniocladus  japonicus 

resemble  those  of  'Nilssonia'  schaumburgensis  which  has 

been  provisionally  regarded  as  Nilssonia'  ex  gr.  schaumbur- 

gensis (Kimura  and  Ohana,  1988b)  or  Nilssonia  sp.  cf.  7v" 
schaumburgensis  (Kimura,  1976).  They  are  in  organic  con- 

nection terminally  to  the  vertically  compressed  young  short 
shoot.  In  both  species,  long  shoots  are  poorly  preserved, 
and  thus  their  surface  features  are  uncertain. 

The  present  Nilssoniocladus  species  are  associated  with 

various  thermophilic  Ryoseki-type  plant  taxa.  On  the  other 
hand,  Nilssoniocladus  nipponensis  (Yokoyama).  the  type 

species,  is  associated  with  various  temperate  Tetori-type 
plant  taxa  (e.g.  Ohana  and  Kimura,  1995). 

Repository.— Specimens  utilized  and  referred  in  this  paper 
are  housed  in  Kashima  History  and  Folklore  Museum,  Fuku- 
shima  Prefecture  (KHFM)  and  Komatsu  City  Museum,  Ishi- 
kawa  Prefecture  ;  type  specimen  of  Nilssoniocladus 

nipponensis  (Yokoyama)  ;  KM -301 U  (KM). 

Figure  1.  1A.  Nilssoniocladus  tairae  sp.  nov.  A  poorly  preserved  long  shoot  (Is)  and  two  short  shoots.  The  lower  short 

shoot  (ss-a)  bears  four  terminally  disposed  leaves,  and  in  the  upper  short  shoot  (ss-b),  leaf-laminae  are  missing  leaving  six 
petioles  (Holotype,  KHFM-210007).  1B.  Detached  Nilssoniocladus  Japonicus  leaves  (formerly  regarded  as  Nilssonia  ex  gr. 
schaumburgensis)  (KHFM-210004). 
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Stratigraphy 

The  Upper  Jurassic  Tochikubo  Formation  is  a  nonmarine 

sequence  belonging  to  the  predominantly  marine  Soma- 
Nakamura  Group.  The  Tochikubo  Formation  is  about  350 
m  thick  and  intercalated  between  the  marine  Callovian 

Yamagami  Formation  and  the  marine  Oxfordian-Kimme- 
ridgian  Nakanosawa  Formation.  Stratigraphical  details  of 
the  Soma-Nakamura  Group  were  given  previously  by  Mori 
(1963)  and  a  survey  of  its  plant  taxa  was  published  by  Kimura 
and  Ohana  (1988a,  b). 

This  paper  deals  with  the  description  of  two  Nilssonio- 
cladus  species  discovered  recently.  A  list  of  definite  Nils- 
soniocladus  species  hitherto  known  is  given  in  tabular  form. 

Systematic  description 

Class  Cycadopsida 
Order  Cycadales 

Family  Nilssoniaceae  Kimura  and  Sekido,  1975 
Genus  Nilssoniocladus  Kimura  and  Sekido,  1975 

Type  species.— Nilssoniocladus  nipponensis  (Yokoyama) 
Kimura  and  Sekido  :  Lower  Cretaceous  Oguchi  Formation, 
Itoshiro  Group,  Tetori  Supergroup  in  the  Inner  zone  of  Japan. 

Generic  diagnosis.— Stem  in  ultimate  parts  slender, 
branched,  consisting  of  long  and  short  shoots,  woody.  Long 
shoot  with  long  and  smooth  internodes,  and  bearing  short 
shoots  spirally.  Short  shoots  covered  with  spirally  placed 

rhomboidal  leaf  scars  and  at  apex  bearing  a  group  of  'Nils- 
sonia' leaves.  All  leaf  scars  essentially  similar,  no  scale  leaf 

scars  among  them.  Not  possible  to  observe  whether  short 
shoots  are  in  the  axil  of  a  leaf  or  of  a  scale  leaf  (Kimura  and 
Sekido,  1975,  p.  113). 

Nilssoniocladus  tairae  sp.  nov. 

Figures  1A,  2A-D,  3A 

Material.— Hoiotype  :  KHFM-210007.  Paratype  :  KHFM- 
210006  (counterpart  of  the  hoiotype).  Other  specimens: 

KHFM-210005,  210008,  210009,  210011,  210016. 
Locus  typicus  —  Near  Koyamada,  Kashima-cho,  Soma- 

gun,  Fukushima  Prefecture  (roughly  37°41'46"N,  140°54'16"E). 
Stratum  typicum—  Tochikubo  Formation  (Oxfordian), 

Soma-Nakamura  Group  (Mori,  1963). 
Derivatio  nominis—  Specific  epithet  after  Muneo  Taira 

who  collected  the  specimens  described  here. 

Occurrence.— Locally  common. 
Specific  diagnosis— Long  shoot  slender,  1.2cm  wide, 

giving  off  short  shoots,  each  terminally  with  a  rosette  of 

seven  large-sized  leaves.  Leaf  lamina  regularly  and  deeply 
cut,  forming  more  than  35  pairs  of  pinnae.  Pinnae  rectan- 

gular with  pointed  apices.  Petiole  shorter  with  5-6  pairs  of 
small-sized  oval  or  semicircular  pinnae.  Veins  numerous, 
simple,  parallel,  and  not  convergent  at  pinna  apex. 

Description. —Long  and  short  shoots  are  present. 
Preserved  part  of  long  shoot  is  16  cm  long  and  1.2  cm  (partly 
1.4  cm)  wide,  with  roughly  striated  surface  ;  no  other  definite 

scars  have  been  found  on  the  surface. 
Preserved  part  of  short  shoot  is  1.5  cm  in  diameter,  and 

about  5  mm  long  (or  high).  Crushed  rhomboidal  petiole 
scars  are  rarely  observed  on  the  surface  of  the  short  shoots 
(Figure  2B).  Terminally,  the  short  shoot  gives  off  at  least 
seven  leaves,  forming  a  leaf  rosette.  Estimated  length  of 

the  internode  between  successive  short  shoots  is  18-20  cm. 
Details  of  mode  of  arrangement  of  short  shoots  on  the  long 

shoot  are,  however,  uncertain. 
The  leaves  are  large,  oblanceolate,  more  than  30  cm  long 

and  up  to  8  cm  wide.  The  rachis  is  prominent,  3-4  mm 
wide,  and  has  a  short  and  thick  petiole  which  is  less  than 
1  cm  long  and  4  mm  wide  ;  the  base  of  the  petiole  is  slightly 
expanded  and  in  organic  connection  with  the  top  of  a  short 
shoot.  Leaf  lamina  is  regularly  and  deeply  cut,  forming 

more  than  35  pairs  of  pinnae.  Pinnae  are  typically  rectan- 
gular ;  acroscopic  margin  is  nearly  straight,  and  basiscopic 

margin  is  rounded  apicaily.  The  pinnae  of  the  hoiotype  are 
41  mm  long  and  9  mm  wide,  rarely  narrower  ;  those  of  the 

proximal  5-6  pairs  are  small  and  oval  or  semicircular  (Figure 
2A). 

Veins  are  prominent,  numerous,  simple,  parallel,  and  not 

convergent  at  pinna  apex  ;  18  in  number  in  each  pinna  (22- 
23  per  cm  in  density). 

Leaf  cuticle  is  not  preserved,  and  reproductive  organs  are 
not  observed. 

Remarks.— This  new  locality  of  the  Tochikubo  Formation 
has  yielded  a  new  type  of  Nilssoniocladus  leaves  as  de- 

scribed above.  Some  leaves  are  in  organic  connection  to 
the  short  shoots  of  Nilssoniocladus,  and  form  a  leaf  rosette. 
The  leaves  also  occur  as  fragments  of  leaf  rosettes  in  which 
short  shoots  are  missing.  Most  parts  occur  as  detached 

leaves,  forming  'Nilssonia'  leaf-mats  on  the  bedding  plane. 
Therefore,  the  leaves  of  this  species  appear  to  be  deciduous. 
Many  leaves  have  expanded  petiole  bases.  In  our  new 
collection,  no  detached  scar  of  a  short  shoot  has  been  found 
on  the  surface  of  a  long  shoot. 

We  suggest  that  the  short  shoots  of  Nilssoniocladus  tairae 
probably  belong  to  a  younger  development  stage,  possibly 
when  the  plants  were  two  or  three  years  old,  because  they 
are  shorter  in  length  and  not  so  prominently  elongated  on  the 
long  shoot. 

The  surface  of  the  long  shoot  and  of  the  depressed  short 
shoot,  and  the  proximal  portions  of  rachis  and  petiole  are 
covered  with  a  faded  brownish  substance.  It  is  probable 
that  these  brown  stains  are  due  to  some  resinous  substance 

oozing  out  from  the  woody  part  of  the  plant. 
The  abaxial  side  of  the  leaves  may  resemble  leaves  of 

bennettitalean  Pterophyllum  and  Ptilophyllum,  in  some 
aspects  because  the  present  rachises  are  markedly  exposed 
in  abaxial  view.  However,  laminae  of  the  present  leaves 
completely  cover  the  rachises  in  adaxial  view.  This  is  a 
characteristic  feature  of  the  Nilssoniocladus  and  Nilssonia 
leaves. 

So  far  as  we  know,  the  leaves  of  Nilssoniocladus  tairae  aie 

unique  in  size,  shorter  petiole  and  small-sized  proximal 

pinnae. 
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Figure  2.  Nilssoniocladus  tairae  sp.  nov.  2A.  Drawn  on  the  basis  of  holotype  and  paratype.  2B.  Helically 
disposed  rhomboidal  petiole  bases  left  around  the  lateral  surface  of  a  short  shoot  (KHFM210016).  Vascular  bundles 

are  invisible.  2C.  Apical  part  of  a  leaf  and  venation  (KHFM-210011).  Pinnae  are  directed  forward.  2D.  Typical 
pinnae,  drawn  from  the  holotype. 

Nilssoniocladus  japonicus  sp.  nov. 

Figures  1B,  3B-C,  4A-F 

Nilssonia  ex  gr.  schaumburgensis  (Dunker)  Nathorst  :  Kimura  and 

Ohana,  1988b,  p.  164,  pi.  12,  fig.  3;  pi.  13,  figs.  2-6;  pi.  14, 
figs.  4-5  ;  figs,  (text-figs.),  26a-h  (Tochikubo  Formation). 

Paratype:  KHFM- 
Other  specimens: 

Material.— Holotype  :  KHFM-210003. 
210002  (counterpart  of  the  holotype). 

KHFM-210001, 210004,  210018,  210019. 
Locus  typicus  —  Same  as  Nilssoniocladus  tairae. 
Stratum  typicum— Same  as  Nilssoniocladus  tairae. 
Derivatio  nominis  —  After  Japan. 

Occurrence.— Long  and  short  shoots  are  rare,  but 
detached  leaves  formerly  regarded  as  Nilssonia  ex  gr. 
schaumburgensis  are  quite  abundant. 

Specific  diagnosis.— Each  short  shoot  giving  off  at  least 
seven  leaves.  Leaves  closely  helical  at  apex  of  a  short 
shoot,  forming  a  leaf  rosette.  Leaves  long  and  narrow, 

nearly  parallel-sided,  variable  in  form  and  size. 
Description.— Preserved  long  shoot  is  8  cm  long  and  7  mm 

wide  with  poorly  preserved  ornamentation  on  its  surface. 

Short  shoot  is  1  cm  in  diameter,  and  low  cylinder-like.  The 
internode  between  successive  short  shoots  is  estimated  to 
be  3.5  cm  long. 

Leaves  are  long  and  narrow,  more  than  14  cm  long  and  up 
to  1.3  cm  wide,  and  have  rather  stout  petiole  which  is  5.5  cm 

long  and  4  mm  wide.  Seven  helically  arranged  leaves  are 
borne  at  the  top  of  the  short  shoot,  and  form  a  leaf  rosette. 

Leaf  laminae  are  nearly  parallel-sided,  completely  covering 
upper  surface  of  prominent  rachis.  Leaves  are  variable  in 
form.    Some  leaves  are  with  entire  or  irregularly  undulated  or 
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Table  1.     List  of  definite  Nilssoniocladus  species.    In  these  species  leaf-cuticles  and  inner  anatomical  features  of  the 
shoots  are  not  preserved. 

Nilssoniocladus  species 
(occurrence) 

Long  shoot Short  shoot 
Leaf-type 

Reference  and  age 

N.  nipponensis  (Yokoyama) 
Kimura  and  Sekido 

(Inner  zone  of  Japan) 

present present 

'Nilssonia'  nipponensis 
Yokoyama  (1889) 

Kimura  and   Sekido,  1975  ; 
Lower  Cretaceous 

N.    alaskensis    Spicer    and 
Herman  (Alaska) present present 

'Nilssonia'  alaskana 
Hollick  (1930) 

Spicer  and   Herman,  1996  ; 

Upper    most    Albian-lower Cenomanian 

N.  Chukotensis  Spicer  and 
Herman  (Chukotka,  Russia) 

not  preserved 

present 

'Nilssonia'  serotina 
Heer  (1878) 

Spicer  and   Herman,  1996  ; 

Upper    most    Albian-lower 
Cenomanian 

N.    tairae  Takimoto,  Ohana 
and  Kimura  sp.  nov. 
(Northeast  Honshu,  Japan) 

present present 

Nilssoniocladus  tairae 

Takimoto,  Ohana  and  Kimu- 
ra sp.  nov. 

Takimoto,  Ohana  and  Kimu- 
ra, this  work  ;  Oxfordian 

N.  japonicus 
Takimoto,  Ohana  and 
Kimura  sp.  nov. 
(Northeast  Honshu,  Japan) 

present 
present 

'Nilssonia'  schaumburgensis 

(Dunker)  Nathorst-like 

Takimoto,  Ohana  and  Kimu- 
ra, this  work  ;  Oxfordian 

shallowly  dissected  margins,  some  leaves  are  rather  deeply 
dissected  into  rectangular  segments  with  truncated  distal 
margins,  and  some  leaves  are  dissected  into  semicircular 
segments  (pinnae)  (e.g.  Kimura,  1976  ;  Kimura  and  Ohana, 

1988b).  These  leaf-types  are  specifically  inseparable,  and 
may  be  included  in  a  wide  range  of  continuous  intraspecific 
variation.  The  largest  lamina  is  more  than  17.5  cm  long  and 
2.1  cm  wide.  Apex  is  broadly  rounded  or  sometimes  shal- 

lowly emarginate.  The  petiole  base  is  expanded  laterally. 
In  some  cases,  several  vascular  bundle  scars  (?)  are  seen  in 
a  semicircular  row  (Figure  4F).  Veins  are  densely  crowded, 
simple,  parallel  and  typically  44  per  cm. 

Cuticle  is  not  preserved  and  the  reproductive  organs  are 
not  observed. 

Remarks.— The  leaves  of  Nilssoniocladus  japonicus  were 
found  detached  and  piled  up  together  on  the  same  bedding 
plane,  indicating  that  they  were  deciduous. 

These  detached  leaves  are  similar  in  form  to  those  origi- 
nally described  by  Dunker  (1846)  as  Pterophyllum  schaum- 

burgense  from  the  Wealden  beds  of  North  Germany,  and 
later  transferred  to  Nilssonia  by  Nathorst  (1890)  based  on 
specimens  collected  from  Lower  Cretaceous  sites  in  the 
Outer  Zone  of  Japan.  However,  it  is  still  uncertain  whether 
the  Japanese  leaves  are  really  conspecific  with  the  German 
leaves  or  not,  because  neither  preserve  cuticles.  We  provi- 

sionally described  the  detached  Japanese  leaves  as  'Nils- 

sonia' ex  gr.  schaumburgensis  (Dunker)  Nathorst  or  'Nilssonia' 
sp.  cf.  TV'  schaumburgensis  (Dunker)  Nathorst. 

Generally,  Late  Jurassic  'Nilssonia'  schaumburgensis-Wke 
leaves  in  Japan  are  nearly  twice  as  large  as  those  of  Early 
Cretaceous  leaves  in  Japan.    We  propose  Nilssoniocladus 

japonicus  sp.  nov.  for  the  Jurassic  specimens  having  larger 
leaves. 

The  surface  of  long  and  short  shoots  is  also  covered  with 
a  faded  brownish  substance  of  the  same  probable  origin  as 

suggested  above. 

Comparison  and  discussion 

As  shown  in  the  original  line  drawing,  the  type  species 

Nilssonicladus  nipponensis  has  a  slender  long  shoot  with  a 

smooth  surface  (Kimura  and  Sekido,  1975,  text-fig.  1).  No 
surface  ornamentation,  such  as  longitudinal  wrinkles,  short 
shoot  scars  and  growth  increment  boundary  like  those 
reported  for  Nilssoniocladus  alaskensis  Spicer  and  Herman 

(Spicer  and  Herman,  1996),  has  been  observed.  In  Nils- 
soniocladus chukotensis  Spicer  and  Herman,  short  shoots 

were  shed  together  with  the  leaf  rosettes  (Spicer  and  Her- 
man, 1996).  Such  a  shedding  of  short  shoots  has  so  far  not 

been  recognized  in  the  Japanese  species. 
There  are  many  plant  sites  in  the  Tochikubo  Formation, 

but  the  occurrence  of  Nilssoniocladus  tairae  and  its  detached 

leaves  appears  to  be  restricted  to  the  new  locality.  There- 
fore, Nilssoniocladus  tairae  is  considered  to  be  a  local  or 

endemic  species  in  the  Tochikubo  Formation. 
Matsuo  (1976)  illustrated  mature  and  developed  short 

shoots  terminally  with  a  cluster  of  three  leaves  and  two  scar- 
like imprints  on  a  slender  long  shoot  from  the  Lower 

Cretaceous  Oguchi  Formation  in  the  Inner  Zone  of  Japan. 
In  his  paper  (written  in  Japanese),  he  regarded  these  leaves 
as  Nilssonia  nipponensis,  ignoring  the  established  genus 
Nilssoniocladus  (Kimura  and  Sekido,  1975).    Although  Ma- 

Figure  3.  3A.  Nilssoniocladus  tairae  sp.  nov.  Counterpart  of  the  holotype  (paratype,  KHFM-210006).  3B,  3C.  Nils- 
soniocladus japonicus  sp.  nov.,  3B  :  Long  shoot  (Is)  is  poorly  preserved.  Short  shoot  (ss)  bears  terminally  seven  disposed 

leaves  (Holotype,  KHFM-210003),  3C  :  Counterpart  of  the  holotype  (paratype,  KHFM-210002).  The  long  shoot  (Is)  is  hidden below  the  short  shoot. 
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Figure  4.  Nilssoniocladus  japonicus  sp.  nov.  4A.  Drawn  on  the  basis  of  holotype  and  paratype.  A  projec- 
tion from  the  long  shoot  (arrow  ?)  is  functionally  uncertain.  4B.  Detached  leaves  (KHFM210018).  4C.  Regularly 

arranged  semicircular  pinnae  of  a  detached  leaf  in  association  with  Figure  4D.  4D.  Rounded  leaf  apex  of  a  large- 
sized  detached  leaf  and  venation,  drawn  partly  from  KHFM-210001.  4E.  Lower  part  of  a  detached  leaf.  Lamina 
of  this  part  is  entire  (KHFM-210019).  Petiole  base  is  expanded  and  with  a  clean-cut  plane.  4F.  Enlarged  from  the 
proximal  part  of  Figure  4E.    Several  vascular  bundle  scars  (?)  are  in  a  semicircular  row. 

tsuo's  line-drawing  is  simplified,  the  specimen  might  belong 
to  Nilssoniocladus.  The  leaves  have  a  characteristic 

toothed  margin  and  are  in  our  view  probably  assignable  to 
Nilssoniocladus  lobatidentatus  (Vassilevskaja)  known  from 
the  Lower  Cretaceous  of  the  Lena  Basin  (e.g.  Vassilevskaja 
et  al.,  1972).  Detached  leaves  with  toothed  margin  also 
occur  from  the  Lower  Cretaceous  of  the  Tetori  Basin  in  the 

Inner  zone  of  Japan  (Kimura  and  Sekido,  1976a,  b). 
Krassilov  (1975,  fig.  18)  illustrated  a  NilssoniocladusWke 

shoot  with  a  cluster  of  leaves,  but  there  are  no  morphological 
details. 

Nilssonia  schaumburgensis  (Dunker)  described  by  Watson 

(1969)  from  the  English  Wealden  beds  includes  leaf  frag- 
ments with  preserved  cuticle.    Its  laminae  are  irregularly  and 

shallowly  dissected,  and  have  an  emarginate  apex.  Some 
leaves  are  regularly  dissected,  but  the  sinuses  do  not  reach 
to  the  rachis  and  the  venation  is  not  crowded.  Although 
such  English  leaves  superficially  resemble  the  Japanese 

leaves  of  'Nilssonia  ex  gr.  schaumburgensis  or  7V'  sp.  cf.  N 
schaumburgensis,  it  is  uncertain  whether  these  English 
leaves  are  conspecific  with  the  Japanese  leaves  described 
here. 

The  Nilssoniocladus  plants  are  considered  to  be  woody 
climbers,  because  their  slender  long  shoots  bearing  the  load 

of  large-sized  leaf  rosettes  could  not  have  kept  the  plants 

upright. 
It  is  likely  that  the  number  of  Nilssoniocladus  species  will 

increase  in  future.    Because  we  know  a  number  of  the  tufts 



Two  Nilssoniocladus  species 187 

of  'Nilssonia'  leaves  hitherto  described,  all  of  which  seem  to 
converge  toward  a  common  point. 

An  attached  table  shows  a  list  of  definite  Nilssoniocladus 

species  hitherto  known. 
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Abstract.  On  the  basis  of  additional  material,  a  revised  diagnosis  of  Parajaubertella  kawakitana 

Matsumoto,  1943  is  given  and  P.  zizoh  sp.  nov.  is  established.  While  the  former  is  fairly  large,  the  latter 

is  small.  The  globose  shell,  consisting  of  much  depressed  whorls  with  a  deep  and  narrow  umbilicus  and 

a  subangular  umbilical  edge,  occurs  for  a  while  in  the  ontogenetic  development  of  Parajaubertella.  In  P. 
kawakitana  this  character  occurs  in  an  early  substage  (shell  diameter  from  5  mm  to  35  mm),  and  is 

followed  by  a  long-continued  middle  stage,  whereas  in  P.  zizoh  it  appears  somewhat  later  and  extends  to 
an  early  part  of  the  adult  body  chamber.  The  adult  body  chamber  is  characterized  by  the  bandlike  or  low, 

foldlike,  broad  ribs  separated  by  narrow  grooves  (= adult  sacya-type  ornament)  in  both  species.  Their 
common  ancestor,  if  any,  has  not  been  found.  On  the  basis  of  the  characters  of  the  two  species, 
Parajaubertella  is  referred  to  the  Gaudryceratidae  instead  of  the  Tetragonitidae.  The  two  species  occur 
commonly  in  the  Lower  Genomanian,  but  the  level  of  their  first  appearance  has  yet  to  be  investigated. 

Key  words  :  Genomanian,  dimorphism,  Gaudryceratidae,  Parajaubertella,  P.  kawakitana,  P.  zizoh 

Introduction 

The  ammonite  genus  Parajaubertella  was  established  by 
Matsumoto  (1943)  under  the  family  Gandryceratidae  on  a 
species  from  South  Sakhalin  and  Hokkaido.  Because  of  its 
peculiar  characters  and  probably  because  of  the  too  short 
description  in  the  original  paper,  its  systematic  position  has 
been  interpreted  in  different  ways  by  authors  (e.g.  Wright, 
1957,  Wiedmann,  1962a,  b  ;  Murphy,  1967  ;  Howarth,  1996). 

P.  kawakitana  Matsumoto,  1943,  the  type  species,  was 

recently  described  in  detail  by  Matsumoto  (1995,  p.  11-27, 
figs.  3-13)  under  the  Gaudryceratidae,  while  the  revised 
edition  of  the  Treatise  on  Invertebrate  Paleontology,  Part  L, 
vol.  4  (Cretaceous  Ammonoidea)  was  under  preparation. 
Matsumoto  should  have  sent  a  preprinted  copy  of  his 
manuscript  to  the  editor,  but  regrettably  he  failed  to  do  so. 
Howarth  (1996,  p.  8  in  that  revised  edition)  has  assigned 
Parajaubertella  to  the  subfamily  Tetragonitinae  of  the  family 
Tetragonitidae. 

In  this  paper,  P.  kawakitana  is  redescribed  in  the  light  of 
additional  material,  and  another  new  species  is  established 
on  specimens  we  acquired  from  the  Soeushinai  area.  To 
accommodate  these  two  species,  a  revised  diagnosis  of 
Parajaubertella  is  given,  along  with  some  comments  on  the 
relationships  between  the  species  concerned. 
We  hope  that  this  paper  may  settle  the  above  systematic 

problem. 

General  remarks 

Technical  terms.— As  to  the  morphological  terms  and  their 
abbreviations,  we  follow  those  in  the  recently  published 

paper  by  Matsumoto  (1995,  p.  7-9). 
Repositories. — The  specimens  which  are  illustrated  and  or 

measured  in  this  paper  are  held  in  the  following  institutions 
or  collections  in  the  alphabetic  order  of  their  abbreviations  ; 
GK  :  Type  Room,  Department  of  Earth  and  Planetary 

Sciences,  Kyushu  University,  Fukuoka 
UMUT  :  University  Museum,  University  of  Tokyo,  Hongo, Tokyo 

YKC  :  Yoshitaro  Kawashita  Collection,  temporarily 
housed  in  his  residence,  but  eventually  to  be 
transferred  to  some  institutions  or  museums 

Localities.— The  localities  (abbreviated  as  loc.  in  the 
description  below)  where  the  described  specimens  were 
acquired  are  indicated  by  numbers  under  the  heading  KY 
(collected  by  K.Y.),  R  (collected  by  T.  Nishida  and  others)  or 
YKC  (collected  by  Y.  Kawashita).  Their  sites  are  shown  in 
the  route  maps  of  the  recently  published  papers  by  Nishida 
et  al.,  (1996  ;  1997).  They  are  all  in  the  Soeushinai  area  of 
northwestern  Hokkaido.  As  to  the  Cretaceous  stratigraphy 
of  that  area,  readers  may  refer  to  the  same  papers,  in  which 
the  scheme  by  Hashimoto  et  al.  (1965)  is  considerably 
revised.  A  few  specimens  supplied  by  Takashi  Yoshida  are 

from  Hirotomi  of  the  Monbetsu  area,  south-central  Hokkaido. 
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142-  15'    /     : 

Figure!  Geological  sketch  map  of  Hirotomi,  Monbetsu 

area  (courtesy  of  A.  Inoma).  The  Upper  Cretaceous  is  sub- 
divided in  ascending  order  from  Units  AI  (Lower  Cenomanian) 

through  A2,  B,  C,  to  D  (Campanian)  and  overlain  by  a  mid- 
Tertary  formation  (T)  with  unconformity.  A  locality  of  early 
Cenomanian  ammonite  is  indicated  by  a  solid  circle  (in  situ)  or 

a  cross-mark  (transported).  A  solid  circle  with  TY  is 
BIU570228,  and  the  one  with  YK  is  for  Sharpeiceras  mexi- 
canum  ;  cross- mark  with  TY  is  BIU570298  and  others  with  I A 
are  for  Desmoceras  (Pseudouhligella)  japonicum  Yabe  etc. 
The  location  of  the  mapped  area  is  indicated  as  M  in  the 
general  map  of  Hokkaido  by  Matsumoto  (1995,  fig.  2). 

Their  localities  are  indicated  under  the  heading  BIU  and  are 

»sh
own

  in  Figure  
1  of  this  

paper. 

Paleontological  descriptions 

Superfamily  Tetragon itaceae  Hyatt,  1900 
Family  Gaudryceratidae  Spath,  1927 

Genus  Parajaubertella  Matsumoto,  1943 

Type  species.— Parajaubertella  kawakitana  Matsumoto, 
1943  by  original  designation  (Matsumoto,  1943,  p.  666). 

Diagnosis  (revised).— Shell  typically  large  and  fairly 
involute,  but  may  be  small  in  some  species.  Whorls  at  some 
ontogenetic  stage  much  depressed,  with  broadly  rounded 
venter,  inflated  flanks,  subangular  umbilical  edge  and  fairly 
narrow  and  deep  umbilicus,  resulting  in  small  but  globose 
shell  form.  Whorl  of  late  growth  stage,  including  the  adult 

body  chamber,  suboval  or  subrounded  in  section  and  pro- 

vided with  flat-topped  or  low  foldlike,  broad  ribs  separated  by 

narrow  grooves  as  in  those  of  adult  /  dryceras  sacya 
(Forbes)  (Figure  2  and  also  Matsumoto,  .  q.  18).    Lirae 
on  the  shell  surface,  periodic  collars  during  h  and  ribs 
of  the  adult  body  chamber  subradial  and  gentiy  ;ous  on 
the  flank  and  weakly  or  somewhat  projected  on  tl  s  .enter. 
Suture  fundamentally  similar  to  that  of  Gaudryceras,  with 

formula  E,  L,  U2,  U1[=S],  I.  At  the  stage  of  small  globose 
shell,  the  third  lateral  saddle  situated  on  the  umbilical  edge. 

Discussion.— One  of  us  (Matsumoto,  1995,  p.  10)  has 
recently  concluded  that  Parajaubertella  is  distinct  from 

Gabbioceras  Hyatt  and  that  it  is  not  a  member  of  the  sub- 
family Gabbioceratinae.  Now,  let  us  discuss  the  problem  of 

whether  it  is  more  reasonable  to  ascribe  Parajaubertella  to 
the  Tetragonitinae  or  to  the  Gaudryceratidae. 

The  suture  of  Parajaubertella  is  similar  to  that  of  Eogau- 
dryceras,  Anagaudryceras  and  Gaudryceras  in  the  constituting 
elements,  with  a  single  main  saddle  in  the  internal  part  and 
symmetrically  bifid  saddles  in  the  external  part.  That  of 

Tetragonitinae  has  two  or  more  internal,  saddles  and  a- 
symmetric  or  even  apparently  tripartite  saddles  in  the  exter- 

nal part  (see  Wiedmann,  1962a,  1973  ;  Matsumoto,  1959). 

The  type  species  and  another  new  species  of  Para- 
jaubertella are  closely  allied  to  Anagaudryceras  sacya  in 

having  fine  lirae  on  the  surface  of  the  outer  shell  layer  and 
also  the  same  type  of  ornament  on  the  adult  body  chamber 
as  described  in  generic  diagnosis.  In  both  genera  the  lirae, 
constrictions,  collars  and  major  ribs  are  gently  flexuous  on 
the  flank  and  more  or  less  weakly  projected  from  the 
ventrolateral  shoulder  to  the  venter.  In  some  individuals  of 

A.  sacya  (Forbes)  major  ribs  may  appear  for  a  short  while  at 
a  middle  growth  stage  as  is  illustrated  by  Kennedy  and 
Klinger  (1979,  pi.  9,  fig.  1)  and  shown  by  an  example  (Figure  2) 
from  Hokkaido.  This  feature  is  somewhat  similar  to  that  of 

the  middle  aged  P.  kawakitana. 

In  Tetragonites  periodic  constrictions  and  growth  lines  are 

generally  prorsiradiate  on  the  flank  and  more  or  less  rursi- 
radiate  on  the  ventrolateral  shoulder,  crossing  the  venter  with 
a  weakly  backward  sinus.  Howarth  (1996,  p.  8)  attempted  to 
compare  Parajaubertella  with  Takahashia  of  the 
Tetragonitinae.  The  ribs  of  Takahashia  Matsumoto,  1984  (p. 
33,  fig.  1)  are  rather  rursiradiate  on  sides,  crossing  the  venter 
with  a  backward  sinus.  They  are  analogous  to  those  of  a 
nautiloid  genus  Cymatoceras  and  not  comparable  with  those 
of  Parajaubertella. 
These  features  evidently  indicate  that  Parajaubertella 

belongs  to  the  Gaudryceratidae. 

Parajaubertella  kawakitana  Matsumoto,  1943 

Figures  3—6 
Synonymy.— See  Matsumoto,  1995,  p.  11. 
Material.— The  following  specimens  are  added  herein  to 

the  holotype  and  other  specimens  listed  by  Matsumoto  (1995, 

p.  12)  :  YKC610608  (Figure  3-2)  obtained  in  situ  at  loc.  R518 
and  YKC060823  (Figure  4)  at  loc.  R521p,  on  the  eastern 

branch  of  the  Suribachi-zawa  ;  YKC050609  from  the  Bi- 
shamon-zawa,  YKC080621  (Figure  5)  from  loc.  R909  of  the 
Hotei-zawa  ;  YKC080615  and  YKC081029  from  the  upper 
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Figure  2.  Anagaudryceras  sacya  (Forbes).  YKC060825  from  loc.  R540p.  Back  (a)  and  side  (b)  views,  x1. 

An  example  in  which  major  ribs  appear  for  a  short  while  at  a  distance  adapically  from  the  typical  adult  A.  sacya- 
type  ornament.     Bar  scale  :  10  mm.  (Photos  by  courtesy  of  Katsumi  Shinohara.) 

reaches  of  the  Kyoei-sakin-zawa  ;  these  are  all  from  Mem- 
ber My3  of  the  Soeushinai  area.  YKC080914  (Figure  3-1) 

from  loc.  R987p,  lower  part  of  My5,  upper  reaches  of  the 
Kotanbetsu  River. 

GK.H8479  (Figure  6)  from  loc.  BIU570298,  GK.H8480  and 

GK.H8481  from  loc.  BIU570228  [  =  BIU570235] ,  near  Hir- 
otomi  of  the  Monbetsu  area,  where  an  unnamed  member  of 

mudstone  extends  narrowly  trending  NNE-SSW  along  the 
Chennai-zawa,  a  branch  rivulet  of  the  Monbetsu  River  (see 
Figure  1). 

Diagnosis.— Small  shell  of  early  growth  stage  globose,  with 
narrow  and  deep  umbilicus  and  depressed  whorl  section. 

Whorl  of  middle  growth  stage  long  continued,  showing 
gradual  change  from  subrounded  to  suboval  section  and 
ornament  of  several  rhythmic  furrows  occurring  in  periodic 

segments,  where  a  constriction  with  associated  collar  and 
faint,  incipient  major  ribs  may  sometimes  appear.  Adult 
shell  large,  about  200  mm  diameter  on  average  ;  its  body 

chamber  provided  with  the  adult  A.  sacya  -type  ornament  as 
described  in  the  generic  diagnosis. 

Dimensions.— See  Table  1. 

Description.— The  very  young  shell  up  to  about  5  mm  in 
diameter  is  similar  to  that  of  Gaudryceras  and  Anagaudryce- 

ras (see  Matsumoto,  1995,  fig.  5).    The  succeeding  young 

Figure  3.  Parajaubertella  kawakitana  Matsumoto.  1a,  b.  YKC080914,  in  a  nodule  obtained  at  loc.  R987p.  2a,  b. 
YKC610608  from  loc.  R518  (in  situ).  Left  lateral  (a)  and  frontal  (b)  views,  xl.  In  both  specimens  the  body  chamber  is 
incomplete  and  secondarily  compressed.  Arrow  mark  indicates  the  position  of  the  preserved  last  septum.  Bar  scale  :  10 
mm. 
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Table  1.    Measurements  of  Parajaubertella  kawakitana. 

Specimen D U 
U/D 

H H/D B B/D H/h 

YKC060823 

(LS +45°) 

171.0 43.0 
.25 78.0 

.46 
— — — 

;;        n 

(LS  -45°) 

145.0 
35.0 .24 

68.0 .47 66.0 .46 
0.97 

1.62 

YKC610608 76.0 20.0 
.26 

35.0 .46 36.0 .47 
1.08 

1.67 

Holotype (LS) 73.0 19.7 .27 33.6 .46 36.0 

.49 
1.07 1.71 

GK.  H8480 

(E') 

67.0 17.0 .25 30.0 

.45 32.0 
.48 

1.07 
1.50 

/;       // 
(E'-180°) 

— — — 20.5 — 23.0 — 1.12 — 

GK.  H8441 66.0 17.5 .27 
31.0 

.47 27.0 .44 1.07 — 

YKC080914 (LS) 60.0 15.5 .26 28.0 

.47 
30.5 .51 

1.09 
1.70 

GK.  H8479 

(E') 

59.0 16.5 .28 
26.5 

.45 26.5 .45 1.00 
1.66 

/;      /; (E-1801 
— — — 18.5 — 21.0 — 1.14 — 

GK.  H8478 (inner) 56.0 15.7 .28 25.5 .45 
25.8 

.46 1.01 — 

UMUT.  MM19699    (E) 28.5 
7.8 

.27 
13.0 

.48 20.0 .72 1.51 1.69 

For  other  previously  measured  specimens,  see  Matsumoto,  1995,  tablet 

D= diameter,  U= width  of  umbilicus,  H = whorl-height,  B  =  whorl-breadth,  h = whorl-height  at  half  a  whorl  (i.e.  180°)  adapical 
from  H;  E=preserved  end,  E'  =  near  the  preserved  end;  LS  =  last  septum,  LS' =  immediately  behind  LS,  E-180°  =  at  half  a 
whorl  adapical  from  E.     Measurements  of  linear  dimensions  are  in  mm. 

shell  with  diameter  to  about  35  mm  is  globose,  with  much 
depressed  whorl,  subangular  umbilical  edge  and  narrow  and 
deep,  steplike  umbilicus.  This  is  well  exemplified  by  the 

specimens  previously  illustrated  by  Matsumoto  (1995,  fig.  7A- 
D). 

The  middle  growth  stage  continues  for  fully  one  whorl  or 
more,  with,  shell  diameter  from  35  or  40  mm  to  100  or  130  mm 
in  many  cases,  but  there  is  a  considerable  size  variation 
between  individuals.  Examples  are  shown  in  Matsumoto 

(1995,  figs.  4, 9—11)  and  this  paper  (Figures  3-2, 4, 6).  The 
shell  of  this  growth  stage  is  moderately  involute,  with  a  fairly 
narrow  and  moderately  deep  umbilicus  ;  whorl  expands  with 
a  fairly  high  ratio,  but  its  cross  section  shows  a  gradual 
change  from  subrounded  to  suboval  ;  in  parallel  to  dense, 
subradial  lines  on  the  shell  surface  several  rhythmic  furrows 
occur  in  periodic  segments  ;  some  of  the  furrows  are  deep 
enough  to  be  called  constrictions  and  accompanied  behind 
by  a  weak  collar  or  sometimes  by  faint,  incipient  major  ribs. 

The  adult  shell  is  fairly  large  ;  GK.H8456,  obtained  by  Y.K. 

in  the  Suribachi-zawa  of  Soeushinai  area  and  figured  by 
Matsumoto  (1995,  fig.  13)  represents  the  later  half  of  a  large 
body  chamber,  although  in  many  cases  the  adult  body 
chamber  is  partly  preserved  or  distorted.  The  ornament  of 

the  adult  body  chamber  is  characterized  by  flat-topped, 
bandlike  or  low  foldlike,  broad  major  ribs  with  narrowly 
grooved  interspaces.  This  is  well  observable  even  in  partly 

preserved  specimens  (see  Figures  3-1,2;  6-1  ;  also  Ma- 
tsumoto, 1995,  figs.  4, 10, 11, 12). 

Suture  fundamentally  similar  to  that  of  Gaudryceras  ;  at 
the  globose  young  stage  the  third  lateral  saddle  inside  of  U2 
situated  at  the  umbilical  edge,  with  descending  auxiliaries  on 
the  umbilical  wall  ;  incisions  fairly  deep  even  at  this  stage, 
becoming  progressively  more  intricate  with  growth  (see 
Figure  5  ;  also  Matsumoto,  1995,  fig.  3d). 

Discussion.— Based  on  the  diagnostic  characters,  this 
species  is  presumed  to  have  close  affinities  with  some 
species  of  Anagaudryceras,  although  its  direct  ancestor  has 
not  been  found  in  the  hitherto  described  species.    For  the 

reason  of  the  peculiar  characters  of  its  globose  immature 
shell,  its  separation  in  an  allied  but  distinct  genus  is  justified. 

The  long-continued  middle  growth  stage  and  the  conse- 
quent large  size  of  the  adult  shell  are  of  specific  rather  than 

generic  character. 
The  unusually  small  specimens  as  represented  by 

YKC080914  (Figure  3-1)  might  be  interpreted  as  a  micro- 
conch  of  a  dimorphic  pair,  but  the  evidence  of  sexual 
dimorphism  is  by  no  means  sufficient.  The  apparent  end  of 
the  septate  stage  does  not  always  imply  the  beginning  of  the 

adult  body  chamber,  as  has  been  already  explained  (Mat- 

sumoto, 1995,  p.  25).  There  is  also  considerable  size  varia- 
tion as  has  been  mentioned  in  the  above  description. 

Occurrence.— The  additional  specimens  came  from  the 
siltstone  of  Member  My3  and  lower  part  of  Member  My5 
(Lower  Cenomanian)  of  the  Soeushinai  area  (see  Nishida  et 
al.,  1996;  1997)  and  also  from  the  unnamed  mudstone 
member  at  Hirotomi  of  the  Monbetsu  area.  The  latter  is 

referred  also  to  the  Lower  Cenomanian  on  the  ground  of 

Sharpeiceras  mexicanum  (Böse)  obtained  by  Y.K.  from  it. 
The  specimens  described  previously  are  from  Member  Kx 

and  Ky  of  the  Kawakita  Group  in  the  mid-valley  of  the 
Naibuchi  [Naiba],  South  Sakhalin;  upper  part  of  Member 

Figure  5.  Parajaubertella  kawakitana  Matsumoto.  Inter- 
nal suture  of  YKC080621b8  from  loo  R909.  I  :  internal  lobe, 

Ui=S:  first  umbilical  lobe  situated  at  s.  e:  umbilical  edge, 
s  :  umbilical  seam.     Bar  scale  :  10  mm. 
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Figure  6.  Parajaubertella  kawakitana  Matsumoto.  GK.H8479  from  loc.  BIU570228  (T.  Yoshida).  1  :  Right 
lateral  view  of  the  whole  specimen  in  which  outer  whorl  is  incomplete  ;  2  :  Lateral  (a)  and  ventral  (b)  views  of  the 
inner  whorl,  x1.    Bar  scale:  10mm. 

IIa  of  the  Abeshinai-Saku  area  northern  Hokkaido  ;  Member 
My3  and  lower  part  of  Member  My5  in  the  Soeushinai  area  ; 

Members  lid  and  He  of  the  Oyubari-Shuyubari  area  of  central 
Hokkaido  (Matsumoto,  1943,  p.  667  ;  1995,  p.  25).  This 
species  is,  thus,  common  in  the  Lower  Cenomanian  of 

Hokkaido  and  South  Sakhalin.  It  occurs  also  in  the  Chi'tina 
Valley  of  southern  Alaska  (Matsumoto,  1959  and  Jones,  1967 
under  P.  imlayi,  which  is  a  junior  synonym  of  P.  kawakitana),  in 
the  upper  part  of  the  Haida  Formation  of  western  British 
Columbia  (McLearn,  1972),  and  in  the  Talovka  Basin  of 

western  Korjak- Kamchatka  (Alabushev,  1995). 
The  above  records  indicate  that  this  species  occurs 

commonly  in  the  lower  part  of  the  Cenomanian,  but  its  first 
and  last  datum  levels  have  yet  to  be  worked  out. 

Parajaubertella  zizoh  sp.  nov. 

Figures  7-9 

Material—  The     holotype     is    GK.H8482     (Figure  7-4) 
contained  in  a  nodule  (loc.  R575  pi)  which  had  fallen  directly 

from  the  outcropping  siltstone  at  loc.  R575  of  Member  My3 
on  the  right  side  of  a  small  branch  gully  of  the  middle  course 

of  the  Suribachi-zawa,  a  tributary  of  the  River  Sounnai. 
That  locality  was  examined  by  Y.K.  and  T.M.  The  nodule 
contains  Marshallites  rotundatus  Matsumoto  and  Takahashi 

among  others.  From  another  fallen  nodule  at  a  nearby 
locality,  R575  p4,  a  specimen  of  Graysonites  cf.  adkinsi 
Young,  YKC030728,  was  acquired  by  Y.K.  In  addition  to  the 

holotype,  the  specimens  which  show  the  adult  body  cham- 
ber at  least  partly  are  GK.H8445  (Figure  9-3)  from  loc. 

KY307,  GKH8446  (Figure  9-1)  from  loc.  KY617,  GK.  H8447 
(Figure  9-2),  from  loc.  KY807,  GK.H8485  (Figure  7-6)  from 
loc.  R518  p5  and  YKC060619  (Figure  7-5)  from  the  Bi- 
shamon-zawa,  a  branch  of  the  Nakamata-zawa. 
Among  the  phragmocones,  mostly  without  body  chamber, 

measured  specimens  are  GK.H8484  (loc.  R518  p5),  GK. 

H8486  (Figure  7-2)  (loc.  R519  p2),  GK.H8487  (Figure  7-3)  (loc. 
R567p)  and  YKC050610.  GK.H8488  and  YKC060825  were 
collected  in  situ  at  loc.  R456a  and  R575,  respectively.  GK. 

H8489  (Figure  7-1)  from  R519  p3  is  tiny  but  shows  fairly 
intricate  sutures.    The  above  specimens  are  all  from  Mem- 
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Figure  7.  Parajaubertella  zizoh  sp.  nov.  1a-d.  GK.H8489  from  loc.  R519p3  (four  views  of  a  juvenile).  2a-d. 
GK.H8486  from  loc.  R519p2  (four  views  of  a  distorted  phragmocone).  3.  GK.H8487  from  loc.  R567p  ;  left  lateral  (a) 
and  ventral  (b)  views  of  an  incomplete  specimen  that  represents  last  part  of  phragmocone  and  early  part  of  body 
chamber.  4.  GK.H8482  (holotype)  from  loc.  R575p  in  four  views,  i.e.  left  side  (a),  front  (b),  right  side  (c)  and  back 

(d).  5.  YKC060619,  from  the  Bishamon-zawa,  showing  right  side  (a),  venter  (b)  and  cross-section  (c).  6.  GK. 
H8485  from  loc.  R518p5  ;  right  side  (a),  venter  (b)  and  left  side  (c)  of  body  chamber.  Marshallites  sp.  crops  out  along 

a  fissure.  All  from  Member  My3  of  Soeushinai  area.  The  views  of  a-d  in  1  and  2  are  similar  to  those  in  4.  All  x 
1.2.    Bar  scale  :  10  mm. 
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Table  2.    Measurements  of  Parajaubertella  zizoh. 

Specimen 
D U 

U/D 
H H/D B 

B/D 

B/H 
H/h 

GK.  H8445 (LS +1801 59.5 16.5 .28 27.5 .46 
30.0 

.34 1.09 
1.77 

n      » 

(LS') 

38.5 
10.5 

.27 
18.0 .48 

22.5 
.58 1.25 — 

GK.  H8446 (LS) 39.0 
10.6 

.27 17.0 .44 19.6 .58 
1.15 

— 

GK.  H8482 

(E-) 

34.0 10.7 .31 14.7 .43 — — — — 

;;       n (LS) 
24.0 

7.7 
.32 9.2 

.38 14.6 .61 1.59 1.42 

YKC060619 (LS) — — — 11.0 — 16.8 — 1.53 — 

GK.  H8447 

(LS') 

— — — 10.4 — 15.2 — 
1.46 

— 

GK.  H8484 22.4 7.2 .32 

8.2 

.37 12.6 

.56 

1.54 1.11 

GK.  H8486 17.8 6.0 
.34 

6.6 .37 

9.4 

.53 1.42 1.27 

YKC050610 
(E) 

17.0 5.8 .34 7.2 .42 
10.0 

.59 1.39 — 

Abbreviations  as  for  Tablet 

ber  My3  of  the  Soeushinai  area,  except  for  GK.H8445. 

Diagnosis.— Shell  small,  normally  about  40  to  45  mm  in 
diameter  and  not  exceeding  70  mm  even  in  extreme  cases. 
Whorls  in  the  main  growth  stage  depressed,  with  fairly 
narrow  and  deep  umbilicus,  becoming  subrounded  in  section 

in  the  adult  body  chamber.  Broad,  flat-topped  major  ribs  of 
Anagaudryceras  sacya  type  appears  earlier  at  diameter  of  30 
mm. 

Dimensions.— See  Table  2. 

Description.— Early  whorls  less  than  10  mm  diameter  are 
reniform  in  section.  In  the  succeeding  main  part  of  the 
septate  stage,  the  whorl  is  much  broader  than  high,  with 
broadly  arched  venter,  much  inflated  flanks  and  fairly  deep 
umbilicus. 

The  umbilical  ratio  (U/D)  is  somewhat  variable  (see  Table 
2).  This  may  be  due  partly  to  the  effect  of  secondary 
deformation,  but  in  general  the  ontogenetic  change  is  noted, 
namely,  the  umbilicus  is  moderately  wide  in  youth  and 
becomes  fairly  narrow  later.  At  the  substage  with  shell 
diameter  about  20  to  25  mm,  the  umbilicus  is  fairly  deep  and 
encircled  by  a  nearly  vertical  or  slightly  overhanging,  high 
wall.  At  this  substage  the  whorl  is  broadest  at  the  inner  end 
of  the  flank,  showing  the  ratio  B/H  about  1.5  (±0.1),  and  then, 
the  flank  slopes  down  for  a  short  distance  to  the  subangular 
edge  of  the  umbilicus. 

In  the  septate  stage  fine  and  dense  lirae  are  discernible  on 

the  surface  of  the  outer  shell  layer  ;  constrictions  are  infre- 
quent, except  for  several  approximated  ones  on  the  last 

portion  of  the  phragmocone. 
The  ornament  of  the  adult  body  chamber  is  characterized 

by  more  or  less  wide,  bandlike  or  low  but  asymmetrically 
wavy  major  ribs,  with  narrowly  grooved  interspaces.  They 
are  gently  flexiradiate  on  the  flank  and  somewhat  projected 
on  the  venter.  The  lirae  on  the  external  surface  of  the  body 
chamber  are  fine  or  very  fine,  showing  some  variation  in 
density. 

For  some  reasons  the  adult  body  chamber  is  often  incom- 
pletely preserved,  but  its  length  can  be  estimated  from  the 

trace  of  the  umbilical  seam.  The  size  of  the  complete  adult 
shell,  thus  measured,  is  generally  40  to  45  mm  in  diameter. 

Only  one  specimen,  GK.H8445  (Figure  9-3),  with  an  original 
diameter  of  70  mm,  is  exceptionally  larger  than  that.  It  was 
obtained  from  a  transported  nodule  at  locality  KY307,  which 
is  a  considerable  distance  from  the  other  localities.  It  may 
have  been  derived  from  some  part  of  Member  My5,  which  is 
fairly  higher  than  My3  but  still  somewhere  in  the 
Cenomanian.  That  specimen  is,  however,  referred  to  this 
species  at  least  provisionally,  because  it  shows  nearly  all  the 
specific  characters  described  above. 

The  suture  is  as  for  the  genus,  following  the  fundamental 
pattern  of  Anagaudryceras  and  Gaudryceras.  In  the  late 
septate  stage,  with  shell  diameters  from  25  to  30  mm,  the 
middle  of  U2  is  situated  at  about  the  point  of  maximum  whorl 

breadth  and  the  "third  saddle"  (here  called  for  the  sake  of 
convenience)  is  at  the  umbilical  edge,  with  somewhat  but  not 
much  broadened  stem  ;  the  auxiliaries  are  descending  on 
the  umbilical  wall  (Figure  8). 

Specific  name.— It  is  taken  from  Zizoh- Bosatsu  in 
Japanese,  i.e.,  Ksitigarbha  in  Sanskrit,  a  Buddhist  deity  often 
represented  by  a  small  statue  and  worshipped  by  country 

people. Discussion.— On  the  grounds  of  the  specific  characters 
described  above,  this  species  is  certainly  assigned  to  Para- 

jaubertella. It  is,  however,  much  smaller  than  P.  kawakitana. 
In  P.  zizoh  the  long  continued  middle  growth  stage  of  the 

Figure  8.  Parajaubertella  zizoh  sp.  nov.  External  suture 
of  GK.H8487  (Figure  7-3)  at  H =10.8,  B=16.0.  E:  external 
lobe,  L  :  lateral  lobe,  U2  :  second  umbilical  lobe,  e  :  umbilical 
edge,  s  :  umbilical  seam.    Bar  scale  :  2  mm. 



Ammonoid  genus  Parajaubertella 197 

Figure  9.  Parajaubertella  zizoh  sp.  nov.  1a-d.  GK.H8446  from  loc.  KY617  (four  views  of  an  adult  specimen). 
2.  GK.H8447  from  loc.  KY807  ;  ventral  (a)  and  lateral  (b)  views  of  an  incomplete  specimen,  in  which  the  last  part 

of  the  phragmocone  is  well-preserved,  with  sutures  partly  exposed,  but  the  body  chamber  is  much  distorted  and 
incomplete.  3.  GK.H8445  from  loc.  KY307  ;  ventral  (a),  left  side  (b),  sectional  (c)  and  right  side  (d)  views.  It  is 
exceptionally  large  for  this  species.  All  x1.2.  Bar  scale  :  10  mm.  (Photos  in  Figures  3, 4,  6, 7  and  9  by  courtesy 
of  Naoko  Egashira.) 
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latter  is  omitted  and  a  gradual  change  of  whorl  shape  and 
ornament  does  not  occur.  As  maturity  comes  early  in  P. 
zizoh,  the  adult  body  chamber  is  still  somewhat  broader  than 
high,  although  it  is  subrounded  in  the  late  part.  In  adult  P. 
kawakitana  the  whorl  section  is  suboval  and  higher  than 
broad.  Even  in  youth  the  two  species  can  be  discriminated  ; 
specifically  the  young  shell  of  P.  zizoh  has  a  wider  umbilicus 
than  does  P.  kawakitana  (see  U/D  in  Tables  1  and  2). 

It  might  be  claimed  that  small  specimens  of  P.  zizoh  are 
merely  microconchs  of  P.  kawakitana.  In  the  case  of  a 

sexual  dimorphic  pair,  however,  the  morphological  differ- 
ences between  the  paired  shells  are  normally  minor  in  early 

growth  stages  and  become  clearer  later,  with  much  distinc- 
tion in  the  adult.  The  observed  young  shells  of  P.  zizoh 

show  a  dissimilar  shape  from  those  of  P.  kawakitana.  We  are, 
hence,  inclined  to  deny  the  idea  of  regarding  P.  zizoh  and  P. 
kawakitana  as  a  dimorphic  pair  of  one  species. 

Furthermore,  in  the  hitherto  described  species  of  Gau- 
dryceratidae  there  are  little  or  almost  no  examples  of  un- 

doubted dimorphic  pairs.  There  should  be  of  course  ana- 
tomical differences  between  males  and  females  in  this 

ammonoid  group.  Gaudryceras  denseplicatum  (Jimbo)  and 
G.  intermedium  Yabe  were  once  interpreted  as  a  sexual 
dimorphic  pair  (Hirano.  1978).  As  Matsumoto  (1995,  p.  116) 
has  recently  commented,  this  interpretation  is  unnatural,  if 
not  impossible,  because  the  two  species  do  not  have  the 

same  stratigraphie  range,  although  their  ranges  partly  over- 
lap, and  because  they  show  dissimilar  styles  of  ornament 

from  a  fairly  young  stage  onward.  On  the  contrary,  no 
noticeable  difference  in  the  shell  is  recognized  between  a 
number  of  couples  of  one  species,  as  exemplified  by 
Anagaudryceras  limatum  (Yabe)  (see  Matsumoto,  1995,  p.  53, 
62,  fig.  31). 

In  these  circumstances  and  for  the  reason  mentioned 

above,  we  regard  for  the  moment  P.  zizoh  as  specifically 
distinct  from  P.  kawakitana  (see  also  discussion  under  that 
species). 

As  another  possible  interpretation,  the  above  comparison 
seems  to  suggest  that  P.  zizoh  may  be  a  result  of  accelera- 

tion of  heterochronic  shell  growth  and  that  P.  kawakitana  may 
exemplify  retardation.  We  have  found  yet  no  common 
ancestor  which  could  give  rise  to  such  evolutionary  differen- 
tiation. 

So  far  as  the  early  substage  (about  10  mm  diameter)  is 
concerned,  P.  zizoh  appears  to  be  similar  to  certain  species 
of  Anagaudryceras.  In  later  growth  stages  P.  zizoh  has  a 

deeper  and  narrower  umbilicus  surrounded  by  a  more  angu- 
lar edge  and  a  broader  whorl,  as  compared  with  any  known 

species  of  Anagaudryceras. 
There  are  two  incomplete  specimens  collected  at  Iocs. 

R527  and  R302  from  the  Upper  Albian  Member  My2  of  the 
Soeushinai  area.  Regrettably  they  have  lost  their  septate 
whorls,  but  their  body  chamber  resembles  that  of  P.  zizoh  in 
size,  shell  shape  and  ornament.  Hence  they  could  be 
referred  to  P.  zizoh  with  a  query  or  cf..  There  are,  however, 
small  adult  specimens  which  have  been  reported  under 
Anagaudryceras  sacya  from  the  Albian  of  South  Africa  (see 
Kennedy  and  Klinger,  1979,  pi.  10,  figs.  3, 4).  The  latter  does 
not  show  a  depressed  whorl  or  globose  shell  shape  of 

Parajaubertella  fashion.  The  two  specimens  mentioned 
above  might  be  merely  fragmentary  body  chambers  of  a 
small  form  of  Anagaudryceras.  In  A.  sacya,  which  is  long 
ranging,  the  variation  in  size  seems  to  be  considerable,  but 
dimorphic  pairs  of  this  species  have  not  been  reported  with 
sufficient  evidence. 

If  the  general  shell  shape  alone  is  considered,  P.  zizoh 
appears  to  be  similar  to  some  small  examples  of  certain 
species  of  Tetragonites,  e.g.,  a  form  of  7.  rectangulatus 
Wiedmann  (1973,  pi.  7,  figs.  1, 2)  or  that  of  T.  balmensis 
Breistroffer  (see  Wiedmann,  1973,  pi.  7,  fig.  3),  but  this  is  quite 
superficial.  P.  zizoh  has  suturai  elements  which  are  the 
same  as  those  of  Gaudryceras  and  Anagaudryceras.  In 
Tetragonites,  constrictions  normally  have  a  backward  sinus 
on  the  venter  (see  also  the  general  discussion  of  the  genus). 
We  have  found  some  examples  of  Gabbioceras  sp.  from 

Member  My3  of  the  Soeushinai  area  and  correlatable  units 
of  other  areas,  although  we  do  not  intend  to  describe  that 
species  definitively  on  this  occasion.  It  is  small,  about  25 
mm  in  diameter  at  the  beginning  of  the  adult  body  chamber, 
and  much  globose.  It  seems  to  be  similar  to  G.  yezoense 
Shigeta,  1996  in  shell  shape.  It  has  more  depressed  whorls 
and  a  narrower  umbilicus  as  compared  with  P.  zizoh.  It  has 
periodic  constrictions  accompanied  behind  by  well  raised 
flares,  which  are  rursiradiate  on  the  outer  flank  and  show  a 

slightly  backward  sinus  as  in  Tetragonites.  Its  internal 
suture  has  U,  between  I  and  U3=S.  Its  well  preserved 
specimens  have  riblets  at  rhythmic  intervals  around  the 
umbilicus  but  do  not  show  the  lirae  of  Anagaudryceras.  The 
body  chamber,  which  is  preserved  under  crushed  state  in 
some  specimens,  does  not  show  adult  A.  sacya  type  ribbing. 

Thus,  this  species  of  Gabbioceras,  can  be  clearly  distin- 
guished from  P.  zizoh.  We  are  inclined  to  refer  this  Gab- 
bioceras sp.  to  the  Tetragonitidae.  The  similarity  between  P. 

zizoh  and  Gabbioceras  sp.  can  be  stated  as  an  example  of 
homeomorphy,  though  within  the  same  superfamily 
Tetragonitaceae. 

Occurrence.— As  for  Material.  Even  in  the  case  of  the 
fallen  or  transported  nodules,  the  examined  specimens  came 

almost  certainly  from  the  fine-sandy  siltstone  of  Member 
My3,  Lower  Cenomanian  Zone  of  Graysonites  adkinsi  of  the 
Soeushinai  area,  as  is  evidenced  by  the  sites  of  localities 
also  by  some  associated  species  (see  Nishida  et  al.,  1996). 

One  exceptional  specimen  is  presumed  to  have  been  de- 
rived from  Member  My5. 

To  know  the  true  stratigraphie  range  and  geographic 
distribution  of  this  species,  further  investigations  are  required. 
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Abstract  Thirty  bryozoan  species  in  nineteen  genera  are  described  from  the  exotic  formations  in  Oman. 
The  bryozoans  include  one  new  species,  Rugofenestella  omanica,  eighteen  previously  described  species 
and  eleven  indeterminable  species.  These  bryozoan  faunas  indicate  an  early  Murgabian  to  early  Midian 
age  (Permian).  They  show  relationships  to  bryozoan  faunas  of  the  northern,  central,  and  southern 
Tethyan  realm. 

Key  words  :  Bryozoans,  Exotic  formation,  Oman,  Paleontology,  Permian 

Introduction 

Permian  bryozoan  faunas  in  the  Middle  East  are  still  poorly 
known.  Pillevuit  (1993),  engaged  in  a  geological  field  survey 
of  the  exotic  formations  in  Oman,  studied  and  sampled 

autochthonous,  para-autochthonous  and  allochthonous 
Permian  to  Cretaceous  units  in  the  Oman  Mountains.  He 

collected  many  different  Permian  fossils.  Some  bra- 
chiopods  were  described  by  Yanagida  and  Pillevuit  (1994), 

some  trilobites  by  Becq-Giraudon  and  Pillevuit  (1995),  and 
some  cephalopods  by  Niko,  et  al.  (1996).  The  present  study 
identifies  the  bryozoan  fauna  and  extends  our  knowledge  of 
the  distribution  and  paleogeographic  relations  of  Permian 
bryozoans  in  the  Middle  East. 

Geological  Setting 

The  Oman  mountains  are  composed  of  five  main  structural 
units  (Glennie  et  al.,  1974)  as  follows  : 

1)  The  Autochthonous  A  and  B  units  form  the  lowest 
outcropping  tectonic  units  in  Oman.  The  Autochthonous  A 
is  composed  of  folded  Proterozoic  to  Paleozoic  rocks,  and 
the  Autochthonous  B  is  composed  of  Permian  to  Cretaceous 

carbonate  platform  and  deeper-water  marine  sediments, 
typical  of  the  southern  Neotethyan  passive  margin. 

2)  The  Sumeini  Nappe  is  represented  by  Neotethyan 
slope  deposits  of  Permian  to  Cretaceous  age. 

3)  The  Hawasina  Nappes  are  subdivided  into  six  groups 
comprising  Permian  to  Cretaceous  sediments  ;  they  are  the 

Ramaq  Group  (Pillevuit,  1993),  the  AI  Buda'ah  Group  (Pillevuit, 
1993),  the  Hamrat  Duru  Group  (Glennie  et  al.,  1974  ;  Béchen- 
nec,  1988  ;  Béchennec  et  a/.,1992b),  the  Kawr  Group  (Bé- 
chennec,  1988;  Béchennec  et  al.,  1992b;  Pillevuit,  1993) 
and  the  Umar  Group  (Béchennec,  1988).  Each  group  is 
defined  by  lithologie,  sedimentologic  and  biostratigraphic 
criteria.    They  were  derived  from  part  of  the  Neotethys, 

which  we  refer  to  here  as  the  Hawasina  basin  (Béchennec, 

1988),  and  transported  onto  the  Arabian  margin  during  the 

Late  Cretaceous  (Campanian-Maastrichtian)  obduction  of 
the  Semail  ophiolite. 

4)  The  Semail  ophiolite  is  composed  of  a  thick 
Cretaceous  oceanic  lithospheric  slab. 

5)  The  Mesoautochthonous  unit  is  composed  of  a  plat- 
form sequence  ranging  from  Campanian-Maastrichtian  to 

Miocene  age,  overlying  unconformably  the  older  units.  This 
sedimentary  sequence  postdates  the  obduction  of  the 
Semail  ophiolite. 

The  bryozoans  were  collected  from  all  units  except  the 
Mesoautochthonous  unit  and  the  Semail  ophiolite. 

Bryozoan  Localities  and  their  Faunas 

The  detailed  geological  sequence  at  each  locality  (Figure 
1)  is  described  in  Pillevuit  (1993)  and  Pillevuit  et  al.  (1997,  MS). 
In  the  following  list,  an  asterisk(*)  denotes  described  and 
illustrated  species  in  this  report  (Table  1). 

Wadi  Tayin  (Samples  60-64)  ;  Lat.  23e03'10"N,  Long.  5817' 

50"E 

The  samples  examined  in  the  present  article  are  from  a 

10m-thick  limestone  block  of  Permian  age.  This  block 
belongs  to  a  series  of  breccia  exposed  along  the  road  of  the 
Wadi  Tayin,  some  10  km  to  the  east  of  the  bifurcation  from 

the  Muscat-Sur  road.  According  to  Béchennec  et  al. 
(1992a,  in  map),  this  unit  of  breccia  belongs  to  the  Matbat 
Formation  and  is  considered  to  have  been  deposited  during 
the  Triassic  Period. 

60- 

61- 

64- 

Fragments  of  fenestellids  :  Polypora  ?  sp. 

Fragments    of    fistuliporids  :  Fistulipora  ?    sp.,    as- 
sociated with  fusulinaceans  (Pseudofusulina,    Ver- 

beekina,  Neoschwagerina,  Codonofusiella) 

Fragments    of    Goniocladiidae  :  Goniocladia  ?    sp., 
associated  with  fusulinaceans  {Minojapanella) 
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Table  1.    Distribution  of  the  described  bryozoans  from  the  exotic  formations  in  Oman 

— -—_______                          Locality 
Wadi  Maqam Nackl Qarar,              Fath 

Species                                       - — ——______ 

479 
484 497 

498 499 
631 1028 ■ 1621 

Fistulipora  cf.  F.  wanneri o 
Eridopora  parasitica o 
Hexagonella  kobayashii o o 
Goniocladia  timorensis o 
Dyscritella  tenuirama 

Dyscritella  sp.  indet. 

o 
o 

Paralioclema  eplicatum o o 
Rhombopora  aff.  ft  lepidodendroides 

Rhombopora  sp.  indet. 

o 
o 

Streblascopora  delicatula 

Streblascopora  exillis 

o 
o 

o 
o 

o 

Timanodictya  cf.  T.  dichotoma o o 
Girtypora  cf.  G.  ramosa o 
Alternifenestella  cf.  A.  horologia 

Alternifenestella  sp.  indet.  A 

Alternifenestella  sp.  indet.  B 

Alternifenestella  sp.  indet.  C 

Alternifenestella  sp.  indet.  D 

o 
o 
o 
o 
o 

Minilya  duplaris 

Minilya  sp.  indet. 

o 
o 

Laxifenestella  lahuseni o 
Fabifenestella  subpermiana o 
Rugofenestella  basleoensis 

Rugofenestella  omanica,  n.  sp. 

o 
o 

Penniretepora  sp.  indet. o 
Septopora  sp.  indet. o 
Polypora  cf.  P.  elliptica 

Polypora  cf.  P.  gigantea 

Polypora  sp.  indet. 

o 
o 
o 

Protoretepora  ?  sp.  indet. o 

Jebel  Qamar  (Samples  1507-1508  and  355-415) 
The  samples  from  Jebel  Qamar  belong  to  the  Permian 

Qamar  Formation  of  the  Ramaq  Group.  The  Ramaq  Group 

is  an  allochthonous  unit  of  the  Hawasina  Nappes  and  inter- 
preted as  a  tilted  block  of  the  Oman  margin  of  Permian  age. 

Jebel  Qamar  South  section  1  (Samples  1507-1508);  Lat. 

25°43'32"N,  Long.  55°53'50"E 
1507-  Fistulipora  sp.,  Ramipora  ?  sp.,  Polypora  ?  sp. 

1508-  Fistulipora?  sp.,  Streblascopora  sp.,  "Fenestellid" 
sp. 

Jebel   Qamar  South   section   6   (Samples   355-369);  Lat. 

25°42'48"N,  Long.  55°54'23"E 
355-    Pseudobatostomella    sp.,    Rhombopora  ?     sp., 

"Fenestellid"  sp. 
359-    Dyscritella  sp. 
369-    Dyscritella  sp. 

Jebel   Qamar  South   section   7   (Samples   375-379);  Lat. 

25°42'48"N,  Long.  55°53'43"E 
375-  Hexagonella  ?  sp.,  "Fenestellid"  sp. 
376-  "Fenestellid"  sp. 

379-     "Fenestellid"  sp. 

Jebel   Qamar  North  (Samples  412-415);  Lat.   25°42'48"N, 

Long.  55°54'08"E 412-  Rhombopra  ?  sp.,  Streblascopora  ?  sp.,  "Fenestellid" 
sp.,  Penniretepora  sp. 

413-  Dyscritella  sp.  "Fenestellid"  sp.,  Polypora  sp. 
414      "Fenestellid"  sp. 
415-    Dyscritella  ?  sp.  "Fenestellid"  sp.,  Polypora  sp. 

Wadi  Maqam  (Samples  479-499)  ;  Lat.  and  Long,  not  exact- 
ly. 

The  samples  from  Wadi  Maqam  are  from  the  Member  A  of 
the  Maqam  Formation  (Watts,  1985)  that  corresponds  to  the 
base  of  the  Sumeini  Group  (Watts,  1985;  Pillevuit,  1993). 
This  member  begins  with  70  to  80  m  of  black  dolomitized 

schists  followed  by  grey-colored  limestones  bearing  spicules 
and  ostracods. 

These  limestones  are  interbedded  with  nodular  marls, 

argillaceous  beds,  and  more  rare  beds  of  bryozoan-  and 
echinoid-bearing  calcirudites.  The  upper  part  of  this  mem- 

ber is  composed  of  grey  decimetric  limestones  interstratified 
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Figure  1.    Geological  map  of  the  Oman  Mountains  region,  showing  the  localities  of  bryozoan  faunas. 
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*497- 

*498- 
*499- 

with  argilaceous  beds.  The  limestones  include  some  am- 
monoids  and  trilobites  indicative  of  Murgabian  age  (Becq- 
Giraudon  and  Pillevuit,  1995). 

*479-  Fistulipora  cf.  F.  wanneri,  Hexagonella  kobayashii, 
Goniocladia  timorensis,  Dyscritella  tenuirama, 
Rhombopora  aff.  R.  lepidodendroides,  Rhombopora 
sp.  indet,  Streblascopora  delicatula,  Streblascopora 

exillis,  Alternifenestella  cf.  A.  horologia,  Alter- 
nifenestella  sp.  indet.  A,  Alternifenestella  sp.  indet. 
B,  Alternifenestella  sp.  indet.  C,  Alternifenestella 
sp.  indet.  D,  Minilya  duplaris,  Minilya  sp.  indet., 
Laxifenestella  lahuseni,  Fabifenestella  subpermiana, 
Rugofenestella  basleoensis,  Rugofenestella 
omanica,  n.  sp.,  Penniretepora  sp.  indet.,  Polypora  cf. 
P.  elliptica,  Polypora  cf.  P.  gigantea,  Polypora  sp. 
indet. 

Streblascopora  sp. 
Fistulipora  sp.,  Goniocladia  sp.,  Rhombopora  sp., 
Streblascopora    delicatula,    Streblascopora    exillis, 

"Fenestellid"  sp.,  Polypora  sp. 
Timanodictya  cf.  T.  dichotoma 
Timanodictya  cf.  T.  dichotoma 

Girtypora  cf.  G.  ramosa 

Nackl  (Samples  631-632  and  1222-1234);  Lat.  23°22'40"N, 

Long.  57°48'50"E 
The  samples  examined  in  the  present  article  came  from 

blocks  of  polygenetic  breccia  20  m  thick  and  from  the 
overlying  stratified  calcarenites.    This  breccia  mapped  as 

the  Ba'id  Formation  (Béchennec  et  al.,  1992b  ;  Rabu  er  al., 
1986)  is  interpreted  as  sediments  of  the  Permian  Arabian 

platform  redeposited  at  the  foot  of  the  Arabian  margin  (Pil- 
levuit,   1993).    Fusulinaceans    such    as    Yangchenia    sp., 

Sumatrina  sp.,  and  Neoschwagerina  sp.  are  found  in  the 

Samples  1222-1234  and  indicate  Murgabian  age. 
*  631-    Fistulipora    sp.,    Hexagonella    kobayashii?     sp., 

Goniocladia?    sp.,    Dyscritella    sp.    indet.,    Rhab- 
domeson  sp.,  Streblascopora  delicatula,  Protorete- 

pora  ?  sp.  indet.    "Fenestellid"  sp. 
Fragments  of  Fistuliporidae,  gen.  et  sp.  indet. 
Sulcoretepora  sp.,  Dyscritella  sp.,  Rhombopora  sp., 

"Fenestellid"  sp. 

Fistulipora  sp.,  Rhombopora  sp.,  "Fenestellid"  sp., 
Polypora  sp. 
Fistulipora  sp.,  Hexagonellidae  :  Hexagonella  sp.  or 
Meekopora  sp.,  Sulcoretepora  sp.,  Streblascopora 

sp.,  "Fenestellid"  sp.,  Polypora  sp. 

Fistulipora  sp.,  Sulcoretepora  sp.,  "Fenestellid"  sp., 
Polypora  sp. 
Hexagonellid  gen.  et  sp.  indet. 

Wadi   Wasit  (Samples   665-683);  Lat.   23°06'40"N,    Long. 
58°21'00"E 

This  series  is  characterized  by  the  thick  Upper  Permian 
volcanosedimentary  sequence  composed  of  pillow  lavas, 
tuffites  and  calcirudites  of  the  Permian  reefal  limestones. 

All  samples  examined  are  from  the  blocks  of  limestones 
interpreted  as  being  deposited  at  the  foot  of  the  Arabian 
margin  (Pillevuit  et  al.  1997,  MS). 

665-  Bryozoans  indeterminable 
670-    Fragments  of  fenestellids 

632- 
1222- 

1223- 

1226- 

1231- 

1234- 

671-  Fistulipora  sp.,  "Fenestellid"  : 
672-  Bryozoans  indeterminable 
677-  Bryozoans  indeterminable 
683-     Bryozoans  indeterminable 

Jebel  Rahbah  (Samples  1279-1280)  ;  Lat.  23°11'00 "N,  Long. 

58°20'50"E The  samples  examined  are  from  a  large  block  100  m  thick 
in  a  polygenetic  breccia.  The  block  is  composed  of 

fusulinaceans  (Nankinella  sp.,  Verbeekina  sp.,  Neoschwager- 
ina sp.)  and  bryozoan- bearing  Permian  platform  limestones, 

ammonoid-bearing  Triassic  red  limestones  (Hallstatt)  and 
volcanic  rocks.    The  fusulinaceans  indicate  Murgabian  age. 

1279-  Streblascopora  sp.,  "Fenestellid"  sp. 
1280-  Streblascopora  sp.,  "Fenestellid"  sp. 

Wadi  Sathan  (Sample  1362)  ;  Lat.  23°20'00"N,  Long.  57°18' 

50"E 

This  locality  falls  in  the  autochthonous  units  of  the  Jebel 
Akhdar.  The  sample  is  found  60  m  above  the  transgressive 
unit  of  the  Saiq  Formation  in  Wadi  Sahtap,  and  may  be  of 
Permian  age. 

1362-    Rhombopora  ?  sp.,  Rhabdomeson  sp. 

Rustaq  West  (Sample  1371)  ;  Lat.  23°23'46"N,  Long.  57°22' 

28"E 

This  locality  is  situated  some  kilometers  west  of  Rustaq. 
Lithofacies  suit  noted  in  this  locality  is  considered  a  product 

of  collapsing  Permian  platform  into  the  Carnian-Norian 
Neotethyan  basin.  It  is  represented  by  a  thick  breccia 

composed  mainly  of  the  blocks  of  Permian  platform  lime- 
stones with  some  Triassic  Hallstatt  facies  limestones  re- 

worked in  sandstones  and  Ha/ob/a-bearing  cherts  of  the 
Matbat  Formation. 

1371-    Fistulipora  sp. 

Lihban  (Sample  1587)  ;  Lat.  23°46'20"N,  Long.  56°52'30"E This  locality  is  situated  near  the  village  of  Lihban  in  the 
Wadi  Hawasina.  The  outcrop  is  represented  by  a  breccia  of 
the  Permian  platform  limestone  overlying  a  thick  sequence 
of  pillow  lavas  and  tuffites  of  probable  Upper  Permian  age. 

1587-    Fistulipora  sp.,  "Fenestellid"  sp.,  Polypora  sp. 

Fath  (Samples  1620-1621);  Lat.  22°40'00"N,  Long.  58°08' 

00"E 

The  locality  is  situated  six  kilometers  north  of  the  village  of 
Fath.  The  outcrop  is  represented  by  an  olistolith  of  Permian 
platform  limestone  (Murgabian)  embedded  in  the  grainstone 
of  the  Matbat  Formation.  The  bryozoans  and  fusulinaceans 

(Yangchenia  sp.,  Chusenella  sp.,  Neoschwagerina  sp., 
Yabeina  sp.)  are  found  in  the  limestone  olistolith. 

*1620-  Paralioclema  eplicatum 
*1621-    Paralioclema   eplicatum,    Bryozoans,   gen.   et   sp. 

indet. 

Wadi  Musjah  (Samples  1626-1631)  ;  Lat.  22°58'40"N,  Long. 
58°15'40"E. 

The  locality  is  situated  in  the  Wadi  Musjah.  The  samples 
of  this  section  comes  from  blocks  of  Permian  platform 

limestones  in  turbidites.  The  bryozoans  and  fusulinaceans 
(Codonofusiella  sp.,  Paraboultonia  sp.,  Yangchenia?  sp., 

Neoschwagerina  sp.,  Yabeina  sp.)  indicate  Murgabian-Midian 

age. 1626-     Girtyporina  ?  sp. 

1631-    Fistulipora  sp.,  Girtyporidae  gen.  et  sp.  indet. 
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Batain  Jebel  Qarari  (Samples  1027-1033  and  1461-1462); 

Lat.  21  53'40"N,  Long.  59°28'20"'E 
The  locality  is  situated  10  km  west  of  AI  Ashkarah.    This 

summit  is  a  large  block  of  Permian  limestone  found  in 

association  with  Upper  Cretaceous  radiolarites  and  turbiditic 
sediments.    From  Beds  1027  to  1033,  some  fusulinaceans 
such  as  Parafusulina  or  Pseudofusulina  are  found  associated 
with  bryozoans. 

1027-    Prismopora  ?  sp.,  Trepostomata,  gen.  et  sp.  indet, 

"Fenestellid"  sp.,  Polypora  sp. 
*1028-    Eridopora   parasitica,    Hexagonella   sp.,   Streblas- 

copora  sp.,  "Fenestellid"  sp. 
1033-    Fistuliporid  bryozoans,  Streblascopora  sp.,  "Fenes- 

tellid" sp.,  Penniretepora  sp.,  Polypora  sp. 
1461-  "Fenestellid"  sp. 
1462-  Fistulipora  sp.,  Rhombopora  sp.,  Streblascopora  sp. 

(in  association  with  fusulinaceans  :  Codonofusiel- la  sp.) 

Batain,    Loc.   753   (Samples   1602-1604);  Lat.   21°43'31"N, 

Long.  59°21'13"E The  locality  is  in  the  vicinity  of  Ras  AI  Jifan.  The  outcrop 
is  composed  of  a  block  of  platform  limestones  resedimented 
in  calcarenites  that  overlies  red  radiolarites  of  probably 
Cretaceous  age. 

1602-  Fistulipora  sp.,  Sulcoretepora  ?  sp.,  Trepostomata, 
gen.  et  sp.  indet.,  Streblascopora  aff.  S.  diaphragma, 

"Fenestellid"  sp.,  Polypora  sp.,  in  association  with 
fusulinaceans:  Boultonia  sp.,  Codonofusiella  sp., 
Schwagerinidae  gen.  et  sp.  indet.,  which  were 
noted  briefly  and  illustrated  by  Sakagami  (1994)  in 
Yanagida  and  Pillevuit  (1994).  The  fauna  was 
referred  to  the  upper  Artinskian  to  lower 
Guadalupian  by  them. 

1604-    Penniretepora  ?  sp. 

Batain  Loc.  941  (Samples  1463-1464)  ;  Lat.  21°51'08"N,  Long. 
59°27'44"E 

This  outcrop  is  represented  by  a  breccia  composed  mainly 

of  Permian  platform  limestone  blocks.  It  overlies  the  grain- 
stones  of  the  Matbat  Formation,  probably  indicating  a  Trias- 
sic  age  for  the  breccia.  The  constituent  limestone  blocks 

themselves  contain  Artinskian  fusulinaceans,  such  as  Par- 
afusulina sp.  and/or  Pseudofusulina  sp.) 

1463-  Streblascopora  sp.,  "Fenestellid"  sp.,  Polypora  sp. 
1464-  Streblascopora  sp.,  "Fenestellid"  sp.,  Polypora  sp. 

Batain  Loc.  A10  (Sample  1731)  ;  Lat.  21°43'52"N,  Long.  59°24' 

56"E This  outcrop  is  characterized  by  a  sequence  of  Anisian- 
Ladinian  radiolarite  and  grainstone  with  thinly  bedded  lime- 

stones overlain  by  a  breccia  of  Permian  platform  limestone 

blocks  containing  fusulinaceans  (Parafusulina-Uke),  sponges, 
corals,  bryozoans,  brachiopods,  crinoids.  The  associated 
fusulinaceans  may  indicate  an  Artinskian  age. 

1731-  Goniocladia  sp.,  Dyscritella  sp.,  Polypora?  sp. 

Batain  Loc.  A32  (Sample  2506);  Lat.  22°04'52"N,  59°30' 

38"E 

The  sample  was  collected  from  the  limestone  blocks  that 
belong  to  a  breccia  of  indeterminable  age.    The  bryozoans, 
however,  may  indicate  a  Permian  age. 
2506-    Sulcoretepora  sp.,  Rhombopora  sp.,  Streblascopora 

sp.,  "Fenestellid"  sp.,  Polypora  sp. 

Batain  Loc.  A36  (Samples  2521-2531)  ;  Lat.  22°0T16"N,  Long. 

59°29'42"E The  samples  were  collected  from  limestone  blocks  that 
belong  to  a  breccia  of  indeterminable  age.    The  bryozoans, 
however,  may  indicate  a  Permian  age. 

2521-    Streblascopora  sp.,  "Fenestellid"  sp. 
2524-    "Fenestellid"  sp. 

2531-    Fistulipora  sp.,  "Fenestellid"  sp. 
Batain   Loc.  A37  (Sample  2537);  Lat.   22"12'30"N,   Long. 

59"34'44"E The  samples  were  collected  from  limestone  blocks  that 
belong  to  a  breccia  of  indeterminable  age.    The  bryozoans, 
however,  may  indicate  a  Permian  age. 

2537-    Goniocladia?    sp.,    Rhombopora    sp.,    Streblas- 

copora sp.,  "Fenestellid"  sp.,  Polypora  sp. 

Batain  Loc.  A39  (Samples  2557-2566);  2209'51"N,  Long. 

59°36'29"E The  samples  were  collected  from  the  limestone  blocks 
that   belong   to   a   breccia   of   indeterminable   age.    The 
bryozoans,  however,  may  indicate  a  Permian  age. 
2557-    Hexagonellidae,  gen.  et  sp.  indet.,  Streblascopora 

sp.,  "Fenestellid"  sp.,  Polypora  sp. 

2566-    Rhombopora  sp.,  Streblascopora  sp.,  "Fenestellid" 
sp.,  Polypora  sp. 

As  a  whole,  the  following  24  genera  of  Permian  Bryozoa 
are  identified  mainly  from  the  allochthonous  formations  and 
a  few  from  autochthonous  formations  in  the  Oman  Exotics 

(Permian  to  Cretaceous)  :  Fistulipora,  Eridopora,  Hexagonella, 
Meekopora  ?,  Goniocladia,  Prismopora  ?,  Sulcoretepora, 
Dyscritella,  Pseudobatostomella,  Paralioclema,  Rhombopora, 
Rhabdomeson,  Streblascopora,  Timanodictya,  Girtypora, 
Alternifenestella,  Minilya,  Laxifenestella,  Fabifenestella, 
Rugofenestella,  Penniretepora,  Septopora,  Polypora  and 
Protoretepora. 

All  18  species,  except  for  one  new  and  11  indeterminable 
species,  are  common  in  the  northern,  central,  and  southern 
Tethys  region.  In  addition,  a  small  element  of  the  fauna,  for 
example  Timanodictya,  is  similar  to  faunas  on  the  Russian 
Platform  and  in  the  Uralian  Sea.  The  bryozoans  were 
deposited  under  agitated  conditions  because  most  of  them 
are  fragmentary.  The  present  study  provides  an  additional 
datum  for  bryozoan  paleobiogeography  in  the  Permian. 

Systematic  paleontology 

All  specimens  treated  in  the  present  study  are  stored  in 
the  Geological  Museum,  University  of  Lausanne  (MGL). 

Figure  2.  1, 2.  Fistulipora  cf.  F.  wanneri  Bassler,  tangential  sections,  MGL74509  and  74516a,  respectively.  3.  Eridopora 
parasitica  (Waagen  and  Wentzel),  tangential  (lower  part)  and  oblique  (upper  part)  section,  MGL74532a.  4, 5.  Hexagonella 
kobayashii  Sakagami,  4:  oblique  section,  MGL74505C,  5:  transverse  section,  MGL74503d.    (All  figures  are  \20) 
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Phylum  Bryozoa  Ehrenberg,  1831 
Order  Cystoporata  Astrova,  1964 

Suborder  Fistuliporina  Astrova,  1964 
Family  Fistuliporidae  Ulrich,  1882 
Genus  Fistulipora  McCoy,  1850 

Fistulipora  cf.  F.  wanneri  Bassler,  1929 

Figures  2-1,  2 

Compared  — 
Fistulipora  wanneri  Bassler,  1929,  p.  43,  pi.  233(9),  figs.  1-5. 

Material  and  Locality—  MGL74508a,  74509,  74516a 
(Maqam). 

Description.— Only  three  tangential  sections  were 
examined.  Shape  of  zoarium  uncertain.  Zooecial  tube 
broadly  ovate  or  subcircular,  longer  diameter  excluding 

lunarium  ranges  from  0.333  to  0.500  mm  and  shorter  diame- 
ter ranges  from  0.321  to  0.358  mm.  Usually  3  to  4  zooecia 

per  2  mm  diagonally.  Lunarium  well  developed  but  thin, 
occupying  nearly  one  half  of  zooecial  circumference,  its 
thickness  less  than  0.030  mm.  Vesicular  tissue  regularly 
arranged,  usually  one  to  three  vesicles  between  adjacent 
zooecia  and  6  to  8  vesicles  per  mm  horizontally. 

Remarks.— Although  present  only  in  tangential  sections, 
the  present  form  may  be  compared  with  Fistulipora  wanneri 
described  by  Bassler  (1929)  from  the  Permian  of  Timor  Island 
in  essential  characters  and  measurements. 

Genus  Eridopora  Ulrich,  1882 

Eridopora  parasitica  (Waagen  and  Wentzel),  1886 

Figures  2-3 
Fistulipora  parasitica  Waagen  and  Wentzel,  1886,  p.  923,  pi.  45, 

fig.  6  ;  pi.  105,  figs.  1-4. 
Eridopora  parasitica  (Waagen  and  Wentzel),  Xia,  1986,  p.  232,  pi. 

132,  figs.  8,  9,  pi.  15,  figs.  5,  7. 
Eridopora  cf.  parasitica  (Waagen  and  Wentzel),  Sakagami,  1980,  p. 

273,  pi.  31,  figs.  7-9. 
Eridopora  major  Bassler,  1929,  p.  52,  pi.  225(1),  figs.  1-4;  Gor- 

junova,  1975,  p.  45,46,  pi.  3,  fig.  1  ;  Xia,  1991,  p.  189,  pi.  7, 
figs.  8,  9. 

Material  and  Locality— MGL7  4532a  (Qarari). 

Description.— A  single  tangential,  partly  obliquely  longitudi- 
nal section  shows  an  encrusting  zoarium,  in  life  the  animal 

may  have  been  attached  to  a  foreign  object  such  as  soft 
body  tissue. 

In  tangential  section,  zooecial  tubes  rounded  triangular 
with  moderately  developed  lunarium.  Diameters  of  zooecial 

tubes  becoming  larger  from  inner  to  outer  :  inside  longitudi- 
nal diameter  of  tubes  excluding  lunarium  ranges  from  0.256 

to  0.321  mm  in  inner  part  and  from  0.385  to  0.462  mm  in 
outer  part,  inside  transverse  diameter  ranges  from  0.256  to 

0.321  mm  in  inner  part  and  from  0.385  to  0.449  mm  in  outer 

part.  Usually  3.5  to  4  zooecia  per  2  mm  diagonally.  V- 
shaped  lunarium  disposed  at  proximal  end  of  zooecial  tube. 
Thickest  part  of  lunarium  reaching  0.090  mm  in  outer  part  of 
zooecial  tube,  but  very  thin  in  inner  part.  A  pair  of  small 

projections  deposited  at  opposite  side  of  lunarium  in  a  tube. 
Vesicular  tissue  well  developed,  not  so  regular  in  size  and 
arrangement,  usually  one  to  three  vesicles  between  adjacent 
zooecia,  and  7  to  10  vesicles  per  mm  diagonally. 

Because  of  the  imperfect  specimen,  the  longitudinal 
section  cannot  be  sufficiently  observed.  Diaphragms  may 
be  abundant  but  the  interval  is  indistinct.  Interzooecial 

tissue  consists  of  regularly  arranged  vesicles  which  are 

usually  quadrate  or  scale-shaped  in  inner  zone  but  are  not 
observable  in  outer  zone. 

Remarks.— The  present  species  was  originally  described 
from  the  Middle  Productus  Limestone  in  the  Salt  Range  of 
Pakistan,  and  it  is  characterized  by  the  existence  of  a  pair  of 
small  projections  at  the  opposite  side  of  the  lunarium  in  the 
tangential  section  of  the  tube.  As  mentioned  by  Sakagami 
(1980),  such  a  pair  of  projections  is  also  recognized  in 
Eridopora  major  Bassler  (1929)  from  the  Permian  of  Timor 
Island.  Therefore,  Eridopora  major  may  be  a  junior  synonym 
of  £.  parasitica.  The  present  species  has  been  known  from 
the  Xarla  Formation  (Kazanian)  of  Xainza,  Northern  Xizang  in 
China  by  Xia  (1986)  and  another  comparable  form  from  the 
lower  part  of  the  Abadehian  in  the  Abadeh  region  of  Central 

Iran.  Bassler  (1929),  Gorjunova  (1975)  and  Xia  (1991)  de- 
scribed Eridopora  major  from  the  Permian  of  Timor  Island, 

Central  Pamir  and  Tibet,  respectively. 

Family  Hexagonellidae  Crockford,  1947 
Genus  Hexagonella  Waagen  and  Wentzel,  1886 

Hexagonella  kobayashii  Sakagami,  1968 

Figures  2-4,  5;  3-1-3 
Hexagonella  kobayashii  Sakagami,  1968a,  p.  50, 51,  pi.  9,  figs.  3- 

5. 

Material  and  Locality. .— MGL74503a,  74503d,  74505c, 
74507a,  74511a,  74511b,  74513a,  74513b,  74519a,  74519b, 
74522a,  74522b  (Maqam)  ;  MGL74530a  (Nackl). 

Description.— Zoarial  features  only  seen  in  thin  sections, 
exact  mode  of  bifurcation  not  known.  Probably  broad, 

parallel-sided,  flattened,  bifurcating  frond,  more  than  2  mm  in 
thickness. 

In  tangential  section,  zooecial  tubes  nearly  circular  to  oval, 
diameter  from  0.154  to  0.205  mm,  occasionally  0.244  at  a 
maximum,  usually  4  to  4.5  zooecia  per  2  mm  diagonally. 

Lunarium  horseshoe-shaped.occupying  about  one-third  to 
one-fourth  of  zooecial  circumference,  but  in  many  cases 
obliterated  by  secondary  alteration.  Interzooecial  tissue  fine 
and  regularly  arranged,  8  to  10  vesicles  per  mm  horizonally  in 

Figure  3.  1-3.  Hexagonella  kobayashii  Sakagami,  1  :  longitudinal  section,  MGL74530a.  2, 3  :  tangential  sections 
(showing  the  hexagonellid  ridges,  especially  in  Fig.  3-2),  MGL74522b  and  74503a,  respectively.  4,  5.  Goniocladia  timorensis 
Bassler,  oblique  sections,  MGL74520b  and  74507b,  respectively.  6.  Dyscritella  tenuirama  Crockford,  longitudinal  section 
MGL74515.    (All  figures  are  x  20) 
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inner  zone.  Hexagonellid  ridges  are  observed  in  thin  sec- 
tions cut  close  to  the  surface  but  their  form  is  unknown. 

In  longitudinal  section,  zooecial  tubes  proximally  parallel  to 
mesotheca  for  a  short  distance,  afterwards  curving  gradually 

upward  and  then  extending  directly  to  outer  surface  of 

zoarium  at  an  angle  of  about  90°.  Single  diaphragm  occa- 
sionally observed  in  inner  zone  of  tube.  Interzooecial  tissue 

consisting  of  elongated  quadrate  vesicles  arranged  regularly 
in  longitudinal  series  in  inner  zone,  usually  covered  by  dark 
dense  fibrous  materials  in  outer  zone. 

Remarks— Hexagonella  kobayashii  was  originally  de- 
scribed from  the  Rat  Buri  Limestone  cropping  out  at  Khao 

Phrik  near  the  neck  of  the  peninsular  part  of  Thailand. 

Although  the  surface  in  the  present  specimens  is  not  ob- 
served, the  present  form  can  be  identified  with  Hexagonella 

kobayashii  described  from  Thailand  by  the  horseshoe- 
shaped  lunaria  being  relatively  well  developed  and  by  its 
measurements.  A  specimen  from  Sample  631  in  Nackl  is 
questionably  identified  with  H.  kobayashii.  The  geological 
age  is  considered  to  be  Middle  Permian  (Artinskian). 

Family  Goniocladiidae  Waagen  and  Pichl,  1885 
Genus  Goniocladia  Etheridge,  1876 

Goniocladia  timorensis  Bassler,  1929 

Figures  3-4,  5 

Goniocladia  timorensis  Bassler,  1929,  p.  89,  pi.  247(23),  figs.  8-15  ; 
Crockford,  1944a,  p.  157,  pi.  5,  fig.  8  ;  Crockford,  1957,  p.  38  ; 

Sakagami,  1966,  p.  153,  text-figs.  4a,  b  ;  Morozova,  1970,  p. 
80,  81,  pi.  4,  fig.  3. 

Goniocladia  timorensis  var.  afghana  Termier  and  Termier,  1971,  p. 

32,  pi.  16,  figs.  1-9. 

Material  and  Locality.— MGL74507b,  74520b  (Maqam). 
Description.— Owing  to  the  fact  that  only  a  few  fragmen- 

tary specimens  were  examined,  zoarial  form  is  unknown  but 
probably  consits  of  anastomosing  branches.  Branch  width 
ranges  from  0.7  to  0.8  mm.  Zooecial  tubes  circular  in  tan- 

gential section  near  surface,  diameter  ranging  from  0.154  to 
0.179  mm,  parallel  to  coenelasma  for  a  short  distance  and 
curved  gradually  upward,  meeting  outer  zoarial  surface  at  an 

angle  of  about  90°.  Diaphragm  lacking.  Interzooecial  tis- 
sue consisting  of  vesicles  in  inner  zone  and  dark  fibrous 

material  from  0.13  to  0.19  mm  thick  in  outer  zone. 

Remarks.— Although  these  specimens  are  poorly  pre- 
served, the  present  form  is  quite  similar  to  Goniocladia 

timorensis  Bassler  (1929)  from  the  Permian  of  Timor  Island  in 
its  main  characters  and  measurements.  The  present 
species  has  been  reported  also  from  the  Permian  of  Western 

Australia  by  Crockford  (1944a,  1957),  Thailand  by  Sakagami 
(1966),  Afghanistan  by  Termier  and  Termier  (1971)  and  Primor- 

ye  region  of  Russia  by  Morozova  (1970). 

Order  Trepostomata  Ulrich,  1882 
Family  Dyscritellidae  Dunaeva  and  Morozova,  1967 

Genus  Dyscritella  Girty,  1911 

Dyscritella  tenuirama  Crockford,  1957 

Figures  3-6 Dyscritella  tenuirama  Crockford,  1957,  p.  52,  53,  pi.  13,  figs.  1,  2  ; 

Sakagami,  1968c,  p.  54,  55,  pi.  8,  figs.  4-8  ;  Sakagami,  1995, 
p.  256-258,  figs.  18-5,  6. 

Dyscritella  cf.  tenuirama  Crockford.    Sakagami,  1970,  p.  50, 51, 

pi.  7,  fig.  7. 

Material  and  Locality.— MGL74503C,  74515,  74517a 

(Maqam). 
Description.— Zoarium  slender,  cylindrical  ramose 

branches,  diameter  ranges  from  1.9  to  2.5  mm,  averaging  2.1 
mm  measured  on  3  specimens. 

In  longitudinal  section,  zooecial  tubes  parallel  to  longitudi- 
nal direction  of  zoarium  in  inner  part  of  endozone,  but 

gradually  curve  outward  to  meet  outer  surface  of  zoarium  at 
an  angle  of  about  90\  Zooecial  walls  straight,  thin  with  a 
central  black  line  in  endozone,  and  rapidly  thickening  with 
finely  laminated  fibers  in  exozone.     Diaphragms  lacking. 

In  tangential  section  near  the  surface,  zooecial  apertures 
regularly  arranged  in  substance  in  longitudinal  and  diagonal 
directions,  about  3  and  4  in  1  mm  in  the  respective  directions. 
Zooecial  tubes  oval,  longer  diameter  ranges  from  0.231  to 
0.282  mm  ;  shorter  diameter  ranges  from  0.140  to  0.167  mm. 
Mesozooecia  circular  and  rare,  0.050  to  0.070  mm.  Well 

developed  acanthostyles  usually  located  at  intersection  of 
zooecial  walls  in  inner  part  of  exozone,  increasing  in  number 
in  outer  part,  surrounded  by  concentric  dark  dense  fibers. 
Outside  and  inner  diameters  ranging  from  0.050  to  0.060  mm 
and  0.006  to  0.010  mm,  respectively. 

In  transverse  section,  zooecial  tubes  thin-walled, 
polygonal  in  central  part  of  endozone.  The  other  characters 

observed  in  transverse  section  are  the  same  as  in  longitudi- 
nal section. 

Remarks.— Dyscritella  tenuirama  was  originally  described 
from  the  Noonkanbah  and  Liveringa  Formations  of  the 
Fitzroy  basin,  Western  Australia  by  Crockford  (1957),  and  later 
from  the  Permian  of  the  peninsular  part  of  Thailand  by 
Sakagami  (1968c,  1970)  and  very  recently  from  the  upper  part 
of  the  Copacabana  Group  (Eoparafusulina  zone)  in  Bolivia. 
South  America  by  Sakagami  (1995).  The  present  form  quite 

agrees  with  the  originally  described  specimens  from  Aus- 
tralia in  the  measurements  and  essential  characters  of  the 

internal  structure. 

Figure  4.  1, 2.  Dyscritella  sp.  indet,  obliquely  longitudinal  and  transverse  sections,  MGL74531a  and  74531b,  respectively. 
3-5.  Paralioclema  eplicatum  Morozova,  3  :  longitudinal  section,  MGL74534.  4,  5  :  oblique  sections,  MGL74537  and  74533, 
respectively.  6, 7.  Rhombopora  aff.  ft  lepidodendroides  Meek,  obliquely  longitudinal  sections,  MGL74505a  and  74505b, 
respectively.  8.  Rhombopora  sp.  indet.,  tangential^  longitudinal  section,  MGL74506c.  9-11.  Streblascopora  delicatula 
Sakagami,  9  :  longitudinal  section,  MGL74520a,  10,  11  :  transverse  sections,  MGL74514b  and  74530b,  respectively.  (All 
figures  are  x20) 
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Dyscritella  sp.  indet. 

Figures  4-1,  2 

Material  and  Locality— MGL7A53\a,  74531b  (Nackl). 

Descriptive  remarks.— Obliquely  longitudinal  and  trans- 
verse sections  examined.  Zoarium  slender,  cylindrical 

ramose  branches,  diameter  1.6  to  1.7  mm.  The  present  form 
is  not  unlike  Dyscritella  tenuirama,  described  above,  but 
differs  distinctly  from  the  latter  species  by  the  smaller  size  of 

zooecial  tubes  and  less  developed  and  smaller  acantho- 
styles.  Because  of  the  poor  preservation  of  the  thin  section, 

specific  identification  must  be  postponed  until  better  speci- 
mens are  accumulated. 

Family  Araxoporidae  Morozova,  1970 
Genus  Paralioclema  Morozova,  1961 

Paralioclema  eplicatum  Morozova,  1965 

Figures  4-3—5 
Paralioclema  eplicatum  Morozova,  1965,  in  Ruzhentsev  and 

Sarycheva,  p.  184, 185,  pi.  25,  fig.  3  ;  Morozova,  1970,  p.  135, 
pi.  21,  fig.  4,  pi.  22,  fig.  1  ;  Sakagami,  1973a,  p.  69,  70,  pi.  9, 

figs.  3-5. 

Material  and  Locality—  MGL74533,  74534,  74535,  74536, 
74537,  74538  (Fath). 

Description.— Several  fragments  of  encrusting  zoarium, 
these  may  have  been  attached  to  some  soft  body  tissue. 
Thickest  part  of  zoarium  reaching  5.5  mm. 

In  longitudinal  section,  zooecial  tubes  seem  to  run  for  a 
very  short  distance  along  coenelasma,  then  curve  rapidly 
upward,  making  a  right  angle  to  surface.  Usually  thin  and 
straight  or  slightly  concave  diaphragms  in  zooecial  tubes, 
spaced  at  intervals  of  usually  0.30  to  0.50  mm,  4  to  5  in  2  mm 
length  of  zooecial  tubes.  Diaphragms  in  mesozooecia 
present  but  indistinct  owing  to  poor  preservation.  Wall  sides 
very  smooth.  Zooecial  wall  laminae  trend  approximately 
parallel  to  longitudinal  direction  of  zooecia  for  a  short  dis- 

tance before  curving  into  zooecial  boundaries.  In  longitudi- 
nal section  of  acanthoecia,  laminae  are  sharply  swelled  out 

to  surface. 

In  tangential  section,  zooecial  tubes  irregularly  circular 

with  polygonal  margin  effected  by  well  developed  acantho- 
styles.  Diameter  of  zooecia  0.154  to  0.192  mm  in  inner  zone 
and  0.192  to  0.231  mm  in  outer  zone.  Mesozooecia  circular, 

commonly  present,  usually  0.077  to  0.103  mm,  but  occasion- 
ally 0.128  mm  in  outer  zone.  Acanthostyles  numerous  and 

well  developed,  covered  with  coarse  concentric  fibrous 
materials  varying  from  0.10  to  0.20  mm  in  diameter.  Inside 
diameter  of  acanthostyles  very  small,  less  than  0.020  mm. 

Remarks.— Except  for  being  slightly  different  in  the  micro- 

scopic measurements,  the  present  form  is  identical  with 
Paralioclema  eplicatum,  which  was  originally  described  by 
Morozova  (1965, 1970)  from  the  Gnishik  horizon  (lower  part  of 
Guadalupian  stage,  Upper  Permian)  of  Transcaucasia, 
Armenia,  Russia,  and  later  by  Sakagami  (1973a)  from  the 
upper  part  of  the  Guadalupian  of  Kampong  Awah  Quarry  and 

Jenka  Pass  in  Pahang,  Malaya,  in  all  of  the  essential  charac- 
ters. 

Order  Cryptostomata  Vine,  1883 
Suborder  Rhabdomesina  Astrova  and  Morozova,  1956 

Family  Rhomboporidae  Simpson,  1895 
Genus  Rhombopora  Meek,  1872 

Rhombopora  äff.  R.  lepidodendroides  Meek,  1872 

Figures  4-6,  7 

Compared  — Rhombopora  lepidodendroides  Meek,  Newton  1971,  p.  28,  29,  31- 
35,  pi.  1,  figs.  1-6, 11, 12,  pi.  2,  figs.  1-8, 11, 16  (see  also  the 
synonym  list);  Sakagami,  1995,  p.  261-262,  figs.  1-1-6. 

Material  and  Locality—  MGL74505a,  74505b  (Maqam). 
Description.— Zoarium  consisting  of  slender,  cylindrical 

stem,  diameter  1.3  mm  and  1.5  mm,  respectively. 
In  longitudinal  section,  axial  region  consists  of  a  nearly 

straight  axis  and  straight  zooecial  tubes  making  a  small 

angle  with  longitudinal  direction  in  endozone,  bending  slight- 
ly and  gradually  outward  to  meet  outer  surface  of  zoarium  at 

an  angle  of  about  50  degrees.  Zooecial  walls  thin  and 

nearly  straight  in  endozone  and  gradually  thickened,  consist- 
ing of  finely  laminated  fibers  in  exozone.  Diameter  of 

endozone  about  0.5  mm  and  width  of  exozone  0.4  to  0.5  mm. 

In  tangential  section  of  exozone,  zooecial  tubes  oval, 
longer  diameter  0.192  to  0.231  mm  and  shorter  diameter  0.141 
to  0.179  mm,  probably  regularly  arranged  in  longitudinal  and 
diagonal  directions  ;  their  detailed  arrangement  is,  however, 
indistinct  owing  to  badly  oriented  thin  sections.  Usually 

one,  occasionally  two  acanthostyles  at  each  corner  of- 
zooecial  tube,  surrounded  by  concentric  dark  fibers  ;  outside 
diameter  ranges  varies  from  0.030  to  0.060  mm,  inside 
diameter  less  than  0.010  mm.     Paurostyles  not  visible. 

Remarks.— Because  only  two  obliquely  oriented  thin  sec- 
tions are  available,  detailed  comparisons  are  difficult,  but  the 

present  form  appears  identical  with  Rhombopora  lepidoden- 
droides in  essential  characters.  Newton  (1971)  discussed  R. 

lepidodendroides  in  detail,  and  he  concluded  that  its  varia- 
tion in  time  (from  Early  Pennsylvanian  to  Late  Permian)  and 

space  (in  worldwide  distribution)  lacked  any  systematic 
pattern.  For  the  present,  the  Omani  specimens  described 
here  are  placed  in  a  relationship  of  affinity. 

Figures.  1.  Streblascopora  delicatula  Sakagami,  longitudinal  section,  MGL74525a.  2-4.  Streblascopora  exillis  Sa- 
kagami, 2,3:  longitudinal  sections,  MGL74512a  and  74525b,  respectively,  4:  transverse  section,  MGL74526a.  5-7. 

Timanodictya  cf.  T.  dichotoma  (Stuckenberg),  5:  obliquely  tangential  section,  MGL74529,  x10,  6:  enlarged  tangential  part 
of  Fig.  5-5,  7  :  longitudinal  section,  MGL74528,  x10.  8.  Girtypora  cf.  G.  ramosa  Morozova,  transverse  section,  MGL74529. 
9.  Alternifenestella  cf.  A.  horologia  (Bretnall),  tangential  section,  MGL74505d.  (All  figures  are  \20,  except  for  5-5  and  5- 

7) 
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Rhombopora  sp.  indet. 

Figures  4-8 
Material  and  Locality— MGL7  4506c  (Maqam). 

Descriptive  remarks— A  single  tangentiale  longitudinal 
section  was  examined.  Zoarium  consisting  of  nearly 

straight,  slender,  cylindrical  stem,  having  small  diameter: 

about  1.0  mm.  The  present  form  is  not  unlike  Rhombopora 

lepidodendroides  in  general  mode,  but  it  can  be  distin- 
guished from  the  latter  species  by  the  larger  diameter  of  the 

zooecial  tubes.  The  specific  identification  must  be 

postponed  until  better  specimens  are  accumulated. 

Family  Hyphasmoporidae  Vine,  1886 
Genus  Streblascopora  Bassler,  1952 

Sireblascopora  delicatula  Sakagami,  1961 

Figures  4-9—11  ;  5-1 

Streblascopora  delicatula  Sakagami,  1961,  p.  52,  pi.  25,  figs.  7-10, 
pi.  26,  figs.  1-18,  pi.  27,  figs.  1-5  ;  Sakagami,  1973b,  p.  84,  85, 
pi.  8,  figs.  1-4  ;  Yang  and  Lu,  1984,  p.  53,  54,  pi.  1,  fig.  5b,  pi. 
2,  figs.  3a,  b. 

Material  and  Locality—  MGL74503b,  74514b,  74516b, 
74518a,  74518b,  74520a,  74525a  (Maqam);  MGL74530b 
(Nackl). 

Description.— Zoarium  consists  of  cylindrical  ramose 
branches,  varying  from  1.3  to  1.9  mm  in  diameter. 

In  longitudinal  section,  diameter  of  central  bundle  0.5  to 
0.7  mm,  ratios  of  zoarial  diameter  to  central  bundle  ranging 
from  2.5 : 1  to  3.1 : 1,  and  number  of  tubes  in  central  bundle  7 
to  8.  Zooecial  tubes  arise  from  central  bundle  at  an  angle 

of  about  25°,  straight  in  endozone  and  curving  rapidly  at  inner 
edge  of  exozone.  Metapores  arise  from  base  of  exozone, 
approximately  parallel  to  endozone  wall  for  a  very  short 
distance,  then  curving  rapidly  outward  and  parallel  to 
zooecial  tubes  in  exozones. 

In  tangential  section  of  exozone,  zooecial  tubes  oval, 
longer  diameter  0.154  to  0.179  mm  and  shorter  diameter 
0.090  to  0.115  mm.  Zooecial  apertures  arranged  regularly  in 
longitudinal  rows  with  about  4.5  zooecia  in  2  mm  measuring 
lengthwise  and  almost  10  in  the  same  space  transversely. 
Superior  and  inferior  hemisepta  may  be  present  but  are  rarely 
observable.  Metapores  usually  circular  but  irregular  in 
shape  and  size,  diameter  ranging  from  0.013  to  0.038  mm, 

usually  two  or  three  rows  with  2  to  3  in  each  row  longitudi- 
nally. Total  number  of  metapores  disposed  between 

zooecial  tubes  in  one  series  usually  7,  occasionally  10. 
In  transverse  section,  number  of  tubes  in  central  bundle 

were  counted  as  more  than  40  in  one  typical  section.  The 
other  characters  observed  in  transverse  section  are  the 

same  as  in  longitudinal  section. 

Remarks.— Many  species  included  in  the  genus  Streblas- 
copora are  widely  distributed  in  the  Tethys  and  Tasman 

Geosyncline  provinces  in  Middle  Permian  time.  Among 
these,  the  present  form  agrees  with  Streblascopora  delicatula 
which  was  described  originally  by  Sakagami  (1961)  from  the 
Upper  Permian  of  several  localities  in  Japan  in  its  essential 

features,  especially  size  of  zoarium  and  mode  of  central 
bundle.  The  present  species  is  characterized  and  can  be 
distinguished  from  the  already  described  species  by  the 
larger  diameter  of  the  central  bundle,  having  about  40  or 
more  tubes.  This  species  has  been  reported  also  from  the 
Lower  Permian  (most  probably  late  Artinskian)  of  the  Rat  Buri 
Limestone  in  Khao  Raen  at  the  neck  of  the  peninsular  part 

of  Thailand  by  Sakagami  (1973b)  and  the  Maokou  Formation 
(Permian)  of  Kueichou,  South  China  by  Yang  and  Lu  (1984). 

Streblascopora  exillis  Sakagami,  1970 

Figures  5-2—4 Streblascopora  exillis  Sakagami,  1970,  p.  64,  65,  pi.  12,  figs.  4-8. 

Material  and  Locality—  MGL74511C,  74512a,  74523b, 
74523c,  74525b,  74526a  (Maqam). 

Description.— Zoarium  nearly  straight,  slender,  cylindrical 
stem,  0.9  to  1.2  mm  in  diameter. 

In  longitudinal  section,  diameter  of  central  bundle  0.3  to 
0.5  mm,  ratio  of  zoarial  diameter  to  central  bundle  ranging 
from  3.0 : 1  to  4.0 : 1,  and  number  of  tubes  in  central  bundle 
4  to  6.  Zooecial  tubes  arise  from  central  bundle  at  an  angle 

of  about  20°,  straight  in  endozone  and  curving  rapidly  at  inner 
edge  of  exozone.  Metapores  arise  from  base  of  exozone, 
approximately  parallel  to  endozone  wall  for  a  very  short 
distance,  then  curving  rapidly  outward  and  parallel  to 
zooecial  tubes  in  exozone. 

In  tangential  section,  zooecial  tubesoval,  larger  diameter  0. 
141  to  0.167  mm  and  shorter  diameter  0.103  to  0.128  mm. 

Zooecial  apertures  arranged  regularly  in  longitudinal  rows. 
Number  of  zooecia  indistinct  but  probably  3  to  4  per  2  mm 

longitudinally.  Superior  and  inferior  hemisepta  seem  to  be 
undeveloped.  Metapores  circular  and  regular  in  shape  and 
size,  usually  two  rows  with  four  to  five  in  each  longitudinal 
row,  total  number  of  metapores  disposed  between  zooecial 

tubes  in  one  series  8  to  10.  One  straight  diaphragm  dis- 
posed near  surface  of  tube. 

In  transverse  section,  number  of  tubes  in  central  bundle 
counted  as  nearly  10.  The  other  characters  observed  in 
transverse  section  are  the  same  as  in  longitudinal  section. 

Remarks.— The  present  form  may  be  identical  with  Streb- 
lascopora exillis  which  was  described  by  Sakagami  (1970) 

from  Ko  Muk  on  the  west  coast  of  Thailand  in  all  essential 

characters,  especially  its  small  zoarial  diameter  and  number 
of  metapores  between  zooecial  tubes.  The  Ko  Muk 

bryozoan  fauna  is  thought  to  be  most  probably  late  Artins- 
kian. The  present  form  seems  to  resemble  Streblascopora 

biserialis  (Bassler)  which  was  originally  described  by  Bassler 
(1929)  from  Timor,  but  a  detailed  comparison  between  them 
is  impossible,  because  the  Timor  species  depends  on  a  brief 
description  with  only  one  illustration  of  the  surface  of  a 

specimen. 

Suborder  Timanodictyoidea  Morozova,  1966 
Family  Timanodictyidae  Morozova  1966 
Genus  Tlmanodictya  Nikiforova.  1938 
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Fgure  6.  1.  Alternifenestella  sp.  indet.  A,  tangential  section,  MGL74506b.  2.  Alternifenestella  sp.  indet.  B, 

tangential  section,  MGL74508b.  3.  Alternifenestella  sp.  indet.  D,  tangential  section,  MGL74502.  4.  Laxifenes- 
tella  lahuseni  (Stuckenberg),  tangential  section,  MGL74512b.  5.  Minilya  duplaris  Crockford,  tangential  section, 
MGL74517b.  6.  Minilya  sp.  indet.,  tangential  section,  MGL74524a.  7.  Alternifenestella  sp.  indet.  C,  tangential 
section,  MGL74508C.    8.  Polypora  cf.  P.  elliptica  Rogers,  tangential  seciton,  MGL74510.    (All  figures  are  X20) 
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Timanodictya  cf.  T.  dichotoma  (Stuckenberg,  1895) 

Figures  5-5—7 

Compared.— 
Coscinium  dichotoma  Stuckenberg,  1895,  p.  173,  pl.  24,  fig.  3. 

Timanodictya  dichotoma  (Stuckenberg),  Nikiforova,  1938,  p.  185- 
188,  269-271,  pl.  48,  figs.  1-4,  pl.  49,  figs.  1-10,  pl.  50,  figs.  1- 
4,  pl.  51,  figs.  1-6,  pl.  52,  figs.  5-7. 

Timanodictya  cf.  T.  dichotoma  (Stuckenberg),  Ross  and  Ross, 

1962,  p.  60-62,  pl.  18,  figs.  1-6. 

Material  and  Locality—  MGL74527,  74528  (Maqam). 
Description.— Only  obliquely  tangential  and  obliquely  longi- 

tudinal sections  were  examined.  Zoarium  consists  of  broad, 
bifoliate  branch,  estimated  to  be  about  8  mm  in  width  and 

about  3  mm  in  thickness.  The  growth  system  is  not  ob- 
served in  the  present  specimens. 

In  tangential  section,  zooecial  tubes  oval,  usually  3.5  to  4 
zooecia  per  2  mm  in  longitudinal  direction.  Shorter  diameter 
of  zooecial  tubes  ranges  from  0.128  to  0.167  mm,  and  longer 
diameter  from  0.192  to  0.231  mm.  Zooecial  tubes  surround- 

ed by  rather  thick,  light-colored  partition.  Interzooecial 
tissue  consisting  of  fine,  dark  laminae  and  pierced  by 
numerous  small  rods  or  tubes. 

In  longitudinal  section,  zooecial  tubes  proximally  parallel  to 
mesotheca,  curved  rapidly  outward,  and  making  a  right  angle 
with  outer  surface  of  zoarium. 

Remarks.— Because  of  the  secondarily  altered,  fragmen- 
tary specimens  at  hand,  a  detailed  comparison  with  the  type 

specimens  of  Timanodictya  dichotoma  described  by  Nikifor- 

ova (1938)  from  the  'Schwagerina'  beds  (Lower  Permian)  of 
Timan,  Russia  is  impossible.  The  present  form,  however, 

may  be  conspecific  with  the  Timan  species.  The  compa- 
rable species  was  described  by  Ross  and  Ross  (1962)  from 

the  Wolfcampian  ?    of  Holm  Land,  northeast  Greenland. 

Genus  Girtypora  Morozova,  1966 

Girtypora  cf.  G.  ramosa  Morozova,  1966 

Figures  5-8 

Compared  — Girtypora  ramosa  Morozova,  1966,  p.  36, 37,  pl.  5,  fig.  2  ;  Mor- 
ozova, 1970,  p.  248,  249,  pl.  60,  fig.  2,  pl.  61,  fig.  1  ;  Liu,  1980, 

p.  253,  pl.  111,  figs.  5,6. 

Material  and  Locality.— MGL74529  (Maqam). 
Description.— A  single  transverse  section  of  zoarium  was 

examined.  Zoarium  consisting  of  cylindrical  branch,  having 

a  small  diameter  :  about  2  mm.  Zooecial  tubes  arise  direct- 
ly from  median  laminae  to  zoarial  surface  and  range  from 

0.141  to  0.167  mm  in  diameter.  Interzooecial  tissue  consists 

of  dark,  fine  fibers  with  spicule- like  structure. 
Remarks.— Despite  there  being  available  only  one  trans- 

verse section  of  zoarium,  the  present  form  seems  to  be 

identical  with  Girtypora  ramosa  which  was  originally  de- 
scribed by  Morozova  (1966)  from  the  lower  Kazanian  (Upper 

Permian)  of  the  Russian  Platform  in  its  essential  characters, 
but  the  zooecial  tubes  are  slightly  narrower  than  in  the 
Russian  specimens.  Accordingly,  the  present  form  is  only 

compared  with  Girtypora  ramosa  although  it  may  be  con- 
specific  with  the  Russian  species.  The  present  species 
was  also  described  by  Liu  (1980)  from  the  upper  part  of  the 
Lower  Permian  of  northeast  China. 

Order  Fenestrata  Elias  and  Condra,  1957 
Family  Fenestellidae  King,  1849 

Genus  Alternifenestella  Termier  and  Termier,  1971 

Alternifenestella  cf.  A.  horologia  (Bretnall,  1926) 

Figures  5-9 

Compared  — Fenestella  horologia  Bretnall,  1926,  p.  15,  pl.  1,  fig.  6  ;  Hosking, 
1931,  p.  13,  pl.  4,  fig.  3  ;  Crockford,  1957,  p.  57  ;  Wass,  1966, 

p.  92-94,  pl.  2,  fig.  1,  3,  not  2,  4-7  ;  Wass,  1967,  p.  16  ;  Sa- 

Table  2.    Measurements  of  the  species  of  Alternifenestella,  Minilya, 

Specimen  No. 
(MGL) 

No.  per 10  mm No.  of zooecia 
No.  of  nodes 

per  5  mm 

Species 
branches 

(horizontally) 
fenestrules 

(longitudinally) 
per  5  mm 

per  fenestrule 

Alternif.  cf.  A.horologia 74505d 
18 18 18 

2 — 
Alternif.  sp.  indet.  A 74506b 18-20 16 

16 

2 indistinct 

Alternif.  sp.  indet.  B 74508b 16 14 14 
2-3 

indistinct 

Alternif.  sp.  indet.  C 74508c 

18 16 16 

2 indistinct 
Alternif.  sp.  indet.  D 

74502 ca.  16 13 13 

2-3 

— 
Minilya  duplaris 74517b 

20 18 18 

2 36 
Minilya  sp.  indet. 74524a 

18 20 20 

2 

40 

Laxif.  lahuseni 74512b 

16 10 

ca.  20 4 indistinct 

Fabif.  subpermiana 74521a 

12 

9 

18 

4 indistinct 

Rugof.  basleoensis 74521b 

13 

9 

18 

4 — 
Rugof.  omanica  sp.  nov. 74514a,  74517c 

15 

8-9 16-18 
4-5 16  18 
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kagami,  1968b,  p.  69-71,  text-fig.  3A. 
Fenestella  cf.  horologia  Sakagami,  1970,  p.  55,  56,  pi.  9,  fig.  6. 

Fenestrellina  horologia  (Bretnall),  Crockford,  1943,  p.  266  ;  Crock- 
ford,  1944a,  p.  158  ;  Crockford,  1944b,  p.  167,  pi.  1,  figs.  3,  6  ; 
Crockford,  1944c,  p.  189,  pi.  1,  fig.  1  ;  pi.  2,  fig.  A  ; 

Fenestella  parviuscula  Bassler,  1929,  p.  76,  pi.  241(17),  figs.  8-13  ; 
Fritz,  1932,  p.  99  ;  Elias,  1937,  p.  314. 

Material  and  Locality.— 74505d  (Maqam). 
Description.— A  single  tangential  section.  Zoarium  prob- 

ably fan-shaped,  consists  of  straight,  nearly  parallel 
branches  connected  by  dissepiments  at  regular  intervals. 
Branches  bifurcated  at  long  intervals.  Width  of  branch  as 
wide  as  that  of  fenestrule,  ranging  from  0.256  to  0.282  mm  ; 
18  branches  per  10  mm  horizontally.  Fenestrules  quadrate 
with  rounded  corners  ;  width  ranges  from  0.231  to  0.321  mm, 
length  ranging  from  0.385  to  0.449  mm  ;  about  18  fenestrules 
per  10  mm  of  branch  length.  Dissepiments  narrow,  about 
0.128  mm  in  width.  Zooecial  tubes  arranged  in  strongly 

alternating  longitudinal  series  ;  trigonal  or  rhomboidal  in 
lower  to  middle  levels  of  branch,  curved  outward  and  circular 

at  upper  level  of  branch,  0.090  to  0.103  mm  in  diameter. 
Distance  between  zooecial  apertures  from  center  to  center 
ranges  from  0.256  to  0.321  mm  ;  about  18  zooecia  per  5  mm 
longitudinally,  consistently  spaced  in  relation  to  dissepiment, 
2  apertures  per  fenestrule.  Nodes  unobservable.  Stereom 
thin,  covering  reverse  side  of  branch,  consists  of  inner 

semitransparent  layer  of  colonial  plexus  and  outer  scleren- 
chyma  of  darker  coarse  fibers  with  well  developed  fine 
spicules. 

Meshwork  formula.— 18/18//18/?  (The  meshwork  formula 
used  for  fenestellids  refers  to  the  number  of  branches  per  10 
mm/number  of  fenestrules  per  10  mm//number  of  zooecia 
per  5  mm/number  of  nodes  in  5  mm). 

Remarks.— The  present  form  agrees  well  with  Fenestella 
horologia,  the  neotype  of  which  was  revised  by  Crockford 
(1944b)  in  its  microscopic  measurements,  meshwork  formula 
and  all  essential  characters,  except  for  the  arrangement  of 

nodes,  which  was  unobsevable.  1 1  is  oecies  has  been 
known  from  the  Permian  of  Australia,  Thau  i  and  also  from 
Timor  Island  and  Vancouver  Island  as  Fen^  narviuscula. 

Alternifenestella  sp.  indet.  A 

Figures  6-1 
Material  and  Locality.— MGL74506b  (Maqam). 
Meshwork  formula. .— 18-20/16//16/?. 

Descriptive  remarks.— This  single  tangential  section  of 
fragmentary  zoarium  consists  of  straight,  parallel  branches 
connected  by  dissepiments  at  regular  intervals.  Bifurcation 

of  branches  unknown.  A  detailed  comparison  with  previ- 
ously described  species  cannot  be  made  at  present  because 

the  one  fragmentary  specimen  at  hand  is  too  poor  for 

specific  identification. 

Alternifenestella  sp.  indet.  B 

Figures  6-2 
Material  and  Locality— MGL7 4508b  (Maqam). 

Meshwork  formu\a.—-\<ol\AU\Al7. 
Descriptive  remarks.— A  single  tangential  section  of  frag- 

mentary zoarium,  consists  of  straight,  parallel  branches 
connected  by  dissepiments  at  regular  intervals.  Bifurcation 
of  branches  unknown.  The  one  fragmentary  specimen  is 
insufficient  for  a  specific  discrimination. 

Alternifenestella  sp.  indet.  C 

Figures  6-7 
Material  and  Locality.— MGL74508C  (Maqam). 
Meshwork  formula.— 18/16/ /16/indistinct. 

Descriptive  remarks.— A  single  tangential  section  of  frag- 
mentary zoarium,  consists  of  fan-shaped,  fine  meshwork 

with  straight  branches  connected  by  dissepiments  at  regular 
intervals.    Branches  bifurcated  frequently,  as  wide  as  that  of 

Laxifenestella,  Fabifenestella  and  Rugofenestella  (in  mm). 
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fenestrules.  The  present  form  seems  to  be  similar  to  Fenes- 
tella  macronodata  Sakagami  (1964)  originally  described  from 
the  Permian  of  the  Akiyoshi  Limestone,  however,  specific 
identification  must  be  postponed  until  better  specimens  are 
accumulated. 

Alternifenestella  sp.  indet.  D 

Figures  6-3 
Material  and  Locality—  MGL74502  (Maqam). 
Meshwork  formula.— ca.16/13//13/?. 
Descriptive  remarks.— A  single  tangential  section.  Zoar- 

ium  consists  of  straight,  parallel  branches  connected  by 
dissepiments  at  regular  intervals.  Branches  bifurcate  at 
long  intervals  and  are  wider  than  fenestrule.  The  present 
form  is  close  to  Fenestella  cf.  retiformis  which  was  described 

from  the  Parafusulina  kaerimizensis  zone  of  the  Akiyoshi 

Limestone  Group,  Japan,  in  its  general  appearance.  How- 
ever, specific  identification  must  be  postponed  until  better 

specimens  can  be  accumulated. 

Genus  Minilya  Crockford,  1944 

Minilya  duplaris  Crockford,  1944 

Figures  6-5 

Minilya  duplaris  Crockford,  1944b,  p.  173, 174,  pi.  1,  figs.  5, 7,  text- 
fig.  1C,  D  ;  Crockford,  1946,  p.  132  ;  Crockford,  1957,  p.  67, 
68. 

Material  and  Locality—  MGL74517b  (Maqam). 
Description.— A  single  tangential  section  was  examined. 

Zoarium  consists  of  straight,  parallel  branches  connected  by 
dissepiments  at  regular  intervals.  Branches  bifurcate  at 

very  long  intervals.  Branches  wider  than  fenestrules,  rang- 
ing from  0.282  to  0.321  mm  ;  about  20  branches  per  10  mm 

horizontally.  Fenestrules  hourglass-shaped  because 
zooecial  apertures  intrude  at  their  sides,  width  ranging  from 
0.231  to  0.256mm,  length  ranging  from  0.385  to  0.449  mm  ; 

about  18  fenestrules  per  10  mm  of  branch  length.  Dissepi- 
ments narrow,  0.154  to  0.192  mm  in  width.  Zooecial  tubes 

alternately  intersecting  longitudinal  series,  triangular  to  pen- 
tagonal at  lower  level  of  branch,  curved  outward,  pentagonal 

at  middle  and  circular  at  upper  levels  of  branch.  Zooecial 
diameters  near  surface  range  from  0.064  to  0.077  mm. 
Distance  between  zooecial  apertures  from  center  to  center 
ranges  from  0.256  to  0.321  mm  ;  about  18  zooecia  per  5  mm 
longitudinally,  consistently  spaced  in  relation  to  dissepiment, 
2  apertures  per  fenestrule,  two  rows  of  zigzag  nodes  promi- 

nent on  well  developed  broad  carina.  Total  number  of 
nodes  about  36  per  5  mm  of  branch  length.  Nodes  range 
from  0.051  to  0.064  mm  in  outside  diameters  spaced  at  same 
interval  as  apertures,  namely  one  node  to  each  zooecial 
aperture.  Stereom  covering  reverse  side  of  branch  consists 
of  inner  semitransparent  layer  of  colonial  plexus  and  outer 
sclerenchyma  of  darker  fibers  with  very  small  granules. 

Meshwork  formula—  20/18/ /18/36. 

Remarks.— The  present  form  is  nearest  to  Minilya  duplaris 
in  the  meshwork  formula  and  essential  characters.  This 

species  was  originally  described  by  Crockford  (1944b)  as  the 
type  species  of  the  newly  established  genus  Minilya  from  the 
Noonkanbah  series  of  Western  Australia.  Later,  Wass 
(1966)  discussed  the  specimens  of  Fenestella  horologia  and 
Minilya  duplaris  Crockford  and  concluded  that  those  two 
species  are  conspecific  and  therefore,  because  of  priority, 
Minilya  duplaris  is  invalid.  However,  these  two  species 
seem  to  be  different  in  the  number  of  nodes  per  5  mm  of 
branch  length  as  shown  in  Table  1  of  Wass  (1966).  The 
genus  Minilya  is  now  recognized  widely  and  is  treated  here 
as  a  valid  genus. 

Minilya  sp.  indet. 

Figures  6-6 Material  and  Locality.— MGL74524a  (Maqam). 

Meshwork  formula— 18/ '20/ / '20/ '40. 
Descriptive  remarks.— A  single  tangential  section  of  frag- 

mentary zoarium  consisting  of  straight  branches  connected 
by  dissepiments  at  regular  intervals.  Bifurcation  of  branch 

not  observed.  The  present  form  is  very  near  to  the  above- 
described  species  Minilya  duplaris  in  the  meshwork  formula 
but  it  can  be  distinguished  from  the  latter  form  by  the 
microscopic  measurements,  namely  the  width  of  branches  is 
narrower  than  that  of  the  fenestrules  in  M.  duplaris  but  wider 
in  the  present  form,  and  by  the  shapes  of  the  zooecial  tubes 
in  the  middle  level  of  the  branch  in  tangential  section.  The 
specific  denomination,  however,  must  be  reserved  because 
of  the  poorly  preserved  specimen. 

Genus  Laxifenestella  Morozova,  1974 

Laxifenestella  lahuseni  (Stuckenberg),  1895 

Figures  6-4 Fenestella  lahuseni  Stuckenberg,  1895,  p.  148, 149,  pi.  21,  fig.  14; 

Nikiforova,  1938,  pp.  80,  81,  231,  pi.  14,  figs.  1-5,  text-figs.  41 43. 

Fenestella  lahuseni,  forma  A,  Shulga-Nesterenko,  1936,  p.  260, 

Table  3.    Measurements  of  the  species 

Specimen  No. 
(MGL) 

No.  per  10  mm No.  of  zooecia 
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(horizontally) 
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(longitudinally) 
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per  fenestrule 
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Polypora  cf.  P.  gigantea 

Polypora  sp.  indet. 
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10 

2.5-3 

4.5 
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12-13 

14-15 

4 

ca  10 
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261, 281,  text-figs.  25, 26. 
Fenestella  lahuseni  var.  monoseriata,  Shulga-Nesterenko,  1941,  p. 

55,  56,  pi.  3,  fig.  3. 

Material  and  Locality.— MGL74512b  (Maqam). 
Description.— A  single  tangential  section  of  fragmentary 

zoarium,  consisting  of  nearly  straight  branches  connected  by 
dissepiments  at  regular  intervals.  Branches  may  bifurcate 
frequently  because  zooecial  tubes  arranged  in  3  rows  just 
before  bifurcation  are  observed  often.  Width  of  branch 

about  as  wide  as  or  slightly  wider  than  that  of  fenestrule, 
ranging  from  0.320  to  0.352  mm,  about  16  branches  per  10 
mm  horizontally.  Fenestrules  elongate,  quadrate  with 
rounded  corners,  width  ranging  from  0.288  to  0.320  mm, 
length  0.544  to  0.704  mm  ;  about  10  fenestrules  per  10  mm  of 
branch  length.  Dissepiments  rather  wide,  range  from  0.384 
to  0.416  mm  in  width.  Zooecial  tubes  form  very  limited 

alternating  longitudinal  series,  elongate  quadrate  or 
deformed  pentagonal  at  middle  level  of  branch,  and  circular 
at  upper  level,  range  from  0.103  to  0.115  mm  in  diameter. 
Zooecial  apertures  about  20  per  5  mm  in  a  range,  usually  4 

zooecia  per  fenestsrule.  Nodes  indistinct.  Stereom  cover- 
ing reverse  side  of  branch  consists  of  inner  semitransparent 

layer  of  colonial  plexus  and  outer  sclerenchyma  of  darker 
fibers  with  small  granules. 

Meshwork  formula— 16/10//20/?. 
Remarks.— Although  the  nodes  are  indistinct,  the  present 

form  is  nearest  to  Fenestella  lahuseni  var.  monoseriata  in  the 

meshwork  formula,  and  the  shape  and  arrangements  of 
zooecial  tubes  at  the  middle  level  of  the  tangential  section. 

Shulga-Nesterenko's  specimens  from  the  Lower  Permian  of 
the  middle  Pechora  region  of  the  Northern  Urals,  Russia,  may 
be  included  in  Fenestella  lahuseni.  The  original  specimen 
of  this  species  was  described  by  Stuckenberg  (1895)  from  the 
Lower  Permian  (Artinskian)  of  the  Kolva  river  region  in  Russia 
and  was  reexamined  by  Nikiforova  (1938). 

Genus  Fabifenestella  Morozova,  1974 

Fabifenestella  subpermiana  (Shulga-Nesterenko),  1952 

Figures  7-1 

Fenestella  subpermiana  Shulga-Nesterenko,  1952,  p.  31,  pi.  3,  fig. 
1,  text-figs.  10, 11  ;  Gorjunova,  1975,  p.  71,  pi.  13,  fig.  1. 

Material  and  Locality.— MGL74521a  (Maqam). 
Description.— A  single  tangential  section  was  examined. 

Zoarium  consists  of  nearly  straight  branches  connected  by 
dissepiments  at  regular  intervals.  Branches  bifurcated  at 
long  intervals.    Branch  width  ranges  from  0.385  to  0.449  mm 

and  about  12  branches  per  10  mm  ho.  Ily.    Fenestrules 
elongate,  quadrate  with  rounded  corners:  w  ith  ranges  from 
0.321  to  0.385  mm,  length  ranges  from  0.769  t  D  0.833  mm, 

about  9  fenestsrules  per  10  mm  of  branch  length.  Dissepi- 
ments moderate,  width  ranging  from  0.321  to  0.385  mm. 

Zooecial  tubes  in  limited  alternating  longitudinal  series, 

usually  kidney-shaped  at  middle  level  of  branch,  curved 
outward  and  circular  at  upper  level,  range  from  0.077  to 
0.090  mm  in  diameter.  Zooecial  apertures  about  18  per  5 

mm  in  a  range,  consistently  positioned  in  relation  to  dissepi- 
ment, 4  zooecia  per  fenestrule.  Nodes  indistinct.  Stereom 

covering  reverse  side  of  branch  consists  of  inner  semitrans- 
parent layer  with  three  to  four  fine  striations  of  colonial 

plexus  and  outer  sclerenchyma  of  coarser  fibers  with  very 

small  granules. 

Meshkwork  formula.— 12/9//18/ indistinct. 
Remarks.— The  present  form  is  similar  to  Rugofenestella 

basleoensis,  described  in  the  present  report,  in  microscopic 
measurements,  but  it  differs  from  the  latter  by  the  shape  of 
the  zooecial  tubes  in  tangential  section  and  the  internal 
structure  of  the  reverse  side  of  the  branch.  The  present 
form  agrees  with  Fenestella  subpermiana,  especially  as 
described  by  Gorjunova  (1975)  from  the  upper  part  of  the 

'Schwagerina'  horizon  of  the  Lower  Permian  of  the  Bashkirian 
ASSR,  Pamir  in  microscopic  measurements. 

Genus  Rugofenestella  Termier  and  Termier,  1971 

Rugofenestella  basleoensis  (Bassler),  1929 

Figures  7-2 Fenestella  basleoensis  Bassler,  1929,  p.  74,  pi.  240(16),  figs.  5-9  ; 
Fritz,  1932,  p.  99  ;  Shulga-Nesterenko,  1936,  p.  253-254, 
277,  text-fig.  16  ;  Shulga-Nesterenko,  1939,  p.  70,  pi.  12,  fig. 
3  ;  Shulga-Nesterenko,  1941,  p.  102,  pi.  19,  fig.  4  ;  pi.  20,  figs. 
1-3;  Crockford,  1957,  p.  58;  Sakagami,  1968b,  p.  73,  text- 
fig.  3G  ;  Xia,  1986,  p.  218,  pi.  6,  figs.  13, 14  ;  Xia,  1991,  p.  173, 

pi.  1,  fig.  3. 

Material  and  Locality.— MGL74521b  (Maqam). 

Description.— A  single  tangential  section  was  examined. 
Zoarium  consists  of  straight  branches  connected  by  dissepi- 

ments at  regular  intervals.  Branches  bifurcate  at  long  inter- 
vals. Branch  width  ranges  from  0.321  to  0.385  mm  with 

about  13  branches  per  10mm  horizontally.  Fenestrules 

elongate,  quadrate  with  rounded  corners,  width  about  0.385 

mm,  length  ranging  from  0.769  to  0.833  mm,  about  9  fenes- 
trules per  10  mm  of  branch  length.  Dissepiments  moderate, 

width   ranging   from   0.231   to  0.256  mm.    Zooecial  tubes 

of  Polypora  (in  mm). 
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arranged  in  strongly  alternating  longitudinal  series,  usually 

triangular  at  middle  level,  curved  outward  and  circular  at 

upper  level  of  branch.  Openings  of  zooecial  tubes  near 
surface  rather  small,  ranging  from  0.064  to  0.077  mm  in 
diameter.  Zooecial  apertures  about  18  per  5  mm  in  a  range, 
consistently  positioned  in  relation  to  dissepiment,  usually  4 

zooecia  per  fenestrule.  Nodes  indistinct.  Stereom  cover- 
ing reverse  side  of  branch  consists  of  inner  semitransparent 

layer  of  colonial  plexus  and  outer  sclerenchyma  of  coarser 
fibers  with  small  granules. 

Meshwork  formula— 13/9/ /18/indistinct. 
Remarks..— As  the  original  specimen  of  Fenestella  bas- 

leoensis  from  Timor  Island  was  described  on  the  basis  of 

only  a  surface  specimen  by  Bassler  (1929),  the  internal 
structures  are  not  distinct.  However,  the  present  form  is 
identical  with  the  Timor  specimens  in  the  meshwork  formula 
and  measurements.  This  species  is  widely  distributed  in  the 
Tethyan  region,  being  found  in  Timor,  Thailand,  China  and 
the  Ural  region  of  Russia. 

The  present  form  is  almost  identical  with  Fabifenestella 
subpermiana  (MGL74521a)  described  in  the  present  report  in 
measurements,  but  it  can  be  distinguished  distinctly  from  the 
latter  form  by  the  arrangement  of  zooecial  tubes  in  the 
middle  level  of  the  branch  in  tangential  section,  namely,  the 
strongly  alternating  intercalated  zooecial  tubes  in  the  present 

form  instead  of  the  usually  kidney-shaped  zooecial  tubes  in 
the  latter  form. 

Rugofenestella  omanica  sp.  nov. 

Figures  7-4,  5 

Material  and  Locality.— MGL74514a  (holotype),  74517c  (par- 
atope) (Maqam). 

Description .— Zoarium  consists  of  nearly  straight,  parallel 
branches  connected  by  dissepiments  at  regular  intervals. 
Branches  bifurcate  at  long  intervals.  Branch  width  ranges 
from  0.384  to  0.448  mm  with  13  to  15  branches  per  10  mm 
horizontally.  Fenestrules  oval  or  quadrate  with  rounded 
corners;  width  ranges  from  0.288  to  0.416mm,  length 
ranges  from  0.512  to  0.800  mm  ;  8  to  9  fenestrules  per  10  mm 
of  branch  length.  Dissepiments  range  from  0.480  to  0.576 

mm  in  width.  Zooecial  tubes  arranged  in  strongly  alternat- 
ing longitudinal  series,  usually  trigonal  at  middle  level  of 

branch,  curved  outward  and  circular  at  upper  level  of  branch, 
0.115  to  0.128mm  in  diameter.  Distance  between  zooecial 

apertures  from  center  to  center  ranges  from  0.256  to  0.321 
mm  ;  16  to  18  zooecia  per  5  mm  longitudinally,  probably 
consistent  in  position  in  relation  to  dissepiment,  usually  4 
apertures  per  fenestrule.  Nodes  well  developed,  arranged  in 
one  row  on  straight  carina,  ranging  from  0.077  to  0.103  mm 
in  outside  diameter  ;  spaced  at  about  the  same  intervals  as 
apertures,  namely  16  to  18  nodes  per  5  mm  of  branch  length. 
Stereom  covering  reverse  side  of  branch  consists  of  inner 

semitransparent  layer  of  colonial  plexus  and  outer  scleren- 
chyma of  darker  fibers  with  very  fine  granules  and  some  well 

developed  spicules. 
Meshwork  formula.— 13-15/8-9//16-18/16-18. 
Remarks.— The  present  form  seems  to  be  nearest  to  the 

preceding  species  Rugofenestella  basleoensis,  especially  the 

specimen  described  by  Shulga-Nesterenko  (1941)  from  the 
Lower  Permian  of  the  Ural  region,  Russia,  in  the  meshwork 
formula  except  for  the  number  of  nodes  in  5  mm  branch 
length.  The  present  form  can  be  distinguished  from  the 
type  basleoensis  by  Bassler  (1929)  from  Timor  by  the  wider 
dissepiments  and  smaller  number  of  nodes  in  5  mm  branch 
length. 

Genus  Penniretepora  d'Orbigny,  1849 

Penniretepora  sp.  indet. 

Figures  8-3 Material  and  Locality—  MGL74506a  (Maqam). 

Descriptive  remarks.— A  single  tangential  section  of  zoar- 
ium consisting  of  a  pinnate,  broad,  straight  main  branch  and 

short  lateral  branches.  Width  of  main  branch  ranging  from 
0.650  to  0.700  mm.  Lateral  branch  about  0.320  mm  in 

width,  extending  alternately  at  about  70  degrees  to  main 
branch  and  at  intervals  of  about  1.00  mm  with  about  3  lateral 

branches  per  5  mm  length  of  main  branch.  Zooecial  tubes 
arranged  in  alternately  longitudinal  series,  triangular  with 
rounded  corners  at  middle  level  of  branch,  oval  in  tangential 
section  near  surface,  10  to  11  zooecia  per  5  mm  length  of  one 

range  and  spaced  regularly  in  pairs  per  interval  between 
lateral  branches. 

The  present  form  resembles  Penniretepora  granulosa 

which  was  described  by  Crockford  (1944a)  from  the  Callyth- 
arra  series  (Permian)  of  Western  Australia  in  the  measure- 

ments of  the  zoarium,  however,  a  detailed  comparison  of 
them  cannot  be  made  at  present,  because  Crockford  (1944a) 
described  and  illustrated  the  type  specimens  by  surface 
observation. 

Family  Septoporidae  Morozova,  1962 
Genus  Septopora  Prout,  1859 

Septopora  sp.  indet. 

Figures  8-2 Material  and  Locality.— MGL74520C  (Maqam). 

Meshwork  formula— 10/7/  '18  ? 
Descriptive  remarks.— Form  of  zoarium  unknown  but  prob- 

ably fan-shaped  based  on  the  single  fragment  examined. 
Zoarium  consists  of  straight,  parallel  branches  connected  by 
dissepiments  at  regular  intervals. 

The   present  form   is   identical   with   Septopora   ivanovi 

Figure  7.  1.  Fabifenestella  subpermiana  (Shulga-Nesterenko),  tangential  section,  MGL74521a.  2.  Rugofenestella 
basleoensis  (Bassler),  tangential  section,  MGL74521b.  3.  Polypora  sp.  indet.,  tangential  section,  MGL74504.  4, 5. 
Rugofenestella  omanica,  n.  sp.,  tangential  sections,  MGL74514a  (holotype)  and  74517c  (paratype).    (All  figures  are  \  20) 
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described  by  Shishova  (1952),  but  Shishova's  species  was 
from  the  Mjachkovsky  to  Kasimovsky  horizons  (Middle  to 
Upper  Carboniferous)  of  the  Moscow  region,  Russia,  in  the 
meshwork  formula.  The  present  form  seems  to  be  nearest 

to  Septopora  regulata  by  Yang  and  Lu  (1962)  from  the 
Bayinhe  Formation  (Lower  Permian)  of  Qilianshan,  China  in 
essential  characters  but  the  meshwork  measurements  are 

different,  the  meshwork  formula  of  the  Chinese  specimens 

being  10.5/11//12.5/20.  Specific  identification  is  not  pos- 
sible because  only  one  poorly  preserved  specimen  is  at 

hand. 

Family  Polyporidae  Vine,  1883 
Genus  Polypora  McCoy,  1844 

Polypora  cf.  P.  elliptica  Rogers,  1900 

Figures  6-8;  8-1 

Compared.— 
Polypora  elliptica  Rogers,  1900,  p.  7, 8,  pi.  4,  fig.  2,  Moore,  1929, 

pp.  23,  24,  pi.  3,  figs.  7, 8,  20  ;  Sakagami,  1995,  p.  270,  figs. 
4-4;  5-1. 

Polypora  elliptica  (s.s)  Rogers.  Elias,  1937,  p.  327, 328,  fig.  3  m. 

Material  and  Locality—  MGL74510,  74524b  (Maqam). 
Description— -Two  tangential  sections  were  examined. 

Zoarium  consists  of  straight,  parallel  branches  connected  by 

dissepiments  at  regular  intervals.  Branches  bifurcate  infre- 
quently. Branch  width  wider  than  width  of  fenestrule,  rang- 

ing from  0.416  to  0.480  mm,  usually  about  15  branches  per  10 
mm  horizontally.  Fenestrules  elongate,  oval  in  outline  ; 
width  ranges  from  0.385  to  0.480  mm,  length  from  0.385  to 
0.704  mm,  usually  about  10  per  10  mm  of  branch  length. 
Dissepiment  broad,  ranges  from  0.320  to  0.480  mm  in  width. 
Zooecial  tubes  usually  3  rows  but  before  bifurcation  of 
branch  4  rows,  after  bifurcation  2  rows  ;  elongate  quadrate 
or  elongate  hexagonal  at  middle  level  of  branch  because  of 
slightly  alternating  intercalated  zooecial  tubes  in  longitudinal 
series.  Zooecial  tubes  circular  in  tangential  section  near 

surface,  ranging  from  0.115  to  0.128  mm  in  diameter.  Num- 
ber of  zooecial  apertures  ranges  from  18  to  20  per  5  mm 

length  of  one  range,  usually  3  to  4  apertures  per  fenestrule. 
Distance  between  zooecial  apertures  ranges  from  0.250  to 
0.321  mm  longitudinally.  Stereom  covering  reverse  side  of 
branch  consists  of  semitransparent  layer  of  colonial  plexus 
with  some  capillary  canals  and  outer  sclerenchyma  of  darker 
fibers  with  well  developed  fine  granules. 

Meshwork  formula— 13-15/10//18-20/3(2)  (The  meshwork 
formula  used  for  Polypora  and  Protoretepora  refers  to  the 
number  of  branches  per  10  mm/number  of  fenestrules  per  10 
mm//number  of  zooecia  per  5  mm/number  of  rows  of 
zooecia). 

Remarks.— The  present  form  resembles  Polypora  elliptica, 
originally  described   by  Rogers  (1900)  from  the   Kereford 

Limestone  of  the  Oread  Formation,  dated  now  as  middle 

Virgilian  in  the  meshwork  formula  and  internal  structures. 
This  species  was  described  by  Sakagami  (1995)  also  from  the 
lower  to  middle  part  of  the  Eoparafusulina  zone  of  the 

Copacabana  Group  in  Bolivia. 

Polypora  cf.  P.  gigantea  Waagen  and  Pichl,  1885 

Figures  8-4 

Compared  — Polypora  gigantea  Waagen  and  Pichl,  1885,  p.  786-789,  pi.  89, 
figs.  1,2;  Sakagami,  1963,  p.  208,  209,  pi.  XII,  figs.  15, 16. 

Material  and  Locality.— MGL74516C  (Maqam). 
Description.— A  single  tangential  section  of  fragmentary 

zoarium  consisting  of  straight,  parallel,  robust  branches 
connected  by  dissepiments  with  long  intervals.  Branch 
width  ranges  from  0.960  to  1.216  mm;  probably  about  7 

branches  per  10  mm  horizontally.  Fenestrules  very  elon- 
gate, about  0.500  mm  in  width  and  about  3.00  mm  in  length  ; 

2.5  to  3  per  10  mm  length  of  branch.  Width  of  dissepiments 
is  about  0.640  mm.  Zooecial  tubes  arranged  in  strongly 

alternating  longitudinal  series,  usually  rhomboidal  at  middle 
level  of  branch,  6  rows  of  each  branch,  before  bifurcation  8 
rows,  after  bifurcation  5  rows  ;  12  to  13  per  5  mm  length  of 

one  range,  probably  about  10  zooecial  apertures  per  fenes- 
trule. Zooecia  circular  in  tangential  section  near  surface, 

about  0.115  mm  across.  Distance  between  zooecial  aper- 
tures from  center  to  center  ranges  from  0.385  to  0.410  mm, 

longitudinally.  Stereom  covering  reverse  side  of  branch 
consists  of  inner  semitransparent  layer  of  colonial  plexus 
with  many  capillary  canals  and  outer  sclerenchyma  of  dark 
coarse  fibers  with  fine  granules. 

Meshwork  formula.— 7  ?/2.5-3//12-13/(5)-6-(8). 
Remarks.— The  present  form  may  be  identical  with 

Polypora  gigantea  which  Waagen  and  Pichl  (1885)  described 
from  the  Middle  Productus  Limestone  of  Pakistan,  however, 
detailed  comparisons  cannot  be  made  based  on  the  one 

poorly  preserved  specimen  at  hand. 

Polypora  sp.  indet. 

Figures  7-3 Material  and  Locality—  MGL74504  (Maqam). 
Meshwork  formula.— 10  4.5    14-15  4. 

Descriptive  remarks.— A  single  tangential  section  of  frag- 
mentary zoarium  consisting  of  straight,  parallel  branches 

connected  by  dissepiments  at  regular  intervals.  Bifurcation 
of  branches  not  observed  in  this  specimen.  Only  one  poorly 
preserved  specimen  is  available  and  this  is  insufficient  for 
specific  identification. 

Genus  Protoretepora  de  Koninck,  1876 

Figure  8.  1.  Polypora  cf.  P.  elliptica  Rogers,  tangential  section,  MGL74524b.  2.  Septopora  sp.  indet.  tangential  section. 
MGL74520C.  3.  Penniretepora  sp.  indet.,  tangential  section,  MGL74506a.  4.  Polypora  cf.  P.  gigantea  Waagen  and  Pichl. 
tangential  section,  MGL74516c.    5.  Protoretepora  ?    sp.  indet.,  tangential  section,  MGL74531C.    (All  figures  are  \  20) 
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Protoretepora  ?  sp.  indet. 

Figures  8-5 

Material  and  Locality.— MGL74531C  (Nackl). 

Meshwork  formula— ca.  12/ca. 8//ca.  18/4-5. 

Descriptive  remarks.— A  single  tangential  section  of  frag- 
mentary zoarium  consisting  of  straight,  parallel  branches 

connected  by  broad  dissepiments  with  zooecial  tubes  at 

regular  intervals.  Bifurcation  of  branches  not  observed  in 

this  specimen.  The  present  form  seems  to  belong  to  the 

genus  Protoretepora  in  having  zooecial  apertures  in  the 

dissepiments,  however,  only  one  poorly  preserved  specimen 
is  available  and  this  is  insufficient  for  a  specific  identification. 
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Abstract  A  small,  brightly  coloured  brachiopod,  Shimodaia  pterygiota  n.  gen.  and  n.  sp.,  presently 
restricted  to  waters  of  less  than  100  m  depth  off  Shimoda,  Izu  Penninsula,  and  parts  of  Sagami  Bay, 
Honshu,  Japan,  is  described  and  illustrated.  Previously  mistaken  for  Frenulina  sanguinolenta  (Gmelin),  S. 
pterygiota  is  shown  to  differ  from  all  other  known  laqueid  brachiopods  in  its  unique  combination  of  adult 
cardinalial  and  brachidial  features.  Investigation  of  the  loop  ontogeny  of  S.  pterygiota  reveals  that, 
whereas  juvenile  axial,  cucullate  and  annular  loop  phases  are  comparable  to  those  in  other  laqueids,  the 
adult  phase  is  unusual  in  consisting  of  an  incomplete  annular  phase  resulting  from  resorption  of  the 
transverse  band.  Only  one  adult  specimen  from  over  200  recovered  to  date  shows  resuturing  of 
previously  discrete  (resorbed)  ascending  loop  branches  to  form  a  conventional  annular  phase. 

Key  words  :  Brachiopod,  Japan,  Laqueidae,  loop  ontogeny,  Recent,  Shimodaia  pterygiota  gen.  et  sp.  nov. 

Introduction 

In  1986,  a  number  of  dead  brachiopod  shells  were  dredged 
from  a  depth  of  between  65  m  and  71  m,  about  3  km  SSE  of 
Shimoda,  Izu  Penninsula,  Honshu,  at  localities  close  to  an 
earlier  reported  occurrence  (Harada  and  Mano,  1960)  of  the 
distinctive  laqueid  brachiopod,  Frenulina  sanguinolenta 
(Gmelin)  (Figure  1  ;  Table  1).  While  the  shells  of  the  1986 
collection  exhibited  a  red/white,  variegated  pattern  similar  to 
that  occurring  in  Frenulina  sanguinolenta,  they  were  generally 

somewhat  smaller,  and  more  rounded  in  shape  (Figures  2-1 
— 2-4).  In  addition,  examination  of  dorsal  valve  interiors 

(Figures  2-5—2-6,  Figure  3,  Figure  7-1)  revealed  a  morphol- 
ogy distinctly  different  from  that  occurring  in  Frenulina  speci- 

mens of  comparable  size  (Figure  4)  and  unlike  that  of  any 
other  previously  described  laqueid  genus  (MacKinnon,  pers. 
comm,  in  Endo  er  al.,  1994).  Inspection  by  Saito  (1996)  of 
the  original  illustrations  of  the  brachiopods  described  by 
Harada  and  Mano  (1960),  revealed  that,  morphologically,  the 
specimens  they  collected  were  indistinguishable  from  the 
later  collection,  and  it  was  concluded  that  Harada  and  Mano 

had  misidentified  the  material  they  had  collected.  Conse- 
quently a  restudy  of  the  problematic  brachiopod  has  been 

undertaken  with  a  view  to  its  formal  naming,  describing,  and 

illustrating.  A  comparison  of  S.  pterygiota  to  morphological- 
ly similar  juveniles  of  other  Recent  laqueid  brachiopods  from 

the  same  region  has  also  been  undertaken  in  an  attempt  to 
establish  evolutionary  relationships  of  S.  pterygiota  to  those 
other  taxa. 

Materials  and  methods 

Over  200  specimens  of  S.  pterygiota  have  been  collected 
from  8  localities  (Table  1).  After  opening  the  conjoined 
valves  with  a  scalpel  blade,  valves  were  then  placed  in 
bleach  solution  and  constantly  monitored  under  a  binocular 
microscope.  Soft  tissues  were  removed  using  domestic 
grade  bleach  (sodium  hypochlorite  :  approximately  5%  (v/v)), 
as  described  by  Mackay  et  al.  (1994).  Immediately  all  tissue 
was  dissolved,  each  specimen  was  then  washed,  allowed  to 
dry,  and  then  mounted  on  a  SEM  stub.  Specimens  were 

then  coated  with  gold,  or  Pt-Pd  alloy,  prior  to  observation  by 
scanning  electron  microscope  (Leica  Stereoscan  440  or 

Hitachi  S-240OS).  Apart  from  one  specimen  of  Laqueus 
rubellus  which  is  housed  in  the  National  Museum  of  Natural 

History,  Washington  D.C.  (USNM  550341),  all  specimens  are 
housed  in  the  University  Museum  of  the  University  of  Tokyo 

(UMUT).  Lengths  of  dorsal  and  ventral  valves  are  indicated 
by  the  abbreviations  Uv  and  Lvv  respectively. 
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Figure  1.    Locality  map  ;    localities  at  which  Shimodaia  pterygiota  gen.  et  sp.  nov.  has  been  dredged  indicated  by  (x). 

Table  1.    Locality  data  for  Shimodaia  pterygiota  gen.  et  sp.  nov. 

Locality Date Station Latitude Longitude 
Depth  Range  (m) 

Off  Shimoda 09.12.86 
St.  4 

N3437.68' E1 3857.70' 

65-71 28.05.94 
St.  4 

N34=38.11' 
E1 3856.94' 

52-57 
St.  7 

N34  37.42' E1 3858.1 7' 

73-98 

St.  8 

N3437.71  ' 
E1 38  57.84' 

67-81 
26.11.96 St.  1 

N34°38.27' 

E1 38  56.72' 

36.8-45.5 
St.  2 

N3438.12' E1 3856.74' 

46.0-47.3 

Off  Jyogashima 27.07.93 St.  3 

N35W36' E1 39  3502' 

80 
Off  Manazuru 05.09.94 St.  11 

N35°08'12.5" 
E1 3911  '20.7" 

75-77 

Systematics 

Order  Terebratulida  Waagen,  1883 

Family  Laqueidae  Thomson,  1927 

Shimodaia  gen.  nov. 

Type  species.— Shimodaia  pterygiota  MacKinnon,  Saito 
and  Endo,  sp.  nov. 

Diagnosis.— Small  (<7.5  mm),  ovate,  commissure  rectimar- 
ginate  ;  beak  erect,  attrite  ;  foramen  submesothyrid  ; 

deltidial  plates  disjunct  ;  dental  plates  present,  pedicle  collar 

broad  ;  cardinal  process  inconspicuous,  septal  pillar  arising 

(in  adults)  about  midvalve,  very  long  and  narrow,  strongly 

inclined  anteroventrally,  sometimes  spinose  distally,  extend- 

ing posteriorly  as  low  ridge  to  unite  with  excavate  inner  hinge 

plates  ;  adult  loop  annular  with  descending  branches 

attached  to  septal  pillar  and  ascending  branches  commonly 

incomplete,  rarely  forming  a  complete  ring  ;  juvenile  axial 

loop  phase  with  well  developed  septal  flanges 

Discussion.— Shimodaia  resembles  Frenulina  in  possessing 

red/white  colour  markings  of  the  shell,  but  is  readily  distin- 
guished from  the  latter  genus  (Figure  4)  by  its  distinctive  adult 

(incomplete)  annular  loop  form  (Figure  3)  with  prominent 

septal  pillar,  sessile  septalium,  and  generally  smaller  adult 
size.  Both  the  loop  and  cardinalia  of  Shimodaia  are  readily 

distinguishable  from  those  in  similar-sized  juveniles  of  other 
larger  sympatric  laqueid  brachiopods  such  as  Pictothyris 
picta  (Dillwyn)  and  Laqueus  rubellus  (Sowerby)  (Figure  7). 

Juveniles  of  S.  pterygiota  and  Laqueus  rubellus  are  similar  in 

Figure  2.  1-8  Shimodaia  pterygiota,  gen.  et  sp.  nov.,  1-4:  Ventral,  dorsal,  lateral,  and  anterior  views  of  exterior  of 
holotype,  UMUT  RB27390  (Lw7.05  mm),  X100.  5-6:  Lateral  and  dorsal  interior  views  of  UMUT  RB27394  (Ldv  =  6.2mm), 
x130  and  x100  respectively.  7  :  ventral  interior  view  of  UMUT  RB27394b  (counterpart  of  UMUT  RB27394a)  (Lv  =  6.4  mm), 
X125.    8  :  Anterior  oblique  view  of  dorsal  interior  of  UMUT  RB27394a  (Lw=6.4  mm),  x130. 
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Figure  3.    Stereophotograph  showing  the  incomplete  annular  (adult)  loop  phase  of  Shimodai  pterygiota,  gen.  et 
sp.  nov.,  UMUT  RB19862  (U=4.7mm). 

2mm 

Figure  4.    Stereophotograph  showing  the  adult  bilateral  loop  phase  of  Frenulina  sanguinolenta  (Gmelin),  UMUT 
RB27395  (U=6.6mm). 

that  both  share  an  inconspicuous  cardinal  process  and 

sessile  septalium,  but  the  post-juvenile  loop  ontogeny  of  L. 
rubellus  is  much  more  extensive  and  complicated.  As 
noted  by  Saito  (1996),  Harada  and  Mano  (1960)  observed 
mature  gonads  in  specimens  between  5  mm  to  7  mm  in 
ventral  valve  length,  and  Saito  (1996)  also  noted  crowding  of 
growth  lines  around  shell  margins  in  specimens  with  a  ventral 

valve  length  greater  than  5  mm,  thus  the  possibility  that 
Shimodaia  might  represent  the  juvenile  stage  of  some  larger 
brachiopod  is  discounted. 

Etymology.— Named  after  the  town  of  Shimoda,  Izu  Pen- 
ninsula,  Honshu,  Japan. 
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Shimodaia  pterygiota  sp.  nov. 

Figures  2-1—8,3,7-1 

Frenulina  sanguinolenta,  Harada  and  Mano,  1960,  p.  37-39, 

fig.  1-7. 
'Frenulin'  sp.,  Endo  et  al.,  1994,  tables  1, 3,  6  and  text-fig.  7. 
'Frenulina'  sp.,  Saito  1996,  p.  492,  fig.  6-1—8. 

Material—  Holotype  :  UMUT  RB27390.  Paratypes  : 
UMUT  RB27391,  UMUT  RB27392. 

Diagnosis.— As  for  genus. 
Description.— Small,  moderately  biconvex,  with  subcircular 

dorsal  valve  and  subelliptical  ventral  valve  ;  maximum  width 
and  thickness  around  midvalve  ;  commissure  straight. 
Beak  attrite,  suberect  ;  pedicle  foramen  submesothyrid  ; 

deltidial  plates  no  wider  than  teeth,  subtriangular  and  dis- 
junct. Exterior  shell  surface  smooth  ;  strongly  mottled 

colouration  consisting  of  a  median  and  two  lateral  bands  that 

are  dominantly  red-mottled,  with  intervening  bands  of  white 
mottling. 

Ventral  valve  interior  with  strong  teeth  supported  by  well 
developed  dental  plates  ;  lateral  umbonal  cavities  deep. 
Floor  of  delthyrial  cavity  lined  by  wide,  impunctate,  pedicle 
collar.  Weakly  to  moderately  impressed  ventral  muscle 
field,  posterolateral ly  confined  by  dental  plates,  extending 
anteriorly  from  front  edge  of  pedicle  collar  to  about  midvalve. 

Dorsal  valve  interior  with  high,  narrow,  but  robust,  antero- 
ventrally  projecting  septal  pillar.  Anteroventral  extremity  of 

septal  pillar  either  blade-shaped  or  spinose  and  may  reach 
to  ventral  valve  floor.  Descending  lamellae  extending 
between  crura  and  septal  pillar.  Ascending  lamellae  arising 

from  posterodorsal  edge  of  septal  pillar  as  two  curved,  wing- 
like processes.  Processes  widest  proximally  at  attachment 

to  septal  pillar,  and  tapering  distally  ;  distal  extremities  rarely 
reuniting  to  form  a  ring.  Septal  pillar  extending  posteriorly 
as  low  ridge  to  merge  with,  steeply  inclined,  and  dorsally 
convergent,  inner  hinge  plates  which  do  not  quite  fuse 

together  medially,  thus  forming  a  sessile  septalium.  Promi- 
nent inner  socket  ridges  and  narrow  outer  socket  ridges 

defining  deep  sockets.  Crura  short,  with  indistinct  crural 
bases.  Dorsal  pedicle  adjustor  muscle  scars  well  impressed 

on  inner  hinge  plates.  Low  boss  developed  in  some  ger- 
ontic  specimens  just  anterior  of  posteromedian  ly  located 
myophore.  Indistinct,  elongate  oval,  adductor  muscle  scars 
located  on  valve  floor  on  either  side  of  septal  pillar. 

Dimensions  (mm).— 

Specimen Length Width Thickness 

UMUT  RB27390(Holotype) 
UMUT  RB27391(Paratype) 

UMUT  RB27392(Paratype) 

7.05 

6.65 

6.55 

6.0 

5.75 
5.85 

5.15 
4.70 

3.25 

Scatter  diagrams  showing  length/width  and  thickness/width 
differences  between  Shimodaia  pterygiota  sp.  nov.  and 
Frenulina  sanguinolenta  are  shown  in  Figures  5A  and  5B. 

Occurrence.— A  list  of  localities  at  which  S.  pterygiota  has 
been  collected  is  given  in  Table  1.  S.  pterygiota  is  espe- 

cially abundant  off  Shimoda  where  it  occurs  with  Pictothyris 

picta.    At  other  stations  in  and  near  Sagami  Bay,  off  Man- 
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Figure  5.  Scatter  diagrams  of  A  :  length  to  width,  and  B  : 
thickness  to  width,  in  Shimodaia  pterygiota  (x)  (n=259),  and 

Frenulina  sanguinolenta  (©)  (n  =  230).  Specimens  of  F.  san- 

guinolenta used  in  this  study  were  collected  from  "Tori-ike" cave,  off  Shimoji  Islet,  Miyako  Island,  Okinawa,  at  between  12 
m  and  40  m  depth. 

azuru  and  off  Jyogashima,  S.  pterygiota  was  collected  along 
with  P.  picta  and  Laqueus  rubellus. 

Etymology.— Prom  the  Greek  pterygion,  wing,  referring  to 
the  wing-like  ascending  loop  branches  of  the  brachidium  in 
adult  forms. 

Loop  ontogeny 

In  order  to  clarify  the  taxonomic  position  of  the  present 
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Figure  6.    Shimodaia  pterygiota,  gen.  et  sp.  nov.    Ontogenetic  series  showing  axial  (A),  cucullate  (B),  and 
annular  (C)  phases  of  loop  development.    Lengths  of  dorsal  valves  given  in  mm.  beside  each  specimen. 
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species,  loop  ontogeny  was  investigated.  The  terminology 
applied  by  Richardson  (1975),  MacKinnon  (1993),  and  Saito 
(1996)  to  transient  loop  phases  is  used  herein.  An 

ontogenetic  series  is  shown  in  Figure  6A-C. 
Axial  Phase  (early)  :  In  the  smallest  specimen  investigated 

(dorsal  valve  length =0.65  mm)  the  only  distinctive  features  of 
the  dorsal  valve  interior  are  sockets,  defined  by  strong  inner 

socket  ridges,  a  narrow,  peg-like,  septal  pillar  that  projects  at 
a  low  angle  toward  the  anterior  commissure,  and  sporadic 
punctae  ;  no  muscle  scars  are  discernible  at  this  stage. 
The  septal  pillar,  at  this  stage  around  130^  m  in  length  and 

50  ß  m  wide,  arises  at  about  0.6  valve  length,  is  antero- 
ventrally  directed,  and  is  composed  of  nonfibrous  calcite. 

Axial  Phase  (late)  :  At  0.79  mm  length,  the  rudiments  of  the 
septal  flanges  appear  at  the  posterior  basal  margin  of  the 
septal  pillar  ;  the  flanges  are  nonfibrous.  At  the  distal  end 
of  the  septal  pillar  a  dense  cluster  of  very  small  fibrous 
terminal  faces,  indicative  of  vigorous  localised  epithelial  cell 
generation,  is  recognisible. 

Between  lengths  1.0  mm  and  1.4  mm,  the  septal  pillar 

becomes  larger  and  more  blade-like,  and  the  septal  flanges 
have  migrated  anteriorly  to  reach  about  halfway  along  the 
posterior  edge  of  the  septal  pillar.  The  zone  of  very  small 
fibres  at  the  distal  end  of  the  septal  pillar  becomes  elongated 
in  the  sagittal  plane,  and  secondary  layer  fibres  begin  to 
extend  from  the  valve  floor  up  both  sides  of  the  septal  pillar. 
In  the  median  depression  between  the  strong  socket  ridges, 
a  pair  of  subquadrate  dorsal  pedicle  adjustor  muscle  scar  are 

discernible,  and  larger  but  less  well-defined  adductor 
impressions  appear  on  the  valve  floor  on  either  side  of  the 
septal  pillar. 

Cucullate  Phase  :  Between  lengths  1.4  mm  and  1.9  mm,  a 
shallow  groove  forms  in  that  part  of  the  distal  edge  of  the 
septal  pillar  just  anterior  of  the  septal  flanges.  As  growth 

proceeds,  the  laterally  extended,  wing-like  septal  flanges 
(which  are  migrating  anteriorly)  overlap  the  groove,  thereby 

forming  a  narrow  hood  with  a  V-shaped  cavity  and  flat- 
topped  roof. 

Annular  Phase  :  By  length  2.2  mm,  differential  growth 
along  the  anterodorsal  edges,  and  resorption  of  the  posterior 
section,  of  the  hood  gives  rise  temporarily  to  a  ring.  In 
addition,  a  pair  of  very  small,  anterior  projecting  crura  emerge 
from  the  anteriormost  edges  of  the  inner  socket  ridges. 

Incomplete  Annular  Phase  :  By  length  2.6  mm  the 
brachidial  ring  is  broken  due  to  resorption  (not  breakage)  of 
the  very  narrow  transverse  band.  The  crural  outgrowths 
continue  to  lengthen  and  beneath  the  crura,  a  pair  of 
excavate  inner  hinge  plates  appear.  From  length  2.6  mm, 
and  larger,  the  remaining  ventrally  curved  parts  of  the 
ascending  elements  of  the  brachidium,  and  the  septal  pillar 
to  which  they  are  attached,  continue  to  grow.  The  distal 
extremity  of  the  septal  pillar  may  become  spinose,  but  it 
remains  nonbifurcate.  By  about  length  4.0  mm,  the 
descending  branches  of  Shimodaia  are  fully  formed,  running 
as  arcuate  branches  from  crura  to  septal  pillar. 

In  one  large  specimen  of  dorsal  valve  length  6.0  mm 

(Figure  2-6,  Figure  7-1),  the  ascending  loop  branches  were 
observed  to  have  reunited  ventrally,  but  this  specimen  is,  so 
far,  unique.  Usually,  in  adult  specimens,  the  distal  extremities 

of  the  ascending  lamellae  are  sepai;  by  a  gap.  Similar 
incomplete  annular  loop  phases  have  been  reported  by 

MacKinnon,  et  al.  (1993)  in  the  New  Zealand  mid-Cenozoic 
terebratellids  Praemagadina  campbelli  and  Magadina  squiresi. 
Likewise  an  incomplete  annular  loop  is  found  in  Cretaceous 
Magas  Sowerby,  and  in  Cenozoic  Bouchardia.  However,  all 

four  taxa  display  various  fundamental  morphological  dissimi- 
larities to  Shimodaia  and,  consequently,  are  not  considered 

to  be  closely  related  to  the  latter. 

Discussion 

On  external  characteristics  alone  (in  particular  red/white 
variegated  shell  coloration,  shell  size,  and  shape),  Shimodaia 

pterygiota  most  closely  resembles  Frenullna  sanguinolenta 
and  has  in  the  past  been  confused  with  the  latter  species 

(e.g.  Harada  and  Mano,  1960),  however  the  present-day 
geographic  distributions  of  the  two  species  do  not  overlap. 
While  Shimodaia  pterygiota  appears  to  be  confined  to  the  Izu 

Penninsula/Sagami  Bay  area,  Honshu,  Frenulina  san- 

guinolenta is  very  widely  distributed  in  tropical  or  near-tropi- 
cal waters  of  the  Pacific  Ocean,  including  the  Hawaiian 

Islands,  Ryukyu  and  Ogasawara  Islands  of  Japan,  the 
Philippines,  Sulu  Archipelago,  the  Moluccas,  New  Caledonia, 

Tahiti,  Tonga,  and  parts  of  northeastern,  western,  and  south- 
ern Australia  (Richardson,  1973).  The  largest  specimen  of  S. 

pterygiota  yet  collected  is  about  7  mm  in  length  (ventral 

valve),  whilst  the  largest  specimen  of  F.  sanguinolenta  cur- 
rently available  for  study  (from  Japanese  waters)  is  about  12 

mm  in  length.  Bivariate  scatter  diagrams  showing  the  rela- 
tionships between  length/width,  and  thickness/ width  in  over 

200  specimens  of  both  species  reveal  distinct  differences  in 
relative  growth  proportions  (Figure  5).  While  there  is  close 
correspondence  in  the  plots  of  length/width  in  both  species, 
the  plots  of  width/thickness  (and  length/thickness)  reveal 
some  discrepancy  between  the  two  species.  Juvenile  F. 
sanguinolenta  are  ovate  in  outline,  whereas  adult  specimens 
tend  to  become  subcircular  ;  specimens  of  S.  pterygiota, 
however,  tend  to  remain  ovate  in  outline  throughout 
ontogeny. 

Certain  aspects  of  loop  development  in  S.  pterygiota  have 

already  been  discussed  by  Saito  (1996),  as  'Frenulina'  sp.,  and 
compared  with  loop  development  in  other  Japanese  laqueoid 
brachiopods,  including  Frenulina  sanguinolenta,  Pictothyris 
picta,  and  Laqueus  sp.  All  three  taxa  pass  through  juvenile 
axial  and  annular  loop  phases  comparable  to  those  occurring 
in  juvenile  Shimodaia,  but  they  do  not  then  proceed  to  the 
adult  (incomplete)  annular  phase  characteristic  of  Shimodaia, 
and  their  later  phases  of  loop  ontogeny  extend  well  beyond 
the  axial  and  annular  phases  which  they  have  in  common 
with  Shimodaia.  As  pointed  out  by  Saito  (1996),  Shimodaia 

possesses  a  confusing  mix  of  morphological  characters  in 
the  dorsal  valve  interior.  In  the  possession  of  steeply 

dipping  inner  hinge  plates  which  converge  on  a  low  median 
septum  to  form  a  sessile  septalium,  and  an  inconspicuous 
dorsal  diductor  muscle  attachment  site  (myophore),  the 

cardinalia  of  Shimodaia  (Figure  7-1)  resemble  those  occurring 

in  young  Laqueus  rubellus  (Figure  7-2),  as  well  as  Laqueus 
sp.  studied  by  Saito  (1996).    However,  the  septal  pillar  of 
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both  juvenile  Laqueus  species  becomes  distinctly  bifurcate 
along  the  anteroventral,  growing  edge  by  early  in  the  axial 

loop  phase  (Figure  7-2),  whereas  the  septal  pillar  of 
Shimodaia  remains  nonbifurcate  throughout  life  (Figure  7-1). 
On  the  other  hand,  the  septal  pillars  of  both  Frenulina 

sanguinolenta  (Figure  7-3)  and  Pictothyris  picta  (Figure  7-4) 
remain  essentially  nonbifurcate  throughout  ontogeny,  as 
occurs  in  Shimodaia  but,  in  adult  specimens  of  both  P.  picta 
and  F.  sanguinolenta  (Figure  4),  the  cardinalia  bear  disjunct, 
subhorizontal,  inner  hinge  plates  elevated  well  above  the 
valve  floor.  In  addition,  at  the  adult  stage,  the  cardinal 
process  is  strongly  differentiated  in  Pictothyris,  and  rather 
less  well  so  in  Frenulina.  Thus,  in  summary,  Shimodaia 
differs  from  juvenile  Laqueus  principally  in  the  nonbifurcation 
of  the  septal  pillar,  whereas  the  main  differences  between 
Shimodaia  and  juveniles  of  both  Frenulina  and  Pictothyris  lie 
in  the  cardinalia,  particularly  the  size  and  disposition  of  the 
inner  hinge  plates  and  the  extent  of  definition  of  the  cardinal 

process. 
Because  the  foregoing  morphological  data  concerning 

differences  between  Shimodaia  and  the  other  three  taxa  is 

so  limited,  there  is  little  point  in  speculating  as  to  which  of 
the  three,  if  any,  is  the  most  likely  ancestor.  Theoretically 
any  one  of  the  three  taxa  under  consideration,  i.e.  Laqueus, 
Frenulina,  or  Pictothyris,  could  be  the  direct  ancestor  of 
Shimodaia  but  the  issue  could  be  resolved  in  the  near  future 

through  appropriate  molecular  studies. 
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Conodont  faunas  across  the  Mid  Carboniferous  boundary 

in  the  Hina  Limestone,  Southwest  Japan 
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Abstract  The  Hina  Limestone  yields  abundant  conodont  elements  that  range  from  early  Visean  to  late 
Bashkirian  in  age.  These  conodont  faunas  permit  detailed  examination  of  the  successive  changes  across 

the  Mid-Carboniferous  boundary.  Six  conodont  zones  can  be  recognized  in  ascending  order:  the 
Gnathodus  bilineatus,  Declinognathodus  inaequalis  Gnathodus  bilineatus,  Declinognathodus  noduliferus, 

Neolochriea  nagatoensis,  Neolochriea  koikei,  and  Neognathodus  symmetricus  Zones.  The  Mid^Carbonif- 
erous  boundary  in  the  Hina  Limestone  can  be  identified  by  the  base  of  the  Declinognathodus  inaequalis 

Gnathodus  bilineatus  Zone.  A  remarkable  faunal  transition  occurs  within  the  Declinognathodus  inae- 
qualis Gnathodus  bilineatus  and  Declinognathodus  noduliferus  Zones,  in  which  Mississippian  conodonts 

go  extinct  and  several  new  typical  Pennsylvanian  taxa  appear.  Three  Declinognathodus  species, 
Declinognathodus  inaequalis,  D.  noduliferus,  and  D.  japonicus,  successively  appear  in  the  order  given.  A 
new  genus,  Neolochriea,  with  Neolochriea  hisaharui,  sp.  nov.  as  the  type  species  and  two  other  new 
species,  N.  hisayoshii  and  N.  koikei,  are  described  in  addition  to  eight  other  species  of  conodonts.  All 
Neolochriea  species  occur  in  the  stratigraphie  level  between  the  extinction  of  Mississippian  conodonts  and 
the  appearance  of  Neognathodus  symmetricus. 

Key  words  :  Biostratigraphy,  conodont,  Declinognathodus,  Hina  Limestone,  Mid-Carboniferous  boundary, 
Neolochriea 

Introduction 

In  the  late  nineteenth  century  the  Carboniferous  System 
was  subdivided  into  the  Mississippian  and  Pennsylvanian 
Systems  in  the  United  States  because  of  the  presence  of  a 
sedimentary  and  faunal  gap  in  the  middle  part  of  the 
Carboniferous  in  eastern  North  America.  Subsequently,  the 

Mississippian  and  Pennsylvanian  were  retained  as  Subsys- 
tems and  their  mutual  boundary  designated  as  the  Mid- 

Carboniferous  boundary. 

In  1983,  the  Subcommission  on  Carboniferous  Stratigraphy 
of  the  International  Union  of  Geological  Sciences  approved  a 

recommendation  that  the  Mid-Carboniferous  boundary 
should  be  placed  at  the  level  of  the  first  appearance  of  the 

conodont  Declinognathodus  noduliferus  in  some  continuous- 
ly deposited  sequence  of  rocks.  This  position  coincides 

approximately  with  the  Eumorphoceras-Homoceras  am- 
monoid  zonal  transition  (Lane  and  Manger,  1985).  At  the 

instigation  of  the  Subcommission  on  Carboniferous  Stratigra- 

phy, the  Mid-Carboniferous  Boundary  Working  Group  was 
organized  to  select  a  M  id -Carboniferous  boundary  stratotype 
in  1985.  The  working  group  has  provided  much  new  bio- 
stratigraphic  information  on  faunal  and  floral  changes  of 

many  marine  and  terrestrial  fossil  groups  across  the  Mid- 
Carboniferous  boundary  (e.g.,  Ramsbottom  et  al.  eds.,  1982  ; 

Lane  et  al.,  1985  ;  Riley  et  al.,  1987  ;  Rui  et  al.,  1987  ;  Wang 
et  al.,  1987b  ;  Nemirovskaya,  1987  ;  Nemirovskaya  et  al., 
1990  ;  Varker  et  al.,  1990  ;  Nigmadganov  and  Nemirovskaya, 
1992).  In  a  later  decision  the  Arrow  Canyon  section  in 

Nevada  was  selected  as  the  stratotype  of  the  Mid-Carbonif- 
erous boundary  (Lane  et  al.,  1994  ;  Lane,  1995  ;  Brenckle  et 

al.,  1997). 

After  the  first  report  of  Japanese  Carboniferous  conodonts 
by  Igo  and  Koike  (1964)  from  the  Omi  Limestone,  many 
studies  on  Japanese  Carboniferous  conodonts  have  been 
carried  out  ;  these  are  summarized  by  Igo  (1994).  Koike 

(1967)  established  a  Carboniferous  conodont  zonation  based 
on  faunas  from  the  Atetsu  Limestone.  This  conodont  zona- 

tion has  been  used  as  the  standard  one  in  the  Japanese 

Carboniferous.  The  Gnathodus  bilineatus-Declinognath- 
odus  noduliferus  Zone  of  the  Atetsu  Limestone  is  unique, 

because  typical  "Mississippian"  taxa  co-occur  with  "Penn- 
sylvanian" species.  Koike  (1967)  correlated  this  zone  to  the 

uppermost  Chesterian  of  North  America  and  the  lower 
Namurian  of  Europe.  However,  Gnathodus  bilineatus  and 
Declinognathodus  noduliferus  have  never  been  found 
together  within  the  same  stratigraphie  level  in  Europe  and 
North  America.  Therefore,  the  geological  age  assignment 

of  the  Gnathodus  bilineatus-Declinognathodus  noduliferus 
Zone  of  the  Atetsu  Limestone  has  been  questioned  by 
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European  and  North  American  conodont  researchers  (Web- 
ster, 1969  ;  Lane  and  Straka,  1974  ;  Higgins,  1975). 

However,  this  conodont  assemblage,  recognized  in  the 
Atetsu  Limestone,  has  been  described  not  only  from  Japan 

(Haikawa,  1988)  but  also  in  Malaysia  (Igo  and  Koike,  1968  ; 
Metcalfe,  1980)  and  China  (Wang  et  al.,  1987b).  Haikawa 

(1988)  suggested  that  Lochriea  commutata  and  Declinognath- 
odus  noduliferus  co-occurred  in  the  Uzura  Quarry  in  the 

Atetsu 
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i 
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Legend 

Takada  Rhyolitic  Rocks 
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Figure  1.    Location  map  of  Hina  in  southwest  Japan  (A),  and  geological  map  of  the  Hina  Limestone  (B). 
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western  part  of  the  Akiyoshi  Plateau  although  details  of  the 
stratigraphie  relationship  between  them  were  not  given.  Up 
to  the  present,  students  of  the  Japanese  Carboniferous  have 
been  uncertain  about  the  details  of  the  conodont  faunal 

changes  across  the  Mid-Carboniferous  boundary. 
In  order  to  resolve  this  uncertainty,  I  have  restudied  the 

conodont  faunal  successions  in  the  Akiyoshi,  Omi,  Atetsu, 
Taishaku,  and  Hina  Limestones,  all  of  which  are  exposed  as 
isolated  plateaus  in  the  Inner  Zone  of  southwest  Japan 

(Figure  1-A).  These  consist  mainly  of  pure,  massive  lime- 
stones that  conformably  overlie  alkaline  basalt  flows  or 

volcaniclastic  rocks.  This  volcanic-limestone  succession  is 
interpreted  to  be  a  carbonate  reef  complex  that  formed  on 
an  oceanic  seamount  in  Panthalassa  during  Late  Paleozoic 
time  (Kanmera  and  Nishi,  1983;  Sano  and  Kanmera,  1988). 

Recently,  I  discovered  a  new  section  of  the  Hina  Lime- 
stone, in  which  the  conodont  faunas  and  the  biostratigraphic 

succession  across  the  Mid-Carboniferous  boundary  are 
excellently  preserved.  The  present  paper  aims  (1)  to 
describe  in  detail  the  conodont  succession  and  to  propose  a 

new  conodont  zonation  across  the  Mid-Carboniferous 
boundary  for  the  Hina  Limestone,  (2)  to  correlate  these  zones 

with  those  of  other  Japanese  limestone  untis,  namely  the 

Atetsu  and  Akiyoshi  Limestones,  with  the  important  Mid- 
Carboniferous  boundary  section  at  Arrow  Canyon,  and  also 

with  the  Stonehead  Beck,  Aksu-I,  Zhelvakovaya  Valley,  and 
Luosu  sections,  and  (3)  to  discuss  the  conodont  faunas 

across  the  Mid-Carboniferous  boundary  in  the  Japanese 
Carboniferous. 

Geologic  setting 

The  Hina  Limestone,  located  in  the  western  part  of 
Okayama  prefecture,  is  a  Carboniferous  limestone  mass  in 
the  Inner  Zone  of  southwest  Japan.  The  limestone  and 
associated  basaltic  pyroclastic  rocks  are  exposed  over  2  km 

in  an  east-west  direction  and  0.8  km  in  a  north-south 
direction.  This  limestone  is  overthrust  the  Permian  Yoshii 

and  Triassic  Nariwa  Groups  and  forms  a  klippe  (Sada  et  al., 1979). 

Hase  and  Yokoyama  (1975)  subdivided  the  Hina  Limestone 

into  four  foraminiferal  zones,  in  ascending  order,  the  Endoth- 
yra,  Eostaffella-Millerella,  Pseudostaffella,  and  Profusulinella 
Zones.    They  also  reported  some  brach iopods  from  this 

dip  (vertical)  and  strike 

sample  location 

Figure  2.    Sampling  points  in  the  examined  section  of  the  Hina  Limestone. 
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Figure  3.  Geologic  column  of  the  measured  section  with  indications  of  sampling  levels  and  conodont  zones 

established  in  this  paper.  The  proposed  Mid-Carboniferous  boundary  position  (H  61.2)  defined  by  the  first  appear- 
ance of  Declinognathodus  inaequalis. 

limestone  and  assigned  the  Endothyra  and  Eostaffella-Miller- 
ella  Zones  to  the  early  and  late  Visean  of  the  European 
standard,  respectively.  Recently,  Fujimoto  and  Sada  (1994) 

studied  the  foraminiferal  biostratigraphy  of  the  Hina  Lime- 
stone. However,  the  Mid-Carboniferous  boundary  in  this 

limestone  still  remained  ambiguous. 
The  measured  limestone  section  in  this  study  crops  out  in 

an  abandoned  limestone  quarry  of  Kokan  Kogyo  Co.,  Ltd.  in 
the  eastern  part  of  the  Hina  Limestone,  Takahara  area,  and 

is  about  50  m  thick  (Figures  1-B  and  2).  It  corresponds  to 
the  middle  part  of  the  Eostaffella- Millerella  Zone  of  Hase  and 
Yokoyama   (1975).    The   measured   section    represents   a 

continuous  succession  composed  mainly  of  massive,  pure, 

shallow-marine  limestones  (Figure  3).  Bioclastic  (crinoidal 

foraminiferal-bryozoan)  grainstone  predominates,  with  subor- 
dinate amounts  of  bioclastic  packstone,  oolitic  grainstone, 

crinoidal-lithoclastic  grainstone,  and  algal-coral  boundstone. 
No  distinctive  physical  breaks  were  observed  in  the  section, 
and  conodonts  were  obtained  from  most  samples. 

Conodont  biostratigraphy 

As  shown  in  Figure  2,  45  samples  were  collected  system- 
atically for  conodonts.     I  processed  2  to  5  kg  of  limestone 



Mid-Carboniferous  boundary  conodonts 

Tablet  Distribution  of  conodonts  in  the  measured  section  of  the  Hina  Limestone.  Numerals  show  the 

number  of  conodont  specimens  per  1  kg  limestone  sample.  Generic  abbreviations:  D.-Declinognathodus,  G.- 
Gnathodus,  N.-Neolochriea. 
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Gnathodus    bilineatus 2 

11 

8 5 6 3 9 2 17 6 1 2 1 2 1 5 1 

Vogelgnathus    campbelli 1 1 2 1 

Vogelgnathus   akiyoshiensis 1 1 1 1 1 3 1 1 2 

Cavusgnathus  unicornis 1 1 5 1 6 1 2 2 2 1 1 1 

Cavusgnathus    sp.  indet. 2 1 2 1 2 1 1 

Hindeodus    minutus 2 2 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Declinognathodus  inaequalis 1 1 4 1 1 8 s 4 4 2 

Declinognathodus   noduliferus 1 3 6 8 11 3 1 1 3 1 

Declinognathodus  japonicus 2 8 6 2 1 4 1 1 3 1 2 1 7 2 2 2 

Lochriea   commutât  a 1 4 4 3 3 3 1 2 1 1 S 7 4 

Lochriea  nodosa 1 

Neolochriea   nagatoensis 

16 

21 3 1 

Neolochliea  hisayoshii    sp.  nov. 4 1 1 

Neolochriea  hisaharui   sp.  nov. 20 3 

Neolochriea  koikei   sp.  nov. 1 1 1 1 1 2 

Neognathodus   symmetricus 1 1 1 1 1 

Conodont  Zone 
Gnathodus  bilineatus 

Zone 
D.  inaequalis  ■ 
G.  bilineatus 

Zone 

O. 
noduliferus 

Zone 

Neolochriea 

nagatoensis Zone 

N.     ' 

koikei 

Zone 

Neognathodus 

symmetricus 
Zone 

from  each  level  in  the  measured  section.  A  total  of  16 

conodont  species  were  identified.  Table  1  shows  the  distri- 
bution of  conodonts  in  the  measured  section  and  the  number 

of  conodont  elements  extracted  per  1  kg  of  limestone  sam- 

ple. 
Based  on  the  first  appearance  of  biostratigraphically 

significant  species,  the  following  six  conodont  zones  were 

established  across  the  M  id -Carboniferous  boundary  for  the 
Hina  Limestone  in  ascending  order  :  the  Gnathodus 

bilineatus,  Declinognathodus  inaequalis-Gnathodus 
bilineatus,  Declinognathodus  noduliferus,  Neolochriea 
nagatoensis,  Neolochriea  koikei,  and  Neognathodus 
symmetricus  Zones. 

The  Gnathodus  bilineatus  Zone  is  the  lowest  conodont 
zone  in  the  measured  section  and  is  at  least  15  m  thick 

(sample  no.  H  55-H  61.2).  Typical  Mississippian  conodonts, 
including  Gnathodus  bilineatus,  Lochriea  commutata,  Vogel- 

gnathus campbelli  (Figure  11-7),  V.  akiyoshiensis  (Figure  11-6), 
and  Cavusgnathus  unicornis  (Figure  11 -4a,  b)  occur  charac- 

teristically from  this  zone.  Except  for  V.  akiyoshiensis, 
which  disappears  at  the  upper  part  of  this  zone  (H  60.5  level), 

all  the  species  survive  into  the  overlying  zone.  L.  com- 
mutata is  common  in  the  lower  part  of  this  zone. 

The  Declinognathodus  inaequalis-Gnathodus  bilineatus 
Zone  is  6  m  thick  (H  61 .2- H  62.7).  Its  base  is  defined  by  the 
first  appearance  of  Declinognathodus  inaequalis  and  the  top 
is  defined  by  the  first  appearance  of  D.  noduliferus.  The 
conodont  assemblage  of  this  zone  is  characterized  by  the 

co-occurrence  of  typical  "Mississippian"  species  with  the 
"Pennsylvanian"  species  D.  inaequalis.  Except  for  Lochriea 
commutata,  most  of  the  "Mississippian"  conodonts  become 
extinct  in  this  zone.  L.  nodosa  was  obtained  only  from  the 
H  61.2  level,  at  the  base  of  this  zone. 

The  Declinognathodus  noduliferus  Zone  is  about  4  m  thick 

(H  62.7- H  63.8).    Its  base  is  defined  by  the  first  appearance 

of  Declinognathodus  noduliferus  and  the  upper  limit  is 
defined  by  the  first  appearance  of  Neolochriea  nagatoensis. 
Lochriea  commutata  is  still  found  in  this  zone  (H  62.7,  H  62.8, 

and  H  63).  D.  inaequalis  occurs  together  with  the  nominate 
species  through  this  zone.  On  the  other  hand,  D.  japonicus 
first  appears  in  the  upper  part  of  this  zone  (H  63.2). 

The  Neolochriea  nagatoensis  Zone  is  9  m  thick  (H  63.8- 
H  67.5).  It  is  defined  as  the  stratigraphie  interval  between 
the  first  appearances  of  Neolochriea  nagatoensis  and  N 
koikei  sp.  nov.  ;  the  latter  is  the  defining  species  of  the 

overlying  zone.  The  conodont  fauna  of  this  zone  is  char- 
acterized by  the  occurrence  of  Neolochriea  gen.  nov.  N 

nagatoensis,  which  occurs  abundantly  from  the  H  63.8  and  H 

64  levels,  is  also  found  from  H  64.2  and  H  66.5.  N  hisayo- 
shii sp.  nov.  first  appears  from  H  64.5  and  is  found  up  to  H  66. 

N  hisaharui  sp.  nov.  occurs  abundantly  in  H  65.5  and  is 
found  up  to  H  66.5.  These  three  Neolochriea  species  have 

short  stratigraphie  ranges  in  comparison  with  other 
conodonts  in  the  Hina  Limestone. 

In  addition  to  the  index  species,  Declinognathodus  inae- 
qualis, D.  noduliferus,  D.  japonicus,  N  hisayoshii  sp.  nov.,  and 

N  hisaharui  sp.  nov.  occur  from  the  Neolochriea  nagatoensis 
Zone.  D.  inaequalis  is  very  rare  and  occurs  only  from  H  66. 
D.  noduliferus  occurs  up  to  the  H  66.5  level  in  this  zone.  In 
contrast  to  other  Declinognathodus  species,  D.  japonicus 
occurs  commonly  throughout  this  zone. 

The  Neolochriea  koikei  Zone  is  5  m  thick  (H  67.5-H  68.8). 
Its  base  is  marked  by  the  first  appearance  of  Neolochriea 
koikei  sp.  nov.  In  addition  to  the  index  species,  Hindeodus 

minutus  and  Declinognathodus  japonicus  occur  from  this 
zone.  D.  inaequalis  and  D.  noduliferus  were  not  recovered 
from  this  zone. 

The  Neognathodus  symmetricus  Zone  is  the  uppermost 
conodont  zone  in  the  measured  section  and  is  at  least  8  m 

in  thickness  (H  68.8  and  higher).    The  lower  limit  is  defined 
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Figure  4.    Range  chart  of  conodont  species  in  the  measured  section  of  the  Hina  Limestone.    Generic 

abbreviation  :  Declino. -Declinognathodus. 

by  the  first  appearance  of  Neognathodus  symmetricus,  a 

well-known  index  species  for  the  lower  Bashkirian.  De- 
clinognathodus japonicus  and  Neolochriea  koikei  sp.  nov. 

occur  in  this  zone  and  are  also  found  from  stratigraphically 
higher  levels  in  the  measured  section. 

Correlation  with  Japanese  Limestone 

1.    Atetsu  Limestone 

Koike  (1967)  established  seven  Carboniferous  conodont 

zones  in  the  Nagoe  and  Kodani  Formations  of  the  Atetsu 

Limestone.  Recently,  some  of  the  zones  were  revised  by 
Igo  (1994).  According  to  him,  three  conodont  zones  across 

the  Mid-Carboniferous  boundary  are  recognized  in  ascend- 
ing order  (Figure  4). 

(1)    Gnathodus  bilineatus-Lochriea  nodosa  Zone 
This  zone  is  characterized  by  Gnathodus  bilineatus,  Lo- 

chriea commutata,  L.  nodosa,  and  Vogelgnathus  campbelli, 

typical  Mississippian  conodont  species.  Except  for  the 
presence  of  L  nodosa,  this  fauna  is  almost  the  same  as  the 

conodont  fauna  of  the  Gnathodus  bilineatus  Zone  in  the  Hina 

Limestone.    L.  nodosa  is  very  rare  in  the  Hina  Limestone 
and  was  not  obtained  from  the  G.  bilineatus  Zone. 

(2)  Gnathodus    bilineatus-Declinognathodus    noduliferus Zone 

Declinognathodus  noduliferus  first  appears  from  the  base 
of  this  zone  in  association  with  Mississippian  conodonts. 

The  specimen  assigned  to  Gnathodus  nodulifera  by  Koike 

(1967,  pi.  3,  fig.  10)  has  four  distinctive  outer  nodes  and  can 
be  included  in  D.  inaequalis.  Therefore,  this  zone  in  the 

Atetsu  Limestone  can  be  correlated  with  the  Declinognath- 

odus inaequalis -Gnathodus  bilineatus  Zone  in  the  Hina Limestone. 

(3)  Neognathodus  wapanuckensis  Zone 

This  zone  is  defined  by  the  total  range  of  Neognathodus 

wapanuckensis.  Declinognathodus  noduliferus,  Paragnath- 
odus ?  nagatoensis  and  other  taxa  are  also  abundant  in  the 

Neognathodus  wapanuckensis  Zone  (Igo,  1994,  p.  101).  How- 
ever, N.  wapanuckensis  was  not  reported  from  the  lower  part 

of  this  zone  in  the  Atetsu  Limestone  (e.g.,  Koike,  1967. 

localities  37a,  38, 40, 123, 124).  At  these  localities.  D. 

noduliferus  and  P.  ?    nagatoensis  occur  abundantly  and 
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Mississippian  conodonts  become  extinct  below  this  zone. 

P.  ?  nagatoensis  can  be  assigned  to  Neolochriea  spp.  in- 
cluding N.  nagatoensis  in  the  Hina  Limestone.  Therefore, 

the  N.  wapanuckensis  Zone  in  the  Atetsu  Limestone  can  be 
correlated  with  the  Neolochriea  nagatoensis  to  N. 
symmetricus  Zones  in  the  Hina  Limestone. 

quarry.  Using  the  occurrence  of  N.  symmetricus,  this  zone 
can  be  correlated  with  the  Neognathodus  symmetricus  Zone 
in  the  Hina  Limestone.  Further  investigation,  however,  will 
be  necessary  to  settle  the  detailed  correlation  of  conodont 

zones  between  the  Akiyoshi  Limestone  and  the  Hina  Lime- 
stone. 

2.    Akiyoshi  Limestone 
Igo  and  Igo  (1979)  established  the  following  three  conodont 

zones  across  the  Mid-Carboniferous  boundary  in  the  lower 
part  of  the  Akiyoshi  Limestone  (Figure  4).  Besides  this, 
Haikawa  (1988)  established  five  Lower  Carboniferous 

conodont  zones  below  the  Mid-Carboniferous  boundary. 

(1)  Gnathodus  bilineatus-Paragnathodus  commutatus  Zone 
This  zone  includes  the  Gnathodus  bilineatus-Cavusgnath- 

us  charactus  Zone  and  Lochriea  nodosa  Zone  by  Haikawa 
(1988).  It  is  characterized  by  typical  Mississippian 
conodonts  and  can  be  correlated  with  the  G.  bilineatus  Zone 
in  the  Hina  Limestone. 

(2)  "Spathognathodus  campbelli  Zone" 
This  zone  was  established  in  the  Shishidedai  area  in  the 

northeastern  part  of  the  Akiyoshi  Limestone  Plateau  (Igo  and 

Igo,  1979).  Vogelgnathus  campbelli  [—Spathognathodus 
campbelli  in  Igo  and  Igo,  1979]  is  particularly  abundant  and 
ranges  up  to  the  uppermost  part  of  this  zone,  whereas  V. 
akiyoshiensis  disappears  in  the  lower  part  of  this  zone.  In 
the  Akiyoshi  Limestone  this  zone  cannot  be  determined 
exactly  because  the  occurrence  of  conodonts  is  rare. 

(3)  Neognathodus    bassleri    symmetricus -Paragnathodus 
nagatoensis  Zone 

This  zone  was  established  in  the  Uzura  quarry  in  the 
western  part  of  the  Akiyoshi  Limestone  Plateau  (Igo  and  Igo, 

1979).  Neognathodus  bassleri  symmetricus  [= Neognath- 
odus symmetricus],  Paragnathodus  nagatoensis,  Idiognath- 

oides  opimus,  and  Hindeodus  minutus  are  found  in  this  zone. 

Based  on  the  occurrence  of  Lochriea  commutata  and  De- 
clinognathodus  noduliferus  Haikawa  (1988)  supposed  an 
earliest  Pennsylvanian  age  for  the  quarry.  However,  the 
exact  stratigraphie  levels  of  L.  commutata,  D.  noduliferus, 
and  N.  symmetricus  have  not  been  made  clear  in  the  Uzura 

Figure  5.  Map  showing  important  localities  of  the  Mid- 
Carboniferous  boundary  sections:  1.  Hina  Limestone  (Japan), 
2.  Arrow  Canyon  section  (U.S.A.),  3.  Donets  Basin  (Ukraine), 

4.  Stonehead  Beck  section  (England),  5.  Aksu-I  section  (Uz- 
bekistan), 6.  Luosu  section  (China). 

International  correlation 

1.    Arrow  Canyon  section  (U.SA) 

This  section  is  located  in  the  Arrow  Canyon  Range  about 
80  km  northeast  of  Las  Vegas,  Nevada.  Recently,  this 

section  was  selected  as  boundary  stratotype  of  the  Mid- 
Carboniferous  boundary  because  of  the  complete  exposure 

of  marine  deposits  across  the  boundary  (Lane,  1995  ;  Bren- 
ckle  et  al.,  1997).  According  to  Baesemann  and  Lane  (1985), 

four  conodont  zones  across  the  Mid-Carboniferous  bound- 
ary are  recognized  in  the  ascending  order  (Figure  6). 

Arrow  Canyon  Section 

(Lane  et  al.  1985; 
Baesemann  and  Lane,  1985) 
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Figure  6.  Range  chart  of  conodont  species  in  the  Arrow 
Canyon  section  and  comparison  with  the  Hina  Limestone. 

Generic  abbreviations  :  Declino.-Declinognathodus,  Idio.- 
Idiognathoides,  Rhachi.  -Rhachistognathus. 
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Figure  7.  Range  chart  of  conodont  species  in  the 
Donets  Basin  and  comparison  with  the  Hina  Limestone. 

Generic  abbreviations:  Declino. -Declinognathodus,  Rhachi. - 
Rhachistognathus. 

(1)  Rhachistognathus  muricatus  Zone 
This  zone  is  the  latest  Mississippian  conodont  zone  in  the 

Arrow  Canyon  section.  In  addition  to  the  index  species, 

Gnathodus  bilineatus  and  Cavusgnathus  unicornis  are  found. 

Therefore,  this  zone  is  correlated  with  the  Gnathodus 
bilineatus  Zone  in  the  Hina  Limestone. 

(2)  Declinognathodus  noduliferus- Rhachistognathus  primus 
Zone 

The  Mid-Carboniferous  boundary  is  placed  at  the  base  of 
this  zone  (61 B  level)  where  Declinognathodus  noduliferus  (s.l.) 

first  appears  (Brenckle  et  al.,  1997).  The  specimens  of  D. 

noduliferus  (s.l.)  obtained  from  Sample  61 B  and  Sample  62 

are  illustrated  in  Brenckle  et  al.  (1997,  pi.  1,  figures  2-4). 
However,  these  are  quite  similar  to  D.  inaequalis.  Using  the 

first  appearance  of  D.  inaequalis,  the  lower  part  of  this  zone 

can  be  correlated  with  the  Declinognathodus  inaequalis - 
Gnathodus  bilineatus  Zone  in  the  Hina  Limestone. 

(3)  Idiognathoides    sinuatus- Rhachistognathus    minutus 
Zone 

The  base  of  this  zone  is  defined  by  the  first  appearance  of 

Idiognathoides  sinuatus.  As  /.  sinuatus  and  Rhachistognath- 
us minutus  have  not  been  found  in  the  Hina  Limestone,  this 

zone  could  not  be  recognized  in  it.  The  equivalent  strati- 

graphic  interval  of  the  Declinognathodus  noduliferus,  Neolo- 
chriea nagatoensis,  and  Neolochriea  koikei  Zones  in  the  Hina 

Limestone  may  correspond  to  the  D.  noduliferus- Rhachis- 

tognathus primus  plus  Idiognathoides  sinuatus-R.  minutus 
Zones  in  the  Arrow  Canyon  section. 

(4)  Neognathodus  symmetricus  Zone 
The  lower  limit  of  this  zone  is  defined  by  the  first  appear- 

ance of  Neognathodus  symmetricus.  Therefore,  the  base  of 

•this  zone  is  referable  to  the  base  of  the  same  zone  in  the 
Hina  Limestone. 

2.    Donets  Basin  (Ukraine) 

Nemirovskaya  et  al.  (1990)  proposed  the  Zhelvakovaya 

Valley  section  along  the  Kal'mius  River  in  the  Donets  Basin 
for  the  Mid-Carboniferous  boundary  stratotype.  This  sec- 

tion is  also  the  stratotype  of  the  Zapaltyubinsky  Horizon 

(uppermost  Serpukhovian  Stage)  and  of  the  Voznesensky 
Horizon  (lowermost  Bashkirian  Stage).  The  conodont  zones 

across  the  Mid-Carboniferous  boundary  in  this  section  are 
as  follows  (Figure  7).  The  conodont  fauna  observed  in  the 

Zhelvakovaya  Valley  section  is  quite  similar  to  that  observed 
in  the  Hina  Limestone. 

(1)  Gnathodus  bilineatus  bollandensis- Adetognathus  unicor- 
nis Zone 

This  zone  is  characterized  by  typical  -Mississippian 

conodont  species.  Except  for  Lochriea  commutata,  the 

"Mississippian"  conodonts  are  restricted  to  this  zone. 
Therefore,  this  zone  can  be  correlated  with  the  Gnathodus 
bilineatus  Zone  in  the  Hina  Limestone. 

(2)  Declinognathodus  inaequalis-Rhachistognathus  minutus 
declinatus  Zone 

The  Mid-Carboniferous  boundary  is  placed  at  the  base  of 
this  zone  where  Declinognathodus  inaequalis  first  appears  in 

the  Donets  Basin.  Using  the  first  appearance  of  D.  inae- 

qualis, this  zone  can  be  correlated  with  the  Declinognath- 
odus inaequalis-Gnathodus  bilineatus  Zone  in  the  Hina 

Limestone. 

(3)  Declinognathodus  noduliferus- Declinognathodus   later- 
alis Zone 

The  base  of  this  zone  is  defined  by  the  first  appearance  of 

Declinognathodus  noduliferus.  Lochriea  commutata  ranges 
up  to  this  zone.  The  first  appearance  datum  of  D.  japonicus 
is  found  in  this  zone.  Therefore,  this  zone  can  be  correlated 

with  the  Declinognathodus  noduliferus  Zone  in  the  Hina 
Limestone. 

(4)  Neognathodus  symmetricus  Zone 
In  the  Donets  Basin,  Neognathodus  symmetricus  first 

appears  with  Reticuloceras  from  the  base  of  this  zone  (Nemir- 
ovskaya, 1987).  Because  of  the  occurrence  of  N. 

symmetricus,  this  zone  can  be  correlated  with  the  same  zone 
in  the  Hina  Limestone. 



Mid-Carboniferous  boundary  conodonts 245 

Stonehead  Beck  Section 
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Figure  8.  Range  chart  of  conodont  species  in  the  Stone- 
head  Beck  section  and  comparison  with  the  Hina  Limestone. 

Generic  abbreviation:  Declino.-Dêclinognathodus. 

3.    Stonehead  Beck  section  (England) 
The  Stonehead  Beck  section  is  located  in  the  Craven 

Basin  at  the  northwestern  end  of  the  Pendle  Monocline, 

about  35  km  west- northwest  of  Leeds,  England.  This  sec- 
tion covers  the  Eumorphoceras  Zone  (Arnsberg  ian  Stage) 

and  the  Homoceras  Zone  (Chokierian  Stage)  (Varker  et  al., 

1990).  Riley  et  al.  (1987)  and  Varker  ef  al.  (1990)  reported  the 

distribution  of  ammonoids,  conodonts,  and  miospores  in  the 

Stonehead  Beck  section,  however,  conodont  recovery  has 

been  poor  in  the  strata  across  the  Arnsbergian/Chokierian 

boundary  (Figure  8). 

(1)  Eumorphoceras  Zone 

Mississippian  conodonts  are  restricted  in  the  Eumor- 
phoceras Zone  in  the  Stonehead  Beck  section.  Therefore, 

this  zone  almost  corresponds  to  the  Gnathodus  bilineatus 
Zone  in  the  Hina  Limestone. 

(2)  Homoceras  Zone 

Neognathodus  symmetricus  appears  together  with  De- 
clinognathodus  inaequalis  from  9.4  m  above  the  base  of  this 

zone.  After  their  appearance,  D.  noduliferus  first  appears 

from  9.8  m  above  the  base  of  this  zone  (Figure  8).  D. 

japonicus  has  not  been  found  in  the  Stonehead  Beck  sec- 
tion. 

Neognathodus  symmetricus  occurs  with  Declinognathodus 

japonicus  from  the  Reticuloceras  Zone  in  the  Donets  Basin 

(Figure  7)   (Nemirovskaya,   1987).    On   the   other   hand,   in 

England  D.  japonicus  first  appears  at  the  base  of  the  Alpor- 
tian  Stage  (upper  Homoceras  Zone)  and  is  abundant  at  the 

Marsdenian  Stage  (Reticuloceras  Zone)  in  the  Namurian  of 

the  Central  Province  (Higgins,  1975).  Therefore,  N. 

symmetricus  might  appear  earlier  in  the  Stonehead  Beck 
section  than  in  the  Donets  Basin. 

Because  of  the  first  appearance  of  Declinognathodus 

noduliferus  and  the  absence  of  D.  japonicus,  the  lower  part 

of  the  Declinognathodus  noduliferus  Zone  in  the  Hina  Lime- 
stone can  be  correlated  with  the  Homoceras  Zone  in  the 

Stonehead  Beck  section.  The  equivalent  stratigraphie  level 

of  the  D.  inaequalis-Gnathodus  bilineatus  Zone  in  the  Hina 
Limestone  may  correspond  to  the  stratigraphie  level  up  to 
the  first  occurrence  of  D.  noduliferus  in  the  Stonehead  Beck 

section. 

4.    Aksu-I  section  (Uzbekistan) 

The  Aksu-I  section  is  located  at  the  south  point  of  the 
Surkhantau  Ridge,  which  belongs  to  the  southwestern  part  of 

the  Gissar  Ridge,  South  Tienshan,  Uzbekistan.  The  Aksu- 

I  section  represents  deep-water  deposits  across  the  Mid- 
Carboniferous  boundary  and  five  conodont  zones  are  recog- 
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Figure  9.  Range  chart  of  conodont  species  in  the  Aksu- 
I  section  and  comparison  with  the  Hina  Limestone.  Generic 

abbreviations:  Declino. -Declinognathodus,  Idio.-ldiognath- 
oides. 
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nized    (Figure  9)  (Nemirovskaya  and  Nigmadganov,  1994). 

(1)  Gnathodus  bilineatus  bollandensis  Zone 

(2)  Gnathodus  postbilineatus  Zone 
These  two  zones  are  characterized  by  Mississippian 

conodont  species.  Therefore,  these  zones  can  be  correlat- 

ed with  the  Gnathodus  bilineatus  Zone  in  the  Hina  Lime- 
stone. 

(3)  Declinognathodus  praenoduliferus  Zone 

Nemirovskaya  and  Nigmadganov  (1994)  defined  the  Mid- 
Carboniferous  boundary  as  lying  at  the  base  of  this  zone. 

They  considered  that  Declinognathodus  praenoduliferus 

phylogenetically  arose  from  Gnathodus  bilineatus  and  is  the 

first  representative  of  D.  noduliferus  (si).  They  considered 

also  that  this  species  is  the  index  of  the  Mid-Carboniferous 
boundary  (oral  communication  with  Nemirovskaya,  1996).  A 

few  Mississippian  conodonts  including  Gnathodus  bilineatus 

and  Lochriea  commutata  range  up  to  the  uppermost  level  of 

this  Zone.  Therefore,  this  zone  can  be  correlated  with  the 

Declinognathodus  inaequalis-Gnathodus  bilineatus  Zone  in 
the  Hina  Limestone. 

(4)  Declinognathodus  noduliferus  Zone 
The  base  of  this  zone  is  defined  by  the  first  appearance  of 

Declinognathodus  noduliferus.  Therefore,  the  base  of  this 
zone  is  referable  to  the  base  of  the  same  zone  in  the  Hina 

Limestone. 

(5)  Idiognathoides  corrugatus  Zone 

Idiognathoides  corrugatus  and  /.  sinuatus  occur  before  the 

appearance  of  Neognathodus  symmetricus  in  the  Aksu-I 
section.  This  zone  could  not  be  recognized  in  the  Hina 

Limestone.  However,  /.  sinuatus  appears  earlier  than 

Neognathodus  symmetricus  as  shown  in  the  Arrow  Canyon 
section  (Baesemann  and  Lane,  1985).  Accordingly,  the 

equivalent  stratigraphie  interval  of  the  Declinognathodus 

noduliferus,  Neolochriea  nagatoensis,  and  N.  koikei  Zones  in 
the  Hina  Limestone  may  correspond  to  D.  noduliferus  plus 

Idiognathoides  corrugatus  Zone  in  the  Aksu-I  section. 

5.    Luosu  section  (China) 

The  Luosu  section,  which  ranges  from  early  Carboniferous 

(Tatangian  Stage)  to  early  Permian  (Chihsian  Stage),  is 

exposed  along  the  Wangmo-Luodian  highway,  located 
about  7  km  southwest  of  Luosu,  southern  Guizhou  Province, 

south  China.  Many  conodont  elements  have  been  reported 

in  this  section  (e.g.,  Rui  et  al.,  1987  ;  Wang  er  al.,  1987b  ; 

Wang  and  Higgins,  1989).  According  to  Wang  et  al.,  (1987b), 

the  conodont  zones  across  the  Mid-Carboniferous  boundary 
in  the  Luosu  section  are  as  follows  (Figure  10). 

(1)  Gnathodus  bilineatus  bollandensis  Zone 

This  zone  in  the  Luosu  section  is  correlated  to  the 

Gnathodus  bilineatus  Zone  in  the  Hina  Limestone. 

(2)  Declinognathodus  noduliferus  Zone 

Wang  et  al.  (1987b)  defined  the  base  of  this  zone  as  the 

Mid-Carboniferous  boundary.  In  the  Luosu  section,  Missis- 

sippian and  Pennsylvanian  conodonts  co-occur  obviously  in 
this  zone.  On  the  other  hand,  they  co-occur  in  the  same  or 

lower  horizons  (Declinognathodus  inaequalis-Gnathodus 
bilineatus  Zone)  in  the  Hina  Limestone.  Following  the 

proposal  of  the  Madrid  Congress  in  1983  (Lane  and  Manger, 

1985),  the  Mid-Carboniferous  boundary  in  the  Luosu  section 
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Figure  10.  Range  chart  of  conodont  species  in  the 
Luosu  section  and  comparison  with  the  Hina  Limestone. 

Generic  abbreviations:  Declino. -Declinognathodus,  Idio.- 
Idiognathoides. 

can  be  correlated  to  the  base  of  the  D.  inaequalis -G. 
bilineatus  Zone  in  the  Hina  Limestone.  However,  there  is 

another  possibility,  namely,  that  the  M  id -Carboniferous 
boundary  exists  below  the  base  of  the  D.  noduliferus  Zone  in 
the  Luosu  section.  This  is  because  D.  inaequalis  was  found 

very  rarely  in  the  Luosu  section.  This  species  was  obtained 

only  from  the  Idiognathoides  sulcatus- 1,  corrugatus-l. 
sinuatus  Zone. 

(3)  Idiognathoides  sulcatus-l.  corrugatus-l.  sinuatus  Zone 
Based  on  the  occurrence  of  Idiognathoides  sinuatus,  the 

equivalent  stratigraphie  level  of  this  zone  may  be  below  the 

Neognathodus  symmetricus  Zone  in  the  Hina  Limestone. 

(4)  Neognathodus  symmetricus  Zones 
This  zone  in  the  Luosu  section  is  correlated  to  the  same 

zone  in  the  Hina  Limestone. 

Discussion 

1.    Notes  on  Mid-Carboniferous  boundary 
Table  2  shows  the  international  correlation  of  conodont 

zones  in  the  Hina  Limestone  across  the  Mid-Carboniferous 
boundary.  As  shown  above,  the  Declinognathodus  species 

are  the  most  important  elements  in  defining  the  Mid-Carbon- 
iferous boundary  in  each  section. 
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Table  2.  Correlation  of  conodont  zones  established  in  the  Hina  Limestone  with  those  in  five  important 

sections  of  the  Mid-Carboniferous  boundary.  Generic  abbreviations:  Declino.-Declinognathodus,  l.-ldiognath- 
oides,  Rhachi.  -Rhachistognathus. 
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Higgins  (1975)  subdivided  Declinognathodus  noduliterus 
into  three  subspecies,  Idiognathoides  noduliterus  inaequalis, 
I.  n.  noduliterus  (s.S.),  and  /.  n.  japonicus.  He  showed  that 
these  subspecies  form  a  transition  series  characterized  by 
the  reduction  of  the  nodes  of  the  outer  lateral  platform.  It 
has  been  considered  that  /.  n.  inaequalis  and  /.  n.  noduliterus 
appear  together  from  the  same  stratigraphie  level. 

In  the  Hina  Limestone,  Declinognathodus  inaequalis,  D. 
noduliterus  and  D.  japonicus  appear  successively  from  the  H 
61.2,  H  62.7,  and  H  63.2  levels,  respectively  (Table  1  and 

Figure  4).  It  is  evident  that  these  species  appear  succes- 
sively not  only  in  the  Hina  Limestone  but  also  in  the  Zhelva- 

kovaya  Valley  section  of  the  Donets  Basin  (Figure  7). 
Therefore,  I  treat  these  three  subspecies  as  independent 
species  because  of  their  different  form  and  different  strati- 
graphic  appearance. 

At  the  13th  International  Congress  on  Carboniferous- Per- 
mian, Mizuno  and  Ueno  (1995)  proposed  placing  the  Mid- 

Carboniferous  boundary  at  the  base  of  Declinognathodus 
noduliterus  Zone  (H62.7  level)  in  the  Hina  Limestone 

because  the  Mid-Carboniferous  boundary  should  be  defined 
as  the  first  appearance  datum  of  Declinognathodus 

noduliterus  (s.S.).  However,  the  M  id -Carboniferous  Bound- 
ary Working  Group  concluded  that  the  occurrence  of  any 

"Declinognathodus  noduliterus"  (s.l.)  could  become  the  index 

of  the  Mid-Carboniferous  boundary.  "D.  noduliterus"  (s.l.) 
here  includes  not  only  D.  inaequalis  but  also  D.  praenodulifer- 

us from  the  Aksu-I  section  in  Uzbekistan  (oral  communica- 
tion, Nemirovskaya,  1996). 

I  suppose  that  such  ambiguities  in  the  definition  of  "De- 
clinognathodus noduliterus"  gave  rise  to  inconsistency  in 

determining  the  Mid-Carboniferous  boundary.  Following 
the  Mid-Carboniferous  Boundary  Working  Group  conclusion, 

in  this  paper  I  place  provisionally  the  Mid-Carboniferous 
boundary  in  the  Hina  Limestone  at  the  base  of  the  De- 

clinognathodus inaequalis-Gnathodus  bilineatus  Zone  (H  61.2 
level).  However,  more  detailed  examination  in  other  Mid- 
Carboniferous  sections  is  necessary  to  resolve  this  inconsist- ency. 

2.    Notes  on  Declinognathodus  species 

Many  conodont  workers  argue  that  the  ancestor  of  De- 
clinognathodus species  including  D.  inaequalis  and  D. 

praenoduliferus  is  not  Gnathodus  girtyi  simplex  but  G. 
bilineatus  (e.g.,  Grayson  et  al.,  1990;  Nemirovskaya  and 
Nigmadganov,  1994).  In  contrast,  North  American  workers 
have  considered  G.  girtyi  simplex  as  the  ancestor  (e.g.,  Dunn, 
1970,  1971  ;  Lane  and  Straka,  1974  ;  Lane  et  al.,  1985  ; 
Brenckle  et  al.,  1997).  Except  for  the  Arrow  Canyon  section, 

G.  g.  simplex  has  not  been  recorded  across  the  Mid-Car- 
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boniferous  boundary.  On  the  other  hand,  G.  bilineatus  is 

recorded  in  all  sections  including  the  Arrow  Canyon  and 

Japanese  sections.  As  G.  g.  simplex  is  not  recorded  either 
in  the  Hina  Limestone  or  in  the  Atetsu  Limestone,  I  presume 

that  the  ancestor  of  Declinognathodus  species  is  G. 
bilineatus. 

3.  Co-occurrence   of   Mississippian    and    Pennsylvanian 
conodonts 

Precise  observations  on  the  stratigraphie  occurrence  of 

conodont  faunas  across  the  Mid-Carboniferous  boundary  in 

the  Hina  Limestone  reveal  that  "Mississippian"  conodonts 
co-occur  with  Declinognathodus  species  (see  Table  1  and 

Figure  4).  Koike  (1967)  had  already  reported  this  unique 

conodont  composition  in  his  Gnathodus  bilineatus-De- 
clinognathodus  noduliferus  Zone  in  the  Atetsu  Limestone. 

However,  Lane  and  Straka  (1974)  did  not  approve  of  the  co- 

occurrence of  Mississippian  conodonts  and  Declinognath- 
odus species  in  the  Atetsu  Limestone  and  they  assigned  D. 

noduliferus  (="Gnathodus  nodulifera"  by  Koike,  1967)  to  G. 
girtyi  simplex. 

The  holotype  of  Gnathodus  girtyi  simplex  Dunn  (1965,  pi. 

140,  fig.  3a)  has  only  one  large  node  in  the  posterior  half  of 

the  platform,  while  the  specimen  of  "G.  nodulifera"  shown  by 
Koike  (1967,  pi.  3,  fig.  10)  has  four  distinctive  nodes.  There- 

fore, Koike's  "G.  nodulifera"  should  be  taxonomically  includ- 
ed in  Declinognathodus  inaequalis. 

Co-occurrence  of  Mississippian  conodonts  and  De- 

clinognathodus species  across  the  Mid-Carboniferous 
boundary  is  not  peculiar  in  Japan  but  widespread  in  several 

regions  ;  e.g.,  in  the  Aksu-I  and  Luosu  sections  (see  Figures 

9  and  10).  " 

4.  Notes  on  Neolochriea  gen.  nov. 

Above  the  Mid-Carboniferous  boundary  in  the  Hina  Lime- 

stone, a  new  conodont  genus  Neolochriea  appears  (de- 
scribed later).  Neolochriea  nagatoensis  first  appears  at  the 

H  63.8  level,  that  is,  slightly  higher  than  the  last  occurrence 

datum  of  Lochriea  commutata  (H  63).  Above  H  63.8,  three 

new  species  of  Neolochriea  appear.  Except  for  N  koikei  sp. 

nov.  the  stratigraphie  ranges  of  Neolochriea  species  are  very 

short.  The  occurrence  of  N.  nagatoensis,  N.  hisayoshii  sp. 

nov.,  and  N.  hisaharui  sp.  nov.  are  restricted  to  the  Neolo- 
chriea nagatoensis  Zone  in  the  Hina  Limestone.  On  the 

other  hand,  N  koikei  first  appears  at  the  H  67.5  level  and 

ranges  upto  the  H  71  level  in  the  Hina  Limestone. 

Neolochriea  koikei  sp.  nov.  closely  resembles  some  of  the 

Idiognathoides  species,  such  as  /.  pacificus  and  /.  convexus, 

but  the  former  differs  from  the  latter  by  the  absence  of  the 

sulcus.  The  Idiognathoides  species  are  dominant  in  the 

Late  Carboniferous.  They  survived  at  the  stratigraphically 
higher  level  in  the  measured  section.  Lochriea,  Neolochriea, 

and  Idiognathoides  species  occur  successively  also  from 

other  seamount  limestones  in  the  Akiyoshi  Terrane  of  south- 
west Japan.  Considering  the  resemblance  of  form  and  the 

successive  faunal  appearance  of  these  species  in  the  Hina 

Limestone,  I  suppose  that  the  Neolochriea  species  may  be  a 
transitional  form  which  is  derived  from  Lochriea  and  evolves 

into  Idiognathoides.    More  detailed  examination   in  other 

seamount  limestones  are  necessary  to  confirm  this  hypothe- 

sis. 

Conclusions 

1.  The  following  six  conodont  zones  are  established  in  the 

uppermost  Mississippian  and  lowermost  Pennsylvanian 
strata  in  the  Hina  Limestone  in  ascending  order. 

(1)  Gnathodus  bilineatus  Zone 

(2)  Declinognathodus    inaequalis-Gnathodus    bilineatus Zone 

(3)  Declinognathodus  noduliferus  Zone 

(4)  Neolochriea  nagatoensis  Zone 

(5)  Neolochriea  koikei  Zone 

(6)  Neognathodus  symmetricus  Zone 
2.  According  to  the  conventional  boundary  definition,  the 

base  of  the  Declinognathodus  inaequalis-Gnathodus 

bilineatus  Zone  (the  first  appearance  level  of  Declinognath- 

odus inaequalis)  is  provisionally  defined  as  the  Mid-Carbonif- 
erous boundary  level  in  the  Hina  Limestone.  However,  the 

definition  of  the  Mid-Carboniferous  boundary  should  be 
revised  by  detailed  faunal  analyses  in  the  future. 

3.  Successive  faunal  changes  characterized  by  the  extinc- 
tion of  most  Mississippian  conodonts  and  introduction  of 

several  new  elements  typical  of  the  Pennsylvanian  occur  in 

the  conodont  fauna  across  the  Mid-Carboniferous  boundary 
in  the  Hina  Limestone. 

4.  Co-occurrence  of  Mississippian  conodonts  with  Penn- 
sylvanian conodonts  is  recognized  in  the  Declinognathodus 

inaequalis-Gnathodus  bilineatus  Zone  to  the  Declinognath- 
odus noduliferus  Zone  in  the  Hina  Limestone. 

5.  A  new  genus  Neolochriea,  which  appears  above  the 

Mid-Carboniferous  boundary,  may  be  a  transitional  form  from 
Lochriea  which  evolved  into  Idiognathoides. 

Systematic  paleontology 

All  of  the  conodont  specimens  figured  in  the  present  paper 

are  registered  and  stored  in  the  collections  of  the  Depart- 
ment of  Earth  Sciences,  Faculty  of  Science,  Chiba  University 

(DESC). 

Genus  Declinognathodus  Dunn,  1966 

Type  species. —Cavusgnathus  nodulifera  Ellison  and 
Graves,  1941 

Declinognathodus  inaequalis  (Higgins,  1975) 

Figures  12-1—5 Idiognathoides  noduliferus  inaequalis  Higgins,  1975.  p.  53,  pi.  12, 

figs.  1-7,  12,  pi.  14,  figs.  11-13,  pi.  15,  figs.  10. 14;  Metcalfe. 

1980,  p.  306,  pi.  38,  figs.  10-12, 15. 
Gnathodus  nodulifera  (Ellison  and  Graves).     Koike,  1967.  p.  297. 

298,  pi.  3,  fig.  10  (only). 

Idiognathoides  noduliferus  (Ellison  and  Graves).     Igo  and  Koike. 
1968,  p.  28,  29,  pi.  3,  figs.  8,  9  (only). 

Declinognathodus  noduliferus  (Ellison  and  Graves).     Grayson  et 

al.,  1985,  p.  163,  pi.  1,  figs.  1,  5,10  (only);  Nigmadganov  and 
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Nemirovskaya,  1992,  pi.  3,  figs.  5, 8  (only)  ;  Brenckle  ef  al., 

1997,  pi.  1,  figs.  2-4. 
Declinognathodus    noduliferus    inaequalis    (Higgins).    Higgins, 

1985,  pi.  6.2,  figs.  11, 12, 14,  pi.  6.3,  figs.  1,4;  Li  et  al.,  1987,  pi. 

1,    figs.  3,4;  Nemirovskaya,    1987,    pi.  1,    figs.  6, 10, 13, 14  ; 
Wang  et  al.,  1987a,  p.  126, 127,  pi.  3,  figs.  1,2,  pi.  6,  fig.  10; 
Wang  et  al.,  1987b,  pi.  2,  fig.  1  ;  Wang  and  Higgins,  1989,  p. 
276,  pi.  13,  figs.  5, 12  ;  Nemirovskaya  et  al.,  1990,  pi.  4,  figs. 

3-18,  20-22,  24,  28. 
Declinognathodus  noduliferus  noduliferus  (Ellison  and  Graves). 

Higgins,  1985,  pi.  6.3,  fig.  7  (only). 
Declinognathodus  inaequalis  (Higgins).     Riley  er  al.,  1987,  pi.  3, 

figs.  28-40  ;  Kulagina  ef  a/.,  1992,  pi.  30,  figs.  5,  6, 11. 
Declinognathodus  noduliferus  (Ellison  and  Graves).    Grayson  ef 

a/.,  1990,  p.  363,  364,  pi.  1,  fig.  22  (only). 

Description.— Blade  is  as  long  as  platform  or  slightly  longer 
than  it.  It  is  straight  or  slightly  curved  inward,  and  continues 

onto  platform  as  a  carina.  Carina  bends  slightly  on  the 

anterior  part  of  the  unit  and  straightens  on  the  posterior  end. 

Parapet  is  well  developed  along  the  inner  lateral  platform  and 

fuses  with  the  carina  to  form  transverse  ridges  on  posterior 

part  of  unit.  Median  trough  is  rather  deep.  Nodes  are 

developed  along  the  anterior  part  of  outer  lateral  platform 

and  form  a  straight  line.    Four  or  more  nodes  are  present. 

Remarks.— Declinognathodus  inaequalis  was  originally 
described  by  Higgins  (1975)  from  the  Homoceras  sub- 
globosum  Zone  of  the  central  Pennines  region  in  England. 

It  is  characterized  by  having  four  or  more  nodes  on  the  outer 

lateral  platform.  The  Hina  specimens  are  quite  congruent 

with  the  original  ones. 

Gnathodus  nodulifera  described  by  Koike  (1967)  from  the 

Atetsu  Limestone  seems  to  be  divisible  into  three  species  of 

Declinognathodus  by  the  difference  in  the  number  of  outer 

nodes.  The  specimen  illustrated  in  plate  3,  figure  10  of 
Koike  (1967)  has  four  nodes  and  can  be  included  in  D. 

inaequalis. 

Two  specimens  of  Idiognathoides  noduliferus  illustrated  by 

Igo  and  Koike  (1968)  from  the  Panching  Limestone,  west 

Malaysia,  also  have  four  nodes.  Metcalfe  (1980)  restudied 

the  conodont  faunas  of  the  Panching  Limestone  and  estab- 

lished the  Idiognathoides  noduliferus  inaequalis-Gnathodus 
commutatus  Subzone  in  the  lower  part  of  this  limestone.  He 

reported  that  the  Mississippian  conodonts  and  D.  inaequalis 

occur  together  in  samples  of  this  subzone.  In  the  Hina 

Limestone,  D.  inaequalis  also  occurs  with  Mississippian 

conodonts  from  the  Declinognathodus  inaequalis-Gnathodus 
bilineatus  Zone  to  the  D.  noduliferus  Zone.  The  first 

appearance  of  D.  inaequalis  defines  the  M  id -Carboniferous 
boundary  in  the  Hina  Limestone. 

Materials.— DESC-95347  from  H  62.7,  DESC-95348  from  H 

62.8,  DESC-95349  from  H  62.7,  DESC-95352  from  H  66, 
DESC-96006  from  H  61.2. 

Declinognathodus  japonicus  (Igo  and  Koike,  1964) 

Figures  12-9—12 

Streptognathodus  japonicus  Igo  and  Koike,  1964,  p.  188, 189,  pi. 

28,  figs.  5-23. 
Declinognathodus  nevadensis  Dunn,  1966,  p.  1300,  pi.  158,  figs.  4, 

8. 

Idiognathoides  aff.  noduliferus  (Ellison  and  Graves).     Lane,  1967, 

p.  938,  pi.  123,  figs.  9-11,  13, 16, 17. 
IGnathodus  nodulifera  (Ellison  and  Graves).     Koike,  1967,  p.  297, 

298,  pi.  3,  fig.  9  (only). 

Gnathodus  japonicus  (Igo  and  Koike).     Higgins  and  Bouckaert, 

1968,  p.  35,  36,  pi.  4,  figs.  1,  2,  4. 
Idiognathoides  noduliferus  (Ellison  and  Graves).    Igo  and  Koike, 

1968,  p.  28, 29,  pi.  3,  figs.  10,  ?12  (only)  ;  Thompson,  1970,  p. 
1046,  pi.  139,  figs.  2,  3,  5,  6,  20  (only). 

Streptognathodus   noduliferus   (Ellison   and   Graves).   Webster, 

1969,  p.  48,  49,  pi.  4,  fig.  7  (only). 

Idiognathoides  noduliferus  japonicus  (Igo  and  Koike).  Higgins, 

1975,  p.  54,  pi.  14,  figs.  7-10  ;  Metcalfe,  1980,  p.  306,  pi.  38, 

figs.  14, 17. 
Declinognathodus  noduliferus  (Ellison  and  Graves).  Grayson  ef 

a/.,  1985,  p.  163,  pi.  1,  figs.  13, 18,  25  (only)  ;  Lane  ef  a/.,  1985, 

figs.  7-D,  E,  F,  G  ;  Nigmadganov  and  Nemirovskaya,  1992,  pi. 
3,  figs.  3, 9, 11, 13, 14, 17  (only). 

Declinognathodus  noduliferus  japonicus  (Igo  and  Koike).  Hig- 
gins, 1985,  pi.  6.3,  figs.  2, 9  ;  Nemirovskaya,  1987,  pi.  1,  figs. 

12, 15, 19  ;  Wang  and  Higgins,  1989,  p.  276,  pi.  1,  figs.  6-9. 
Declinognathodus  praenoduliferus  Nigmadganov  and  Nemirovs- 

kaya, 1992,  pi.  2,  figs.  10, 11,  pi.  3,  fig.  2  (only). 

Declinognathodus  japonicus  (Igo  and  Koike).  Kulagina  ef  a/., 

1992,  pi.  30,  figs.  12-15, 17. 

Description.— Blade  is  almost  as  long  as  platform.  It  is 
slightly  curved  inward,  and  continues  onto  platform  as  a 

carina.  Carina  is  slightly  bent  on  the  anterior  part  of  unit 

and  curves  slightly  inward  on  the  posterior  end.  A  parapet 

is  developed  along  inner  lateral  platform.  Median  trough  is 

shallow  and  extends  between  the  carina  and  parapet  to  near 

the  posterior  end  of  platform.  Only  a  single  node  is  devel- 
oped at  anterior  part  of  outer  lateral  platform. 

Remarks.— This  species  is  characterized  by  having  a 
single  node  on  the  outer  lateral  platform.  The  presence  of 

a  thick  carina  ornamented  with  node- like  ridges,  a  distinc- 
tive single  node,  and  a  small  ridge  on  the  outer  side  of  the 

carina  were  illustrated  on  the  holotype  of  Declinognathodus 

japonicus.  All  specimens  listed  in  synonymy  have  a  single 
distinctive  node  on  the  outer  side  of  the  carina.  The 

holotype  of  D.  nevadensis  of  Dunn  (1966),  Idiognathoides  aff. 

noduliferus  of  Lane  (1967),  and  Streptognathodus  noduliferus 

of  Webster  (1969)  also  have  a  single  distinctive  node  on  the 

outer  side  of  the  carina.  Therefore,  they  can  be  assigned  to 

D.  japonicus. 
The  specimen  of  Gnathodus  nodulifera  illustrated  by  Koike 

(1967,  pi.  3,  fig.  9)  has  a  single  node  but  it  is  very  small.  This 

small  specimen  may  be  an  immature  form  and  therefore  is 

questionably  included  as  a  synonym.  Three  specimens 

illustrated  as  Declinognathodus  praenoduliferus  by  Nigmad- 
ganov and  Nemirovskaya  (1992,  pi.  2,  figs.  10, 11,  and  pi.  3,  fig. 

2)  have  a  distinctive  single  node  on  the  outer  side  of  the 

carina.  They  closely  resemble  the  Hina  specimens.  For 

this  reason  they  are  placed  in  D.  japonicus. 

Materials.— DESC-95374  from  H  63.5,  DESC-95376  from  H 

63.5,  DESC-96008  from  H  63.2,  DESC-96009  from  H  63.2. 
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Declinognathodus  noduliferus  (Ellison  and  Graves,  1941) 

Figures  12-6—8 

Cavusgnathus  nodulifera  Ellison  and  Graves,  1941,  p.  4,  pi.  3,  figs. 

4,6. 
Gnathodus  nodulifera  (Ellison  and  Graves).    Koike,  1967,  p.  297, 

298,  pi.  3,  figs.  11, 12  (only). 
Gnathodus    noduliferus    (Ellison    and    Graves).    Higgins    and 

Bouckaert,  1968,  p.  33,  34,  pi.  2,  figs.  6, 12. 
Idiognathoides  noduliferus  (Ellison  and  Graves).    Igo  and  Koike, 

1968,  p.  28,  29,  pi.  3,  figs.  7, 11  (only)  ;  Thompson,  1970,  p. 

1046,  pi.  139,  figs.  8, 16  (only)  ;  Lane  and  Straka,  1974,  p.  85- 
87,  figs.  35.  1-15  ;  figs.  41.  15-17. 

Streptognathodus  noduliferus  (Ellison  and  Graves).    Webster, 
1969,  p.  48,  49,  pi.  4,  fig.  8  (only). 

Declinognathodus  noduliferus  (Ellison  and  Graves).  Dunn,  1970, 
p.  330,  pi.  62,  figs.  1,  2  ;  Grayson  ef  a/.,  1985,  p.  163,  pi.  1,  figs. 

9,15  (only);  Riley  ef  a/.,  1987,  pi.  3,  figs. 41-47;  Nigmad- 
ganov  and  Nemirovskaya,  1992,  pi.  3,  figs.  4,  6,  7, 10, 12, 15, 

16  (only)  ;  Kulagina  et  al.,  1992,  pi.  30,  figs.  2-4, 7-10. 
Idiognathoides  noduliferus  noduliferus  (Ellison  and  Graves). 

Higgins,  1975,  p.  54,  pi.  14,  figs.  15, 16;  Metcalfe,  1980,  p. 
306,  pi.  38,  figs.  16, 18. 

Declinognathodus  noduliferus  noduliferus  (Ellison  and  Graves). 

Higgins,  1985,  pi.  6.2,  fig.  13  (only)  ;  Li  ef  a/.,  1987,  pi.  1,  fig.  1  ; 
Nemirovskaya,  1987,  pi.  1,  figs.  7, 9, 11,  20,  21  ;  Wang  ef  a/., 

1987a,  p.  127,  pi.  3,  figs.  3-5,  pi.  7,  fig.  1  ;  Wang  ef  a/.,  1987b, 
pi.  1,  figs.  4,  5, 8  ;  Wang  and  Higgins,  1989,  p.  276,  277,  pi.  2, 

figs.  5-9. 
"Declinognathodus"  noduliferus  (Ellison  and  Graves).  Grayson 

ef  a/.,  1990,  p.  363,  364,  pi.  1,  fig.  21  (only). 

Description.— Blade  is  almost  as  long  as  platform.  It  is 
slightly  curved  inward,  and  continues  onto  platform  as  a 

carina.  Carina  is  slightly  bent  at  anterior  part  of  unit  and 

curves  slightly  inward  on  the  posterior  end.  A  parapet  is 

developed  along  the  inner  lateral  platform.  Median  trough 

is  rather  deep  in  anterior  part  of  platform  and  rather  shallow 

in  posterior  part.  Two  or  three  nodes  are  well  developed  at 

anterior  part  of  outer  lateral  platform. 

Remarks.— Declinognathodus  noduliferus  was  first  de- 
scribed by  Ellison  and  Graves  (1941).  According  to  them, 

three  nodes  commonly  extend  in  a  row  posteriorly  from  the 

junction  of  the  blade  and  outer  side  of  the  platform.  The 

specimens  identified  as  D.  noduliferus  in  this  study  are 

characterized  by  having  two  or  three  nodes  on  the  outer 

lateral  platform.  All  of  the  specimens  mentioned  in 

synonymy  have  also  two  or  three  nodes  on  the  outer  side  of 
the  carina. 

The  specimens  described  by  Koike  (1967)  as  Gnathodus 

nodulifera  have  from  one  to  four  nodes.  Among  them,  only 

two  specimens  illustrated  with  two  nodes  (pi.  3,  fig.  11)  and 

three  nodes  (pi.  3,  fig.  12)  are  assigned  to  Declinognathodus 
noduliferus. 

Materials.— DESC-95362  from  H  62.8,  DESC-95365  from  H 
62.8,  DESC-96007  from  H  62.7. 

Genus  Gnathodus  Pander,  1856 

Type  Species— Polygnathus  bilineatus  Roundy,  1926 

Gnathodus  bilineatus  (Roundy,  1926) 

Figures  11-1—3. 
Polygnathus  bilineatus  Roundy,  1926,  p.  13,  pi.  3,  figs.  10a-c. 
Gnathodus  bilineatus  (Roundy).  Hass,  1953,  p.  78,  pi.  14,  figs. 

25-28  ;  Higgins,  1961,  pi.  10,  fig.  5  ;  Koike,  1967,  p.  296,  pi.  1, 

figs.  9-11  ;  Wirth,  1967,  p.  205,  pi.  19,  figs.  6-9  ;  Igo  and 
Koike,  1968,  p.  29,  pi.  3,  figs.  6  ;  Rhodes  ef  a/.,  1969  :  p.  94, 

95,  pi.  18,  figs.  14a-17d  ;  Igo,  1973,  p.  193,  pi.  29,  figs.  1-5 

(only)  ;  Igo  and  Kobayashi,  1974,  p.  419, 420,  pi.  56,  figs.  1-3  ; 
Watanabe,  1975,  p.  163,  pi.  14,  figs.  1-5  ;  Metcalfe,  1980,  p. 

302,  pi.  38,  figs.  5,  8,  9;  Metcalfe,  1981,  pi.  3,  figs.  2a-4d  ; 
von  Bitter  and  Plint-Geberl,  1982,  pi.  6,  figs.  8-11  ;  Haikawa, 
1988,  pi.  6,  fig.  11,  pi.  7,  figs.  3, 4  ;  Grayson  ef  a/.,  1990,  p.  361, 

362,  pi.  1,  fig.  1. 
Gnathodus  bilineatus  bilineatus  (Roundy).  Bischoff,  1957,  p.  21, 

22,  pi.  3,  figs.  11, 15-20,  pi.  4,  fig.  1  ;  Higgins  and  Bouckaert, 

1968,  p.  29,  pi.  3,  fig.  9  ;  Higgins,  1975,  p.  28,  29,  pi.  11,  figs.  1- 
4,  6,  7  ;  Higgins,  1985,  pi.  6.1,  figs.  1,2;  Li  ef  a/.,  1987,  pi.  1, 
fig.  12  ;  Riley  ef  a/.,  1987,  pi.  2,  figs.  2, 4  ;  Wang  ef  a/.,  1987a, 
p.  128,  pi.  1,  fig.  6  ;  Wang  ef  a/.,  1987b,  pi.  3,  fig.  12  ;  Wang 

and  Higgins,  1989,  p.  277,  278,  pi.  6,  figs.  7-11  ;  Varker  ef  a/., 
1990,  pi.  1,  fig.  1  ;  Kulagina  ef  a/.,  1992,  pi.  28,  figs.  4-7  ; 
Nigmadganov  and  Nemirovskaya,  1992,  pi.  1,  fig.  3. 

Gnathodus  modocensis  Rexroad,  1957,  p.  30, 31,  pi.  1,  figs.  15-17  ; 
Rexroad,  1958,  p.  17, 18,  pi.  1,  figs.  1,  2. 

Gnathodus  smithi  Clarke,  1960,  p.  26,  27,  pi.  4,  figs.  13, 14,  pi.  5, 

figs.  9, 10. 
Gnathodus  bilineatus  bollandensis  Higgins  and  Bouckaert,  1968, 

p.  29,  30,  pi.  2,  figs.  10, 13,  pi.  3,  figs.  4-8, 10  ;  Higgins,  1975, 
p.  29,  pi.  11,  figs.  5, 8-13  ;  Higgins,  1985,  pi.  6.1,  figs.  4,  5  ;  Li 
ef  a/.,  1987,  pi.  1,  fig.  11  ;  Riley  ef  a/.,  1987,  pi.  2,  figs.  5-8, 12  ; 
Wang  ef  a/.,  1987a,  p.  128,  pi.  1,  figs.  7-10;  Wang  ef  a/., 
1987b,  pi.  2,  figs.  9,  12  ;  Wang  and  Higgins,  1989,  p.  278,  pi. 

12,  figs.  8-11  ;  Varker  ef  a/.,  1990,  pi.  1,  figs.  2-12  ;  Kulagina 

ef  a/.,  1992,  pi.  28,  figs.  8,  9, 12  ;  Nigmadganov  and  Nemirov- 

skaya, 1992,  pi.  1,  figs.  1,2,  4;  Nemirovskaya  and  Nigmad- 
ganov, 1993,  pi.  2,  fig.  1. 

Gnathodus  postbilineatus  Nigmadganov  and  Nemirovskaya,  1992, 

pi.  1,  figs.  7-9,  pi.  2,  figs.  1,  2,  4  (only). 

Remarks.— Many  workers  have  subdivided  this  species 
into  two  subspecies  :  G.  bilineatus  bilineatus  (s.s.)  and  G.  b. 

bollandensis.  Higgins  (1975)  stated  that  distinctive  charac- 
ters of  G.  b.  bollandensis  ate  a  narrow,  rectangular  to 

semiovate  outer  platform  and  the  lack  of  a  posterior  lateral 

row  of  nodes  adjacent  to  the  carina,  which  is  a  common 
feature  of  G.  b.  bilineatus. 

The  Hina  specimens  are  the  nearest  to  Gnathodus 

bilineatus  bollandensis  (see  Higgins,  1975,  pi.  11,  figs.  5,  8-13). 
However,  some  of  their  features  seem  to  be  in  the  range  of 

variation  of  G.  b.  bilineatus.  Although  additional  taxonomic 

study  is  necessary,  I  treated  G.  b.  bilineatus  (s.s.)  and  G.  b. 

bollandensis  by  Higgins  (1975)  as  a  single  species,  G. 
bilineatus. 

This  species  closely  resembles  Gnathodus  postbilineatus, 

but  it  is  distinguished  from  the  latter  by  having  a  parapet 

without  fusing  in  the  carina.  Six  of  the  specimens  of  G. 

postbilineatus  described  by  Nigmadganov  and  Nemirovskaya 
(1992)  may  be  identical  with  G.  bilineatus. 

Materials—  DESC-95250  from  H  57.2,  DESC-96001  from  H 
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Figure  Tl.  1-3.  Gnathodus  bilineatus  (Roundy).  1:  DESC-95250  from  Loc.  H  57.2,  upper  view,  x40,  2: 

DESC-96001  from  Loc.  H  61.7,  upper  view,  x60,  3:  DESC-96002  from  Loc.  H  62.5,  upper  view,  x60.  4a,  4b. 

Cavusgnathus  unicornis  Youngquist  and  Miller,  DESC-95258  from  Loc.  H  61.  4a:  oblique  upper  view,  x60,  4b  : 

upper  view,  x60.  5a,  5b.  Cavusgnathus  sp.  indet,  DESC-95261,  from  Loc.  H  58.5.  5a:  oblique  upper  view,  x60, 
5b  :  upper  view,  x  60.  6.  Vogelgnathus  akiyoshiensis  (Igo),  DESC-96003,  from  Loc.  H  60,  lateral  view,  x  60.  7. 

Vogelgnathus  campbelli  (Rexroad),  DESC-96004,  from  Loc.  H  61.5,  lateral  view,  x60.  8-10.  Lochriea  commutata 

(Branson  and  Mehl),  8  :  DESC-95289  from  Loc.  H  62.7,  upper  view,  x60,  9  :  DESC-95291  from  Loc.  H  62.8,  upper 
view,  X60,  10:  DESC-95293  from  Loc.  H  63,  upper  view,  x60.  tl.  Lochriea  nodosa  (Bishoff),  DESC-95281  from 

Loc.  H  61.2,  upper  view,  x60.  12,13.  Hindeodus  minutus  (Ellison).  12:  DESC-96005  from  Loc.  H  59.2,  lateral 
view,  X60, 13:  DESC-95274  from  Loc.  H  64,  lateral  view,  x60. 

61.7,  DESC-96002  from  H  62.5. 

Genus  Lochriea  Scott,  1942 

Type   species. Spathognathodus   commutatus    Branson 
and  Mehl,  1941 

Lochriea  commutata  (Branson  and  Mehl,  1941) 

Figures  11-8—10 

Spathognathodus  commutatus  Branson  and  Mehl,  1941,  p.  98,  pi. 

19,  figs.  1-4  ;  Clarke,  1960,  p.  19,  pi.  3,  figs.  4,  5. 
Gnathodus  inornatus  Hass,  1953,  p.  80,  pi.  14,  figs.  9-11  ;  Stanley, 

1958,  p.  465,  pi.  68,  figs.  5,  6. 

Gnathodus  commutatus  commutatus  (Branson  and  Mehl).  Bis- 

choff, 1957,  p.  22,  pi.  4,  figs.  2-6,  15  ;  Koike,  1967,  p.  269, 

267,  pi.  1,  figs.  12-16;  Wirth,  1967,  p.  206,  pi.  19,  figs.  10, 11. 
Gnathodus  commutatus  var.  commutatus  (Branson  and  Mehl). 

Higgins,  1961,  p.  212,  213,  pi.  10,  fig.  6. 
Gnathodus  commutatus  (Branson  and  Mehl).  Stibane,  1967,  p. 

334,  pi.  36,  figs.  25-28  ;  Higgins  and  Bouckaert,  1968,  p.  30, 
pi.  2,  fig.  5  ;  Webster,  1969,  p.  31,  pi.  5,  fig.  13  ;  Rhodes  er  a/., 

1969,  p.  95, 96,  pi.  19,  figs.  9a-12d  ;  Igo,  1973,  p.  193,  pi.  29, 
figs.  8-13  ;  Igo  and  Kobayashi,  1974,  p.  420, 421,  pi.  56,  figs. 

6, 7  ;  Watanabe,  1975,  p.  164,  pi.  14,  figs.  8-11  ;  Metcalfe, 
1980,  p.  309,  pi.  38,  figs.  3,  4  ;  Metcalfe,  1981,  p.  21,  23,  pi.  7, 

figs.  6,  7. 
Paragnathodus  commutatus  (Branson  and  Mehl).  Higgins,  1975, 

p.  70,  71,  pi.  7,  figs.  7-9, 11,13, 16,  20,  21  ;  Belka,  1982,  pi.  1, 
fig.  11  ;  Grayson  ef  a/.,  1985,  p.  169,  pi.  1,  fig.  24,  pi.  2,  fig.  19  ; 

Riley  ef  a/.,  1987,  pi.  2,  figs.  1,  3  ;  Wang  et  al.,  1987a,  p.  130, 

131,  pi.  2,  fig.  12  ;  Wang  ef  al.,  1987b,  pi.  2,  fig.  2,  pi.  3,  fig.  10  ; 
Kulgina  et  al.,  1992,  pi.  29,  figs.  1,2;  Haikawa,  1988,  pi.  6, 
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Figure  12.  1-5.  Declinognathodus  inaequalis  (Higgins).  1  :  DESO  96006  from  Loc.  H  61.2,  upper  view,  x60, 
2a,  b  :  DESC-95349  from  Loc.  H  62.7,  2a  :  upper  view,  x60,  2b  :  oblique  upper  view,  x  180,  3  :  DESC-95347  from 
Loc.  H  62.7,  upper  view,  x60,  4  :  DESC-95348  from  Loc.  H  62.8,  upper  view,  x60,  5  :  DESC-95352  from  Loc.  H 
66,  upper  view,  x60.  6-8.  Declinognathodus  noduliferus  (Ellison  and  Graves).  6a,  b  :  DESC-95362  from  Loc.  H 
62.8,  6a  :  upper  view,  x60,  6b  :  oblique  upper  view,  x180,  7  :  DESC-95365  from  Loc.  H  62.8,  upper  view,  \  60,  8  : 

DESC-96007  from  Loc.  H  62.7,  upper  view,  x60.  9-12.  Declinognathodus  japonicus  (Igo  and  Koike).  9  :  DESC 
96008  from  Loc.  H  63.2,  upper  view,  x60,  10a,  b:  DESO96009  from  Loc.  H  63.2,  10a:  upper  view,  x60.  10b: 

oblique  upper  view,  x300, 11  :  DESC-95374  from  Loc.  H  63.5,  upper  view,  x  60, 12  :  DESC-95376  from  Loc.  H  63. 
5,  upper  view,  X60.  13,14.  Neognathodus  symmetricus  (Lane).  13:  DESC-95390  from  Loc.  H  70.5,  upper  view, 
X60,  14  :  DESC-95389  from  Loc.  H  68.8,  upper  view,  x60. 
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figs.  1, 2.  ;  Wang  and  Higgins,  1989,  p.  285,  pi.  8,  figs.  4, 5  ; 
Nemirovskaya  ef  al.,  1990,  pi.  3,  fig.  4. 

Lochriea  commutata  (Branson  and  Mehl).  Higgins,  1985,  pi.  6.1, 
fig.  10;  Varker  and  Sevastopulo,  1985,  pi.  5.5,  figs.  11,12; 

Rexroad  and  Horowitz,  1990,  p.  508,  509,  pi.  2,  figs.  18-23 
[Pa  element]  ;  Nemirovskaya  ef  al.,  1994,  pi.  2,  fig.  1. 

flemar/cs.— This  species  has  an  unornamented  platform 
that  is  broadly  ovate  in  oral  view  and  a  carina  that  includes 
laterally  expanded  denticles  with  a  curious  polygonal  pattern 
on  part  of  its  surface.  The  carina  of  Lochriea  commutata  is 
similar  to  that  of  Neolochriea  nagatoensis  in  shape,  but  the 
denticles  of  the  former  are  like  thick  needles,  whereas  those 
of  the  latter  are  less  sharp  and  similar  to  spherical  knolls. 

This  species  was  originally  described  by  Branson  and 
Mehl  (1941)  from  the  Chesterian  Pitkin  Limestone  in  North 
America.  Grayson  et  al.,  (1985)  reported  that  it  occurs 
together  with  Declinognathodus  noduliferus  in  the  Rhoda 

Creek  Formation  of  Oklahoma,  and  ranges  up  to  the  upper- 
most part  of  their  surveyed  section  (the  Declinognathodus 

noduliferus  Zone).  In  the  Hina  Limestone,  this  species  is 
found  commonly  in  the  lower  part  of  the  Declinognathodus 
noduliferus  Zone.  In  the  Zhelvakovaya  Valley  section,  this 
species  also  occurs  with  D.  noduliferus  in  strata  above  the 

Mid-Carbonrferous  boundary  (Nemirovskaya  ef  a/.,  1990). 
Therefore,  the  range  of  Lochriea  commutata  extends  beyond 

the  Mid-Carboniferous  boundary. 
Materials.— DESC-95289  from  H  62.7,  DESC-95291  from  H 

62.8,  DESC-95293  from  H  63. 

Lochriea  nodosa  (Bischoff,  1957) 

Figure  11-11 

Gnathodus  commutatus  nodosus  Bischoff,  1957,  p.  23,  24,  pi.  4, 
figs.  12, 13;  Higgins,  1961,  p.  213,  pi.  10,  figs.  7,8;  Koike, 

1967,  p.  297,  pi.  1,  fig.  19  ;  Wirth,  1967,  p.  207,  pi.  19,  figs.  13- 
18. 

Gnathodus  commutatus  var.  nodosus  Bischoff.  Higgins,  1961,  p. 
213,  pi.  10,  figs.  7, 8. 

Gnathodus  nodosus  (Bischoff).  Higgins  and  Bouckaert,  1968,  pi. 
2,  fig.  2  (only)  ;  Rhodes  ef  a/.,  1969,  p.  104, 105,  pi.  19,  figs. 

16a-20c;  Igo,  1973,  p.  194,  pi.  29,  figs.  14-17;  Igo  and 
Kobayashi,  1974,  p.  421,  pi.  56,  figs.  8-12  ;  Watanabe,  1975, 
p.  164,  pi.  14,  figs.  12-16  ;  Metcalfe,  1980,  p.  304,  pi.  38,  fig.  2  ; 
Metcalfe,  1981,  pi.  6,  figs.  1-5. 

Paragnathodus  nodosus  (Bischoff).  Higgins,  1985,  pi.  6.1,  fig.  9  ;  Li 
ef  a/.,  1987,  pi.  1,  fig.  7  ;  Riley  ef  a/.,  1987,  pi.  2,  figs.  10, 11, 13, 

14  ;  Wang  ef  a/.,  1987a,  p.  131,  pi.  1,  figs.  3-5  ;  Haikawa,  1988, 
pi.  7,  figs.  8, 9  ;  Wang  ef  a/.,  1987b,  pi.  1,  fig.  9,  pi.  2,  fig.  10  ; 

Wang  and  Higgins,  1989,  p.  285,  286,  pi.  8,  figs.  6, 7  ;  Nemir- 
ovskaya ef  a/.,  1990,  pi.  3,  figs.  3,  9  ;  Kulagina  ef  a/.,  1992,  pi. 

29,  fig.  13. 
Lochriea  nodosa  (Bischoff).  Nemirovskaya  ef  a/.,  1994,  pi.  1,  fig. 

8,  pi.  2,  fig.  6. 

Remarks.— This  species  differs  from  Lochriea  commutata  in 
having  a  platform  ornamented  with  several  nodes  or  ridges. 
Recently,  Nemirovskaya  ef  al.  (1994)  stated  that  L.  commutata 

and  L.  cracoviensis,  both  having  simple  unornamented  plat- 
forms, are  the  earliest  representatives  of  the  genus  Lochriea. 

They  also  stated  that  Lochriea  species  with  ornamented 

platforms  first  appear  during  the  late  Visean  or  earliest 
Serpukhovian,  and  may  be  valuable  for  correlation.  They 

recognized  eight  species  in  total  of  Lochriea  with  ornament- 
ed platforms  :  L.  mononodosa,  L  nodosa,  L.  cruciformis,  L. 

multinodosa,  L.  monocostata,  L.  costata,  L  ziegleri,  and  L 
senckenbergica. 
Among  the  Japanese  Lochriea  specimens,  species  with 

ornamented  platforms  are  less  common.  Their  biostrati- 
graphic  significance  is  unclear  at  present.  In  this  study,  I 
treat  these  forms  with  ornamented  platforms  from  the  Hina 
Limestone  as  L.  nodosa. 

Material.— DESC-95281  from  H  61.2. 

Genus  Neognathodus  Dunn,  1970 

Type  species.— Polygnathus  bassleri  Harris  and  Hollings- 
worth,  1933 

Neognathodus  symmetricus  (Lane,  1967) 

Figures  12-13,14 

Gnathodus  bassleri  symmetricus  Lane,  1967,  p.  935,  pi.  120,  figs. 

2, 13, 14, 17,  pi.  121,  figs.  6,  9. 
Gnathodus  wapanuckensis  (Harlton).  Koike,  1967,  p.  300,  pi.  1, 

figs.  22-25. Gnathodus  bassleri  (Harris  and  Hollingsworth).  Webster,  1969,  p. 
29,  pi.  5,  fig.  14  (only). 

Neognathodus  bassleri  (Harris  and  Hollingsworth).  Dunn,  1970, 

p.  336,  pi.  64,  figs.  1a-c,  12  (only). 
Neognathodus  bassleri  symmetricus  (Lane).  Lane  and  Straka, 

1974,  p.  96,  figs.  37.  22,  31,  32,  37-39,  figs.  39.  16-18,  21-24. 
Neognathodus  symmetricus  (Lane).  Grayson,  1984,  p.  51,  pi.  2, 

fig.  7  ;  Li  ef  al.,  1987,  pi.  1,  fig.  6  ;  Wang  ef  a/.,  1987a,  p.  130, 

pi.  3,  figs.  6,  7,  pi.  7,  figs.  3, 4,  8, 12,  pi.  8,  figs.  2-5  ;  Wang  ef 
al.,  1987b,  pi.  2,  fig.  6,  pi.  3,  fig.  4  ;  Wang  and  Higgins,  1989, 

p.  282, 283,  pi.  2,  figs.  1-4  ;  Grayson  ef  al.,  1990,  p.  377, 378, 
pi.  3,  fig.  23  ;  Nigmadganov  and  Nemirovskaya,  1992,  pi.  4, 

figs.  1,  7. 

Description.— Platform  is  almost  symmetrical  in  oral  view 
and  consists  of  prominent  straight  carina  and  two  well 

developed  parapets.  Carina  is  nodular  and  extends  near 
posterior  end  of  platform.  Two  parapets  are  ornamented  by 
transversely  ridged  nodes. 

Remarks.— This  species  differs  from  Neognathodus  bass- 
leri in  being  a  nearly  symmetrical  platform  and  in  having  the 

carina  centered  between  the  margins  of  the  platform. 
The  specimens  of  Gnathodus  wapanuckensis  described  by 

Koike  (1967)  from  the  Kodani  Formation  of  the  Atetsu  Lime- 
stone have  a  narrow  symmetrical  platform,  and  are  here 

assigned  to  Neognathodus  symmetricus. 

Materials.— DESC-95389  from  H  68.8,  DESC-95390  from  H 
70.5. 

Genus  Neolochriea  gen.  nov. 

Type  species.— Neolochriea  hisaharui  Mizuno  gen.  et  sp. 
nov. 

Diagnosis. — Scaphate    pectiniform    elements    with    free 
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blade,  smooth  platform,  and  nodular  carina.  Blade  is  about 
half  element  length  and  possesses  low  denticles.  Platform 
is  oval  or  elliptical  in  form.  Carina  is  long,  ornamented  with 
weakly  nodes  or  ridges,  and  extends  to  posterior  end  of 
platform.    Basal  cavity  is  large. 

Remarks.— Neolochriea  gen.  nov.  differs  from  Lochriea 
Scott,  1942  in  having  a  long  and  pointed  posterior  platform, 

from  Ferganaegnathodus  Nemirovskaya  and  Nigmadganov, 
1993  in  having  a  nodular  carina,  and  from  Idiognathoides 
Harris  and  Hollingsworth,  1933  in  absence  of  a  sulcus  at  the 
anterior  part  of  the  platform.  The  following  four  species  are 
referable  to  the  genus  Neolochriea  :  N.  nagatoensis,  N. 
hisayoshii  sp.  nov.,  N.  hisaharui  sp.  nov.,  and  N.  koikei  sp.  nov. 
I  have  recovered  these  Neolochriea  species  from  other 
seamount  limestones  in  the  Akiyoshi  Terrane  of  southwest 
Japan,  such  as  the  Akiyoshi,  Taishaku,  Atetsu,  and  Omi 
Limestones.  All  of  the  Neolochriea  species  appear  between 

the  last  occurrence  of  Lochriea  species  and  the  first  occur- 
rence of  Idiognathoides  species.  Therefore,  Neolochriea 

gen.  nov.  may  derive  from  Lochriea  and  evolve  into  Idiognath- 
oides during  the  Early  Pennsylvanian. 

Etymology.— From  neo  (Greek)  meaning  "new"  and  lo- 
chriea, referring  to  the  genus  Lochriea,  therefore  "new" 

Lochriea. 

Geological  age.— Earliest  Late  Carboniferous  or  earliest 
Pennsylvanian. 

Neolochriea  hisaharui  sp.  nov. 

Figures  13-10—13 

Gnathodus  commutatus  nagatoensis  Igo  and  Koike,  1965,  p.  89, 
pi.  9,  fig.  10  (only)  ;  Koike,  1967,  p.  297,  pi.  1,  fig.  18  (only). 

Diagnosis.— Blade  is  as  long  as  platform  or  slightly  longer 
than  it  and  continues  as  a  carina.  Carina  bends  slightly  on 
the  anterior  part  of  the  platform  and  straightens  on  the 
posterior  end.  Long  straight  carina  continues  to  posterior 

end  of  platform  as  narrow,  low,  and  node-like  denticles. 
Outer  and  inner  surfaces  of  platform  are  smooth. 

Description.— In  upper  view,  the  unit  is  elliptical  and 
pointed  at  posterior  end  of  platform.  Long  blade  continues 
posteriorly  as  a  carina.  Carina  is  long,  relatively  thick, 
straight,  rising  above  smooth  platform,  and  ornamented  with 
two  rows  of  nodes.  A  very  shallow  groove  curves  between 
the  rows  toward  the  posterior  part  of  the  carina.  The  groove 
vanishes  about  two-thirds  of  the  distance  from  the  anterior 
part  of  the  carina,  where  the  nodes  fuse  into  a  single  row. 

In  lateral  view,  blade  is  high  and  long.  Denticles  of  blade 
are  very  low.  One  of  the  anterior  denticles  is  slightly  higher 
and  pointed.  Underside  of  platform  is  flat  and  upper  side  is 

slightly  arched. 
In  aboral  view,  the  basal  cavity  is  deep  and  widely  flaring 

anteriorly. 

Remarks.— Neolochriea  hisaharui  sp.  nov.  is  similar  to  N 
nagatoensis,  but  can  be  distinguished  from  the  latter  by  the 
difference  in  width  of  the  carina.  This  new  species  has  a 
thickened  carina  with  a  very  shallow  groove,  whereas  N 
nagatoensis  has  a  narrow  carina  without  the  groove. 
Among  the  specimens  illustrated  as  N  nagatoensis,  one 
specimen  of  Igo  and  Koike  (1965,  pi.  9,  fig.  10)  and  another 
specimen  of  Koike  (1967,  pi.  1,  fig.  18)  have  a  thickened 
carina  with  a  shallow  groove.  They  are  considered  to  be 
identical  with  the  present  new  species. 

Neolochriea  hisaharui  sp.  nov.  is  similar  to  Gnathodus 

glaber  described  by  Wirth  (1967)  from  the  Quinto  Real  of  the 
Western  Pyrenees  in  Spain,  but  the  former  differs  from  the 
latter  in  having  an  elliptical  platform  and  a  relatively  thick 
carina.  In  N.  hisaharui  sp.  nov.  the  carina  is  ornamented  by 
two  rows  of  nodes,  but  in  G.  glaber  the  carina  comprises  only 
a  single  narrow  row  of  nodes. 

Etymology.— The  specific  name  is  dedicated  to  Professor 
Hisaharu  Igo,  Department  of  Astronomy  and  Earth  Sciences, 
Tokyo  Gakugei  University,  who  has  contributed  much  to  the 

progress  of  Late  Paleozoic  conodont  taxonomy  and  biostrati- 
graphy  in  Japan. 

Materials—  Holotype :  DESC-95326  from  H 65.5;  Para- 

types  :  DESC-95323  from  H  65.5,  DESC-95324  from  H  65.5, 
DESC-95325  from  H  65.5. 

Neolochriea  hisayoshii  sp.  nov. 

Figures  13-5—9 
Gnathodus  opimus  Igo  and  Koike,  1965,  p.  89,  pi.  9,  figs.  5-8 

(only). 

Diagnosis.— Blade  is  almost  as  long  as  carina,  and  con- 
tinues onto  a  carina.  Long  and  straight  carina  bends 

slightly  on  the  anterior  part  of  the  platform  and  straightens  on 
the  posterior  end.  Carina  continues  to  posterior  end  of  unit, 

forming  a  long  narrow  row  of  low  node-like  denticle.  Outer 
and  inner  sides  of  carina  are  ornamented  with  parapet-like 
row  of  nodes.  Outer  and  inner  surfaces  of  platform  are 
smooth. 

Description.— In  upper  view,  unit  is  elliptical  and  pointed  at 

Figure  13.  1-4.  Neolochriea  nagatoensis  (Igo  and  Koike).  1  :  DESC-95301  from  Loo  H  64,  upper  view,  x  60,  2a,  b  : 
DESC-95300  from  Loo  H  64,  2a  :  upper  view,  x  60,  2b  :  upper  view,  x  180,  3  :  DESC-95302  from  Loo  H  64,  upper  view, 
x60,  4:  DESC-95303  from  Loo  H  64,  upper  view,  x60.  5-9.  Neolochriea  hisayoshii  sp.  nov.  5a,  b:  holotype,  DESC- 
95313,  from  Loo  H  64.5,  5a:  upper  view,  x60,  5b:  upper  view,  x180,  6:  paratype,  DESC-95310  from  Loo  H  64.5,  upper 
view,  x  60,  7  :  paratype,  DESC-95312  from  Loo  H  64.5,  upper  view,  x  60,  8  :  paratype,  DESC-95316  from  Loc.  H  66,  upper 
view,  x  60,  9  :  paratype,  DESC-95311  from  Loc.  H  64.5,  upper  view,  x  60.  10-13.  Neolochriea  hisaharui  sp.  nov.  10  : 
paratype,  DESC-95325  from  Loc.  H  65.5,  upper  view,  x60,  11a-c  :  holotype,  DESC-95326  from  Loc.  H  65.5,  11a:  lateral 
view,  x60,  11b  :  upper  view,  x60,  11c  :  upper  view,  x180,  12  :  paratype,  DESC-95324  from  Loc.  H  65.5,  upper  view,  x60, 
13  :  paratype,  DESC-95323  from  Loc.  H  65.5,  upper  view,  x60.  14-16.  Neolochriea  koikei  sp.  nov.  14a,b  :  holotype,  DESC- 
95334  from  Loc.  H  67.5,  14a  :  upper  view,  x60,  14b  :  upper  view,  X180,  15a,  b  :  paratype,  DESC-95335  from  Loc.  H  68.5, 
15a:  lateral  view,  x60,  15b  :  upper  view,  x60,  16  :  paratype,  DESC-95336  from  Loc.  H  68.5,  upper  view,  x60. 
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the  posterior  end  of  the  platform.  The  long  blade  extends 

onto  a  carina.  The  carina  is  flanked  by  parapet- like  row  of 
nodes  in  both  sides.  The  inner  row  of  nodes  fuses  to  the 

carina  at  posterior  part  of  carina.  The  outer  row  of  nodes 
fades  out  in  the  middle  part  of  the  carina. 

In  lateral  view,  blade  is  high  and  long.  Denticles  of  blade 
are  low  and  rounded.  The  anterior  part  of  the  blades  is 
slightly  higher  and  pointed. 

In  aboral  view,  large  basal  cavity  is  present. 

Remarks— Neolochriea  hisayoshii  sp.  nov.  differs  from  N. 
hisaharui  sp.  nov.  in  having  a  row  of  nodes  on  both  the  inner 
and  outer  sides  of  the  carina. 

Igo  and  Koike  (1965)  reported  Gnathodus  opimus  from  the 

Uzura  quarry  of  the  Akiyoshi  Limestone.  Among  the  speci- 
mens which  they  illustrated,  four  specimens  (Igo  and  Koike, 

1965,  pi.  9,  figs.  5-8)  have  parapet- like  nodes  on  both  side  of 
the  carina.  They  are  considered  to  be  identical  with  the 
present  new  species. 

Neolochriea  hisayoshii  sp.  nov.  is  similar  to  Ferganaegnath- 
odus  ferganaensis  described  by  Nemirovskaya  and  Nigmad- 
ganov  (1993)  from  the  Gazskaya  Formation  (Lower  Bashkir- 
ian)  of  Middle  Asia,  but  the  former  differs  from  the  latter  in 
possessing  a  denticulate  carina. 

Etymology.— The  specific  name  is  dedicated  to  Professor 
Emeritus  Hisayoshi  Igo,  Institute  of  Geoscience,  University  of 
Tsukuba,  who  has  led  conodont  study  in  Japan. 

Materials—  Holotype  :  DESC-95313  from  H  64.5  ;  Par- 
atopes :  DESC-95310  from  H  64.5,  DESC-95311  from  H  64.5, 

DESC-95312  from  H  64.5,  DESC-95316  from  H  66. 

Neolochriea  koikei  sp.  nov. 

Figures  13-14—16 

Diagnosis.— Blade  is  as  long  as  platform  or  slightly  longer 
than  it,  almost  straight,  and  attaches  onto  the  carina  in  a 
straight  line  and  continues  as  a  long  thick  carina.  The 
carina  expands  laterally  on  the  posterior  end  of  the  platform 
to  form  a  transverse  ridge.  Outer  and  inner  surfaces  of  the 
platform  are  smooth. 

Description— \n  upper  view,  the  platform  is  elliptical  and 
pointed  at  posterior  end.  Long  blade  continues  as  a  thick 
carina.  Carina  expands  into  a  long,  elliptical  flat  surface 
that  is  ornamented  with  transverse  ridges  and  joined  with  the 
blade  in  a  straight  line.  A  longitudinal  sulcus  or  groove  is 
absent  at  the  anterior  part  of  the  platform. 

In  lateral  view,  the  attachment  part  between  blade  and 
platform  is  slightly  arched.  Blade  is  high  and  platform  is 
lower  than  blade.  Denticles  of  blade  are  low  and  pointed. 
Under  and  upper  side  of  platform  is  almost  flat. 

In  aboral  view,  a  typical  gnathodid  basal  cavity  is  present. 

Remarks.— Neolochriea  koikei  sp.  nov.  differs  from  Neolo- 
chriea hisaharui  sp.  nov.  in  having  a  thick  and  wide  carina. 

The  carina  of  the  former  species  has  remarkable  transverse 

ridges  and  is  washboard-like. 
Neolochriea  koikei  sp.  nov.  closely  resembles  Idiognath- 

oides  convexus  described  by  Ellison  and  Graves  (1941)  from 
the  Dimple  Limestone  (Lower  Pennsylvanian),  but  the  latter 
differs  from  the  former  in  having  a  longitudinal  sulcus  at  the 

anterior  of  the  platform.  /.  pacificus  described  by  Savage 
and  Barkeley  (1985)  from  the  Klawak  Formation  (Lower 
Pennsylvanian)  of  Alaska  also  resembles  N.  koikei  sp.  nov., 
but  the  former  differ  from  the  latter  in  having  a  short  groove 
at  the  anterior  of  the  platform.  N.  koikei  sp.  nov.  has  neither 
a  sulcus  nor  groove.  Considering  the  resemblance  and 
stratigraphie  ranges  among  these  species,  I  suppose  that  N. 
koikei  sp.  nov.  may  evolve  into  these  Idiognathoides  species. 

Etymology.— The  specific  name  is  dedicated  to  Professor 
Toshio  Koike,  Institute  of  Geology,  Yokohama  National 

University,  for  his  active  research  on  conodont  biostratigra- 

phy. 
Materials—  Holotype  :  DESC-95334  from  H  67.5  ;  Par- 

atypes  :  DESC-95335  from  H  68.5,  DESC-95336  from  H  68. 
5. 

Neolochriea  nagatoensis  (Igo  and  Koike,  1965) 

Figures  13-1—4 Gnathodus  commutatus  nagatoensis  Igo  and  Koike,  1965,  p.  89, 

pi. 9,  figs. 9, 11-12  (only);  Koike,  1967,  p. 297,  pi.  1,  fig.  17 
(only). 

Gnathodus  nagatoensis  Igo  and  Koike.  Igo  and  Kobayashi, 
1974,  p.  421,  pi.  56,  figs.  14, 15. 

Description.— In  upper  view,  platform  is  broadly  ovate  and 
consists  of  a  prominent,  slightly  bending  carina.  Oral  sur- 

face of  platform  is  smooth.  The  long  blade  attaches  to  the 

platform  and  continues  as  a  carina.  Only  inner  side  adja- 
cent to  the  carina  is  ornamented  with  a  row  of  nodes.  The 

nodes  form  a  line  along  the  carina  and  fuse  at  the  posterior 

part  of  the  platform. 

Remarks.— Neolochriea  nagatoensis  resembles  Lochriea 
commutata,  but  the  former  differs  from  the  latter  in  having  a 
row  of  nodes  on  the  inner  side  of  carina.  N.  nagatoensis 
also  resembles  N.  hisayoshii  sp.  nov.,  but  the  former  differs 
from  the  latter  in  having  the  nodes  on  only  one  side  of  the 
carina.  Considering  the  resemblance  of  form  and  the 
appearance  of  these  species,  I  suppose  that  N.  nagatoensis 
may  derive  from  L  commutata  and  evolve  into  N.  hisayoshii 

sp.  nov. 
Materials.— DESC-95300  from  H  64,  DESC-95301  from  H 

64,  DESC-95302  from  H  64,  DESC-95303  from  H  64. 
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Abstract  Seasonal  patterns  of  shell  microincrement  growth  in  a  venerid  bivalve  Phacosoma  japonicum 
were  analyzed  for  the  three  populations  from  Hakodate,  Ariake,  and  Kagoshima  Bays  around  the  Japanese 
coasts.  The  northernmost  Hakodate  population  in  Hokkaido  grew  rapidly  in  a  limited  interval  between  late 
spring  and  summer.  The  number  of  microincrements  within  an  annual  increment  in  the  specimens  from 

this  population  was  smallest  (200-250  increments)  among  the  three  samples  of  populations  examined, 
and  each  microincrement  width  was  largest  (0.25-0.3  mm)  at  the  central  part  of  an  annual  increment  By 
contrast,  in  the  southernmost  Kagoshima  population  in  southern  Kyushu,  shell  growth  occurred  slowly  in 
a  long  term  between  early  spring  and  fall.  The  specimens  forming  this  population  are  characterized  by 

having  the  narrowest  microincrements  (each  0.10-0.12  mm)  and  largest  number  of  microincrements  in  the 
annual  increment  (300-350  increments).  In  this  species,  it  has  been  confirmed  that  the  growing  season 
reflects  the  seasonal  changes  of  phytoplankton  abundance.  The  phytoplankton  bloom  usually  occurs  in 
spring  in  embayments  of  northern  Japan  and  in  summer  in  those  of  central  and  southern  Japan.  In  Ariake 
Bay  (central  Kyushu),  however,  the  phytoplankton  becomes  most  abundant  in  winter  and  remains  at  low 
levels  in  the  other  seasons.  The  Ariake  population  of  P.  japonicum  showed  the  most  active  growth  in 
intervals  between  winter  and  early  spring.  In  this  sample,  the  microincrement  width  attained  a  maximum 

in  the  earlier  portion  of  each  annual  increment  and  the  annual  increment  showed  a  particularly  right- 
skewed  pattern  which  reflects  the  winter  phytoplankton  bloom  in  this  bay. 

Key  words  :  Bivalve,  Phacosoma  japonicum,  Phytoplankton  bloom,  Shell  microgrowth  analysis 

Introduction 

Shell  microgrowth  analysis  is  a  useful  method  for  ecologi- 
cal research  of  extant  and  fossil  molluscs,  because  micro- 

growth  increments  preserve  information  about  environmental 
and  physiologic  conditions  (Rhoads  and  Pannella,  1970  ; 
Kennish,  1980  ;  Lutz  and  Roads,  1980  ;  Jones,  1983).  In  the 
venerid  bivalve  Phacosoma  japonicum  treated  in  this  paper,  it 
has  been  confirmed  that  winter  and  spawning  breaks  are 
formed  annually  in  the  shell  microgrowth  pattern,  and  that 
they  can  be  used  to  estimate  the  age  of  sexual  maturity  and 
shell  growth  rate  in  extant  and  fossil  samples  (Tanabe,  1988  ; 
Tanabe  and  Oba,  1988  ;  Sato,  1994, 1995, 1996). 

Growth  and  reproduction  of  bivalves  are  generally  influ- 
enced by  a  number  of  environmental  factors  such  as  water 

temperature,  salinity,  and  food  availability.  Sato  (1998)  sug- 
gested that  monthly  shell  growth  pattern  and  reproductive 

cycles  of  P.  japonicum  are  strongly  influenced  by  seasonal 
change  of  food  availability,  represented  by  phytoplankton 
abundance.  Shell  microgrowth  analysis  is  useful  to  recon- 

struct the  seasonal  change  of  shell  growth,  so  that  it  will  be 
possible  to  estimate  the  seasonal  change  of  phytoplankton 
abundance  based  on  shell  microgrowth  analysis  of  fossil 
specimens. 

In  this  study,  to  delineate  the  relationship  between  shell 
microincrement  growth  patterns  and  the  seasonal  change  of 

phytoplankton  abundance,  seasonal  patterns  of  shell  mi- 
croincrement growth  in  P.  japonicum  were  analyzed  for  three 

populations  around  the  Japanese  coasts. 

Material  and  methods 

Seasonal  changes  of  shell  microincrement  growth  were 
examined  for  the  samples  from  the  subtidal  sand  flat  of 

Kamiiso  Coast,  Hakodate  Bay,  southern  Hokkaido  (41  49'N, 
140°42'E)  and  the  intertidal  sand  flats  of  Nagahama  Coast. 
Ariake  Bay,  central  Kyushu  (32  41'30"N,  130  33  30  E)  and  of 
Shigetomi  Coast,  Kagoshima  Bay,  southern  Kyushu  (31  42 

30"N,  130  38'E)  (Figure  1).  Living  individuals  were  collected 
monthly  from  Ariake  and  Kagoshima  Bays  during  January- 
September,  1995,  and  those  from  Hakodate  Bay  were  sam- 

pled on  several  occasions  from  September,  1991  to  March. 
1996  (Figure  1).  Seasonal  change  of  shell  microgrowth 

patterns  were  analyzed  for  three-year  old  specimens  from 
each  locality. 

Shell  microgrowth  patterns  were  also  examined  for  the 
samples  from  the  other  ten  localities  around  the  Japanese 
coasts  (Figure  1).    Of  the  ten  samples,  the  two  samples  from 
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Date  of  sampling 

(50):  Number  ol  living 

Ariake  Bay 

Feb.  17.  1995  (20) 

Mat.  18,  1995  (14) 

Apr.  14.  1995  (22) 

May  15.  1995  (22) 
June  14. 1995  (29) 

July  10.  1995  (20) 

Aug.  7,  1995  (15) 
Sep.    7. 1995  (12) 

Mar  16,  1995(7) 

May  6,  1994  (15  1 

Matsushima  Bay 

Jury  10, 1991  (23) 

Figure  1.  Locations  and  dates  of  collection  for  samples 

of  Phacosoma  japonicum  treated  in  this  paper.  Number  in 

parentheses  shows  the  sample  size. 

Wakkanai  Port  and  Yatsushiro  Bay  consist  only  of  dead 

specimens,  whereas  those  from  the  other  eight  localities  are 

represented  by  living  animals.  Also,  in  Wakkanai  Port  and 

Ishikari  and  Hakodate  Bays,  animals  from  the  subtidal  zone 

were  recovered  from  commercial  port  landings,  and  at  the 

other  localities,  those  from  the  intertidal  zone  were  sampled 

manually  at  low  tide. 

To  examine  the  shell  microgrowth  patterns,  a  single  valve 

from  each  specimen  was  sectioned  from  the  umbo  to  the 

ventral  margin  along  the  axis  of  maximum  growth.  The 

sectioned  valve  was  polished  and  etched  with  5%  acetic 

acid  for  10  minutes,  and  then  an  acetate  peel  was  prepared 

for  each  specimen  by  pressing  a  sheet  of  acetyl  cellulose 

film  named  as  "Bioden  R.  F.  A."  (34  ̂ m  in  thickness,  Oken 
Shoji  Co.,  Ltd.)  on  the  etched  surface  flooded  with  acetone. 

Growth  increments  in  each  acetate  peel  were  viewed  by 

means  of  a  Nikon  V-16  profile  projector  at  magnification, 
X100.  The  maximum  width  of  each  microincrement  was 

measured  successively  from  the  umbo  to  the  ventral  margin 

using  a  digital  micrometer  (accuracy±1  /*m)  attached  to  the 

profile  projector. 
Seasonal  changes  of  shell  growth  and  gonad  development 

in  the  Hakodate,  Ariake  and  Kagoshima  samples  were  also 
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Figure  2.  Seasonal  changes  of  shell  growth  (a)  and  gonad  development  (b)  in  mature  (> 4  years  old)  speci- 
mens of  P.  japonicum  from  Hakodate,  Ariake  and  Kagoshima  Bays  [mean  value  and  the  range  of  one  standard 

deviation  (vertical  bar)  are  indicated] ,  compared  with  annual  variations  of  water  temperature  (c)  and  food  availabil- 
ity (d)  near  the  sampling  localities.  Sources  of  environmental  data:  (1)  unpublished  data  of  the  Hokkaido 

Hakodate  Fisheries  Experimental  Station  in  1997,  (2)  unpublished  data  of  the  Kumamoto  Prefectural  Fisheries 
Research  Station  in  1997,  (3)  unpublished  data  of  the  Kagoshima  Environmental  Research  and  Service  in  1997. 
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examined  following  the  method  described  by  Sato  (1995, 

1998).  Gonad  index  [(gonad  weight  x100)/total  soft  body 

weight]  and  growth  index  [net  growth  (distance  from  last 

winter  break  to  shell  margin)/expected  annual  growth  (dis- 
tance from  last  winter  break  to  expected  next  winter  break)] 

were  calculated  in  monthly  collected  samples.  The  extent 

of  the  expected  annual  growth  for  each  individual  was 

estimated  using  the  Ford-Walford  equation  (Ford,  1933; 
Walford,  1946).    The  equation  is  expressed  as 

HR+i  =  aHR  +  b 

where  HR  is  the  shell  height  at  the  R  th  winter  break  (in  mm), 

Hr+i  is  the  shell  height  at  the  R  +  l  th  winter  break  (in  mm), 

and  a  and  b  are  constants  determined  by  a  simple  regres- 
sion between  HR  and  HR+i  of  different  individuals  of  the 

same  sample.  Using  this  equation,  shell  height  at  the 

expected  next  winter  break  of  each  individual  (HR+i)  can  be 

estimated  from  shell  height  at  the  last  winter  break  (HR)  and 

constants  at  each  age  class  {a,  b).  Data  of  growth  index 

and  gonad  index  of  the  samples  from  Ariake  and  Kagoshima 

Bays  were  quoted  from  Sato  (1998). 

Results 

Seasonal  changes  of  growth  and  reproductive  cycle  in  P. 
japonicum  and  some  environmental  factors 

Figure  2  shows  seasonal  shell  growth  and  gonad  develop- 
mental patterns  in  the  samples  of  Phacosoma  japonicum  from 

Hakodate,  Ariake  and  Kagoshima  Bays  and  the  seasonal 

changes  of  some  environmental  factors  near  the  sampling 

localities.  This  species  exhibits  distinct  geographic  varia- 
tion in  seasonal  patterns  of  shell  growth  and  reproductive 

cycles  (Figure  2a,  b).  Shell  growth  and  gonad  development 
were  active  from  February  to  April  in  the  population  of  Ariake 

Bay.  For  example,  mean  gonad  index  of  the  sample  from 

Ariake  Bay  had  already  increased  at  a  high  value  (more  than 

40%)  as  early  as  April,  although  the  gonad  index  reaches  a 

maximum  in  June  (Figure  2b).  On  the  contrary,  shell  growth 

and  gonad  development  occurred  during  June  and  July  in 

the  Hakodate  Bay  population  and  from  April  to  August  in  the 

Kagoshima  Bay  population.  In  these  samples,  mean  gonad 

index  kept  to  low  values  (less  than  40%)  during  January  to 

April  and  then  increased  rapidly  in  May  and  June  (Figure  2b). 
Because  Ariake  Bay  and  Kagoshima  Bay  are  adjacent  to 

each  other,  seasonal  changes  of  water  temperature  and 

salinity  are  similar  between  them  (Figure  2c;  Sato,  1998). 

However,  they  are  markedly  different  in  the  seasonal  abun- 
dance of  phytoplankton.  In  Kagoshima  Bay,  the  amount  of 

phytoplankton  increases  from  June  to  August  (Figure  2d).  In 

Ariake  Bay,  however,  phytoplankton  abundance  attains  a 

maximum  from  January  to  March.  The  phytoplankton 

bloom  generally  occurs  in  spring  in  embayments  of  northern 

Japan  and  in  summer  in  those  of  central  and  southern  Japan 

(lizumi  et  al.,  1990;  Yamashita,  1982),  so  that  the  winter 

bloom  in  Ariake  Bay  is  a  very  unique  phenomenon  in  the 

Japanese  coasts.    Based  on  these  data,  Sato  (1998)  con- 

Hakodate  Bay  (Sep.  91  -  Mar.  96) 
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Figure  3.  Shell  microgrowth  patterns  from  the  2nd  winter  break  to  shell  margin  in  the  six  specimens  of  P. 
japonicum,  each  of  which  was  collected  from  Hakodate  Bay  in  March,  1996,  June,  1992,  July,  1994  and  September, 
1991  respectively.    W2,  W3  :  the  2nd  and  3rd  winter  breaks  which  are  fitted  by  eye,  respectively. 
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eluded  that  growth  and  reproductive  cycles  of  P.  japonicum 
are  primarily  influenced  by  food  availability  not  by  water 
temperature. 

Comparison  of  shell  microgrowth  patterns 
Shell  microgrowth  patterns  in  the  specimens  from  the 

three  localities  were  examined  and  compared  with  each 
other.  The  specimens  from  each  locality  showed  a  similar 

growth  pattern  of  microincrements.  Shell  microgrowth  pat- 
terns in  the  selected  three-year-old  specimens  from  Ha- 

kodate, Ariake  and  Kagoshima  Bays  are  shown  in  Figures  3 
to  5. 

The  sample  from  Hakodate  Bay 
In  the  specimens  from  Hakodate  Bay,  a  growth  cessation 

mark  represented  by  the  discontinuity  of  the  microincrement 
sequence  is  observed  at  the  boundary  between  two  annual 
increments  (W2  and  W3  in  Figure  3).  This  cessation  mark 

was  caused  by  shell  dissolution  during  the  winter  season  (= 
winter  break)  (Tanabe,  1988),  and  in  the  specimens  from  this 
bay  the  winter  break  is  clearer  than  in  the  other  two  bays. 
All  of  the  specimens  collected  in  March  secreted  fewer 
microincrements  after  the  formation  of  the  3rd  winter  break 

than  those  collected  in  June  and  July.  Each  microincre- 
ment width  rapidly  increases  in  going  from  June  to  July  and 

thereafter  decreases  in  September.  Thus  it  is  suggested 
that  the  specimens  in  Hakodate  Bay  rapidly  grow  in  a  limited 
interval  between  late  spring  and  summer,  and  in  the  other 
seasons  they  do  not  grow.    Among  the  three  samples 

examined,  the  number  of  microincrements  within  the  3rd 

annual  increment  is  smallest  (200-250  increments),  and  each 
microincrement  width  is  largest  (0.25-0.3  mm)  at  the  central 
part  of  an  annual  increment. 

The  sample  from  Ariake  Bay 

In  the  specimens  recovered  from  Ariake  Bay,  microincre- 
ments near  the  end  of  an  annual  increment  are  narrow  and 

crowded,  so  that  the  winter  break  is  usually  obscure  (Figure 

4).  Because  rapid  shell  growth  occurs  between  winter  and 
early  spring  in  this  bay  (Figure  2a),  winter  breaks  appear  to  be 
formed  in  late  fall  or  early  winter.  Comparison  of  the  shell 
microgrowth  patterns  among  monthly  collected  specimens 

also  reveals  that  after  passing  the  3rd  winter  break,  microin- 
crement width  rapidly  increases  in  February,  and  then  gradu- 

ally decreases  from  April  to  September  (Figure  4).  Because 
microincrement  width  attains  a  maximum  in  February,  the 
microincrement  sequence  within  each  annual  increment 

shows  a  right-skewed  pattern.  In  this  sample,  each  mi- 
croincrement width  is  narrow  (0.15-0.25  mm),  and  the  number 

of  microincrements  is  considerably  large  in  the  3rd  annual 

increment  (250-300  increments)  compared  with  the  Ha- 
kodate sample. 

The  sample  from  Kagoshima  Bay 

In  the  specimens  from  Kagoshima  Bay,  the  microincre- 
ment width  increased  slowly  after  passing  the  3rd  winter 

break,  and  microincremental  growth  continued  during  a  long 

interval  between  March  and  September  (Figure  5).    There- 
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Figure  4.  Shell  microgrowth  patterns  from  the  2nd  winter  break  to  shell  margin  in  the  six  specimens  of  P. 
japonicum,  each  of  which  was  collected  from  Ariake  Bay  in  February,  April,  May,  June,  July  and  September,  1995 
respectively.    W2,  W3  :  the  2nd  and  3rd  winter  breaks  which  are  fitted  by  eye,  respectively. 
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fore,  the  maximum  microincrement  width  is  smallest  (0.10- 
0.12  mm),  and  the  number  of  microincrements  in  the  3rd 

annual  increment  is  largest  (300-350  increments)  among  the 
three  samples  examined.  In  this  sample,  the  maximum 
microincrement  width  appeared  during  May  and  June,  so 
that  each  annual  increment  exhibited  a  symmetrical  pattern. 

Also,  a  clear  interruption  of  microincrement  growth 
appears  in  the  central  part  of  the  3rd  annual  increment  (SB. 
in  Figure  5).  This  interruption  proved  to  be  the  result  of  a 

spawning  event  (= spawning  break)  (Sato,  1995).  Based  on 
this  break,  the  onset  of  sexual  maturity  in  this  sample  can 
therefore  be  determined  as  two  years  old. 

Three  types  of  shell  microgrowth  patterns  and  their  geo- 
graphical range  around  the  Japanese  coasts 

Comparison  of  the  accretionary  pattern  of  microincre- 
ments among  the  thirteen  local  samples  of  Phacosoma 

japonicum  revealed  the  presence  of  three  types  ;  i.e.  north- 
ern, southern  and  Ariake  types  (Figure  6).  These  three 

types  can  be  distinguished  on  the  basis  of  the  difference  in 
the  shape  of  the  shell  microgrowth  pattern  in  the  3rd  annual 
increment. 

The  northern  type  is  represented  by  the  sample  from 

Hakodate  Bay.  The  accretionary  pattern  of  microincre- 
ments in  the  3rd  annual  increment  has  a  very  sharp  peak  at 

the  central  portion,  because  every  microincrement  widens 
rapidly  in  a  limited  interval  between  late  spring  and  summer. 

Winter  breaks  are  very  clear  because  the  ventral  margin  of 
each  annual  increment  is  partly  dissolved  in  winter. 
Besides  the  Hakodate  sample,  the  northern  type  includes  all 

the  samples  from  northern  Japan  ;  i.e.  Wakkanai  Port,  Ishi- 
kari  Bay  (both  in  Hokkaido)  and  Mutsu  Bay  (northernmost 
Honshu).  Ages  of  sexual  maturity  in  those  samples  are  at 
least  four  years,  with  maximum  shell  height  of  more  than  6 
cm  (Table  1). 

In  the  Ariake  type  typically  represented  by  the  sample  from 
Ariake  Bay,  the  accretionary  pattern  of  microincrements  in 

the  3rd  annual  increment  is  broad  and  right-skewed  (Figure 
6).  Wide  microincrements  occurred  during  the  limited  inter- 

val between  winter  and  early  spring.  Interestingly,  this  inter- 
val corresponds  to  the  season  of  phytoplankton  bloom 

occurrence  (see  Figure  2d).  Specimens  from  Isahaya  and 
Yatsushiro  Bays  also  belong  to  this  type.  Age  of  sexual 

maturity  of  the  Ariake-type  specimens  is  four  years,  and 
maximum  shell  height  of  all  samples  in  this  type  is  more  than 
6  cm  (Table  1). 

The  southern  type  is  found  in  the  specimens  from  Kago- 
shima  Bay.  The  microincrement  sequence  in  the  3rd 
annual  increment  is  characterized  by  a  symmetrical  and  low 
hillshape  (Figure  6).  Animals  in  Kagoshima  Bay  showed  a 

remarkable  growth  in  summer  ;  the  season  of  growth  coin- 
cides with  that  of  phytoplankton  abundance.  Therefore,  the 

water  temperature  in  growing  season  is  much  higher  (20- 

30°C)  than  those  of  the  other  types  (10-20°C).    This  kind  of 

Kagoshima  Bay  (Feb.  -  Sep.  95) 
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Figure  5.  Shell  microgrowth  patterns  from  the  2nd  winter  break  to  shell  margin  in  the  six  specimens  of  P. 
japonicum,  each  of  which  was  collected  from  Kagoshima  Bay  in  February,  April,  May,  June,  August  and  September, 
1995  respectively.  W2,  W3,  S.B.  :  the  2nd  and  3rd  winter  breaks  and  spawning  break  which  are  fitted  by  eye, 
respectively. 
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Types 
Northern  type Southern  type 

Ariake  type 

localities  of  the 

populations 

Wakkanai  Port,  Ishikari 
Bay,  Hakodate  Bay, Mutsu  Bay 

Matsushima  Bay,  Tokyo  Bay, 

Mikawa  Bay,  Seto  Inland  Sea, 
Tsuyazaki  Inlet,  Kagoshima  Bay 

Ariake  Bay,  Isahaya  Bay, 
Yatsushiro  Bay 

Maximum 
shell  height 

Age  of  Sexual maturity 

6.5  -  8.0  cm 

4  -  5  yrs 

4.6  -  5.8  cm 
2  -  3  yrs 

6.3  -  6.8  cm 

4  yrs 

Growing  season 
of  this  species 
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Figure  6.    Three  shell  microgrowth  types  recognized  in  the  populations  of  P.  japonicum  around  the  Japanese 
coasts  compared  with  the  life  history  characteristics  and  environmental  conditions  of  each  type. 

microincrement  growth  was  widely  recognized  in  the  popula- 
tions around  the  central  to  southern  Japanese  coasts  includ- 
ing Matsushima  Bay  (northeastern  Honshu),  Tokyo  and 

Mikawa  Bays  (both  in  central  Honshu),  Seto  Inland  Sea 
(Shikoku),  Tsuyazaki  Inlet  and  Kagoshima  Bay  (both  in 

Kyushu).  The  geographical  boundary  between  the  popula- 
tions showing  northern-type  and  southern-type  microincre- 
ment growth  occurs  between  Mutsu  Bay  and  Matsushima 

Bay  (ca.  39°-40°N).    Age  of  sexual  maturity  in  the  southern- 

type  populations  is  at  most  three  years,  and  maximum  shell 
height  of  all  samples  in  this  type  is  less  than  6  cm  (Table  1). 

Therefore,  the  southern-type  populations  can  also  be  clearly 
distinguished  from  the  populations  of  the  other  two  types  by 

the  differences  in  life-history  traits  such  as  age  of  sexual 
maturity  and  maximum  shell  height. 

Table  1.    Summaries  of  life  history  and  shell  microgrowth  patterns  of  P.  japonicum  at  each  locality.     Maximum 
asymptotic  shell  height  were  calculated  by  Gompertz  equation  (see  Sato,  1994). 

Maximum 
Age  of 

Number  of  micro- 
Microincrement 

Shape  of  the Locality Latitude 
asymptotic sexual increments  within width  of  the  largest 3rd  annual Type 
shell  height 

maturity 
the  3rd  annual 

increments  (mm) 
increment 

(cm) 

(yrs) 

increment 

Wakkanai  Port 
45°  25'  N 8.02 

>5 

150-200 0.25  -  0.30 

Symmetrical Ishikari  Bay 
43°10'N 

7.21 5 200  -  250 0.25  -  0.30 

Symmetrical 
Northern 

Hakodate  Bay 
41°49'N 

6.49 4 200  -  250 0.25  -  0.30 
Symmetrical type Mutsu  Bay 

40°  52'  N 
6.63 

? 200  -  250 0.25  -  0.30 
Symmetrical 

Matsushima  Bay 38°  22'  N 
5.15 3 250  -  300 0.10-0.15 

Symmetrical Tokyo  Bay 35°  19'  N 5.80 3 200  -  300 0.15-0.20 
Symmetrical 

Southern 

Mikawa  Bay 
34°  46'  N 5.21 3 250  -  300 0.10-0.15 

Symmetrical type Seto  Inland  Sea 33°  58'  N 
4.95 

3 250  -  350 0.10-0.15 

Symmetrical Tsuyazaki  Inlet 33°  47'  N 5.37 3 250  -  300 0.15-0.20 
Symmetrical Isahaya  Bay 32°  52'  N 

6.34 4 250  -  300 0.15-0.25 
Right  skewed 

Ariake 

Ariake  Bay 
32°41'N 

6.53 4 250  -  300 0.15-0.25 
Right  skewed 

type 
Yatsushiro  Bay 32°  37'  N 

6.86 
? 250  -  300 0.15-0.25 

Right  skewed 
Kagoshima  Bay 31°  42'  N 

4.61 2 300  -  350 0.10-0.12 
Symmetrical 

southern  type 
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Discussion 

This  study  revealed  that  the  populations  of  Phacosoma 

japonicum  around  the  Japanese  coasts  can  be  classified  into 

the  northern,  southern  and  Ariake  types  based  on  the  shell 

microgrowth  pattern  (Figure  6).  The  boundary  between  the 

northern-  and  southern-type  populations  of  this  species 
corresponds  to  the  northern  limit  of  the  Zoogeographie 

ranges  of  typical  Japanese  temperate-water  species  such 

as  Meretrix  lusoria,  Mactra  veneriformis  and  Trapezium  lira- 

turn  (Matsushima,  1984).  Around  the  Japanese  coasts  fac- 
ing the  Pacific  Ocean,  these  species  do  not  live  north  of  the 

Sanriku  Coast  (ca.  39°-40°N),  where  the  water  temperatures 

annually  range  from  8°C  to  23°C  (Tamura,  1966  ;  Matsushima 
and  Ohshima,  1974).  P.  japonicum  is  distributed  in  Mutsu 

Bay  (ca.  40°N),  but  the  shell  microgrowth  and  life-history 
patterns  in  the  northern-type  populations  markedly  differ 

from  those  in  the  southern-type  populations.  These  results 

suggest  that  the  geographic  boundary  between  39°N  and  40° 

N  (annual  range  of  water  temperature  from  8°C  to  23°C)  is  a 
critical  point  reflected  by  the  physiological  conditions  for 

many  bivalve  species  living  on  the  tidal  flats. 

The  Ariake  type  included  the  samples  from  the  three 

geographically  neighboring  bays  in  central  Kyushu.  Isahaya 

Bay  is  a  small  cove  in  Ariake  Bay,  so  that  seasonal  change 

of  phytoplankton  abundance  in  this  bay  appears  to  be  similar 

to  that  in  the  main  part  of  Ariake  Bay.  In  Yatsushiro  Bay, 
phytoplankton  bloom  also  occurred  in  winter  (Tsuruta  et  al., 

1986).  In  summary,  the  growing  season  of  P.  japonicum  is 

strongly  influenced  by  the  annual  pattern  of  food  (phyto- 

plankton) abundance,  and  shell  microgrowth  patterns  pre- 
serve well  seasonal  changes  of  phytoplankton  abundance. 

Therefore,  shell  microgrowth  analysis  of  fossil  bivalves  is 

expected  to  be  useful  in  reconstructing  seasonal  change  of 

phytoplankton  abundance  in  paleoembayments. 
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Abstract.  A  new  anascan  cheilostome  bryozoan  species,  Dysnoetocella  ?  voigti,  is  described  «from  the 
Upper  Cretaceous  Izumi  Group  in  the  northwestern  part  of  Shikoku  Island,  Japan.  The  zoarium  is  erect 
and  unjointed,  with  subcylindrical  multilamellar  branches.  Three  types  of  fine  structure  are  evident  in  the 
calcareous  skeletal  layers  from  well  preserved  specimens.  The  narrow  frontal  shields  of  the  zooids  show 
ontogenetic  thickening,  which  suggests  that  the  species  is  an  anascan  cryptocystidean.  The  zoarium, 
consisting  of  many  zooid  columns,  is  reminiscent  of  some  Paleozoic  trepostomes.  Although  the  zooid 
column  is  sometimes  found  in  the  Ascophora,  it  also  occurs  rarely  in  the  Anasca. 

Key  words  :  Bryozoans,  Cheilostome,  Izumi  Group,  Upper  Cretaceous 

Introduction 

The  Upper  Cretaceous  Izumi  Group  is  distributed  as  a 
narrow  belt  about  300  km  long  stretching  from  the  Izumi 
Mountains  in  the  Kii  Peninsula  to  Matsuyama  City  in  the 
northwestern  part  of  Shikoku  Island  (Matsumoto,  1954).  In 
the  Matsuyama  area,  some  fossil  localities  of  the  Izumi 
Group  yielding  molluscan  fossils  such  as  Inoceramus, 
Apiotrigonia,  Steinmannella,  etc.  are  distributed.  All  of  these 
fossils  occur  from  the  basal  part  of  the  group  and  indicate  a 
Campanian  age  as  defined  by  Tashiro  et  al.  (1993). 

The  present  bryozoan  materials  associated  with  many 
shell  (bivalve)  fragments  were  collected  from  an  outcrop  of 

the  Yuyama  basal  conglomerate  Member  near  Kuroya-ike 
(an  artificial  pond  for  agricultural  use)  located  at  Takano- 
cho,  eastern  Matsuyama  City  (Figure  1).  Some  Upper  Per- 

mian fusulines  such  as  Yabeina  and  Schwagerina  have  been 
reported  by  Sada  (1975)  from  the  limestone  pebbles  of  the 
conglomerate  in  the  same  locality,  but  we  were  unable  to 
find  any  Paleozoic  fossil  remains. 

The  oldest  calcified  cheilostome  reported  from  the  Juras- 
sic Period  is  morphologically  simple  and  has  an  encrusting 

colony  with  uniserially  budded  autozooids.  Rigidly  erect 
colonies  with  higher  states  of  integration  are  known  from 
Late  Cretaceous  and  Cenozoic  deposits  (Cheetham  and 
Cook,  1983).  Voigt  (1964)  established  a  genus  Dysnoetocella 

based  on  the  specimen  from  the  Montian  or  Dano-Montian 
stage  in  Belgium  and  Poland.  The  type  species,  D.  aenig- 
matica,  has  a  rigidly  erect,  multilamellar  growth  habit.    He 

considered  that  this  genus  belongs  to  the  Anasca,  but  further 
details  of  its  systematic  position  are  still  obscure.  He  also 
compared  the  type  species,  Dysnoetocella  aenigmatica  Voigt, 
with  an  anascan  Conopeum  ?  damicornis  Canu  and  Bassler 
which  has  similar  growth  habit  and  zooid  morphology. 

In  the  present  article,  Dysnoetocella  ?  voigti  sp.  nov.  is 
described,  and  its  phylogenetic  significance  is  discussed. 
This  is  the  first  descriptive  report  of  Cretaceous  bryozoan 

from  Japan.  Based  on  thin-section  observations  the  fine 
skeletal  structures  are  described  in  detail,  although  the 
original  fine  structures  have  been  slightly  damaged  by 
diagenetic  recrystallization  and  replacement  (see  Sandberg, 
1975).  The  body  cavities  are  completely  filled  with  sparry 
calcite  cement. 

Systematic  paleontology 

Class  Gymnolaemata  Allman,  1856 
Order  Cheilostomata  Busk,  1852 
Suborder  Anasca  Levinsen,  1909 

Genus  Dysnoetocella  Voigt,  1964 

Type  species.— Dysnoetocella  aenigmatica  Voigt,  1964 
Generic  diagnosis.— Zoarium  dendroid,  consisting  of 

bilamellar  axial  zooecia  and  outer  cumulating  zooecia 
enveloping  the  axis.  Axial  zooecia  large,  slightly  convex, 
with  an  oval  aperture.  Cumulating  zooecia  small,  irregular 
and  depressed.  Ovicells  and  avicularia  not  observed. 

Geological  age.— Late  Cretaceous  (Campanian)  ?  to 
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Figure!  Locality  map  of  bryozoan  collections  from  the 

Izumi  Group  from  "Matsuyama  City"  of  the  city  planning  map 
(scale:  1/10,000) 

Early  Tertiary  (Montian  or  Dano-Montian). 

Dysnoetocella  ?    voigti  sp.  nov. 

Figures  2-1—6,  3-1—10 

Material—  Holotype :  Reg.  no.  NSM-PA14018 ;  Paratypes : 
Reg.  nos.  NSM-PA1401,  NSM-PA14019,  NSM-PA14020, 
NSM-PA14021,  NSM-PA14022,  NSM-PA14023,  NSM- 
PA14024.  All  the  specimens  are  stored  in  the  Collections  of 
National  Science  Museum  (NSM)  in  Tokyo,  Japan. 

Description.— Zoarium  erected  without  articulations,  sub- 
cylindrical,  branching  dichotomously  (Figures  2-1, 4),  consist- 

ing of  bilamellar  zooecia  which  form  a  central  axis  and  outer 
cumulating  zooecia  enveloping  the  axis.  Each  branch 

composed  of  two  layers  of  back-to-back  axial  zooecia  is 
initially  flattened,  and  overgrown  by  approximately  20  zooid 

layers  of  cumulating  zooecia  at  most,  becoming  subcylin- 
drical  and  thick  (Figures  2-2, 3).  Bilamellar  axial  zooecia 
tubular,  0.34-0.49x0.14-0.20  mm  in  size  ;  cryptocyst  slightly 
convex,  with  a  thickened  superficial  layer,  extending  one- 
quarter  to  one-third  of  the  zooecial  length  from  the  proximal 
margin.    Cumulating  zooecia  compressed,  variable  in  size, 

commonly  0.44-0.54x0.26-0.32  mm  ;  cryptocyst  narrow 
and  flat,  occupying  about  one-third  of  the  front,  with  a 
thickened  superficial  layer.  Ancestrula,  ovicell  and 
avicularia  are  absent. 
Remarks—  The  colony  of  Dysnoetocella  ?  voigti  is  large. 

The  branches  measure  about  50  mm  in  length  and  6  mm  in 

diameter.  Thin  sections  show  well  preserved  internal  struc- 
tures. Although  colonies  can  not  be  observed  from  frontal 

view  because  of  the  consolidated  conglomerate,  the  mor- 
phological features  of  the  calcareous  frontal  shield  are 

important  in  taxonomic  studies  of  cheilostomes.  The 
zooecia,  which  have  interzooidal  communication  organs  in 
the  lateral  walls,  demonstrate  their  cheilostomatous  nature. 

Voigt  (1964)  considered  that  the  genus  Dysnoetocella 
belongs  to  the  Anasca  because  of  slight  calcification  of  the 

frontal  shield  and  the  lack  of  an  ascopore,  and  Dysnoetocel- 
la ?  voigti  also  lacks  an  ascopore.  The  encrusting  base 

and  ancestrula  are  not  observed. 

Occurrence  and  geological  age.— The  lowest  horizon  of 
the  Yuyama  conglomerate  Member,  which  lies  in  the  basal 
part  of  the  Izumi  Group.  It  is  correlated  to  the  Late 
Cretaceous  Campanian  age  on  the  basis  of  the  associated 
molluscan  fossils  (Tashiro  et  al.,  1993). 

Fine  structures  of  calcareous  skeletal  walls 

The  species  produces  two  types  of  zooecia,  namely, 
bilamellar  axial  and  multilamellar  outer  zooecia.  The 

branches  are  composed  of  4  to  9  series  of  bilamellar  axial 

zooecia  initially  (Figures  2-2, 3),  and  overgrown  by 
multilamellar  outer  zooecia. 

The  axial  zooecia,  which  are  arranged  in  a  brick-like 
pattern,  are  convex  and  slant  distally  upward  (Figure  3-1).  In 
longitudinal  sections  of  the  outer  cumulating  tissue  (Figure 

2-5),  the  multilamellar  outer  zooecia  have  a  depressed  box- 
shaped  structure  and  differ  in  size.  The  total  height  of  the 
zooecium  is  less  than  the  axial  one.    The  opecium  is  broad. 

Dark-colored  fibrous  layer  :  —In  transverse  sections  of  the 
axial  zooecia,  dark-colored  outermost  skeletal  layers  of  the 
basal  and  lateral  walls  are  thin  (about  20  ,um)  and  evenly 

distributed  (Figure  3-5).  The  fine  structure  of  the  wall  is 
fibrous,  and  resembles  a  planar  spherulitic  ultrastructure 
which  lies  against  the  cuticle  and  consists  of  acicular  calcite 
needles  (Sandberg,  1983).  However,  no  arrangement  of  the 

calcite  crystals  in  wedge-  or  fan-shaped  arrays  (Sandberg, 
1983)  is  evident,  because  the  exterior  surface  of  the  skeleton 
can  not  be  observed  in  thin  sections.  There  is  a  possibility 
of  significant  ultrastructural  changes  that  are  not  visible  by 
light  microscopy  (see  Sandberg,  1975). 

Wavy  lamellar  layer  :  —The  dark-colored  outermost 
skeletal  layers  of  the  basal  and  lateral  walls  are  overlain  by 

wavy  lamellar  layers  composed  of  4  to  9  lamellae  (Figure  3- 
5).  Lateral  tracing  of  each  lamella  is  difficult.  The  lamellar 

layers  are  generally  thicker  than  the  dark-colored  outermost 
skeletal  layers  and  continuous  with  the  frontal  and  trans- 

verse walls.  This  fine  structure  is  considered  to  be  a  lamel- 

lar ultrastructure  (Cheetham  et  al.,  1969)  composed  of  numer- 
ous, superimposed  thin  calcific  layers.  As  Sandberg  (1971) 

pointed  out,  the  lamination  observed  appears  to  be  large- 
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Figure  2.  Dysnoetocella  ?  voigti  sp.  nov.  1.  Longitudinal  section  of  branch,  X10,  NSM-PA14018.  2. 
Transverse  section  of  branch,  showing  bilamellar  axial  zooecia  (arrow),  x  10,  NSM-PA14024.  3.  Transverse  section 
of  branch,  x10,  NSM-PA14021.  4.  Longitudinal  section  of  branch,  x10,  NSM-PA14018.  5.  Axial  and  cumulating 
zooecia,  distal  toward  top,  x20,  NSM-PA14019.  6.  Transverse  section  of  branch,  showing  bilamellar  axial  zooecia 
and  interzooidal  communication  organs  (arrow),  x30,  NSM-PA14022. 

scale  lamination,  each  composed  of  finer  lamellae. 

Fibrous   superficial   layer:  —The   frontal    shield    of   the 
cumulating  zooecium,  which  occupies  one  quarter  to  one 

third  of  the  total  zooid  length,  is  composed  of  two  calcareous 

layers,  the  primary  and  superficial  layers  (Figure  3-4).  The 
primary  layer  continuous  with  the  lateral  and  transverse  walls 
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is  relatively  thick,  suggesting  that  calcareous  deposition  on 
the  basal  surface  of  the  primary  layer  was  not  cut  off  by 
development  of  the  ascus.  The  layer,  which  is  smooth  and 
laminated  roughly  parallel  to  the  wall  surface,  has  the  same 
fine  structure  as  the  lamellar  layers  of  the  axial  zooecia. 

There  are  also  dark-colored  thin  skeletal  layers  between  the 
lateral  walls  of  adjacent  zooecia  (Figures  3-2, 3)  like  axial 
zooecia  and  between  the  transverse  walls  (Figure  3-4),  but  it 
appears  that  there  are  no  dark-colored  thin  layers  between 
the  basal  walls  and  the  body  cavities  beneath,  suggesting 
that  the  lateral  and  transverse  walls  are  exterior  and  the 
basal  walls  interior. 

The  fibrous  superficial  layer  that  spreads  over  the  primary 
layer  and  mural  rim  as  a  lamella,  gradually  thinning  from  the 
periphery  to  the  center  of  the  opesium,  may  begin  exactly  at 

the  zooecial  boundaries  and  spread  distally  (Figure  3-4). 
The  fine  structure  of  the  fibrous  superficial  layer  (Figures  3- 
7, 9)  is  somewhat  similar  to  the  conical  bundles  or  clusters 
formed  by  acicular  aragonitic  crystals  (see  Sandberg,  1983). 
The  calcification  of  the  superficial  layer  is  commonly  heavy. 

This  ontogenetic  frontal  thickening  may  occur  after  comple- 
tion of  the  zooid.  However,  the  time  lag  after  which  the 

superficial  layer  begins  to  develop  on  the  upper  surface  of 
the  primary  layer  is  not  known  in  Dysnoetocella  ?  voigti,  as 

Sandberg  (1971)  has  pointed  out  that  "the  time  lag  between 
calcification  of  the  primary  calcific  frontal  and  the  beginning 
of  superficial  aragonite  formation  is  quite  variable  among 

species". 
In  some  cases,  pores  piercing  the  two  frontal  calcareous 

layers  are  observed  near  the  proximal  margin  (Figures  3-4, 8). 

Phylogenetic  consideration  of  Dysnoetocella 

The  multilamellar  zooecia  are  commonly  as  large  as  the 
axial  ones  in  Dysnoetocella  ?  voigti,  as  in  Conopeum  ? 
damicornis  Canu  and  Bassler  from  the  Paleocene  Midway 
Group  in  North  America,  which  has  a  similar  growth  habit. 

However,  the  multilamellar  zooecia  in  Dysnoetocella  aenig- 
matica  and  D.  foliacea  Voigt  are  much  smaller  than  the  axial 
ones  (Voigt,  1964, 1967).  The  axial  zooecia  are  taller  than 
the  cumulating  zooecia  in  Dysnoetocella  ?  voigti,  as  well  as 
in  Dysnoetocella  aenigmatica  and  D.  foliacea.  In  its  growth 
form,  Dysnoetocella?  voigti  resembles  Heteroconopeum 
janieresiense  (Canu)  from  the  Turanian  age  in  France,  but 
differs  in  its  dimorphic  zooecia  like  D.  aenigmatica  and  has 
none  of  the  small  interopesial  hollows  that  characterize  the 
genera  Conopeum  and  Heteroconopeum  (Voigt,  1983). 

In  transverse  section  of  axial  zooecia,  the  lateral  walls  of 
the  branch  are  breached  to  form  interzooidal  communication 

organs  between  adjacent  axial  zooecia  (Figure  2-6).    The 

lineal  series  of  subsequently  budded  axial  zooecia  is  par- 
titioned by  small  interior  transverse  walls.  The  outermost 

skeletal  layers  and  bounding  cuticles  of  the  lateral  and  basal 
walls  are  presumably  continuous  from  zooid  to  zooid  within 

a  lineal  series  (Figure  3-1). 
There  are  three  to  five  dark  round  spots  in  the  lateral  wall 

of  a  cumulating  zooecium.  They  are  calcareous  protuber- 
ances and  considered  to  be  communication  organs  (Figure 

3-4),  through  which  the  cumulating  zooids  communicate 
with  zooids  at  the  same  depth  in  adjacent  zooid  columns. 
A  longitudinal  section  of  cumulating  tissue  shows  that  the 

transverse  walls  separated  by  the  dark-colored  thin  layers 
(Figure  3-4)  are  double,  and  different  from  those  of  axial 
zooecia,  suggesting  that  the  transverse  walls  are  formed  in  a 
different  way  from  the  latter.  Unlike  axial  zooecia,  the 
calcareous  lateral  and  basal  walls  of  the  cumulating  zooecia 
are  not  continuous  with  those  of  the  distal  and  proximal 

zooecia  at  the  same  depth  in  the  colony  (Figure  3-1). 
Therefore,  the  transverse  walls  which  form  a  double-walled 
structure  with  the  intercalated  cuticle  layer  like  lateral  walls 
are  considered  to  be  exterior.  It  is  thus  clear  that  the 

cumulating  zooid  does  not  bud  from  the  proximal  one  at  the 
same  depth  in  the  colony. 

The  basal  wall  of  cumulating  zooecia  is  commonly  thick  in 

the  distal  half,  and  becomes  thinner  proximally.  Some  lon- 
gitudinal sections  show  that  there  is  a  pore  at  the  proximal 

end  of  the  wall,  which  sometimes  connects  with  a  corre- 
sponding pore  in  the  frontal  shield  of  the  zooecium  beneath 

it  (Figure  3-8).  The  superficial  layer  wraps  the  pore,  but 
does  not  extend  down  into  it.  Voigt  (1964)  stated  that  in 

Dysnoetocella  aenigmatica  "every  zooecium  contains  a  hole 
in  the  bottom,  leading  into  the  next  lower  zooecium".  It  is 
therefore  reasonable  to  infer  that  the  cumulating  zooid 
erupts  and  buds  through  the  pore  frontally.  Each  new 
daughter  zooid  has  the  same  polarity  as  its  parent.  On  the 
other  hand,  Voigt  (1964)  mentioned  that  cumulating  zooecia 

increase  by  "budding  out  from  the  apertures"  in  Dysnoetocel- 
la aenigmatica.  The  cuticle  layer  is  considered  to  be  contin- 

uous from  the  parent  zooid  to  the  frontally  budded  daughter, 
but  the  calcareous  lateral  and  transverse  walls  are  not 

continuous  in  Dysnoetocella  ?  voigti.  The  daughter  zooid 
does  not  use  the  frontal  shield  of  the  mother  as  a  calcareous 

basal  wall,  but  deposits  the  calcareous  basal  wall  over  the 

frontal  shield.  Although  "distal"  is  "frontal"  in  frontally  bud- 
ded zooids,  we  will  refer  to  directions  in  cumulating  zooids  as 

if  they  are  axial  zooids  after  the  manner  of  Banta  (1972). 

Because  thin  sections  show  accretion  of  fibrous  calcar- 
eous deposits  on  the  frontal  side  of  the  frontal  shield,  and 

according  to  Cheetham  and  Cook  (1983)  "gymnocysts  cease 
to  be  deposited  relatively  early  in  zooid  life  and  characteristi- 

Figure  3.  Dysnoetocella  ?  voigti  sp.  nov.  1.  Longitudinal  section,  bilamellar  axial  zooecia,  distal  to  left,  x30,  NSM- 
PA14020.  2.  Transverse  section,  zooid  column  bifurcation  and  skeletal  fine  structures,  x60,  NSM-PA14024.  3.  Trans- 

verse section,  zooid  column  bifurcation  and  skeletal  fine  structures,  x60,  NSM-PA14022.  4.  Longitudinal  section,  distal  to 
left,  showing  fibrous  superficial  layers  (arrows),  x60,  NSM-PA14019.  5.  Transverse  section  of  bilamellar  axial  zooecia, 
showing  dark-colored  outermost  and  wavy  lamellar  skeletal  layers  ;  arrows  indicate  frontal  direction,  X250,  NSM-PA14022. 
6.  Longitudinal  section,  distal  to  left,  cryptocyst,  x250,  NSM-PA14019.  7.  Longitudinal  section,  distal  to  left,  fibrous 
superficial  layer,  x250,  NSM-PA14019.  8.  Longitudinal  section,  distal  to  left,  x250,  NSM-PA14018.  9,10.  Transverse 
sections  of  cumulating  zooecia,  wavy  lamellar  and  fibrous  superficial  layer,  x250,  NSM-PA14022. 
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cally  remain  relatively  thin",  the  shield  may  not  be  a 
gymnocyst  but  a  cryptocyst  or  an  umbonuloid  shield. 

Because  the  primary  layer  of  the  frontal  shield  has  no  dark- 
colored  thin  layer  and  resembles  the  cryptocysts  of  Labiopor- 
ella  calypsonis  Cook  and  Membranipora  grandicella  (Canu 
and  Bassler)  (see  Sandberg,  1983,  Fig.  116  ;  Sandberg,  1973, 
Fig.  13)  in  having  lamellar  layers  around  the  distal  end  of  the 
cryptocyst,  the  frontal  shields  are  considered  to  be  interior 
cryptocysts.  Although  thin  sections  demonstrate  that  the 
walls  have  neither  condyles,  characteristic  of  ascophoran 
cryptocystideans,  nor  opesiules  through  which  the  parietal 

muscles  pass,  characteristic  of  some  anascan  crypto- 
cystideans, the  species  is  considered  to  be  an  anascan 

cryptocystidean  because  of  the  narrow  cryptocysts  and 
development  of  the  primary  layers  of  the  frontal  shield. 
The  process  of  frontal  budding  of  a  cryptocystidean 

ascophoran  species,  Shizoporella  unicornis  floridana  Osburn, 
was  investigated  in  detail  by  Banta  (1972).  He  observed  that 

frontal  budding  is  accomplished  by  swelling  of  the  hypos- 
tegal  coelom,  and  that  the  cryptocystal  frontal  wall  of  the 
mother  zooid  is  the  basal  wall  of  the  daughter.  The 
cumulating  zooids  in  Dysnoetocella  ?  voigti  are  considered 
to  have  budded  frontally  through  the  uncalcified  pores  at  the 
proximal  end  of  the  basal  wall.  In  comparison  with  a 
cryptocystidean  ascophoran  Schizoporella  unicornis  floridana 
(Banta,  1972),  the  vertical  walls  of  the  daughter  are  not 
continuous  with  that  of  the  parent,  and  the  daughter  deposits 
a  new  interior  basal  wall  on  the  frontal  shield  of  the  mother. 

As  the  frontal  budding  proceeds,  radial  zooid  columns 
separated  by  an  intercalated  cuticle  develop.  Commonly  in 
most  anascan  multilamellar  colonies,  the  zooids  are  over- 

grown by  subsequent  zooid  layers  (Nishizawa,  1985)  and  do 
not  produce  zooid  columns. 

According  to  Cheetham  and  Cook  (1983)  and  Gordon  and 
Voigt  (1996),  some  anascans  and  ascophorans  known  from 
Late  Cretaceous  and  Cenozoic  deposits  exhibit  a  variety  of 
growth  habits,  complex  frontal  structures  and  colonial  inte- 

gration. The  cryptocystidean  anascan  Dysnoetocella? 
voigti  is  a  complex  anascan  and  similar  to  cryptocystidean 
ascophorans  in  frontal  budding  and  ontogenetic  thickening 
of  the  frontal  shield. 

What  is  the  significance  of  frontal  budding  ?  As  Banta 
(1972)  has  pointed  out,  it  does  not  result  in  increasing  the 
number  of  zooids,  because  a  daughter  zooid  buds  from  the 
mother  except  for  the  bifurcation  of  the  zooid  column,  and 
the  mother  is  buried  under  the  daughter.  However,  the 
frontal  budding  of  erect  rigid  colonies  of  Dysnoetocella  ? 
voigti  may  increase  the  degree  of  structural  support.  The 
heavy  ontogenetic  thickening  may  indicate  that  frontal 
budding  does  not  occur  as  soon  as  the  cumulating  daughter 
zooids  are  completed.  Rigidly  erect  cheilostome  colonies 
have  a  tendency  to  inhabit  relatively  deep  sea  areas  with  a 
low  rate  of  sedimentation,  little  wave  action  and  weak 
current,  and  the  number  of  species  decreases  with  increased 
depth  (see  Schopf,  1969).  The  Yuyama  conglomerate 
Member  contains  only  this  species  and  no  fragments  of 
encrusting  cheilostome  colonies.  Thus  Dysnoetocella? 
voigti  is  considered  to  have  lived  on  a  calm  ocean  floor  using 
gravel  and  shells  as  substrates.    In  Dysnoetocella  ?    voigti 

colonies,  replacement  of  old  zooids  may  have  been  prefer- 
able to  rapidly  increasing  the  number  of  zooids  in  such  a 

stable  environment  after  deposition  of  the  basal  conglomer- 
ate, because  most  of  the  colony  fragments  are  thickly 

developed  branches,  and  no  early  bilamellar  branches  are 
found. 

As  frontal  budding  proceeds,  the  colony  forms  zooid 
columns  separated  by  cuticles.  In  the  zooid  column,  each 
zooecium  is  broader  than  the  one  beneath  it.  If  the  width  is 

excessive,  the  mother  zooid  gives  rise  to  two  daughters  and 
the  zooid  column  bifurcates. 

Although  the -daughter  zooids  which  bud  from  the  axial 
zooid  are  as  large  as  those  which  bud  from  the  cumulating 
zooids  in  Dysnoetocella  ?  voigti,  the  axial  zooids  produce 
many  small  cumulating  zooids  in  Dysnoetocella  aenigmatica 
and  D.  foliacea.  The  daughter  zooecia  at  the  point  of 
bifurcation  are  narrow  and  distorted.  There  is  an  irregularly 
shaped  dwarfed  zooecium  at  the  point  of  bifurcation  in  some 
cases.  The  zooecium  is  not  considered  to  be  an  avicular- 
ium  because  of  its  inconsistent  size  and  shape.  Mostly  one 
daughter  is  smaller  than  the  other.  The  new  column 

appears  to  arise  by  intercalation  (Figures  3-2, 3)  or  bifurca- 
tion (Figure  3-2).  In  any  event,  the  vertical  walls  between 

two  daughters  have  a  double-walled  structure,  and  the  mode 
of  bifurcation  is  entirely  different  from  that  in  Schizoporella 
unicornis  floridana,  separated  by  a  single  vertical  wall  (Banta, 1972). 

Banta  (1972)  saw  that  "zooids  overgrown  by  their  own 
frontal  buds  soon  undergo  degeneration  and  brown  body 

formation"  in  living  specimens  of  Schizoporella  unicornis 
floridana.  The  parent  zooid  of  Dysnoetocella  ?  voigti  may 
have  degenerated  and  formed  brown  bodies  as  well  as  S. 
unicornis  floridana,  though  the  parent  zooid  communicated 
with  its  daughter  through  the  pores  piercing  the  frontal  shield. 
A  dark  and  irregularly  spherical  spot  is  frequent  in  the 
zooecium.  Perhaps  these  spots  are  altered  brown  bodies 

(Figure  2-5). 
Summary 

1.  A  new  anascan  cryptocystidean  species,  Dysnoeto- 
cella? voigti,  is  described  from  the  Izumi  Group  in  the 

northwestern  part  of  Shikoku  Island,  Japan.  This  is  the  first 
Cretaceous  bryozoan  described  from  Japan.  The  rigidly 
erect  colony  shows  high  states  of  colonial  integration. 

2.  The  zooids  communicate  with  lateral,  distal  and  prox- 
imal zooids  through  interzooidal  communication  organs, 

demonstrating  their  cheilostomatous  nature.  Frontally  bud- 
ded daughter  zooids  also  communicate  with  their  mother 

through  pores  piercing  the  basal  wall. 
3.  Although  there  is  a  possibility  of  diagenetic  alteration, 

three  types  of  fine  structure  of  the  calcareous  skeletal  layers 
are  recognized  in  thin  sections;  a  dark-colored  fibrous 
structure  in  the  outermost  skeletal  layers,  a  wavy  lamellar 
structure  in  the  lateral,  basal  and  transverse  walls  and  the 

primary  layer  of  the  cryptocyst,  and  a  fibrous  structure  in  the 
superficial  layer  of  the  cryptocyst.  These  structures  are 
similar  to  some  microstructures  described  in  recent  and  fossil 

specimens. 
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Abstract.  Fourteen  species  of  Neptunea  are  listed  from  the  Pliocene  and  lower  Pleistocene  of  the  Japan 
Sea  borderland.  Among  them,  Neptunea  (Neptunea)  eos  (Kuroda),  N.  (N.)  hataii  Noda,  and  N.  (Golikovia) 
nikkoensis  Nomura  are  extinct.  These  species  and  a  part  of  the  N.  polycostata  stock  in  the  Japan  Sea 
suffered  extinction  before  the  end  of  the  early  Pleistocene.  However,  the  N.  polycostata  stock  survived 
in  the  Okhotsk  and  Bering  Seas.  On  the  other  hand,  N.  intersculpta  (Sowerby)  and  N.  (Barbitonia) 
arthritica  (Bernardi)  are  still  living  in  the  Japan  Sea.  This  contrast  is  due  to  the  Plio  Pleistocene  records 
on  the  Pacific  side  and  eurythermal  ecology  of  N.  intersculpta  and  N.  arthritica. 

Key  words  :  Biogeography,  Japan  Sea,  Neptunea,  Pleistocene,  Pliocene 

Introduction 

The  buccinid  genus  Neptunea  is  a  group  of  cold-water 
species  now  living  in  the  Northwest  Pacific,  Arctic  and  North 
Atlantic  oceans.  The  genus  originated  in  the  upper  Eocene 
of  North  Kyushu  and  invaded  the  Arctic  and  north  Atlantic 
basins  after  the  opening  of  the  Bering  Strait  during  Pliocene 
time  (MacNeil,  1965  ;  Strauch,  1972). 

Recently,  Amano  et  al.  (1996)  found  that  some  Ancistrole- 
pidinae  (Buccinidae)  which  occurred  in  the  Japan  Sea 
borderland  during  the  Pliocene  to  early  Pleistocene  no  longer 
live  in  the  Japan  Sea.  Instead,  they  survive  in  the  Okhotsk 

and  Bering  Seas.  Amano  et  al.  (1996)  attributed  this  dis- 
tributional pattern  to  the  extinction  of  the  Japan  Sea  popula- 

tion by  glaciation  after  the  early  Pleistocene.  The  reason 
why  the  species  of  Ancistrolepidinae  could  not  reinvade  the 

Japan  Sea  is  their  non-planktotrophic  larval  life,  the  shallow 
sill  depth,  and  the  higher  water  temperature. 

Neptunea  (Neptuneinae)  is  phylogenetically  close  to  the 
Ancistrolepidinae  (Goryachev,  1987).  However,  Neptunea 
includes  many  more  species  than  the  Ancistrolepidinae. 
Moreover,  the  neptuneid  species  have  various  depth  ranges 

in  contrast  with  the  deep-water  ancistrolepidines.  There- 
fore, the  genus  is  suited  for  confirming  the  cause  of  extinc- 

tion observed  in  the  Ancistrolepidinae  and  for  examining  the 
relationship  between  the  depth  range  and  the  extinction 
event. 

Up  to  this  time,  the  following  species  and  subspecies  of 
Neptunea  have  been  recorded  from  the  Pliocene  and  lower 
Pleistocene  strata  of  the  Japan  Sea  borderland  :  N.  arthritica 
(Bernardi),  N.  a.  asamusi  Nomura  and  Hâtai,  N.  a  hirosakiensis 

Iwai,  N.  eos  (Kuroda),  N.  (Sulcosipho)  hataii  Noda,  N.  inter- 
sculpta  (Sowerby),  N.  i.  pribiloffensis  (Dall),  N.  i.  urataensis 
Noda,  N.  aff.  intersculpta  (Sowerby),  N.  iwaii  Hatai,  Masuda 

and  Suzuki,  N.  lyrata  (Gmelin),  N.  modesta  (Kuroda),  N.  nik- 
koensis Nomura,  N.  rugosa  Golikov,  N.  sakurai  (Ozaki),  N. 

soluta  (Hermann),  N.  uwasoensis  Otuka,  N.  vinosa  (Dall)  and 
N.  vinosa  (Dall)  var.  (Hatai  and  Nisiyama,  1952  ;  Masuda  and 
Noda,  1976  ;  Ogasawara,  1977  ;  Masuda  et  al.,  1981  ;  Noda 
et  al.,  1983  ;  Ogasawara  and  Naito,  1983  ;  Noda  et  al.,  1984  ; 
Ogasawara  et  al.,  1984;  Matsui,  1985;  Matsuura,  1985; 
Noda  and  Amano,  1985  ;  Ogasawara  et  al.,  1986  ;  Amano  et 
al.,  1989;  Akamatsu  and  Suzuki,  1990,1992;  Nakata  and 
Amano,  1991  ;  Amano  and  Sato,  1995).  However,  some 

taxonomic  problems  exist  among  the  above- recorded 
species  because  the  fossil  species  were  described  on  one  or 

a  few  ill-preserved  type  specimens  and  insufficiently 
compared  with  one  another. 

In  this  paper,  firstly,  I  revise  the  taxonomy  of  Neptunea  by 
comparing  the  described  specimens  with  allied  species  in 
detail.  Secondly,  I  will  discuss  the  historical  biogeography 
of  the  group. 

Subdivision  of  Neptunea 

The  genus  Neptunea  is  subdivided  into  three  subgenera  : 
Neptunea  (s.S.),  Barbitonia  and  Golikovia  (Habe  and  Sato, 
1972  ;  Tiba  and  Kosuge,  1988).  The  subgenus  Golikovia  is 
characterized  by  a  smooth  later  stage,  sculpture  being 
confined  to  the  early  whorls,  and  it  differs  from  Neptunea 
(s.S.)  in  having  two  marginal  teeth  on  its  radula.  The  outer 
lip  with  crenulations  on  its  inner  side  distinguishes  Barbitonia 
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Table  1.    Taxonomic  subdivision  of  Neptunea  by  Goryachev 

(1987).   
Neptunea  intersculpta  stock 
(1)  N.  intersculpta  group 
N.  intersculpta  (Sowerby) 
(2)  N.  contstricta  group 
N.   constricta  (Dali),  N.    varicifera  (Dali),  N   lamellosa 
Golikov 

Neptunea  lyrata  stock 
(1)  N.  lyrata  group 
N.  lyrata  (Gmelin),  N.  stielesi  Smith 
(2)  N.  beringiana  group 
N.  beringiana  (Middendorff),  N.  ventricosa  (Gmelin) 
(3)  N.  communis  group 
N.  communis  (Middendorff),  N.  denselirata  Broegger 

(4)  N.  despecta  group 
N.  despecta  (Linnaeus) 
(5)  N.  antiqua  group 
N.  antiqua  (Linnaeus),  N.  contraria  (Linnaeus) 

Neptunea  polycostata  stock 
(1)  N.  polycostata  group 
N.  polycostata  Scarlato,  N.  laticostata  Golikov,  N.  vinosa 
(Dali),  N.  amianta  (Dali)  (syn.  N.  insularis  (Dali),  N. 
pribiloffensis  (Dal  I)) 
(2)  N.  bulbacea  group 
N.  bulbacea  (Bernardi),  N.  rugosa  Golikov 
(3)  Golikovia  group 
N.  smirnia  (Dali),  N.  fukueae  Kuroda 
(4)  N.  arthritica  group 
N.  arthritica  (Bernardi),  N.  cumingi  (Crosse) 

from  the  type  species  of  Neptunea. 

Based  on  Golikov's  (1963)  study  of  shape  of  the  penis, 
radula,  and  egg  capsule,  Goryachev  (1987)  classified  the 

genus  Neptunea  into  the  following  three  stocks  :  N.  inter- 
sculpta,  N.  lyrata,  and  N.  polycostata.  Moreover,  he  sub- 

divided each  stock  into  many  groups  (Table  1).  From  the 
viewpoint  of  hard  parts,  the  first  stock  has  spiral  cords 
intercalating  with  secondary  cords.  The  second  one  is 
characterized  by  nearly  equal  strong  ribs  while  the  last  has 
smooth  or  sculptured  whorls  with  an  angulated  shoulder. 
Goryachev  (1987)  included  Barbitonia  and  Golikovia  in  the  last 
stock. 

On  the  other  hand,  Nelson  (1978)  considered  Barbitonia  as 
an  independent  genus  of  Buccinulidae,  mainly  based  on  a 

unique  microstructure  shown  by  Togo  (1974)  and  the  sculp- 
ture of  the  early  whorls.  Moreover,  Sulcosipho  Dall,  which 

was  included  in  the  family  Melongenidae  by  Goryachev 
(1987),  was  treated  as  a  subgenus  of  Neptunea  by  Nelson 
(1978).  His  classification  is  based  largely  on  the  pattern  of 
spiral  ribs,  however,  this  character  is  variable  in  a  population. 
As  noted  earlier,  all  species  of  Barbitonia  have  similar  penis 
morphology  and  radula  with  other  neptuneids. 

Material  and  methods 

Some  new  specimens  were  collected  by  hand  from  the 
following  localities  (Figure  1). 
Loc.  1.    Roadside  cliff  about  850m  east  of  the  pass  between 

Kitaubushi  and  Kitakawaguchi,  Teshio  Town,   north- 
western Hokkaido  ;  siltstone  bearing  many  calcareous 

concretions  ;  Pliocene  Yuchi  Formation. 
Loc.  2.    River  bank  about  2.5  km  upstream  of  the  Soibetsu 

River,   Kuromatsunai   Town,   southwestern   Hokkaido  ; 

fine-  to  medium-grained  sandstone  ;  lower  Pleistocene 
Setana  Formation. 

Loc.  3.     Outcrop     about     1.5  km     upstream     of     the 

Hosokomata-zawa,  Kami-iso  Town,  southwestern  Hok- 

kaido ;  granule-bearing  fine-  to  medium-grained  sand- 
stone ;  lower  Pleistocene  Tomikawa  Formation. 

Loc.  4.    River-side  cliff  about  800  m  upstream  of  the  Chi- 

kagawa  River,  Mutsu  City,  Aomori  Prefecture  ;  medium- 

grained  sandstone  including  pumice  '  lower  Pleistocene 
Hamada  Formation. 

Loc.  5.    River  bank  along  the  Yodo  River,  200  m  east  of 
Ichinowatari,   Kyowa  Town,   Akita   Prefecture  ;  sandy 
siltstone  ;  Pliocene  Tentokuji  Formation. 

Loc.  6.    Roadside  cliff  near  the  Shohei  Bridge  of  Kami- 
kusatsu,    Yawata   Town,    Yamagata    Prefecture  ;  silt- 

stone ;  Pliocene  Kannonji  Formation. 

Loc.  7.    River  bank  along  the  Shinano  River,  250  m  north- 
east of  Unoki,  Ojiya  City,  Niigata  Prefecture  ;  conglo- 

merate    including     mudstone     pebbles  ;  Pliocene 

Kawaguchi  Formation. 
Loc.  8.    Riverside  cliff  upstream  of  the  lida  River,   Maki 

Village,   Niigata  Prefecture  ;  siltstone  ;  Pliocene  Higa- 
shigawa  Formation. 

Loc.  9.    Roadside    cliff    near    Narao,    Togakushi    Village, 

Nagano   Prefecture  ;  muddy  fine-grained   sandstone  ; 
Pliocene  Ogikubo  Formation. 

Loc.  10.    Riverside  cliff  about  400  m  upstream  of  the  Urano- 

sawa,  Nakajo  Village,  Nagano  Prefecture  ;  fine-grained 
sandstone  ;  Pliocene  Joshita  Formation. 

Loc.  11.    Roadside  cliff  near  Shimo-yukawa,  Nanao  City, 
Ishikawa    Prefecture  ;  siltstone  ;  Pliocene    Sakiyama 
Formation. 

Loc.  12.    River  bank  of  the  Sai  River,  1.1  km  upstream  of  the 

Okuwa  Bridge,  Kanazawa  City,  Ishikawa  Prefecture; 

fine-grained  sandstone  ;  lower  Pleistocene  Omma  For- 
mation. 

Above  specimens  are  housed  in  the  Joetsu  University  of 
Education  (JUE).    Besides  these  specimens,  types  stored  at 
the  following  institutes  and  museums  were  taxonomically 

reexamined  :  Tohoku   University  (IGPS),   Saito   Ho-on   Kai 
Museum  of  Natural  History  (SHM),  University  of  Tsukuba 
(IGUT),  University  Museum  of  the  University  of  Tokyo  (UMUT), 
and  Kyoto  University  (KUGM).    Moreover,  private  collections 

by    Dr.  Nobuomi    Matsuura    of    Shiramine-mura    Dinosaur 
Museum  and  Mr.  Masayuki  Shimizu  of  Toyama  Prefectural 
General  Education  Center  were  also  examined. 

In  addition  to  my  collections  and  the  above  reexamina- 
tions, I  assessed  the  question  of  geographical  distribution  by 

a  critical  survey  of  the  literature  (Kanehara,  1937  ;  Iwai,  1959, 
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1965  ;  Sawada,  1962  ;  Ogasawara  et  al.,  1986  ;  Akamatsu, 
1984  ;  Akamatsu  and  Suzuki,  1990, 1992). 

In  this  paper,  I  use  Goryachev's  subdivision  of  the  stocks 
in  Neptunea  (s.s.)  as  well  as  Tiba  and  Kosuge's  concept  of 
the  subgenera.  The  Recent  specimens  show  a  wide  range 
of  variation,  especially  in  height  of  spire  and  number  of  spiral 
ribs  on  a  body  whorl.  I  considered  a  shell  shape  and  the 
number  of  ribs  on  the  penultimate  whorl  to  be  important. 

Systematic  notes  on  extinct  species 

Family  Buccinidae  Rafinesque,  1815 
Subfamily  Neptuneinae  Troschel,  1869 

Genus  Neptunea  Roeding,  1798 
Subgenus  Neptunea  s.S. 

Diagnosis.— Shell  large,  fusiform,  consisting  of  six  to  eight 
whorls  ;  body  whorl  large,  occupying  half  to  four-fifths  of 
shell  height.  Surface  sculptured  by  one  or  some  spiral  ribs 
and  occasionally  by  axial  rounded  ribs  or  axial  thin  varices. 
Inner  side  of  outer  lip  smooth  and  without  any  crenulations 
observed  in  Barbitonia.  Marginal  teeth  on  radula  number 
three  to  five. 

Neptunea  (Neptunea)  eos  (Kuroda,  1931) 

Figures  2-4, 5, 7—9, 11a,  b,  12 

Chrysodomus  eos  Kuroda,  1931,  p.  80,  pi.  10,  fig.  80. 
Chrysodomus  uwasoensis  Otuka,  1935a,  p.  510,  fig.  3g. 
Neptunea  uwasoensis  (Otuka),  Otuka,  1935b,  p.  869-870,  pi.  54, 

fig.  75  ;  Amano  et  al.,  1989,  p.  112-113,  pi.  20,  fig.  26. 
Neptunea  cf.  uwasoensis  (Otuka),  Masuda  et  al.,  1981,  pi.  5,  fig. 

15  ;  Ogasawara  and  Naito,  1983,  p.  52-53,  pi.  8,  fig.  11. 
Neptunea  (Neptunea)  uwasoensis  (Otuka),  Noda  ef  a/.,  1983,  p.  7, 

pi.  3,  figs.  9a- b. 
Neptunea  eos  (Kuroda),  Amano  and  Sato,  1995,  fig.  5-8. 

Type  specimen.— Holotype,  KUGM  JC  no.  610043  (Figure 
2-11a,  b). 

Type  locality.— Sakae,  Nakajo  Village,  Nagano  Prefecture  ; 
Joshita  Formation. 

Remarks.— The  present  species  is  characterized  by  a 
rather  small  shell  (diameter  of  holotype=42.5  mm),  an  an- 
gulated  shoulder,  a  blunt  ridge  just  below  the  suture,  one 
primary  rib  intercalating  with  three  or  four  interstitial  ribs  on 
the  flat  area  above  the  shoulder,  three  or  four  primary  ribs 
with  one  interstitial  rib  below  the  shoulder  of  the  penultimate 
whorl. 

These  characteristics  are  shared  with  Chrysodomus 

uwasoensis  Otuka  (1935a)  (diameter  of  "holotype"  =  33.2  mm) 
from  the  Pliocene  Sakiyama  Formation  in  Ishikawa  Prefec- 

ture. Otuka  (1935a)  distinguished  N.  uwasoensis  from  N. 

eos  by  lacking  an  angulated  shoulder.  However,  the  penul- 
timate whorl  of  the  holotype  and  some  topotypes  have  an 

angulated  shoulder  (Figure  3-11b).    As  there  is  no  difference 

between  N.  uwasoensis  and  N.  eos,  the  former  is  a  synomym 
of  the  latter. 

Nelson  (1978)  classified  N.  uwasoensis  (=A/.  eos)  as  a 
species  of  the  subgenus  Sulcosipho.  However,  the  present 
species  lacks  the  diagnostic  features  of  Sulcosipho  such  as 
a  tabulated  shoulder  bounded  by  a  raised,  scaly  spiral  cord. 
As  an  angulated  shoulder  is  sometimes  observed  in  species 
of  the  N.  polycostata  stock,  I  tentatively  assign  N.  eos  to  this 

stock. 

Measurements  (in  mm).— 

Specimens Diameter  BR»  PAR2»  IAR3)  SSR4> KUGM  JC  no.  610043  holotype 

UMUT  CM  no.  12434 

42.5             3        13        + 

33.2            4        13        + 

"Number  of  ribs  below  the  shoulder  of  penultimate  whorl.  2,Number  of 

primary  ribs  above  the  shoulder  of  penultimate  whorl.  3>Number  of 

secondary  ribs  above  the  shoulder  of  penultimate  whorl.  4,Subsuturai ridge. 

Neptunea  (Neptunea)  hataii  Noda,  1962 

Figures  2-10a,  b  ;  3-10 

Neptunea  (Sulcosipho)  hataii  Noda,  1962,  p.  230,  pi.  16,  fig.  16. 

Type  specimen.— Holotype,  IGPS  no.  79055  (Figure  2-10a, 
b). 

Type  locality.— Riverside  outcrop  along  the  Higashigawa 
River  near  Nakao,  Matsunoyama  Town,  Niigata  Prefecture. 

Remarks.— The  present  species  is  described  on  the  basis 
of  one  deformed  specimen.  It  has  an  angulated  shoulder 
with  a  keel  and  a  surface  sculptured  by  numerous  weak 
spiral  threads. 

Noda  (1962)  classified  this  species  in  the  subgenus  Sul- 
cosipho. However,  the  species  lacks  a  tabulated  narrow 

shoulder  and  the  raised  spiral  cord  on  it  which  are  important 
characters  of  Sulcosipho.  It  resembles  N.  rugosa  Golikov, 
except  for  having  numerous  spiral  ribs.  Therefore,  I  think 
that  this  species  belongs  to  the  N.  polycostata  stock. 

Subgenus  Golikovia  Habe  and  Sato,  1972 

Diagnosis.— Shell  small  to  medium  in  size,  slender,  fusi- 
form. Shell  surface  sculptured  by  low,  wide  spiral  ribs  on 

early  whorls,  becoming  obsolete  on  later  whorls  ;  body  whorl 
smooth  and  polished.  Inner  side  of  outer  lip  smooth. 
Marginal  teeth  on  radula  number  two. 

Neptunea  (Golikovia)  nikkoensis  Nomura,  1937 

Figures  2-1,  2a,  b,  6 

Neptunea  nikkoensis  Nomura,  1937,  p.  176-177,  pi.  24,  figs.  13a  b  ; 
Noda,  1962,  pi.  16,  fig.  12  ;  Ogasawara  and  Naito,  1983,  p.  51- 
52,  pi.  8,  figs.  7,  13a,  b  ;  Ogasawara  et  al.,  1986,  pi.  29,  figs. 
8a  b,  pi.  49,  figs.  18a,  b  ;  Nakata  and  Amano,  1991,  pi.  7,  figs. 

Figure  1.  Collecting  localities  of  Neptunea  (using  the  topographical  maps  of  "Onoppunai",  "Utasutsu",  "Hakodate", 
"Chikagawa",  "Osawa",  "Koguchiseto",  scale  1 :  50,000  ;  "Ugo-Sakai",  "Ojiya",  "Yanagishima",  "Togakushi",  "Shinano-Naka- 
jo"  and  "Kanazawa",  scale  1 :  25,000  published  by  Geographical  Survey  Institute  of  Japan). 
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8a  b. 
INeptunea  arthritica  hirosakiensis  Iwai,  1959,  p.  50,  pi.  1,  figs.  17a, 

b  ;  Iwai,  1965,  p.  55,  pi.  20,  figs.  13a  b. 

Type  specimen.— Holotype,  SHM  no.  12635  (Figures  2-2a, 
b). 

Type  locality.— Masuda,  Yawata  Town,  Yamagata  Prefec- 
ture. 

Remarks.— The  present  species  has  a  rather  small,  slender 
polished  shell  with  a  short  and  straight  siphonal  canal  and  an 
irregular  suture.  Early  whorls  are  sometimes  sculptured  by 

4-7  very  weak  ribs.  Judging  from  the  above  characteristics, 
the  present  species  can  be  included  in  the  subgenus 
Golikovia  as  suggested  by  Nelson  (1978). 

Iwai  (1959, 1965)  proposed  a  new  subspecies  of  N.  arthritica 
hirosakiensis  from  the  Pliocene  Higashimeya  Formation  in 
Aomori  Prefecture,  based  on  one  imperfect  specimen.  His 
figures  show  a  slender  shell  and  smooth  surface  lacking 
weak  spiral  ribs.  I  tentatively  synonymize  this  subspecies 
with  N.  nikkoensis. 

Comparison.— The  present  species  is  closely  allied  to  N. 
(G.)  fukueae  Kira,  1959  which  is  now  living  in  the  Southwest 

Pacific-side  of  Japan.  However,  the  latter  differs  from  the 
former  by  its  long  and  recurved  siphonal  canal. 

N.  (G.)  ennae  Sakurai  and  Tiba,  1969  is  easily  separated 
from  the  present  one  by  having  a  more  convex  shell  and  very 
long  siphonal  canal. 

Geographical  distribution 

The  Pliocene  and  early  Pleistocene  species  of  Neptunea 
in  the  Japan  Sea  borderland  are  summarized  in  Table  2. 
Among  these  species,  N.  iwaii  was  established  by  Hatai, 
Masuda  and  Suzuki  (1961),  based  on  one  specimen  from  the 
lower  Pleistocene  Hamada  Formation  in  Aomori  Prefecture. 

However,  it  is  difficult  to  separate  this  species  from  N. 
constricta  (Dall)  by  having  low  spiral  ribs  and  five  even  fine 
spiral  ribs  just  below  the  suture. 

The  distributional  pattern  of  extant  species  in  the  tabulat- 

ed list  can  be  subdivided  into  three  types  (A-C  types  ;  Figure 
4).  The  first  species  group  (A  type)  does  not  live  in  the 
Japan  Sea,  but  does  so  in  the  lower  sublittoral  to  the  upper 
bathyal  zone  of  the  Okhotsk  and  Bering  seas,  as  do  the 
Ancistrolepidinae  (Golikov,  1963  ;  Tiba  and  Kosuge,  1988  ; 
Table  3)  :  Neptunea  lamellosa,  N.  insularis,  N.  vinosa  and  N. 

satura.  It  is  noteworthy  that  many  species  of  the  N.  polycos- 
tata  stock  show  this  distributional  pattern  or  suffered  total 
extinction  at  the  end  of  the  early  Pleistocene. 

The  second  group  of  species  (B  type)  now  live  in  the  Tatar 
Strait  and  off  Primorie  of  Japan  Sea  as  well  as  in  the  Okhotsk 
Sea  (Golikov,  1963;  Tiba  and  Kosuge,  1988):  Neptunea 
lyrata,  N  bulbacea,  and  N.  rugosa.  They  live  in  the  upper  to 
lower  sublittoral  to  bathyal  zone  (Golikov,  1963). 

The  third  type  (C  type)  of  species  are  now  dwellers  of  the 
Japan  Sea  :  Neptunea  intersculpta,  N  constricta,  and  N. 
arthritica.  They  also  survive  on  the  Pacific  side  of  Northeast 
Honshu  and  Hokkaido  (Golikov,  1963  ;  Tiba  and  Kosuge, 
1988).  Fossils  of  N.  intersculpta  and  N.  arthritica  have  been 
reported  from  the  Pacific  side  of  Northeast  Honshu  (see 
Figure  5  of  Amano  et  al.,  1996). 

The  recent  specimen  of  N  sakurai  has  been  once  illus- 
trated from  off  Monbetsu,  Northeast  Hokkaido  as  N  vinosa 

by  Okutani  et  al.  (1988).  However,  as  there  is  only  one 
record,  it  is  hard  to  determine  which  type  this  species  should 
belong  to. 

Three  extinct  species  (E  type)  occurred  from  the  Pliocene 

fine-grained  sediment  of  the  Japan  Sea  borderland  :  N.  eos, 
N.  hataii  and  N  nikkoensis.  These  species  might  have  lived 
mainly  in  the  lower  sublittoral  zone. 

Shaping  of  modem  Japan  Sea  neptuneids 

In  the  Pliocene,  the  extinct  species  N.  eos  and  N.  nikko- 
ensis dominated  the  neptuneids  of  the  Japan  Sea  border- 

land. In  association  with  both  species,  some  boreal  popula- 
tions of  the  N.  polycostata  stock  and  of  N  arthritica  were  able 

to  invade  the  Japan  Sea  because  of  cold  climate  and  deep 
sill  depth  (Ogasawara,  1994  ;  Tada,  1994). 

Both  A  and  E  type  species  suffered  extinction  until  the  end 
of  the  early  Pleistocene.  On  the  other  hand,  C  type  species 
such  as  N.  arthritica  and  N  intersculpta  have  been  recorded 
from  the  middle  Pleistocene  Shibikawa  and  Anden  forma- 

tions in  Akita  Prefecture  (Ogasawara  er  al.,  1986). 

Ecologically,  the  C  type  species  tolerates  higher  tempera- 
ture of  water  than  the  stenothermal  A  type  species  (Golikov, 

1963).  From  the  stand  point  of  sedimentology,  Tada  (1994) 
pointed  out  that  bottom  conditions  started  oscillating 
between  oxic  and  anoxic  along  with  glacioeustatic  sea  level 
change  at  2.5  Ma.  Possible  causes  of  extinction  of  the  A 
type  species  are  warming  during  interglacial  highstands  as 
well  as  the  brackish  surface  and  euxinic  bottom  waters 

during  glacial  lowstands.  The  warm  Tsushima  current 
flowed  into  the  Japan  Sea  during  interglacials  while  the 
Japan  Sea  was  enclosed  during  glacial  periods.  In  the  case 
of  the  A  type  species,  the  population  of  Okhotsk  and  Bering 
Seas  survived  during  the  deteriorated  environments  as  did 

Figure  2.  1, 2, 6  :  Neptunea  (Golikovia)  nikkoensis  Nomura.  1  ;  x1,  IGPS  no.  97389-2,  Kannonji  Formation,  collected 
by  Ogasawara  and  Naito  (1983).  2a  b  ;  X1.5,  SHM  no.  12635,  Kannonji  Formation,  Holotype.  6  ;  x1,  JUE  no.  15612,  Loc.  5, 
Tenntokuji  Formation.  3a,  b  :  Neptunea  (Neptunea)  satura  (Martyn)  ;  x1,  JUE  no.  15613,  Loc.  7,  Kawaguchi  Formation.  4,5, 
7-9, 11, 12  :  Neptunea  (Neptunea)  eos  (Kuroda).  4  ;  x1,  JUE  no.  15614,  Loc.  10,  Joshita  Formation.  5  ;  \1,  JUE  no.  15615, 
Loc.  11,  Sakiyama  Formation.  7;  X1.2,  JUE  no.  15266,  Kuwae  Formation,  illustrated  by  Amano  ef  al.  (1989).  8a,  b  ;  x  1, 
UMUT  CM  no.  12434,  Joshita  Formation,  "holotype"  of  Neptunea  uwasoensis  Otuka.  9;  xl,  JUE  no.  15616,  Loc.1,  Yuchi 
Formation.  11a,  b;  x1,  KUGM  JC  no.  610043,  Joshita  Formation,  Holotype.  12;  x1,  UMUT  CM  no.  12650,  Sakiyama 
Formation.  10a,  b  :  Neptunea  (Neptunea)  hataii  Noda  ;  x0.8,  IGPS  no.  79055,  Higashigawa  Formation,  Holotype  described 
by  Noda  (1962)  as  N.  (Sulcosipho)  hataii. 
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Table  2.    Summarized  list  of  Neptunea  from  the  Pliocene 
and  the  lower  Pleistocene  of  the  Japan  Sea  borderland. 

Genus  Neptunea  Roeding,  1798 
Subgenus  Neptunea  s.S. 

Neptunea  intersculpta  stock 

N.    intersculpta   (Sowerby)*    Poliocene  :  Tentokuji   F.  ; 
Kannonji  F.  ;  Nagasawa  F.  (Figure  3-12);  Yabuta  F. 

Ctype**. N.  constricta  (Dall)*     Early  Pleistocene  :  Hamada  F., 
Setana  F.    Syn.  N.  iwaii  Hâtai,  Masuda  and  Suzuki, 

1961  ("holotype",  Figure  3-7).    C  type. 
N.  lamellosa  Golikov*     Pliocene  :  Higashigawa  F.  (Loc. 

8).    Early  Pleistocene  :  Hamada  F.  (Figure  3-9a,  b). 
A  type. 

Neptunea  lyrata  stock 

N.  lyrata  (Gmelin)*     Pliocene:  Yuchi  F.  (Figure 3-13). 
Btype. 

N.    sakurai   (Ozaki)*     Early   Pleistocene  :  Hamada   F. 
(Figures  3-4, 5). 

Neptunea  polycostata  stock 

N.    bulbacea    (Bernardi)*     Pliocene  :  Yuchi    F.     Early 
Pleistocene  :  Setana    F.    (Figure  3-11  ;  Loc.  2).     B 

type. 
N.  rugosa  Golikov*     Pliocene  :  Seguchi  F.  (Figure  3-8). 

Btype. 

N  insularis  (Dali)*     Pliocene  :  Mita  F.  (Figure  3- 2a,  b). 
Early  Pleistocene  :  Tomikawa   F.   (Figure  3-1  ;  Loc. 
3).    ?  Syn.  N.  intersculpta  urataensis  Noda,  1962.    A 

type. 

N.    vinosa   (Dali)*     Early   Pleistocene  :  Shimonopporo 
F.  ;  Tomikawa  F.  ;  Hamada  F.  (Figure  3-6  ;  Loc.  4). 
A  type. 

N.  satura  (Martyn)*     Pliocene  :  Kawaguchi  F.  (Figures 
2-3a,  b  ;  Loc.  7).    A  type. 

N.  eos  (Kuroda)    Pliocene  :  Joshita  F.  (Figures  2-4, 11a, 
b  ;  Loc.  10)  ;  Yuchi  F.  (Figure  2-9  ;  Loc.  1)  ;  Kannonji 
F.  ;  Kuwae  F.  (Figure  2-7)  ;  Mita   F.  ;  Sakiyama  F. 
(Figures  2-5, 8a,  b,  12  ;  Loc.  11).    Syn.  N.  uwasoensis 

(Otuka,  1935)  ("holotype",  UMUT  CM  no.  12434).     E 
type. 

N.  hataii  Noda    Pliocene  :  Higashigawa  F.  (Figures  2- 
10a,  b)  ;  Kannonji  F.  (Figure  3-11).    E  type. 

Subgenus  Barbitonia  Dall,  1916 

N.   arthritica   (Bernardi)*     Pliocene  :  Yuchi   F.  ;  Naga- 
sawa F.  ;  Mita  F.    Early  Pleistocene  :  Zaimokuzawa 

F.  ;  Setana  F.  ;  Tomikawa  F.  ;  Daishaka  F.  ;  Omma 

F.  (Figure  3-3  ;  Loc.  12).    C  type. 
Subgenus  Golikovia  Habe  and  Sato,  1972 

N.  nikkoensis  Nomura.    Pliocene  :  Kannonji  F.  (Figures 

2-1,    2a,  b)  ;  Tentokuji     F.    (Figure  2-6  ;  Loc.  5)  ; 
Kawaguchi  F.  (Loc.  7)  ;  Kurokura  F.  ;  Tomikura  F.  ; 
Ogikubo  F.  (Loc.  9)  ;  ?  Higashimeya  F.    E  type. 

*extant  species     "distributional  type 

Table  3.  Bathymétrie  distribution  of  the  extant  ne- 
ptuneids  occurred  from  the  Pliocene  and  lower  Pleis- 

tocene of  the  Japan  Sea  borderland. 

Species 
Bathymétrie  range A  type 

N.  lamellosa 
N.  satura 
N.  insularis 
N.  vinosa Btype 

N.  lyrata 
N.  bulbacea 
N  rugosa Ctype 

N.  intersculpta 

N.  constricta 
N.  arthritica 

57-550  m",  300-500  m2) 

13-245 m" 
230-1 ,000  m1',  1 00-400  m2) 
29-400  m1»,  30-100  m2) 

16-1 ,724  m11 

0.5-585-m1» 
9-76  m" 

36-895  m»,  150-750  m2) 
20-468  m1',  200-600  m2> 

0-150  m",  0-20  m2' 
«  Golikov  (1963)    2)  Tiba  and  Kosuge  (1988) 

the  Ancistrolepidinae  (Amano  et  al.,  1996).  Because  the 
distribution  of  E  type  species  is  confined  to  only  the  Japan 
Sea  borderland,  they  became  extinct. 

There  are  two  explanations  for  the  distributional  pattern  of 
the  B  type  species.  First,  the  populations  of  B  type  species 
suffered  extinction  before  the  end  of  early  Pleistocene. 

Later,  perhaps  in  the  Holocene,  they  reinvaded  the  cold 
water  in  the  Tatar  Strait  and  off  Primorie  through  the  northern 
water  passages.  The  second  explanation  is  a  restriction  of 
range  after  the  middle  Pleistocene.  The  main  difference 
between  the  A  and  B  type  species  is  the  depth  at  which  they 

live.  The  B  type  species  extend  up  to  the  upper  sublittoral 
zone  of  the  Okhotsk  Sea  (Golikov,  1963).  Therefore,  if  the 

first  hypothesis  is  accepted,  it  is  easy  to  explain  why  the  A 
type  species  was  not  able  to  reinvade  the  northern  part  of 
the  Japan  Sea  through  the  shallow  northern  straits. 
Because  the  shallowest  depth  occurrence  of  the  A  type 

species  is  deeper  than  that  of  the  B  type  species,  the  former 

Figure  3.  1,  2  :  Neptunea  (Neptunea)  insularis  (Dall).  1  ;  x1,  JUE  no.  15617,  Loc.  3,  Tomikawa  Formation.  2a,  b  ;  x1, 
Mita  Formation,  collected  by  Mr.  M. Shimizu.  3:  Neptunea  (Barbitonia)  arthritica  (Bernardi);  x1,  JUE  no.  15618,  Loc.  12, 

Omma  Formation.  4,5:  Neptunea  (Neptunea)  sakurai  (Ozaki);  4,  X1.5,  IGPS  no.  102710-2;  5,  x1,  IGPS  no.  102710-1, 
Hamada  Formation,  illustrated  by  Hâtai  et  al.  (1961).  6:  Neptunea  (Neptunea)  vinosa  (Dall);  x1,  JUE  no.  15619,  Loc. 4, 

Hamada  Formation.  7:  Neptunea  (Neptunea)  constricta  (Dall);  x1,  IGPS  no.  93224,  Hamada  Formation,  "holotype"  of  N. 
iwaii  Hatai,  Masuda  and  Suzuki,  1961.  8:  Neptunea  (Neptunea)  rugosa  Golikov;  x1,  JUE  no.  15355,  Seguchi  Formation, 

illustrated  by  Nakata  and  Amano  (1991).  9a, b:  Neptunea  (Neptunea)  lamellosa  Golikov;  x1,  IGPS  no.  102711-2,  Hamada 
Formation,  identified  as  N  vinosa  Dall  var.  by  Hatai  ef  a/.  (1961).  10  :  Neptunea  (Neptunea)  hataii  Noda  ;  x1,  JUE  no.  15620, 
Loc.  6,  Kannonji  Formation.  ÎI:  Neptunea  (Neptunea)  bulbacea  (Bernardi);  x1,  JUE  no.  15621,  Loc.  2,  Setana  Formation. 
12:  Neptunea  (Neptunea)  intersculpta  (Sowerby);  x0.8,  JUE  no.  15363,  Nagasawa  Formation,  illustrated  by  Nakata  and 

Amano  (1991)  as  "N.  intersculpta  pribiloffensis  (Dall)".  13  :  Neptunea  (Neptunea)  lyrata  (Gmelin)  ;  x  0.8,  IGUT  no.  10992,  Yuchi 
Formation,  illustrated  by  Noda  and  Amano  (1985). 
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cannot  invade  the  Recent  Japan  Sea.  If  the  second  expla- 
nation is  accepted,  it  is  difficult  to  explain  how  these  species 

could  survive  in  the  brackish  surface  water.  N.  rugosa,  in 

particular,  is  now  living  at  depths  of  9-76  m  (Golikov,  1963). 
The  modern  neptuneid  fauna  around  the  Japan  Sea 

borderland  consists  of  the  N.  intersculpta  stock  and  Bar- 
bitonia  (Tiba  and  Kosuge,  1988)  in  contrast  with  the  Pliocene 

and  early  Pleistocene  fauna  which  was  dominated  by  the  N. 

polycostata  stock  and  Golikovia. 
The  distribution  of  a  part  of  the  Neptunea  polycostata 

stock  and  of  the  subgenus  Golikovia  is  similar  to  that  of  the 

Ancistrolepidinae.  However,  the  distributional  patterns  of 

the  B  and  C  types  have  never  been  recognized  in  the 

Ancistrolepidinae.  The  B  and  C  type  species  differ  from  the 

latter  in  having  shallower  habitats  or  a  eurythermal  ecology. 

Amano  et  al.  (1996)  emphasized  that  a  Quaternary  extinction 

event,  thermal  tolerance  and  the  bathymétrie  distribution  of 

each  species  are  important  determinants  of  distribution  of 

speciesin  the  Japan  Sea.  Therefore,  the  results  of  this 

study  support  those  of  the  previous  study. 
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Abstract.  Two  species  of  permianellid  brachiopods,  Permianella  typica  He  and  Zhu  and  Laterispina 
paraHeia  Shen,  Fan,  Zhang  and  Zhang,  are  described  from  the  Middle  Permian  (Kubergandian)  Kanokura 

Formation  of  the  Southern  Kitakami  Mountains,  Northeast  Japan.  This  is  the  first  description  of  permianel- 
lids from  the  Japanese  Permian. 

Key  words  :  Brachiopoda,  Kanokura  Formation,  Middle  Permian,  permianellid,  Southern  Kitakami  Moun- 
tains 

Introduction 

Permianellids  are  aberrant,  bilobate  brachiopods  belonging 
to  the  superfamily  Lyttonioidea  Waagen,  1883.  Termier  er 

al.  (1974)  first  described  a  permianellid  species,  Dicystocon- 
cha  lapparenti,  from  the  lower  Murgabian  (Neoschwagerina 
Zone)  of  Wardak,  central  Afghanistan  as  a  species  of 

lyttoniid.  Afterwards,  the  genus  Dicystoconcha  was  as- 
signed to  the  family  Permianellidae  by  He  and  Zhu  (1979) 

when  they  established  the  family  Permianellidae  and  the 
genus  Permianella,  with  Permianella  typica  He  and  Zhu,  1979 
from  the  Upper  Permian  Longtan  Formation  of  Jiangxi  and 
Sichuan  Provinces,  South  China  as  the  type  species.  Since 
then,  several  permianellid  species  have  been  described  or 
figured  from  the  Chihsian  to  Changhsingian  of  South  China 
(He  and  Zhu,  1979  ;  Wang  et  al.,  1982  ;  Yang,  1984  ;  Mou 
and  Liu,  1989  ;  Liang,  1990  ;  Zhu,  1990  ;  Wang  and  Jin,  1991  ; 
Shen  et  al.,  1994),  the  Lower  and  Upper  Permian  of  Thailand 
(Grant,  1976  ;  Yanagida  et  al.,  1988),  the  Midian  of  South 
Primorye,  Far  East  of  Russia  (Likharew  and  Kotljar,  1978),  the 
Dzhulfian  of  the  Transcaucasus  (Shen  and  Shi,  1997),  the 
Maokouan  of  Northeast  China  (Wang  and  Jin,  1991)  and  the 

Middle  Permian  of  the  Southern  Kitakami  Mountains,  North- 
east Japan  (Tazawa,  1987).  These  data  indicate  that  per- 

mianellids are  distributed  in  the  Lower  Permian  (Artinskian)  to 
Upper  Permian  (Changhsingian)  of  the  eastern  Tethys  and 
surrounding  regions. 
Twenty  permianellid  specimens  were  collected  by  K. 

Nakamura,  H.  Araki  and  the  second  author  (J.  Tazawa)  from 

shale  and  sandstone  cropping  out  at  six  localities  (Locs.  1-6) 
in  the  Setamai,  Imo  and  Kamiyasse  districts,  Southern 

Kitakami  Mountains,  Northeast  Japan  (Figure  1).    The  fos- 

siliferous  shale  and  sandstone  with  a  fusulinacean 

Monodiexodina  matsubaishi  (Fujimoto)  are  safely  assigned  to 
the  lower  part  of  the  Kanokura  Formation  (Choi,  1970, 1973  ; 
Tazawa,  1973, 1976). 

The  brachiopod  specimens  described  here  are  all  housed 
in  the  Department  of  Geology,  Faculty  of  Science,  Niigata 

University,  with  the  designation  of'NU-B  for  the  registered 
number  of  the  specimens. 

Systematic  descriptions 

Order  Productida  Waagen,  1883 
Suborder  Strophalosiidina  Waagen,  1883 

Superfamily  Lyttonioidea  Waagen,  1883 
Family  Permianellidae  He  and  Zhu,  1979 

Genus  Permianella  He  and  Zhu,  1979 

Type  species.— Permianella  typica  He  and  Zhu,  1979,  from 
the  Upper  Permian  Longtan  Formation  of  Jiangxi  and  Si- 

chuan Provinces,  South  China  (He  and  Zhu,  1979,  p.  132, 137, 

pi.  1,  figs.  1a,  b  ;  pi.  2,  figs.  1-3  ;  pi.  3,  figs.  1-3). 
Diagnosis.— Shell  medium  in  size,  elongately  bilobate  in 

outline,  concavo-  or  plano-convex,  with  ventral  sulcus, 
dorsal  fold  and  anterior  incision  ;  incision  extremely  deep, 

attaining  more  than  half  of  shell  length  ;  marginal  brim  well 
developed  along  lateral  commissure. 

Remarks.— The  present  genus  is  characterized  by  its 

elongately  ovate  shell  with  deep  anterior  incision  and  irregu- 
lar marginal  brim  along  the  lateral  commissure.  The  genus 

Dicystoconcha  Termier,  Termier,  Lapparent  and  Marin,  1974 

differs  from  Permianella  in  its  smaller  and  wider  shell,  shal- 
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Figure  1.    Map  showing  the  fossil  localities  (Locs.  1-6). 

lower  incision,  having  two  lateral  septa  on  central  platform 
and  lacking  lateral  marginal  brim.  Laterispina  Wang  and  Jin, 
1991  also  has  an  elongately  ovate  outline,  deep  incision  and 
median  septum  on  central  platform,  but  this  genus  differs 

from  Permianella  in  having  a  fence-shaped  marginal  brim 
(see  Wang  and  Jin,  1991,  p.  497,  pi.  2,  figs.  8,  9, 12). 
The  genera  Dipunctella,  Tenerella  and  Paritisteges, 

proposed  by  Liang  (1990),  have  elongately  ovate  outline, 
deep  incision  and  lateral  marginal  brim,  all  of  the  characters 

common  with  the  genus  Permianella.  According  to  Liang's 
description  (p.  371),  these  three  genera  differ  from  Permianella 

in  their  coiled  or  asymmetrical  shells.    However,  we  consider 

that  differences  of  their  internal  structures  are  more  impor- 
tant for  their  classification.    All  of  the  genera  Dipunctella. 

Tenerella  and  Paritisteges  have  two  lateral  septa  on  the 
central  platforms,  whereas  Permianella  has  a  median  septum 
on  the  central  platform. 

Species  other  than  type  species  assigned  to  the  genus  — 
Permianella  grunti  Shen  and  Shi,  1997,  from  the  Upper 

Permian   Dzhulfa  Formation   in   the   Dorasham   II   section. 

Transcaucasus  (Shen  and  Shi,  1997,  p.  22,  pi.  1,  figs.  1-7). 
Occurrence.— Middle     and     Upper     Permian  ;  Trans- 
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Figure  2.  External  surface  of  a  ventral  valve  of  Per- 
mianella  typica  He  and  Zhu,  showing  pseudopunctae  of  outer 

shell  layer  (NU-B63,  x8.5). 

Figure  3.  One  section  (6.95  mm  anterior  to  the  posterior 
margin)  of  Permianella  typica  He  and  Zhu,  showing 
pseudopunctate  outer  shell  layer,  laminate  inner  shell  layer, 

central  platform  and  a  distorted  median  septum  (NU-B51, X12.5). 

4.1 

6.95 

7.5 

4.6 

7.1 

7.7 

6.85 

7.35 

Figure  4.    Serial  sections  of  Permianella  typica  He  and  Zhu. 

the  posterior  margin  (NU-B51,  X7.5). 

7.8 

The  numbers  indicate  the  distance  in  mm  from 
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Caucasus,  Thailand,  South  China,  and  Northeast  Japan. 

Permianella  typica  He  and  Zhu,  1979 

Figures  2-4,5-1-14 

Permianella  typica  He  and  Zhu,  1979,  p.  132, 137,  pi.  1,  figs.  1a,  b  ; 

pi.  2,  figs.  1-3  ;  pi.  3,  figs.  1-3  ;  Wang  and  Jin,  1991,  p.  496,  pi. 

2,  figs.  1-3. 
Permianella  sp.    He  and  Zhu,  1979,  p.  133, 139,  pi.  1,  figs.  2-3. 
Permianella  sp.    Tazawa,  1987,  fig.  19-10. 

Material.— Nineteen  specimens  :  (1)  two  conjoined  valves, 

NU-B51,  59  ;  (2)  a  ventral  valve,  NU-B52  ;  (3)  external  and 

internal  moulds  of  three  ventral  valves,  NU-B58,  62,  63  ;  (4) 

internal  moulds  of  ten  ventral  valves,  NU-B53,  54,  55,  56,  61, 
64,  65,  66,  68,  69  ;  (5)  external  moulds  of  four  dorsal  valves, 
NU-B50,  57,  60,  67. 

Description.— Shell  large  in  size  for  genus,  elongately 
ovate  in  outline,  maximum  width  occurring  near  anterior 

margin  ;  length  49  mm,  width  17  mm  in  the  largest  specimen 

(NU-B64).  Shell  concavo-convex  in  anterior  profile,  flat  to 
strongly  curved  dorsally  in  lateral  profile.  Shell  having  a 

deep  anterior  incision,  attaining  more  than  a  half  of  shell 

length.  Posterolateral  sides  of  shell  convergent  posteriorly 

at  an  angle  of  about  30-50°.  Lateral  sides  of  shell  slightly 
divergent  or  nearly  parallel  anteriorly.  Attachment  ring 

developed  on  posterior  margin.  Ventral  sulcus  originating  at 

umbo,  slightly  widening  anteriorly.    Irregular  marginal  brim 

Figure  5.  1-14.  Permianella  typica  He  and  Zhu.  1,2:  external  mould  of  a  dorsal  valve  with  a  part  of  ventral 
valve,  showing  marginal  brim  along  lateral  commissure  and  deep  incision,  NU-B60  (1  :  x3).  3  :  internal  mould  of 

a  ventral  valve,  NU-B55.  4, 5  :  internal  mould  of  a  ventral  valve,  NU-B61  (5  :  X4).  6  :  ventral  view  of  a  shell,  NU- 
B63.  7  :  internal  mould  of  a  ventral  valve,  NU-B64.  8  :  external  mould  of  a  dorsal  valve,  NU-B50.  9  :  ventral 

view  of  a  shell,  NU-B59.  10  :  internal  mould  of  a  ventral  valve,  NU-B65.  11  :  internal  mould  of  a  ventral  valve,  NU- 
B56.  12:  ventral  view  of  a  shell,  NU-B51.  13  :  internal  mould  of  a  ventral  valve,  NU-B58.  14  :  external  mould  of 
a  dorsal  valve,  NU-B57.  15.  Laterispina  parallela  Shen,  Fan,  Zhang  and  Zhang,  internal  mould  of  a  ventral  valve, 
showing  fence-shaped  marginal  brim  along  lateral  commissure,  NU-B70.  All  figures  are  natural  size  unless otherwise  indicated. 
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observed  along  lateral  commissure.  Shell  consisting  of  two 
layers,  pseudopunctate  outer  layer  and  laminate  inner  layer 
(Figures  2, 3). 

Ventral  central  platform  well  developed,  trapezoid  in  trans- 
verse section.  Median  septum  stout  and  slightly  distorted, 

elevated  on  right  side  of  central  platform  and  knife-edged  at 
anterior  part,  but  elevated  at  middle  part  of  central  platform 

and  top-thickened  at  posterior  part  (Figures  3, 4).  Dorsal 
interior  with  a  long  brachial  ridge  in  each  lobe;  brachial 
process  not  observed. 

Remarks— Permianella  typica  He  and  Zhu  is  characterized 
by  its  large  size,  elongately  ovate  outline,  deep  incision, 
irregular  marginal  brim  and  nearly  parallel  anterolateral  sides. 
The  present  specimens  quite  agree  with  the  type  specimen 
of  P.  typica  in  external  and  internal  characters  except  for  a 
slightly  curved  lateral  profile.  Permianella  sp.  from  the 
Longtan  Formation  of  Jiangxi  Province,  South  China  (He  and 
Zhu,  1979,  p.  133, 139)  has  no  substantial  differences  from  P. 

typica. 
Permianella  grunti  Shen  and  Shi,  described  and  figured  by 

Shen  and  Shi  (1997,  p.  22,  pi.  1,  figs.  1-7)  from  the  Upper 
Permian  of  the  Transcaucasus,  is  clearly  distinguished  from 
the  present  species  by  its  smaller  shell,  inconspicuous 
marginal  brim  and  very  short  median  septum. 

The  Chinese  species  Dipunctella  stenosulcata,  Tenerella 

usualisa,  Parististeges  equilateialis  and  Parististeges  pisifor- 
mis described  by  Liang  (1990,  p.  372, 374, 379, 380)  resemble 

P.  typica  in  their  parallel  lateral  sides,  elongately  ovate  outline 
and  deep  incision.  However,  their  two  lateral  septa  on  the 
central  platform  suggest  that  they  belong  to  the  genus 
Dicystoconcha. 

Horizon  and  locality— Lower  part  of  the  Kanokura  Forma- 

tion ;  Imosawa  (Loc.  2),  Imo,  Yahagi-cho,  Rikuzentakata  City, 
Iwate  Prefecture,  and  Minamisawa  (Loc.  3)  and  Shigejisawa 

(Locs.  4-6),  Kamiyasse,  Kesennuma  City,  Miyagi  Prefecture, 
Northeast  Japan. 

Genus  Laterispina  Wang  and  Jin,  1991 

Occurrence.— Middle  and  Upper  Permian  ;  South  China 
and  Northeast  Japan. 

Laterispina  parallela  Shen,  Fan,  Zhang  and  Zhang,  1994 

Figure  5-15 
Laterispina  parallela  Shen,  Fan,  Zhang  and  Zhang,  1994,  p.  478  ; 

pi.  1,  figs.  1-12  ;  pi.  2,  figs.  1-11, 14  ;  text-figs.  1-5. 

Material.— One  specimen,  external  and  internal  moulds  of 

a  ventral  valve,  NU-B70. 
Description.— Shell  large  in  size  for  genus,  bilobate,  very 

long,  belt-like  shape;  length  55mm,  width  14mm  in  the 
single  ventral  valve  specimen.  Shell  concavo-convex  in 
anterior  profile,  slightly  curved  dorsally  in  lateral  profile. 
Anterior  incision  extremely  deep,  attaining  more  than  two 
thirds  of  shell  length.  Lateral  sides  of  shell  nearly  parallel. 
Marginal  brim  developed  along  lateral  commissure  and  being 

fence-shaped.  Attachment  ring  grasping  a  crinoid  stem  on 
posterior  margin.  Other  external  and  internal  characters 
unknown. 

Remarks.— Although  only  one  specimen  is  available  for 
description,  the  fence-shaped  marginal  brim  along  the  lateral 
commissure  and  parallel  belt-like  outline  well  represent  the 
characters  of  Laterispina  parallela  Shen,  Fan,  Zhang  and 
Zhang.  It  is  only  a  minor  difference  between  the  Kitakami 
and  the  Chinese  specimens  that  the  former  has  a  slightly 
curved  profile. 

Horizon  and  locality.— Lower  part  of  the  Kanokura  Forma- 
tion ;  Kanokurasawa  (Loc.  1),  Setamai,  Sumita-cho,  Kesen- 

gun,  Iwate  Prefecture,  Northeast  Japan. 
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Type  species.— Laterispina  liaoi  Wang  and  Jin,  1991,  from 
the  Upper  Permian  Changhsing  Formation  of  Guangxi  and 
Sichuan  Provinces,  South  China  (Wang  and  Jin,  p.  496, 500, 

pi.  2,  figs.  4-12). 

Diagnosis.— Shell  large  in  size,  bilobate,  triangular  or  belt- 
like in  outline,  with  ventral  sulcus  ;  anterior  incision  extreme- 

ly deep  ;  lateral  commissure  bearing  fence-shaped  marginal 
brim.  Ventral  interior  with  a  median  septum  and  a  compli- 

cated central  platform  having  internal  septa.  Dorsal  interior 
with  brachial  processes  and  long  brachial  ridges. 

Remarks.— Laterispina  differs  from  Permianella  and  Dicys- 
toconcha in  having  a  complicated  fence-shaped  marginal 

brim  along  the  lateral  commissure.  Permianella  usually  has 

an  irregular  wing-shaped  marginal  brim,  but  Dicystoconcha 
has  a  very  shallow  incision  and  no  marginal  brim. 

Species  other  than  type  species  assigned  to  the  genus  — 
Laterispina  parallela  Shen,  Fan,  Zhang  and  Zhang,  1994, 

from  the  Upper  Permian  Changhsing  Formation  of  Nantong, 
Sichuan  Province,  South  China  (Shen  et  al.,  1994,  p.  478,  pi. 

1,  figs.  1-12;  pi.  2,  figs.  1-11, 14). 
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Abstract  Factor  analysis  of  planktic  foraminiferal  assemblages  analyzed  in  sediment  samples' from  the 
Northwest  Pacific  Ocean  near  Japan  defines  five  major  factors  including  the  Kuroshio,  Transitional  Water, 

Oyashio,  Kuroshio  Gyre  Margin  and  Coastal  Water  factors  which,  when  mapped,  show  distinctive  distribu- 
tions. These  factors  account  for  over  94%  of  the  total  variance.  Each  of  the  factors  can  be  treated  as 

an  independent  variable  in  a  regression  analysis.  Equations  relating  factors  to  winter  and  summer  sea- 
surface  temperatures  (SSTs)  show  a  high  degree  of  accuracy.  The  standard  errors  of  estimate  for  the 

transfer  function  equations  PFJ-125  established  in  this  study  average  about  ±1.75  C  for  estimated  winter 
temperatures,  and  about  ±1.17  C  for  summer  temperatures. 

Transfer  functions  PFJ-125  were  applied  to  assemblages  representing  the  last  12  K  yrs.  in  piston  core 
C-1  collected  in  the  area  off  Joban,  northeast  Honshu,  Japan.  The  lowest  estimated  winter  SST  is  4.1  C 
and  18.5  C  for  the  summer  SST  at  10,500  yrs.  B.P.  whereas  at  6,300  yrs.  B.P.  the  winter  highest  SST  is  12. 

8  C  and  23.9  C  in  the  summer.  Based  on  down-core  variations  in  estimated  winter  and  summer  SST  and 

fluctuations  of  the  five  identified  factor  loadings,  the  C-1  core  site  was  alternatively  under  the  influence  of 
the  Oyashio  and  Kuroshio  Fronts  through  the  last  12  K  yrs.  Marine  conditions  at  core  site  C-1  at  10,500 
yrs.  B.P.  are  comparable  with  those  recorded  in  the  same  area  for  the  last  glacial  maximum. 

Key  words  :  Latest  Quaternary,  paleoenvironments,  planktic  foraminifera,  Q  mode  factor  analysis,  transfer 
functions 

Introduction 

Planktic  foraminifera  (unicellular  shelled  protozoans)  live  in 

surface  and  near-surface  ocean  water  and  their  distribution 

generally  corresponds  to  the  world's  climatic  zones  and 
oceanic  surface  water  masses  (Bé  and  Tolderlund,  1971  ; 
Bradshaw,  1959).  The  composition  of  planktic  foraminiferal 
assemblages  accumulated  in  surface  sediments  on  the 
ocean  bottom  reflects  océanographie  conditions  of  the 
overlying  surface  water  (Belyayeva,  1969  ;  Bé,  1977). 

Past  variations  in  sea  surface  temperature  can  be  esti- 
mated through  quantitative  analysis  of  fossil  planktic  for- 

aminiferal assemblages  in  deep  sea  sediments.  The  trans- 
fer function  introduced  by  Imbrie  and  Kipp  (1971)  is  derived 

simply  from  spatial  correlations  between  modern  océano- 
graphie data  (water  temperature,  salinity,  etc.)  and  census 

data  for  surface  sediment  collected  from  sea  bottom  assem- 
blages of  planktic  foraminifera.  These  authors  carried  out 

factor  analysis  of  planktic  foraminiferal  assemblages  from 
surface  sediments  as  variables,  obtained  statistically  derived 

varimax  assemblages  which  have  high  correlations  with 
environmental  factors,  and  subsequently  calculated  the 
transfer  function  and  estimated  sea  surface  temperatures 

(SSTs)  by  regression  analysis.  This  method  is  now  widely 
applied  in  Quaternary  research  as  the  technique  provides 
calibrated  quantitative  estimates  of  several  parameters  of 
past  oceanic  environments  including  surface  temperatures 
(see  for  example  CLIMAP,  1976;  Moore  et  al.,  1980,  and others). 

This  method  has  been  used  by  many  investigators  to 

obtain  the  transfer  function  for  planktic  foraminiferal  assem- 
blages in  the  north  and  equatorial  Atlantic  (Gardner  and 

Hays,  1976;  Kipp,  1976;  Prell  et  al.,  1976;  Dowsett  and 
Poore,  1990  and  others).  These  latter  functions,  however, 
have  inherent  geographic  limits  in  their  applicability  because 
they  are  entirely  based  upon  biotic  and  océanographie 
parameters  defined  for  a  given  geographically  confined 
oceanic  region.  In  order  to  interpret  paleoenvironmental 
changes  as  accurately  as  possible,  it  is  necessary  to  select 
a  transfer  function  specific  to  the  region  in  question.    This 
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method  was  applied  to  planktic  foraminifers  in  the  western 

Pacific  Ocean  by  Thompson  (1981),  Oda  et  al.  (1983)  and 
Takayanagi  et  al.  (1987). 

In  the  northwestern  Pacific  Ocean  near  Japan,  there  are 
two  dominant  surface  currents,  the  north  flowing  Kuroshio 

and  the  south-flowing  Oyashio.  Surface  sediments  used  by 

Thompson  (1981)  to  derive  the  transfer  function  FP-12E  were 
mainly  collected  in  the  Kuroshio  Region,  with  only  a  few 
samples  from  the  Oyashio  Region  near  Japan.  The  Oda  et 
al.  (1983)  and  Takayanagi  ef  al.  (1987)  studies  lacked  samples 
from  the  Kuroshio  Region.  Therefore,  the  transfer  function 
equations  derived  by  their  authors  are  not  efficient  enough  to 
apply  to  cores  from  areas  near  Japan  under  the  influence  of 
the  Oyashio  and  Kuroshio  Currents. 

In  this  study,  we  have  attempted  to  formulate  new  multiple 
regression  equations  applicable  to  the  Kuroshio  to  Oyashio 

regions  and  derive  transfer  functions  to  estimate  sea-surface 
temperature  (SST)  in  the  piston  core  KT81-19,  C-1  taken 
along  the  Joban  coast  off  Northeast  Honshu,  Japan  (Figure 
1). 

Hydrographie  conditions  of  the  Northwest 
Pacific  Ocean  near  Japan 

The  Japanese  Islands  extend  in  an  arc  from  northwest  to 
southeast  along  the  northwestern  margin  of  the  Pacific 
Ocean.  The  surface  ocean  off  Japan  can  be  generally 
subdivided  into  three  regions  which  correspond  to  distinctive 
surface  flow  patterns  and  physical  properties  (Kawai,  1972) 
including  the  Kuroshio  Area,  the  Oyashio  Area  and  the 
Perturbed  (Transitional)  Area  (Figure  1).  The  hydrography  in 
each  area  is  summarized  as  follows. 

The  Kuroshio  Current  represents  one  of  the  major  western 
boundary  currents  in  the  world  ocean  and  flows  toward  the 

northeast  along  the  coast  of  Japan.  The  so-called  Kuro- 
shio extension,  which  runs  eastward  away  from  Japan  into 

the  Pacific,  is  distinguished  from  the  Kuroshio  Current  proper 
which  runs  along  the  coast.  The  Kuroshio  area  of  influence 
extends  from  seas  off  southwest  Japan  to  approximately  Lat. 

35°N,  where  the  northern  boundary  is  determined  by  the 
Kuroshio  Front  and  the  Kuroshio  Extension. 

Two  stable  flow  patterns  are  known  for  the  Kuroshio 
Current  (Taft,  1972  ;  Nitani,  1975).  One  runs  parallel  to  the 
Japanese  Islands  and  bathes  the  upper  portion  of  the 
continental  slope.  Another  is  called  the  meander,  which 

leaves  the  continental  slope  off  the  Enshu  Gulf  (Enshu-nada, 

Lat.  33°N).  The  meander  surrounds  the  Cold  Water  Mass 
resulting  from  upwelling  of  cold  water  (Nan'niti,  1958, 1960), 
leading  to  sea  surface  temperatures  some  4  to  5°C  lower 
than  mean  surrounding  values  (Fujimori,  1964).  Although 
many  investigators  have  suggested  that  the  meander  must 
be  treated  within  the  context  of  the  Pacific  circulation  as  a 

whole  (Shoji,  1972),  there  are  not  enough  data  at  this  time  to 
fully  analyze  the  meander  and  associated  occurrence  of  the 
Cold  Water  Mass. 

The  Oyashio  Current  is  the  second  most  important  surface 
current  near  Japan  ;  it  flows  southward  along  the  southeast 
coast  of  Hokkaido  and  is  characterized  by  low  temperature 

and  low  salinity  (Kawai,  1972).  The  Oyashio  area  of  influ- 
ence is  located  north  of  approximately  Lat.  4TN.  The 

southern  boundary  of  this  area  is  demarcated  by  the  Oya- 

shio-Kuroshio  Front  which  lies  approximately  at  Lat.  38°N  as 
a  weak  easterly  flow  of  the  Oyashio,  and  also  a  southward 
intrusion  of  the  Oyashio,  termed  the  first  Oyashio  Intrusion. 

The  so-called  Perturbed  Area  is  located  between  approxi- 

mately Lat.  38°N  to  41°N  between  the  Oyashio  and  Kuroshio 
Fronts  and  the  axis  of  the  Kuroshio  Extension,  where  steep 

temperature  and  salinity  gradients  prevail.  Numerous 
eddies  exist  in  the  Perturbed  Area  forming  an  area  of  a 

complicated  surface  character  (Kawai,  1972). 
Finally,  a  warm  surface  current  flows  from  the  Sea  of 

Japan  into  the  northwest  Pacific  through  the  Tsugaru  Strait 

(the  so-called  Tsugaru  Current)  and  affects  the  surface 
water  from  the  Tsugaru  Strait  to  off  Kinkazan  Island  (Kawai, 
1972;  Moriyasu,  1972)  at  approximately  Lat.  38N.  The 
Tsugaru  Warm  Current  has  its  origin  in  the  Tsushima  Current, 
a  warm  current  which  flows  northward  into  the  Sea  of  Japan 

through  the  Tsushima  Strait. 
Sea  surface  temperature  (SST)  data  used  in  this  report  are 

based  on  the  Marine  Environmental  Atlas  compiled  by  the 

Japan  Océanographie  Data  Center  (1978)  (Figure  2).  In  the 
Kuroshio  Area,  SST  ranges  from  20C  to  30C  in  the  summer, 

and  7.5°C  to  20°C  in  the  winter.  In  the  Oyashio  Area,  SST 

ranges  from  14°C  to  22°C  in  the  summer,  and  —  2.5°C  to  10 
C  in  the  winter.  In  the  Perturbed  Area,  SST  ranges  from  18= 
C  to  22°C  in  the  summer,  and  5CC  to  10C  in  the  winter. 

Formulation  of  Transfer  Functions 

(1)    Samples 
Surface  sediment  assemblages  of  planktic  foraminifera 

analyzed  for  this  study  include  those  collected  off  northeast 
Honshu  (Takayanagi  and  Oda,  1983)  and  from  off  southeast 
Japan  (Oda  and  Takemoto,  1992).  Generally,  sediment 
samples  from  water  depth  greater  than  3,500  m  contain 

foraminiferal  assemblages  displaying  evidence  of  dissolu- 
tion ;  samples  yielding  foraminifers  severely  influenced  by 

dissolution  were  removed  from  analysis.  In  the  end,  81 

surface  sediment  samples  containing  modern  surface  popu- 
lations were  selected  from  the  area  off  Hokkaido  to  the  area 

off  Tanega-shima,  encompassing  some  12:  of  latitude 
between  Lat.  30  N  to  42  N  (Figure  3,  Table  1). 

Samples  were  washed  on  a  63  pt m  opening  sieve  with  tap 
water  ;  sediment  residues  on  the  screen  were  then  dried. 

Figure  1.    Map  showing  major  current  systems,  the  generalized  distribution  of  surface  water  masses  in  seas  adjacent  to 

the  Japanese  Islands  and  a  piston  core  KT81-19,  C-1  used  in  this  study. 
C  :  areas  dominated  by  cold  water  masses  during  the  meandering  of  the  Kuroshio  Current,  W  :  areas  dominated  by  warm 

water  masses  within  the  so-called  Perturbed  Area  between  the  Kuroshio  and  Oyashio  Currents.  (Modified  after  Masuzawa, 
1957  and  Kawai,  1972). 
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Figure  2.    Map  illustrating  modern  winter  and  summer  surface  water  temperatures  in  the  northwest  Pacific 
Ocean  ;  temperature  values  taken  from  the  Marine  Environmental  Atlas  (1978) 

Residues  were  subsequently  split  with  a  micro-splitter  to 
yield  more  than  200  foraminiferal  specimens.  Each  sample 
aliquot  was  then  sieved  through  a  125// m  opening  screen 
and  all  planktic  foraminiferal  specimens  picked  from  the 
coarser  fraction  and  identified  to  species  to  compile  a  faunal 
census.  On  average,  377  specimens  were  identified  and 
counted  in  each  sample. 

(2)    Factor  Analysis 

Thirty-seven  species  and  16  genera  of  planktic  for- 
aminifera  were  recognized  in  the  81  surface  sediment  sam- 

ples analyzed.  Twenty-four  species  assigned  to  nine  gen- 
era were  selected  for  Q-mode  factor  analysis  on  the  basis  of 

their  high  frequencies  (Table  2).  Species  listed  in  Table  3 
make  only  a  small  contribution  to  the  analysis  because  of 
their  very  low  frequencies  or  limited  geographic  occurrences. 
The  most  frequently  occurring  species  (Table  2),  on  average, 
account  for  98%  of  the  total  planktic  foraminifera  in  any 
given  sample. 
We  recalculated  the  percentage  frequency  of  each  taxon 

among  the  24  most  frequent  species.  We  next  employed 

Q-mode  factor  analysis  using  the  faunal  similarities  cosine- 
theta  of  the  81  surface  sediment  samples  analyzed,  following 
procedures  detailed  by  Imbrie  and  Kipp  (1971).  The  specific 
program  we  utilized  is  described  by  Klovan  and  Imbrie  (1971). 
Computer  FUJITSU  M1800  of  the  Computer  Center  of  Kyushu 

University  was  used  to  carry  out  calculations.  The  calcu- 
lated eigenvalues  indicate  that  the  first  five  factors  account 

for  more  than  94%  of  the  total  variance  among  the  samples 
analyzed  (Table  4). 

Figures  4-8  illustrate  the  distribution  of  the  varimax  factor 
loadings  (Table  5)  when  are  classified  into  six  categories,  e.g. 
0.000,0.138,0.572  four  times  and  1.000  as  maximum  of 
absolute  values.  The  distribution  of  each  varimax  factor 

loadings  is  interpreted  and  correlated  with  key  océano- 
graphie parameters. 

The  first  varimax  factor  explains  49.44%  of  the  total 
variance.  The  first  varimax  assemblage  is  dominated  by 

Globigerinita  glutinata  (Egger)  and  Globigerina  bulloides 

d'Orbigny,  accompanied  by  Neogloboquadrina  dutertrei 

(d'Orbigny)  and  Globigerinoides  ruber  (d'Orbigny).  The  var- 
imax factor  loadings  show  high  values  in  almost  all  stations 

south  of  Lat.  35°N  (Figure  4).  In  contrast,  varimax  factor 
loadings  display  low  values  in  stations  north  of  Lat.  35N,  and 

especially  north  of  Lat.  38°N.  Thus,  the  distribution  of  the 
varimax  factor  loadings  clearly  demonstrates  that  the  first 
factor  reflects  the  relative  importance  and  influence  of  the 

Kuroshio  water  mass  on  the  distribution  of  planktic  for- 
aminifera in  the  sample  analyzed. 

Bradshaw  (1959)  reported  that  Globigerinita  glutinata  is 
most  abundant  in  tropical  regions  but  also  ranges  into 
subarctic  waters.  Globigerina  bulloides  has  been  reported 
from  subarctic  cold  water  to  tropical  regions  (Bradshaw, 
1959  ;  Tolderlund  and  Bé,  1971  ;  Bé,  1977  ;  Reynolds  and 
Thunell,  1985),  is  reported  to  feed  on  phytoplankton,  and  its 
production  has  been  shown  to  rapidly  increase  in  areas  of 
upwelling  and  phytoplankton  blooms  in  both  the  Pacific  and 
Atlantic  Oceans  (Tolderlund  and  Bé,  1971  ;  Thunell  and 
Reynolds,  1984;  Reynolds  and  Thunell,  1985).  Moreover, 
Gnt  glutinata  mainly  feeds  on  diatoms  (Hemleben  et  al., 
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Figure  3.    Map  illustrating  the  location  sites  of  the  81  surface  sediment  sample  used  in  this  study  and  a  piston  core 
(KT81-19,  C-1)  analyzed  here. 
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Table  1.    Locations  and  water  depths  of  surface  sediment 

samples  used  in  study. 

Table  1    continue 

cruise  No. 
latitude longitude        depth  (m) 

cruise  No. latitude longitude        depth  (m) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

14 
15 
16 

17 
18 
19 

20 
21 
22 
23 

24 
25 
26 

27 
28 
29 

30 
31 

32 
33 
34 
35 
36 

37 
38 
39 
40 

41 
42 
43 

44 
45 

46 
47 
48 

49 
50 

51 
52 
53 

54 

GH76-2 

GH76-2 
KT78-8 
KT78  8 

KT78-8 

KT78-8 

GH76-2 
GH76-2 
KT69-18 

KT67-10 

KT67-10 

KT69-18 

KT69-18 

GH76-3-II 

GH76-3-II 

GH76-3-II 
KT70-11 

KT70-1 1 

KH94-3 
KT65 

KT65 

KT65 

KT75-7 
KT75-7 
KT95-10 

KT70-11 
KT70-11 
KT70-1 1 

GH75-3 

GH75-3 

GH80-4 
KT86-10 
KT86-10 

KT86-10 

GH79-4 

GH79-4 

KH74-3 
KT92-17 

KT92-17 

KT92-17 

KT85-6 
KT85-6 

KT85-6 

KT85-6 

KT85-6 

GH82-2 

GH82-2 

GH82-2 

GDP-8 

GDP-8 

GH82-2 
KT81-15 

KT81-15 

GH82-1 

42°56' 42°37.9' 

4Z53.6' 

42°45' 42°37.7' 
42°32.1  ' 

42°06' 41°56.1' 

41°46.1' 

41°30' 41°30.3' 

47°59.2' 
40°41 .3' 

40°29.8' 
39°57.0' 

40°01 .5' 

39°22.4' 

39°15.2' 
38°53.52' 

37°59' 37°56.5' 

37°58.4' 

36°49.5' 
36°40.7' 
36°40.07' 

35°34.8' 

35°31 .8' 
35°31 .5' 

34°54' 34°57.5' 

33°51 .9' 
33°40.4' 

33°37.2' 

33°08.1' 

30°59.7' 

31  "15.3' 
34°20.6' 

32°40.1' 
31°55.5' 

31°05.7' 

34°26.7' 

34°10.6' 

34°01 .8' 
34°15.6' 

34°10.0' 

34°13.3' 

34°04.7' 

33°58' 33°36.5' 

33°22' 33°44.2' 
34°30.3' 

33°26.7' 

33°17.8' 

146°20.7' 

146°33.8' 

144°41.5' 
144°48.3' 

144°54.8' 

144°59.4' 

144°46.2' 

144°11.1' 
142°39.4' 

141°31.9' 
141°38.8' 

141°28.8' 

141°47.5' 

141°57.8' 

142°02.7' 

142°10.8' 

142°03.2' 
143°02.9' 
143°22.11' 

141°03.3' 
141 '29.34' 

141°42' 140°54.3' 

141  "07.5' 
141°59.94' 

141°02.9' 

141°13.6' 

141°14.5' 

140°01' 139°39.7' 

140°36.3' 

140°30' 139°08.6' 

139°24' 141°04.8' 

138°17.6' 

138°37' 138°27.3' 
138°25.1' 

138°39.9' 

138°00.1' 
138°00.0' 

137°58.1' 
137°16.5' 

137°21.1' 

136°37.8' 
136°43.5' 

136°41' 136°44.5' 

136°50.8' 

136°10.2' 
134°48.2' 

134°48.1' 

134°41.2' 

2,488 

3,383 53 

152 

883 

1,530 
2,195 

1,405 
902 
70 

598 

300 

100 

120 

110 

150 

120 

1,965 

2,353 38 

130 

185 

30 

160 

2,516 100 

388 

642 

190 

595 

2,160 

1,693 
1,868 

1,294 

2,915 

3,680 
1,423 
3,256 

3,313 
3,335 495 

938 

1,406 587 

1,249 100 

670 

1,500 

2,078 

2,375 

1,217 720 

1,135 
1,110 

55 
56 

57 58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 73 

74 75 
76 
77 

78 79 

80 

81 

GH82-1 

GH82-1 
GH82-1 

GH82-1 
KH72-2 

KH72-2 
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1989  ;  Ottens,  1992),  and  its  production  is  also  triggered  by 

upwelling  and  high  phytoplankton  productivity  bloom,  as  in 

the  case  of  Gna.  bulloides  (Thunell  and  Reynolds,  1984; 

Reynolds  and  Thunell,  1985  ;  Sautter  and  Sancetta,  1992). 

Thus,  it  is  generally  assumed  that  the  distribution  of  Gnt. 

glutinata  and  Gna.  bulloides  depends  largely  on  food  supply, 

and  that  they  can  tolerate  wide  ranges  in  sea  surface 

temperature.  Nqd.  dutertrei  and  Gds.  ruber,  subordinate 

species  of  the  characteristic  Kuroshio  assemblage,  are 

typical  warm-water  species,  widely  distributed  in  tropical  and 
subtropical  regions  (Tolderlund  and  Bé,  1971  ;  Bé,  1977). 

Thus,  the  composition  of  the  Kuroshio  assemblages  repre- 
sents an  indicator  of  relatively  warm  water  accompanied  and 

influenced  by  seasonal  phytoplankton  blooms. 

The  second  varimax  factor  explains  21.67%  of  the  total 

variance.  The  second  varimax  assemblage  is  characterized 

by  an  extraordinarily  high  contribution  of  Neogloboquadrina 

incompta  (Cifelli)  and  a  subordinate  contribution  of  Globiger- 
ina  quinqueloba  Natland.  The  second  factor  clearly  reflects 
an  association  with  the  Transitional  Water  between  the 

Oyashio  and  Kuroshio  fronts.  The  varimax  factor  loadings 

show  high  values  in  areas  extending  from  the  Tsugaru  Strait 

to  off  Inubo-saki  along  the  Sanriku  coast,  and  in  seas  off 

Enshu-nada,  northeast  Honshu  (Figure  5).  The  former 
reflects  the  relative  importance  of  the  Tsugaru  Warm  Current 
whereas  the  latter  correlates  with  the  area  where  the 

Kuroshio  meanders,  forming  the  Cold  Water  Mass.    These 
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Table  2.    Planktic  foraminiferal  species  used  for  factor  analysis 

standard  deviation  and  maximum  abundance  (%). 

including  their  average  percentage  abundance, 

No. 
Species 

Average Standard 
deviation 

Maximum 

occurrence 

1  Globigerina  bulloides  d'Orbigny 
2  Gna.  falconensis  Blow 

3  Gna.  quinqueloba  Natland 
4  Gna.  rubescens  Hofker 

5  Globigerinella  aequilateralis  (Brady) 

6  Gnl.  calida  (Parker) 

7  Globigehnita    glutinata  (Egger) 
8  Gnt.  iota  Parker 

9  Globigehnoides  conglobatus  (Brady) 

10  Gds.  ruber  (d'Orbigny) 
1 1  Gds.  sacculifer  (Brady) 
12  Gds.  tenellus  Parker 

13  Globorotalia     inflata  (d'Orbigny) 
14  Grt.  menardii  (Parker,  Jones  and  Brady) 

15  Grt.  scitula  (Brady) 

16  Grt.  truncatulinoides  (d'Orbigny) 
17  Grt.  tumida  (Brady) 

18  Neogloboquadrina   dutertrei  (d'Orbigny) 
19  Nqd.  incompta  (Cifelli) 

20  Nqd.  pachyderma  (Ehrenberg)  (D*) 

21  Nqd.  pachyderma  (Ehrenberg)  (S**) 

22  Orbulina  universa  (d'Orbigny) 
23  Pulleniatina  obliquiloculata  (Parker  and  Jones) 

24  Turborotalita  humilis  (Brady) 

15.25 9.33 
35.67 

3.96 3.73 14.60 

6.91 
10.25 

53.54 
0.87 1.02 

4.09 

0.49 0.62 
2.48 

0.46 1.02 
7.70 

13.67 11.39 38.35 

0.93 1.57 7.49 

0.38 0.65 3.74 

6.57 
4.70 16.26 

1.41 
1.75 9.85 

1.00 1.10 
5.31 

5.50 5.35 26.58 

0.39 
0.72 

3.49 

0.14 
0.29 1.57 

0.41 0.69 

'     3.90 

0.18 0.55 4.41 

9.99 
7.25 

34.23 

13.77 18.33 
80.21 

0.37 0.94 
4.55 

12.59 27.22 98.68 

0.22 

0.60 
4.95 

4.38 
5.36 

32.35 

0.17 
0.33 1.79 

Table  3.    Planktic  foraminiferal  species  identified  but  not  used  in  formulating 

transfer  function  Eq.  PFJ-125  along  with  their  maximum  occurrence  (%). 

No. 
Species 

Maximum 
occurrence 

1  Beella  digitata  (Brady) 

2  Candeina  nitida  d'Orbigny 
3  Globigerinella  adamsi  (Banner  and  Blow) 

4  Globorotalia     bermudezi  Rögl  and  Bolli 

5  Grt.  hirsuta  (d'Orbigny) 
6  Globoquadrina  conglomérats  (Schwager) 

7  Hastigerina    pelagica  (d'Orbigny) 
8  Hastigerinopsis  riedeli  (Rögl  and  Bolli) 

9  Sphaeroidinella  dehiscens  (Parker  and  Jones) 
10  Tenuitella  fleisheri  Li 

1 1  Turborotalita     anfracta  (Parker) 

1 2  Tbt  guaymasensis  Matoba  and  Oda 

13  Tbl  parkerae  (Brönnimann  and  Resig) 

1.18 

0.07 0.21 

0.93 

0.93 

0.77 
0.26 

0.23 

0.47 

1.77 2.71 

3.56 

0.61 

particular  varimax  factor  loadings  are  barely  detectable  at 

stations  west  of  Long.  134°E  off  southeast  Japan,  where  the 
paths  of  the  Kuroshio  do  not  differ,  irrespective  of  its 

meandering  (Taft,  1972).  Therefore,  the  second  varimax 

factor  is  an  excellent  indicator  of  the  Transitional  Water,  or 

more  specifically,  the  Tsugaru  Warm  Current,  the  Cold  Water 
Mass,  or  both. 

Nqd.  incompta  is  an  established  indicator  of  the  Tsugaru 

Warm  Current  (Oda  et  al.,  1983).  In  addition,  high  fre- 

quencies of  Nqd.  incompta  are  also  present  off  Enshu-nada 
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Table  4.    Varimax  factor  score  matrix  showing  the  contribution  of  planktic  foraminiferal  species  to  each  factor. 

1st  factor 2nd  factor 3rd  factor 4th  factor 5th  factor 

Gna.  bulloides 0.569 0.066 0.038 0.108 0.060 

Gna  falconensis 0.166 0.023 

-0.010 
-0.002 

-0.128 

Gna.  quinqueloba 0.057 0.308 

-0.010 
-0.009 

0.869 

Gna.  rubescens 0.040 

-0.007 

0.000 0.003 
0.042 

Gnl.  aequlateralis 0.019 

-0.004 

0.000 0.016 

-0.013 

Gnl.  calida 0.024 

-0.006 

0.001 

-0.004 

0.015 

Gnt.  glutinata 0.701 

-0.028 

0.021 

-0.495 
-0.065 

Gnt  iota 0.039 
0.024 

-0.006 
-0.038 

-0.110 

Gds.  conglobatus 0.010 

-0.008 

0.001 0.040 

-0.002 

Gds.  ruber 0.239 
0.014 

-0.010 

0.156 

-0.018 

Gds.  sacculifer 0.042 

-0.021 

0.003 0.109 

-0.014 

Gds.  tenellus 0.045 

-0.002 

0.002 

-0.009 

0.034 
Grt.  inflata 0.099 0.157 

-0.013 

0.226 

-0.384 

Grt.  menardii 0.012 

-0.001 

0.000 0.018 

-0.027 

Grt.  scitula 0.003 0.005 

-0.001 

0.004 

-0.013 

Grt.  truncatulinoides 0.006 0.014 

-0.002 

0.021 

-0.019 

Grt.  tumida 0.004 0.005 

-0.002 

0.009 

-0.011 

Nqd.  dutertrei 0.244 

-0.012 

0.018 0.718 
0.082 

Nqd.  incompta 

-0.045 

0.929 

-0.047 

-0.013 
-0.222 

Nqd.  pachyderma  (D) 

-0.004 

0.007 0.022 0.017 

-0.008 

Nqd.  pachyderma  (S) 

-0.038 

0.049 
0.997 

-0.009 
-0.011 

Orb.  unversa 0.010 

-0.001 

0.000 0.003 0.001 

Pul.  obliquiloculata 0.130 

-0.084 

0.014 0.367 

-0.013 

Tbt.  humilis 0.008 0.002 

-0.001 

-0.008 
-0.009 

variance 49.443 21.668 
13.166 6.091 3.837 

cumulative  var. 49.443 71.111 84.277 90.367 94.204 

Table  5.    The  varimax  factor  loading  matrix  and  communalities  for  the  81  surface  sediment  samples 

from  the  northwest  Pacific  Ocean  off  Japan. 

1st  factor 2nd  factor 3rd  factor 4th  factor 5th  factor communal  ity 

1 

-0.038 

0.050 0.997 

-0.007 
-0.014 

0.999 

2 0.006 0.092 0.994 
0.008 0.019 0.998 

3 0.051 0.197 0.968 

-0.034 

0.133 0.997 
4 0.025 0.099 0.991 0.004 0.049 0.995 

5 

-0.008 
0.070 0.997 

-0.007 
-0.008 

0.999 

6 

-0.027 
0.050 0.998 

-0.007 
-0.010 

0.999 

7 

-0.025 

0.054 
0.998 

-0.006 

0.000 0.999 
8 0.059 0.072 0.990 0.006 0.020 0.989 

9 

-0.003 
0.711 0.689 0.031 0.009 0.982 10 

-0.01 1 
0.955 

-0.004 

0.009 

-0.149 

0.935 

11 

-0.004 
0.961 0.095 

-0.001 
-0.100 

0.942 
12 0.038 0.961 0.189 

-0.002 -0.042 

0.963 
13 

0.009 0.954 0.130 

-0.003 

0.235 0.983 

14 0.096 0.918 0.292 0.015 0.235 0.993 

15 0.077 0.943 0.133 

-0.001 

0.279 
0.990 

16 0.047 0.893 0.421 0.007 
0.096 0.986 

17 0.063 0.915 0.263 

-0.019 

0.275 0.987 
18 

0.047 0.358 0.899 0.172 

-0.117 

0.981 
19 0.045 0.211 0.970 

0.070 

-0.066 

0.997 
20 0.165 

0.661 
0.080 

-0.007 

0.693 0.952 

21 0.105 0.957 0.093 
0.052 0.033 

0.940 
22 0.112 0.962 0.168 

0.095 0.037 0.976 
23 0.262 0.564 0.067 

0.053 0.728 
0.923 

24 0.273 0.808 0.130 0.408 

-0.189 

0.946 
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Table  5    continue 

1st  factor 2nd  factor 3rd  factor 4th  factor 5th  factor communality 

25 0.420 0.534 0.180 0.579 

-0.106 

0.840 

26 0.518 0.216 0.016 0.695 0.331 0.907 

27 0.782 0.334 0.077 
0.368 0.174 0.895 

28 0.648 0.722 0.132 0.042 

-0.131 

0.978 
29 0.808 0.321 0.017 0.407 0.031 

0.924 
30 0.831 0.283 0.021 0.319 

0.138 
0.891 

31 
0.877 0.208 

0.011 

-0.028 
-0.203 

0.854 

32 
0.923 0.049 0.024 

-0.030 
-0.041 

0.858 

33 0.643 0.535 

-0.011 

0.115 

-0.343 

0.831 

34 0.953 0.106 0.029 

-0.117 
-0.124 

0.949 

35 0.686 0.531 

-0.003 

0.199 

-0.286 

0.873 

36 0.243 0.793 

-0.030 

0.368 

-0.346 

0.944 
37 0.551 0.733 

-0.009 

0.248 

-0.223 

0.952 

38 0.751 0.516 0.007 0.283 

-0.232 

0.965 

39 0.608 0.574 

-0.007 

0.432 

-0.280 

0.964 
40 

0.911 0.279 0.013 

-0.097 
-0.211 

0.962 
41 0.625 0.422 0.000 0.498 

-0.171 

0.845 

42 0.693 0.580 

-0.001 

0.215 

-0.149 
0.886, 

43 
0.597 0.687 

-0.005 

0.259 

-0.186 

0.93
0* 

44 0.507 0.750 

-0.028 

0.022 

-0.331 

0.930 

45 0.681 0.572 

-0.009 

0.184 

-0.280 

0.902 
46 0.773 0.253 0.023 

0.444 
0.318 0.960 

47 0.951 0.134 0.036 0.164 0.140 0.970 

48 0.947 0.248 0.025 
0.144 

-0.064 

0.984 
49 0.874 0.176 0.034 0.326 

-0.048 

0.905 

50 0.926 0.186 0.028 0.036 

-0.138 

0.914 

51 
0.736 0.569 0.004 0.271 

-0.201 

0.978 
52 0.941 0.254 0.028 0.033 0.190 0.987 

53 0.933 0.227 0.030 0.161 0.139 
0.969 

54 0.938 0.135 0.035 0.170 0.224 0.978 

55 0.966 0.128 0.031 

-0.127 

0.147 
0.988 

56 
0.960 0.149 0.035 0.154 

-0.042 

0.970 
57 0.855 0.343 0.022 0.205 

-0.144 

0.912 

58 0.958 0.176 0.033 

-0.093 
-0.054 

0.961 

59 0.870 0.178 0.029 0.359 0.166 
0.946 

60 0.949 0.183 0.028 0.063 0.102 0.949 

61 
0.912 0.062 

0.042 
0.329 0.066 0.949 

62 0.963 0.056 0.029 

-0.129 

0.023 0.948 
63 0.955 

0.147 
0.026 0.189 

-0.059 

0.974 
64 0.961 0.085 0.039 

-0.031 

0.038 
0.935 

65 0.945 0.116 0.038 0.205 

-0.041 

0.952 
66 0.946 0.042 0.044 0.111 0.010 

0.911 
67 

0.865 0.166 0.030 0.167 0.420 0.980 
68 0.910 0.106 

0.037 
0.150 0.195 

0.902 
69 0.990 0.026 0.036 

-0.079 
-0.004 

0.988 

70 0.966 0.011 0.033 

-0.101 -0.024 

0.945 
71 0.971 0.014 0.042 0.155 

0.004 
0.968 

72 0.818 

-0.010 

0.030 0.420 

-0.010 

0.847 73 
0.977 0.027 0.036 0.083 

0.047 
0.965 

74 0.496 

-0.032 
0.023 0.757 

-0.009 

0.820 
75 0.394 

-0.044 

0.020 0.755 

-0.033 

0.728 
76 

0.957 0.013 0.034 

-0.134 
-0.034 

0.936 
77 0.966 0.005 0.033 

-0.093 
-0.024 

0.944 78 0.886 

-0.017 

0.034 0.309 

-0.039 

0.883 
79 0.927 0.000 0.035 0.234 

-0.068 

0.920 
80 0.943 0.079 0.033 0.136 0.179 0.948 
81 0.968 0.030 0.035 0.150 0.036 0.962 
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Figure  4.    Geographic  distribution  of  the  first  varimax  factor  loading  (Kuroshio)  in  the  northwest  Pacific  Ocean  off  Japan. 
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Figure  5.    Geographic  distribution  of  the  second  varimax  factor  loading  (Transitional)  in  the  northwest  Pacific  Ocean  off  Japan. 
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where  the  Cold  Water  Mass  frequently  occurs.  Since  the 

southern  limit  of  the  Tsugaru  Warm  Current  is  at  approxi- 
mately Lat.  38N,  near  Kinkazan  Island  and  the  northern  limit 

of  the  Cold  Water  Mass  is  at  approximately  Lat.  34°N  off 
Enshu-nada  these  two  water  masses  are  geographically 
isolated  from  each  other.  The  former  is  characterized  by 
the  occurrence  of  the  sinistral  form  of  Neogloboquadrina 

pachyderms  (Ehrenberg)  (given  as  Nqd.  pachyderma  (S)), 
whereas  this  species  is  not  present  in  the  latter  water  mass. 
Consequently,  we  conclude  that  there  are  two  possible 
influences  on  the  assemblage,  the  Tsugaru  Warm  Current 
and  the  Cold  Water  Mass,  with  a  possible  distinction  based 
upon  the  occurrence  of  Nqd.  pachyderma  (S). 
The  third  varimax  factor  explains  13.17%  of  the  total 

variance.  The  third  varimax  assemblage  is  represented  by 

only  one  species,  Nqd.  pachyderma  (S).  Figure  6  shows  the 
varimax  factor  loadings  which  are  apparently  high  to  the 
north  of  the  Oyashio  Front  as  might  be  anticipated.  Thus, 
the  third  factor  reflects  an  association  with  the  cold  Oyashio 
Current. 

Nqd.  pachyderma  (S)  is  the  dominant  species  of  cold  water 
(Reynolds  and  Thunell,  1985  ;  Sautter  and  Thunell,  1989)  in 
polar  and  subpolar  regions  (Bradshaw,  1959  ;  Bé,  1977  ; 
Tolderlund  and  Bé,  1971).  This  species  has  also  been 
regarded  as  a  typical  indicator  species  of  the  Oyashio 
Current  near  Japan  (Takayanagi  and  Oda,  1983  ;  Oda  et  al., 
1983  ;  Chinzei  er  al.,  1987). 

The  fourth  varimax  factor  explains  6.09%  of  the  total 
variance.  The  fourth  varimax  assemblage  is  composed  of 
such  tropical  species  as  Nqd.  dutertrei  and  Pulleniatina 
obliquiloculata  (Parker  and  Jones).  Figure  7  shows  the 
varimax  factor  loadings  which  have  high  values  at  stations 

off  the  Joban  coast  (Lat.  36°40'N),  off  Inubo-saki  (Lat.  35°35' 
N),  and  around  Tanega-shima  Island  (Lat.  30WN),  and  have 
middle  values  at  stations  off  the  Pacific  coast  of  southeast 

Japan.  Stations  north  of  Lat.  37°N  show  very  little  influence 
of  the  fourth  varimax  factor  except  for  one  station  where 
warm  core  eddies  frequently  occur.  Accordingly,  the  fourth 
varimax  factor  suggests  an  association  with  the  Kuroshio 
Gyre  Margin. 

The  fifth  varimax  factor  explains  3.84%  of  the  total  vari- 
ance. The  fifth  varimax  assemblage  is  again  represented 

by  only  one  taxon,  Gna.  quinqueloba.  The  varimax  factor 
loading  shows  high  values  along  the  Joban  coast  in  the 
Perturbed  Region  (Figure  8),  while  low  values  are  recognized 

in  the  coastal  area  from  off  southeast  Kyushu  to  off  south- 
east Shikoku.  The  distribution  of  the  fifth  factor  loadings 

suggests  the  degree  to  which  particular  oceanic  regions  can 
be  influenced  by  coastal  influences,  for  instance,  increasing 

mixing  with  low-salinity  waters. 
Gna.  quinqueloba  is  abundant  in  coastal  areas  including 

shelf  areas  off  Japan  and  shows  a  propensity  for  low-salinity 
areas  (Wang  et  al.,  1988;  Takayanagi  and  Oda,  1983). 
Thus,  the  distribution  of  the  fifth  varimax  factor  loadings 
expresses  the  influence  of  Coastal  Water. 

(3)    Regression  Analysis 

Multiple  regression  analysis  was  used  to  verify  the  rela- 
tionship between  the  planktic  foraminiferal  data  set  and 

océanographie  data  within  the  study  area,  and  subsequently 
used  to  formulate  multiple  regression  equations.  The 

océanographie  data  set  includes  average  surface  water 
temperatures  for  both  the  summer  and  the  winter  taken  from 
the  Marine  Environmental  Atlas  (the  Japan  Océanographie 

Data  Center,  1978).  The  planktic  foraminiferal  data  set 

includes  the  five  varimax  assemblages  identified  in  81  sur- 
face samples.  The  program  ANALYST  was  used  to  carry 

out  the  multiple  regression  analysis  using  the  FACOM  opera- 
tion system  of  the  Computer  Center  of  Kyushu  University. 

The  following  two  transfer  functions,  termed  Equation 

PFJ-125,  yield  surface  water  temperatures  (SST)  for  the 
winter  and  the  summer  : 
SST  in  the  winter  is  given  by 

(1)  Tw=5.49x,-4.65x2-10.93x3-l- 2.59x4-4.81x5+13.71, 

R2(contribution)=0.92,  standard  error=1.75°C. 
SST  in  the  summer  is  given  by 

(2)  Ts=4.16xl-2.28x2-6.50x3+1.23x4-3.41x5  +  23.74, 

R2(contribution)=0.92,  standard  error =1.17°C. 
Note  that  x,  to  x5  indicate  the  proportions  of  the  varimax 
loadings. 

To  ascertain  the  reliability  of  the  equation  in  estimating 
sea  surface  temperature,  we  applied  calculated  values 
derived  for  each  of  the  foraminiferal  samples  analyzed  and 

compared  the  estimated  values  with  observed  SST  values 
(Figure  9).  The  standard  error  of  estimated  winter  SST  is 
about  8.92%  of  the  present  SST  range  (0.7~20.3  C)  and 
about  8.96%  of  the  present  summer  SST  range  (15.0— 28/TC). 
Standard  ANOVA  F-statistics  are  shown  in  Table  6.  For 
each  equation,  the  correlation  coefficient  squared  is  greater 
than  0.9,  and  the  standard  error  is  less  than  9.0%  of  the  total 
range.  Thus,  these  equations  yield  SST  values  of  apparent 
accuracy  and  precision. 

Estimated  Variations  in  Downcore 

Surface  Temperature  Value 

Piston  core  KT81-19  C-1  (243  cm  in  length),  obtained  from 
the  sea  bottom  beneath  the  Perturbed  Region  north  of  the 

Kuroshio  Front  (water  depth  of  1,545  m  ;  Lat.  36 15.9'N,  Long. 
141°1.8'E)  off  the  Joban  coast  of  Northeast  Honshu,  Japan 
(Figure  1),  was  selected  to  test  the  reliability  of  equations  in 

estimating  paleo-SST.  The  bottom  of  this  core  was  esti- 
mated by  Chinzei  et  al.  (1987)  to  be  younger  than  12,000  yrs. 

B.P.  based  on  radiocarbon  dating  of  two  horizons  and  five 

tephra  key  beds.  Oda  and  Takemoto  (1992)  studied  plank- 
tic foraminiferal  assemblages  from  41  sediment  samples 

taken  at  5  cm  sampling  intervals  through  core  KT81-19  C-1, 
with  a  time  resolution  of  163-383  yrs.  The  method  of  sam- 

ple preparation  and  treatment  was  identical  to  that  applied  to 
surface  sediment  samples  analyzed  for  this  study. 

Down-core  fluctuations  in  winter  and  summer  SSTs  calcu- 
lated by  the  equations  discussed  above  span  the  last  12 

Kyrs,  where  the  first  through  fifth  factor  loadings  represent 
the  proportions  of  the  first  five  varimax  assemblages  (Figure 
10).  Communalities  of  all  the  samples  are  higher  than  0.7 
and  average  0.92  (Table  7). 
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Figure  6.    Geographic  distribution  of  the  third  varimax  factor  loading  (Oyashio)  in  the  northwest  Pacific  Ocean  off  Japan. 
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Figure  7.    Geographic  distribution  of  the  fourth  varimax  factor  loading  (Kuroshio  Gyre  Margin)  in  the  northwest  Pacific  Ocean  off  Japan. 
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Figure  8.    Geographic  distribution  of  the  fifth  varimax  factor  loading  (Coastal  Water)  in  the  northwest  Pacific  Ocean  off  Japan. 
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Figure  9.  Comparison  of  observed  winter  and  summer  sea  surface  temperatures  (SST)  in  the  northwest  Pacific 

Ocean  off  Japan  and  estimated  SST  derived  through  application  of  the  paleontological  transfer  functions  PFJ-125, 
Tw  and  Ts.    Broken  lines  denote  the  limit  of  standard  errors. 

Table  6.    ANOVA  F-statistics  for  equations  Ts  and  Tw. 
Standard 

error 
sum  of 

square 

degree  of 
freedom 

unibiased 
variance 

F-value 

Ts 

regression 
residual 

total 

1.17 

1,126.82 
103.40 

1 ,230.22 

5 

75 

80 

225.36 

1.38 
15.38 

163 

Tw 

regression 
residual 
total 

1.75 

2,749.76 229.31 

2,979.07 

5 75 

80 

549.95 
3.06 

37.24 

180 

Estimated  sea  surface  temperatures  (SST)  down  core 

KT81-19  C-1  indicate  the  coldest  period  at  approximately 

10,500  yrs.  B.P.  (about  3.9°C  in  the  winter  and  18.5°C  in  the 
summer).  After  10,000  yrs  B.P.,  there  are  indications  of  a 

slight  warming  of  SST  with  a  radical  increase  in  SST  at  8,000 

yrs.  B.P.  (about  6.9°C  in  the  winter  and  20.3°C  in  the  summer.). 
This  latter  warming  trend  displays  a  peak  at  6,300  yrs.  B.P. 

(12.8°C  in  the  winter  and  23.9°C  in  the  summer.).  After  6,000 
yrs.  B.P.,  the  SST  decreased  gradually,  with  a  warming  peak 

again  at  3,100  yrs  B.P.  (about  12.6°C  in  the  winter  and  23.8°C 
in  the  summer).  After  3,000  yrs.  B.P.,  two  cooling  peaks 

centered  at  about  2,200  yrs.  B.P.  and  1,300  yrs.  B.P.  can  be 

recognized  (7.9°C  and  7.2°C  in  the  winter,  20.9°C  and  20.4°C 
in  the  summer,  respectively),  with  a  final  warming  peak 

centered  at  about  1,800  yrs.  B.P.  (11.8°C  in  the  winter  and 
23.4°C  in  the  summer). 
The  coldest  estimated  winter  and  summer  SSTs  (c.a. 

10,500  yrs.  B.P.)  in  this  core  are  similar  to  values  of  the 

modem  ocean  off  cape  Erimo  (Erimo-misaki),  southern 
Hokkaido.  It  is  noteworthy  that  the  difference  in  winter  SST 

at  10,500  yrs.B.P.  and  that  for  the  modern  winter  in  this  area 

is  about  8°C. 

Discussion 

The  validity  of  the  computed  SST  values  downcore  to 

11,000  yrs.  B.P.  for  core  KT81-19  C-1  can  be  examined  by 
comparing  the  distribution  of  each  of  the  varimax  factor 
loadings  (Figure  10). 

The  most  significant  fluctuations  in  factor  loadings  include 

the  distinctive  dominance  of  the  third  (Oyashio)  factor 

between  11,000  and  8,000  yrs  B.P.,  the  decline  of  the  Oyashio 

factor  after  8,000  yrs  B.P.,  a  peak  of  the  first  (Kuroshio)  factor 

at  6,300  yrs  B.P.,  and  an  increase  of  the  second  (Transitional 
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Factor  loadings Estimated  SST 

1st  factor      2nd  factor 3rd  factor       4th  factor (Chinzei  et.  al.,  1987) 

Figure  10.  Estimated  winter  and  summer  sea  surface  temperatures  (°C)  down  core  KT  81-19,  C-1  as*  analyzed 
using  the  paleontological  transfer  functions  PFJ-125,  with  the  first  four  varimax  factor  loadings  ;  <y180  curve  based 
on  analyses  of  the  planktic  foraminifera  Grt.  inflata  (from  Chinzei  ef  a/.,  1987). 

Water)  factor  after  5,000  yrs  B.P.  These  fluctuations  are 
thought  to  express  northward  and/or  southward  shifts  of  the 
Kuroshio  Front  in  the  region  off  Japan. 

The  Oyashio  factor  dominated  during  11,000-8,000  yrs.  B. 
P.  Estimated  SST  values  are  low  during  the  latter  period, 

with  the  lowest  SST  about  3.9°C  in  the  winter  and  18.5°C  in 
the  summer  at  10,500  yrs  B.P.  These  estimates  of  the 
winter  and  summer  temperatures  are  close  to  those  values 

for  the  modern  Oyashio  water  off  Erimo-misaki,  southern 

Hokkaido,  which  is  situated  5°  north  of  the  C-1  core  site. 
Thus,  we  conclude  that  the  Oyashio  Front  was  near  the  C- 
1  core  site  during  this  period. 

Although  the  Oyashio  factor  decreased  rapidly  after  8,000 
yrs  B.P.  the  Kuroshio  factor  began  to  increase  and  peaks  at 
6,300  yrs.  B.P.  The  increase  in  amplitude  of  the  estimated 

SST  is  about  8.2°C  in  winter  and  5.2°C  in  summer  between  8, 
000-6,000  yrs.  B.P.  At  6,300  yrs.  B.P.,  corresponding  to  the 
peak  in  the  Kuroshio  factor,  the  estimated  winter  and  sum- 

mer SST  reached  their  maxima  of  12.8°C  and  23.9°C,  respec- 
tively, representing  an  especially  distinctive  winter  maximum. 

These  estimations  of  the  winter  and  summer  temperatures 
are  close  to  the  modern  SST  values  of  the  Kuroshio  frontal 

zone  off  Point  Inubo  (Inubo-saki,  Lat.  35°70'N).  Furthermore, 
an  increase  of  the  fourth  Kuroshio  Gyre  margin  factor 
preceded  the  increase  in  Kuroshio  factor,  showing  a  peak  at 
6,400  yrs.  B.P.  Thus,  we  assume  that  the  increase  in  the 
Kuroshio  Gyre  margin  factor  indicates  a  northward  shift  of 
the  Kuroshio  Front. 

Thus,  the  decreasing  values  of  the  Kuroshio  factor  indi- 
cates a  southward  shift  of  the  Kuroshio  Front  after  6,300  yrs. 

B.P.  Almost  simultaneously,  there  is  a  general  increase  in 
the  proportion  of  the  Transitional  Water  factor  after  5,000  yrs. 

B.P.  We  assume  that  the  core  C-1  site  region  was  influ- 
enced by  the  Transitional  Water,  especially,  the  Tsugaru 

Warm  Current  at  that  time.  Influence  of  the  Tsugaru  Warm 
Current  has  continued  to  the  present  in  this  area,  although 

our  estimated  SST  values  indicate  short  warm  peaks  at  3, 

100, 2,200, 1,800  and  1,200  yrs  B.P.  These  latter  events  are 
thought  to  reflect  the  influence  of  the  Oyashio  Factor 
because  of  varimax  factor  loadings. 

Chinzei  et  al.  (1987)  analyzed  oxygen  isotopes  in  the 

planktic  foraminifer  Grt.  inflata  in  piston  core  C-1.  The 
resulting  oxygen  isotope  records  display  a  trend  of  heavier 
values  downcore  and  a  sharp  shift  toward  the  heaviest  value 

of  (?180  in  the  basal  part  of  the  core.  This  same  record 
indicates  an  episode  of  cooling  around  10,500  yrs.  B.P.  and  a 

warm  trend  around  7,000-6,000  yrs.  B.P.  which  peaked  at 
6,300  yrs.  B.P.  The  results  of  this  study  generally  agree  with 
those  of  Chinzei  et  al.  (1987).  In  particular,  both  studies 
recognize  an  episode  of  cooling  at  about  10,500  yrs.  B.P., 
followed  by  a  warming  trend,  and  a  warm  maximum  at  6,300 
yrs.  B.P.  Chinzei  et  al.  (1987)  also  suggested  that  the 
cooling  episode  recorded  at  10,500  yrs.  B.P.  was  likely 
correlated  with  the  Younger  Dryas  cool  period.  These  same 
authors  also  concluded  that  the  water  temperature  maximum 

at  6,300  yrs.  B.P.  likely  reflected  the  arrival  of  the  Kuroshio 
Front  at  the  C-1  core  site. 

The  earliest  cool  episode  in  core  C-1,  which  corresponds 

to  the  horizon  of  heaviest  values  of  ôlsO  in  the  lowest  part  of 
this  core,  indicates  a  cooling  of  surface  water  in  the  Per- 

turbed Area  by  about  8°C  (both  winter  and  summer),  with  SST 
values  close  to  those  of  the  modern  Oyashio  water  off 

Erimo-misaki,  southern  Hokkaido.  The  difference  between 
the  estimated  winter  SST  at  10,500  yrs.  B.P.,  an  averaged 
modern  winter  sea  surface  temperature  at  this  site,  and  the 
composition  of  the  planktic  foraminiferal  assemblage  are 
collectively  viewed  as  evidence  of  the  southward  penetration 
of  the  Oyashio  Current.  Marine  conditions  during  this  latter 

cooling  episode  recorded  in  core  C-1  are  comparable  to 
those  of  the  last  glacial  maximum,  based  upon  the  south- 

ward penetration  of  the  Oyashio  Current  off  Japan  at  18,000 

yrs.  B.P.  and  average  modern  February  sea  surface  tempera- 
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1st  factor 

0.165 

Table  7.    Varimax  factor  loading matrix  for  core  ( 

3-1. 

yrs.B.P. 
2nd  factor 3rd  factor 4th  factor 5th  factor 

communality 

88 0.645 0.467 0.303 

-0.325 

0.860 
1270 0.207 0.658 

0.564 0.255 

-0.191 

0.900 

1557 0.313 0.679 0.354 
0.280 

-0.330 

0.870 

1719 0.231 0.897 
0.082 0.129 

-0.318 

0.980 
1966 0.205 0.895 0.156 0.120 

-0.315 

0.980 

2212 0.114 0.732 0.450 0.141 

-0.320 

0.870 

2458 0.149 0.608 0.414 0.202 

-0.372 

0.740 

2704 0.240 0.765 0.289 
0.142 

-0.366 

0.880 

2951 0.136 0.706 0.243 0.226 

-0.400 

0.790 

3197 0.296 
0.624 

0.198 0.226 

-0.368 

0.700 
3443 0.189 0.648 0.393 0.188 

-0.348 

0.770 

3689 0.286 0.586 0.386 0.139 

-0.353 

0.720 

3936 0.463 0.661 0.376 
0.275 

-0.248 

0.930 

4428 0.160 0.699 0.343 0.191 

-0.377 

0.810 
4675 0.336 0.701 0.375 0.327 

-0.246 

0.910 
5167 0.346 0.481 0.418 0.192 

-0.369 

0.700 

5906 0.496 0.473 0.567 0.208 

-0.256 

0.900 

6152 0.637 0.473 0.404 0.250 

-0.218 

0.900 

6399 0.501 0.475 0.366 0.401 

-0.310 

0.870 

6645 0.396 0.556 
0.541 0.243 

-0.256 

0.880 

6892 0.246 0.591 0.607 0.253 

-0.276 

0.920 

7139 0.489 0.592 0.471 0.301 

-0.190 

0.940 
7386 0.357 0.621 0.596 0.199 

-0.221 

0.960 

7632 0.333 0.600 0.588 0.259 

-0.277 

0.960 

7879 0.273 0.505 
0.722 0.211 

-0.232 

0.950 

8126 0.156 0.400 0.855 0.138 

-0.190 

0.970 
8373 0.237 0.560 0.669 0.195 

-0.275 

0.930 

8619 0.181 0.473 0.790 0.197 

-0.203 

0.960 
8866 0.248 0.516 0.712 0.192 

-0.233 

0.930 
9113 0.172 0.434 0.835 

0.112 

-0.203 

0.970 
9360 0.186 0.424 0.858 0.099 

-0.119 

0.970 
9606 0.276 0.575 0.730 0.123 

-0.163 

0.980 

9853 0.192 0.517 0.807 0.082 

-0.124 

0.980 
10100 0.176 0.461 0.841 0.033 

-0.117 

0.970 
10433 0.175 0.524 0.814 0.066 

-0.087 

0.980 
10767 0.253 

0.347 0.873 0.055 

-0.049 

0.950 

11100 0.229 0.442 0.842 0.027 

-0.100 

0.970 

tures  as  indicated  by  Moore  et  al.  (1980)  and  Thompson 
(1981).  Thus,  the  10,500  yrs.  B.P.  cooling  episode  represents 
a  dramatic  event  in  the  northwest  Pacific  on  the  same  scale 

as  the  Last  Glacial  Maximum  when  the  steepest  gradient 
was  developed  between  subarctic  and  subtropical  waters  off 
northeast  Honshu,  Japan. 

Summary 

(1)  Planktic  foraminifera  were  quantitatively  analyzed  in 

eighty-one  surface  sediment  samples  collected  at  deep  sea 
stations  off  Japan  in  the  northwestern  Pacific  Ocean.  Two 
hundred  or  more  specimens  were  identified  and  counted  in 

each  sample  and  census  data  used  for  Q-mode  principal 
components  factor  analysis.  Species  selected  include  24 
taxa  belonging  to  9  genera.  The  calculated  eigenvalues 
indicate  that  the  first  to  fifth  factors,  which  account  for  more 

than  94%  of  the  total  variance,  correspond  to  a  Kuroshio 
factor,  a  Transitional  Water  factor,  an  Oyashio  factor,  a 

Kuroshio  Gyre  Margin  factor  and  a  Coastal  Water  factor, 
respectively. 

(2)  The  varimax  factor  loadings  of  the  first  five  factors  were 
used  as  explanatory  variables  ;  modern  winter  and  summer 
surface  temperatures  (SSTs)  values.  Each  equation  derived 
by  this  analysis  shares  multiple  correlation  coefficients 
greater  than  0.9,  and  standard  errors  of  less  than  9.0%  of  the 
total  range.  Transfer  functions,  which  we  term  Equation 

PFJ-125,  were  derived  from  regression  analysis  of  planktic 
foraminiferal  assemblages  to  observed  SST  values.  The 

transfer  functions  have  a  standard  error  of  1.75  C  in  estimat- 
ing winter  SST  and  1.17  C  in  estimating  summer  SST. 

(3)  Application  of  transfer  functions  PFJ-125  to  planktic 
foraminiferal  assemblages  in  piston  core  C-1  representing 
the  last  12  K  yrs  in  the  Perturbed  Area  off  Joban,  northeast 
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Honshu  (Lat.  36°15.9'N,  Long.  141°31.8'E),  discloses  a  cool 

episode  at  10,500  yrs.  B.P.  with  a  winter  SST  of  about  3.9°C 
and  a  summer  SST  of  about  18.5°C.  A  warm  peak  occurred 

at  6,300  yrs.  B.P.  with  a  winter  SST  of  about  12.8°C  and 
summer  SST  of  23.9°C.  The  difference  in  SST  values 
between  winter  10,500  yrs.  B.P.  and  average  modern  winter 

at  the  C-1  core  site  is  about  8°C,  essentially  equivalent  to 
values  of  modern  Oyashio  Current  water  off  Erimo-misaki, 
southern  Hokkaido,  or  about  five  degrees  of  latitude  north  of 

the  core  C-1  site.  Thus,  marine  conditions  10,500  yrs.  B.P  at 

core  site  C-1  off  Honshu,  Japan  were  comparable  to  those 
established  for  the  last  glacial  maximum  in  this  area  and 

provide  evidence  of  a  southward  shift  of  the  Kuroshio  and 

Oyashio  Fronts. 
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Abstract.  A  mammalian  tooth  from  the  lower  Middle  Miocene  Korematsu  Formation  (ca.  16.3  15.6  Ma) 
within  the  Bihoku  Group  in  Shobara  City,  Hiroshima  Prefecture,  southwestern  Japan,  is  described  and 

identified  as  a  right  upper  first  molar  of  the  amphicyonid  carnivore  Ysengrinia  sp.  This  is 'the  first 
amphicyonid  to  be  described  from  Far  East  Asia  and  it  provides  additional  evidence  for  the  camivoran 

faunal  connections  between  Europe-Asia-North  America  during  the  Early  and  early  Middle  Miocene. 

Key  words  :  Amphicyonidae,  Japan,  Miocene,  paleobiogeography,  Ysengrinia 

Introduction 

Amphicyonidae  (sensu  Hunt,  1972)  is  an  extinct  camivoran 
family  within  the  Arctoidea  Flower,  and  is  thought  to  be  the 
closest  relative  of  the  ursids  (e.g.,  Wyss  and  Flynn,  1993)  or 
the  sister  group  to  other  arctoid  carnivorans  (e.g.,  Tedford  et 
al.,  1994).  Amphicyonids  are  now  known  from  the  latest 

Eocene  to  early  Late  Miocene  (ca.  40-8  Ma)  of  Europe, 
Africa,  Asia,  and  North  America  (Hunt,  1996).  Although  there 
have  been  a  few  reports  of  amphicyonids  from  Central  and 

Southeast  Asia  (e.g.,  Colbert,  1939  ;  Yan  et  al.,  1983  ;  Gins- 
burg et  al.,  1992),  no  amphicyonid  has  yet  been  known  from 

Far  East  Asia. 

In  the  present  report,  I  provide  the  description  of  an 

amphicyonid  tooth  referable  to  the  genus  Ysengrinia  Gins- 
burg,  1965,  from  the  lower  Middle  Miocene  Korematsu 

Formation  within  the  Bihoku  Group  in  Shobara  City,  Hiro- 
shima Prefecture,  southwestern  Japan.  This  is  the  first 

record  of  an  amphicyonid  from  Far  East  Asia  and  is  the 

youngest  record  of  this  genus.  The  specimen  was  col- 
lected by  Messrs.  Takanobu  Yamaoka  and  Masami  Sugihar- 

a  on  the  New  Year's  Day  of  1996  and  has  been  deposited  at 
the  Hiwa  Museum  of  Natural  History  (HMN),  Hiwa  Town, 

Hiba-gun,  Hiroshima  Prefecture,  Japan. 
The  following  institutional  acronyms  are  also  used  in  this 

report:  AMNH,  Department  of  Vertebrate  Peleontology, 
American  Museum  of  Natural  History,  New  York,  U.S.A.  ; 
MNHN,  Laboratoire  de  Paléontologie,  Muséum  National 

d'Histoire  Naturelle,  Paris,  France  ;  UNSM,  Division  of  Verte- 
brate Paleontology,  University  of  Nebraska  State  Museum, 

Nebraska,  U.S.A. 

Systematic  paleontology 

Order  Carnivora  Bowdich,  1821 

Family  Amphichyonidae  (Trouessart,  1885)  Hunt,  1972 
Genus  Ysengrinia  Ginsburg,  1965 

Ysengrinia  sp. 

Figure  1 

Material.— HMN-F00002,  right  upper  first  molar,  lacking  all 
the  roots  at  the  base. 

Locality.— A  small  valley,  so-called  "Kaisekidani"  (= Shell- 
stone  Valley),  located  about  2.1  km  east  of  the  Bingo-Sho- 
bara  Station  of  the  Japan  Railroad  (JR),  and  about  2.3  km 
northeast  of  the  Shobara  Interchange  of  the  Chugoku 

Expressway,  Miyauchi  Town,  Shobara  City,  Hiroshima  Pre- 

fecture, southwestern  Japan,  34°51'31"  North  latitude,  and 
133°02'22"  East  longitude. 

Formation  and  Age.— The  specimen  was  found  in  a  gray, 
somewhat  indurated,  medium-grained  marine  sandstone,  at 

the  "Ka2  Horizon"  of  Okamoto  et  al.  (1990)  in  the  lower  part 
of  the  Korematsu  Formation  (Ueda,  1986)  of  the  Bihoku 

Group.  Although  the  upper  part  of  the  Korematsu  Forma- 
tion and  the  overlying  lower  part  of  the  Itabashi  Formation 

correspond  to  the  NN  4  Zone  (18.4-15.6  Ma  :  Young  et  al., 
1994)  of  the  calcareous  nannofossil  zonation  (Okamoto, 

1992),  occurrence  of  the  bivalve  genus  Hataiarca  in  associa- 
tion with  many  tropical  and  subtropical  species  of  molluscs 

and  crustaceans  from  the  entire  Korematsu  Formation  in- 

cluding the  "Ka2  Horizon"  (e.g.,  Okamoto  et  al.,  1990; 
Karasawa,  1993)  suggests  an  equivalency  of  the  Korematsu 
Formation  in  whole  with  Neogene  first  climatic  optimum  (see 
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Figure  1.     Ysengrinia  sp.,  HMN-F00002,  right  M1.  A-B,  occlusal  view  (stereograph)  ;  C,  buccal  view  ;  D,  lingual 
view  ;  E,  anterior  view  ;  F,  posterior  view.    Scale  bar  equals  1  cm. 

also  Noda  and  Takahashi,  1986;  Itoigawa,  1988;  Ogasa- 
wara  and  Noda,  1996).  Therefore,  the  best  current  estimate 
of  the  geologic  age  for  the  Korematsu  Formation  is  early 

Middle  Miocene,  approximately  16.3-15.6  Ma. 
Description.— The  tooth  is  very  large  and  consists  of  three 

principal  cusps:  anterobuccally  located  paracone,  pos- 
terobuccally  located  metacone,  and  lingually  located 
protocone.  The  paracone  is  a  prominent  cusp  and  is  larger 
and  higher  than  the  metacone.  Although  smaller  than  the 
paracone,  the  metacone  is  also  prominent.  The  two  cusps 
are  bordered  buccally  by  a  very  weak  bulge  at  the  base  of 
the  crown.  The  enamel  surface  of  the  paracone  and 
metacone  is  vertically  wrinkled.  A  small  parastyle  is  present 
beside  the  paracone  at  the  anterobuccal  corner  of  the 

crown.  The  protocone  is  almost  like  a  low  V-shaped  ridge 
descending  to  the  paraconule  and  metaconule,  at  the  base 
of  the  paracone  and  metacone  respectively  around  the 

depressed  protocone  basin.  There  is  a  well-developed 
cingulum  at  the  posterolingual  portion  of  the  protocone,  but 
no  cingulum  at  anterior  and  posterobuccal  borders  of  the 

crown,  giving  the  form  of  a  "pear-shaped"  outline  of  the 
crown  in  occlusal  view.  This  tooth  has  three  roots  cor- 

responding to  the  three  principal  cusps,  although  they  are 
broken  off  at  each  base.  The  anterobuccal  root  (for  the 
paracone)  and  the  posterobuccal  one  (for  the  metacone)  are 
both  round  in  cross  section,  and  the  medial  one  (for  the 
protocone)  is  buccolingually  elliptical  and  approximately 
twice  larger  in  diameter  than  the  other  two  at  the  base. 

Comparisons 

HMN-F00002  is  characterized  by  its  very  large  size,  the 

"pear-shaped"  outline  in  occlusal  view,  with  well  developed 
posterolingual  cingulum,  and  very  large  paracone  relative  to 
the  metacone.  All  these  characters  correspond  to  the 

characteristics  of  M 's  of  Ol igo- Miocene  Ysengrinia  species 
known  from  western  Europe  (Ginsburg,  1965  ;  Savage  and 
Rüssel,  1983  ;  Viranta,  1996)  and  North  America  (Hunt,  1972  ; 
Tedford  et  al.,  1987).  Some  other  Miocene  amphicyonids 
such  as  Amphicyon  Lartet  and  Pseudocyon  Lartet  also  have 

large  M's,  but  they  are  almost  equilaterally  triangular  in 
shape  with  cingula  developed  both  anteriorly  and  posteriorly, 
and  the  paracone  and  metacone  are  almost  equal  in  size 

Table  1.    Measurements  of  HMN-F0002  in  mm. 
Mesiodistal  diameter  of  the  crown     21 .6 

Buccolingual  diameter  of  the  crown     26.2 
Height  of  the  crown  at  the  buccal  side     12.3 
Mesiodistal  diameter  of  the  anterobuccal  root  at  the 

base         8.6 
Buccolingual  diameter  of  the  anterobuccal  root  at  the 

base      9.3 

Mesiodistal  diameter  of  the  posterobuccal  root  at  the 
base      7.8 

Buccolingual  diameter  of  the  posterobuccal  root  at  the 
base      8.3 

Mesiodistal  diameter  of  the  lingual  root  at  the  base 
   8.8 

Buccolingual  diameter  of  the  lingual  root  at  the  base 
   13.4 
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Figure  2.  Distribution  of  Ysengrinia.  1,  Y.  tolosana,  Late  Oligocène  ;  Y.  gerandiana,  early  Early  Miocene  ;  Y. 
depereti,  late  Early  Miocene,  France.  2,  Y.  valentiana,  late  Early  Miocene,  Spain.  3,  Y.  sp.,  Early  Miocene, 
Wyoming,  U.S.A.  4,  Y.  sp.,  Early  Miocene,  Nebraska,  U.S.A.  5,  Y.  sp.,  early  Middle  Miocene,  Japan.  Illustration 
is  a  generalized  life  restoration  of  an  amphicyonid. 

(Viranta,  1996).  Likewise,  HMN-F00002  cannot  be  referred 

to  the  M's  of  small  pre-Miocene  amphicyonids  nor  to  the 

other  Miocene  amphicyonids  that  have  "triangular"  upper 
first  molars. 

The  genus  Ysengrinia  was  established  by  Ginsburg  (1965) 

on  the  basis  of  the  dental  morphology  of  "Pseudocyon" 
gerandianus  Viret,  1929,  and  four  species  have  been  recog- 

nized so  far  within  the  genus  (Viranta,  1996).  The  upper  first 
molars  are  known  in  Y.  gerandiana  (Viret,  1929)  from  the  early 
Early  Miocene  (European  Neogene  Mammal  Faunal  Zone 

MN  2  of  Steiniger  et  al.,  1996,  ca.  22.8-20.0  Ma)  of  France 
and  Y.  valentiana  Belinchön  and  Morales,  1989,  from  the  late 

Early  Miocene  (MN  4,  ca.  18.0-17.0  Ma)  of  Spain.  As  can  be 
seen  from  the  illustrations  of  Viret  (1929)  and  Kuss  (1965)  and 
from  the  descriptions  of  Belinchön  and  Morales  (1989)  and 

Viranta  (1996),  Y.  gerandiana  and  Y.  valentiana  have  large  M1 
with  a  prominent  paracone  which  is  larger  than  the 
metacone,  with  a  posterolingually  projected  cingulum,  and 

without  anterior  and  posterobuccal  cingula.  These  charac- 

ters produce  a  "pear-shaped"  outline  in  occlusal  view  that  is 
almost  identical  to  that  of  HMN-F00002. 

As  for  the  North  American  record  of  Ysengrinia,  Hunt  (1972) 

referred  two  M 's  and  some  postcranial  bones  from  the  Early 
Miocene  (now  known  from  the  late  Late  Arikareean  to  Early 
Hemingfordian  of  the  North  American  Land  Mammal  Age,  ca. 

21-18  Ma  ;  Tedford  et  al.,  1987)  of  Nebraska  and  Wyoming  as 
a  species  of  (?)Ysengrinia,  since  there  remained  some 
doubts  regarding  the  status  of  Ysengrinia  at  that  time  (Hunt, 
1972:  p.  31).    It  is,  however,  clear  that  the  structure  and 

proportion  of  the  two  M's  (Hunt,  1972  :  Fig.  10)  all  agree  with 
the  emended  diagnoses  for  the  M's  of  Ysengrinia  species  by 
Viranta  (1996).  Therefore,  I  believe  that  Ysengrinia  without  a 
question  mark  is  warranted  for  the  teeth  described  by  Hunt 

(1972).  The  American  Ysengrinia  M 's  also  resemble  HMN- 
F00002  in  their  size  and  proportion,  but  the  development  of 
buccal  and  lingual  cingula  in  the  former  is  slightly  stronger 
than  in  the  latter. 

Since  the  inter-  and  intra-specific  variations  of  M's  in  the 
species  of  Ysengrinia  are  presently  not  well  understood  (see 

also  Hunt,  1972  ;  Viranta,  1996),  a  species-level  definition 

based  upon  the  morphologies  of  M's  seems  not  to  be 
feasible.  Thus,  I  refer  herein  HMN-F00002  only  to  Ysen- 

grinia species  indeterminate  until  more  diagnostic  material  is 
obtained. 

Paleobiogeography 

Ysengrinia  had  previously  been  known  only  from  western 
Europe  and  North  America  during  the  Late  Oligocène  and 
Early  Miocene  (Hunt,  1972;  Savage  and  Rüssel,  1983). 

HMN-F00002  from  the  early  Middle  Miocene  (ca.  16.3-15.6 
Ma)  of  Japan  is,  therefore,  not  only  the  first  record  of 
Ysengrinia  from  Asia  but  also  the  youngest  record  of  this 

genus  (Figure  2). 

Judging  from  their  oldest  stratigraphie  record  and  geo- 
graphic distribution  of  their  closest  relatives,  i.e.,  Brachycyon 

from  France  (Hunt,  1972)  or  Pseudocyonopsis  from  western 
Europe  (Ginsburg,  1966;  Springhorn,  1977),    Ysengrinia   is 
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thought  to  have  originated  in  western  Europe  during  the  Late 

Oligocène  and  might  have  spread  out  rapidly  from  Europe 
into  North  America  across  the  Asian  Continent  during  the 

Early  Miocene  (Hunt,  1996).  The  biogeographic  range 

extension  of  Ysengrinia  into  Far  East  Asia  is,  therefore, 

consistent  with  the  scenario  originally  proposed  by  Hunt 

(1972).  In  addition,  since  only  one  carnivoran  genus  (i.e.,  the 

Miocene  large-sized  amphicyonid  Amphicyon)  was  previous- 
ly known  in  Europe,  Asia,  and  North  America  during  the  Early 

to  early  Middle  Miocene  (Savage,  1967  ;  Savage  and  Rüssel, 

1983),  HMN-F00002  provides  new  evidence  that  Ysengrinia 
is  also  one  of  the  key  elements  for  recognizing  carnivoran 

faunal  connections  between  Europe,  Asia,  and  North  Amer- 

ica during  that  time.  Such  large  amphicyonids  as  Ysen- 

grinia and  Amphicyon  might  have  been  the  topmost  preda- 
tors in  the  terrestrial  ecosystem  throughout  the  Northern 

Hemisphere  during  the  Early  and  early  Middle  Miocene. 
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Abstract.    The  species  Equus  nipponicus  Shikama  and  Onuki  is  a  true  horse,  possibly  even  a  domestic 
animal,  not  an  Asiatic  wild  ass.    It  has  been  dated  to  1,530  ±60  years  B.P. 

Key  words  :  Equus,  Japan,  late  Pleistocene-  Holocene 

Shikama  and  Onuki  (1962)  described  a  new  species  of 
horse,  Equus  nipponicus,  from  allegedly  late  Pleistocene 
beds  of  Jinomori,  Iwate  Prefecture,  and  from  two  other 
localities  in  northern  Honshu,  Japan.  They  believed  Equus 
nipponicus  to  differ  in  dental  morphology  and  small  size  both 
from  the  true  horse  (£  caballus  L,  including  E.  przewalskii 
Polj.)  and  from  the  Asiatic  wild  ass  (£.  hemionus  Pallas). 

Equus  nipponicus  has  since  been  referred  to  as  a  sub- 
species of  the  Asiatic  ass  (Kahlke,  1975  ;  Kamei,  1981  ; 

Kuzmina,  1989),  probably  because  of  its  small  size. 
By  the  courtesy  of  Prof.  Kei  Mori,  Institute  of  Geology  and 

Paleontology,  Tohoku  University,  Sendai,  I  was  allowed  to 
borrow  and  to  date  the  type  material  of  E.  nipponicus  from 
Jinomori.  The  sample  (collection  No.  66164)  consists  of  the 

right  and  left,  somewhat  worn  upper  and  lower  teeth,  pro- 
bably of  a  single  male  individual.  The  teeth  are  clearly  not 

those  of  an  Asiatic  ass,  but  of  a  true  or  caballoid  horse 

(Shikama  and  Onuki,  1962,  plates  14-15),  as  shown  by  the  U- 
shaped  entoflexid  and  lingually  directed  metaconid  and 
metastylid.  Dr.  Högne  Jugner  and  his  team  at  the  Dating 
Laboratory  of  the  University  of  Helsinki  kindly  did  a 
radiometric  dating  of  a  piece  of  the  jaw,  which  gave  an  age 

of  1,530±60  years  B.P.  (Hela-155).  The  late  age  and  the 
morphology  of  the  specimens  indicate  that  they  probably 
belong  to  a  domestic  horse  (£.  caballus),  which  may  also 
explain  their  small  size. 

In  addition  to  the  finds  from  Iwate  and  Miyagi  Prefectures 
described  by  Shikama  and  Onuki  (1962),  fossil/subfossil 
horses  have  been  found  from  several  other  localities  in 

Japan,  i.e.  from  Keisei  and  Kuroi  (Shikama,  1938,  citing 
Tokunaga,  1934),  from  Tsukinoki  (Shikama,  1938),  from  Kotari 
(Kamei,  1981,  citing  Naora,  1942),  and  from  Shioda  (Kamei  and 
Taruno,  1973,  Kamei,  1981),  all  on  Honshu.  The  latter  was 
referred  to  as  an  Asiatic  ass.  The  oldest  find,  an  isolated 

tooth  from  Tsukinoki,  is  said  to  be  mid-Pleistocene  in  age  ; 
the  youngest  find   is  from  Kyushu  and  Neolithic  in  age 

(Shikama,  1938,  citing  Hasebe,  1925).  Aside  from  our  work 
only  the  Shioda  find  has  been  radiometrically  dated,  its  age 

being  determined  as,  28,400+1,800  B.P.  (Kamei  and  Taruno, 1973). 

The  radiometric  ages  of  the  known  Japanese  fossil/sub- 
fossil horses  would  be  very  interesting,  as  they  could  throw 

light  on  the  first  appearance  and  survival  of  the  horse  in 
Japan.  Horses  are  poor  migrants  across  water  (Sondaar, 
1977),  thus  they  probably  arrived  in  Japan  over  land  from  the 
Asiatic  continent  during  a  period  of  low  sea  level.  In  the 
late  Pleistocene,  between  35,000  B.P.  or  earlier  and  18,000 
B.P.,  the  sea  level  is  believed  to  have  dropped  130  m 

(Manabe,  1977,  citing  Nakagawa,  1967).  Possible  routes  of 
distribution  were  via  Korea  from  northeastern  China  or  via 

Sakhalin  from  southeastern  Russia  ;  moderately  sized  true 
horses  lived  in  both  areas.  If  wild  horses  survived  in  Japan 
in  the  Neolithic,  domestication  may  have  happened  in  situ, 

the  Japanese  domestic  horse  still  showing  molecular  similar- 
ity with  the  Mongolian  domestic  horse  and  the  until  recently 

extant  wild  Przewalski's  horse  (Ishida  et  al.,  1995,  fig.  2). 
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Abstract.  A  skull  of  a  fossil  deer  dredged  from  the  sea-floor  of  the  East  China  Sea  off  Ushibuka  City, 
Kumamoto  Prefecture,  southwestern  Kyushu,  Japan  is  identified  by  the  size  and  shape  of  its  pedicles  as 
the  red  deer  Cervus  elaphus,  presently  living  on  the  Eurasian  and  North  American  continents.  This  is  the 

first  well-documented  fossil  record  of  red  deer  from  Japan,  although  less  reliable  and  doubtful  fossil 

occurrences  of  the  species  have  previously  been  reported  from  the  Pleistocene  of  central  Japan.  A  14C 
date  of  19,780  ±190  yr  BP  was  obtained  for  collagen  fractions  extracted  from  the  fossil  skull  of  C.  elaphus 
using  a  Tandetron  accelerator  mass  spectrometer.  The  geologic  age  of  the  fossil  agrees  with  the 

accepted  14C  age  of  the  Last  Glacial  maximum.  The  present  finding  of  the  fossil  red  deer  strongly 
indicates  that  during  the  Last  Glacial  maximum  the  Asian  continent  and  Kyushu  were  connected  by  a  land 
bridge  in  the  northern  part  of  East  China  Sea. 

Key  words  :  Cervus  elaphus,  glacial  period,  Japan,  land  bridge,  late  Pleistocene,  skull 

Introduction 

In  1990,  a  well-preserved  partial  skull  of  a  fossil  deer  was 
dredged  by  a  fisherman  from  a  depth  of  about  160  m  in  the 
East  China  Sea  off  Ushibuka  City,  Kumamoto  Prefecture, 
southwestern  Kyushu,  Japan  (Figure  1).  Several  other  fossil 
remains  including  an  elephant  tusk  have  been  recovered 

from  the  sea-bottom  of  this  area,  and  a  number  of  fossil 
mammals  such  as  Palaeoloxodon  naumanni  and  Elaphurus 
mayai  have  also  been  dredged  from  other  area  in  the  East 
China  Sea  (Otsuka,  1982  ;  Otsuka,  1987).  The  fossil  deer 
was  loaned  to  us  for  study  through  the  courtesy  of  Tetsuro 
Tateshi  in  Ushibuka  City.  Our  comparative  morphological 
study  has  confirmed  that  the  fossil  specimen  is  referable  to 
the  red  deer  Cervus  elaphus  Linnaeus,  presently  living  in 

Eurasia  and  North  America  (Figure  2).  In  East  Asia,  occur- 
rences of  fossil  red  deer  are  very  rare,  being  known  from  the 

middle  Pleistocene  of  Tingtsun  in  China  and  Tologoy  in 
Russia  (Pei  et  al.,  1958  ;  Vangengeim  and  Sher,  1971)  and 

from  the  upper  Pleistocene  of  Sjara-osso-gol,  Choukoutien 
(Upper  Cave)  and  Ku-hsiang-tung  in  China  (Boule  et  al., 
1928;  Pei,  1940;  Tokunaga  and  Naora,  1939).  In  Japan, 

poorly- preserved  fragments  of  a  mandible  and  an  antler 
referred  to  the  red  deer  have  been  reported  from  the  Upper 

Kobiwako  Group  of  middle  Pleistocene  age  (Shikama,  1941) 
and  the  upper  Kuzuü  Formation  (Shikama,  1949)  of  late 
Pleistocene  age,  respectively.  However,  these  fossils  are 
too  incomplete  to  unequivocally  identify  them  as  Cervus 
elaphus.  This  paper  confirms  for  the  first  time  that  red  deer 
once  lived  in  Japan  and  adds  information  about  the  dispersal 
area  of  Cervus  elaphus  in  the  Pleistocene  of  Eurasia. 

Systematic  description 

Order  Artiodactyla  Owen,  1848 
Family  Cervidae  Gray,  1821 

Subfamily  Cervinae  Gray,  1821 
Genus  Cervus  Linnaeus,  1758 

Cervus  elaphus  Linnaeus,  1758 

Figures  3, 4 

Cervus  canadensis  Erxleben.  Matsumoto,  1926,  p.  35-37,  pi.  12 

(1),  figs.  7-10  ;  Boule  et  al.,  1928,  p.  55-57,  pi.  12,  figs.  2-4,  pi. 
13,  fig.  5;  Pei,  1940,  p.  68-71,  text-figs.  34-36,  pi.  8,  figs.  3, 
4  ;  Pei  ef  a/.,  1958,  p.  34-36,  text-fig.  9,  pi.  2,  fig.  2. 

Cervus  elaphus  Linnaeus.  Tokunaga  and  Naora,  1934,  p.  64,  pi. 

17,  figs.  3,  5  ;  Tokunaga  and  Naora,  1939,  p.  45, 46,  text-fig. 
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Figure  1.  Map  showing  the  collecting  locality  (X)  of  the 
fossil  red  deer  skull  in  the  East  China  Sea  off  Amakusa- 
shimoshima  Island,  southwestern  Kyushu,  Japan. 

12,  pi.  1,  fig.  16,  pi.  3,  fig.  9. 
(Synonymy  includes  only  citations  of  fossil  remains  recovered  in 

East  Asia.) 

Material  studied.— A  fragment  of  an  adult  male  skull  in- 
cluding the  neurocranium  and  part  of  the  frontals  with 

pedicles  (Ushibuka  City  Kaisaikan  Museum,  UCKM-V-1) 
(Figure  3);  collected  from  the  sea-floor  of  the  East  China 

Sea  off  Ushibuka  City,  Kumamoto  Prefecture,  Japan.  14C 
date:  19,780±190yr  BP  (Laboratory  code  number  NUTA- 

5266) 

Description.— The  neurocranium  is  large  and  wide, 
measuring  83.6  mm  in  width  and  73.1  mm  in  height.  In 
lateral  view,  the  angle  between  the  parietal  and  frontal  is 

113.5°.  The  minimum  width  of  the  frontals  is  108.5  mm.  The 
dorsal  surface  of  the  parietal  joins  the  posterior  surface  of 
the  occipital  almost  perpendicularly.  The  interfrontal  suture 
is  somewhat  protruding  and  notched.  The  sagittal  suture  is 
partly  fused  and  is  recognized  as  a  zigzag  line  between  the 
parietal  bones.  The  supraorbital  foramina  are  ellipsoidal  in 
shape  and  located  at  central  part  of  the  frontals.  The 
maximum  width  between  the  supraorbital  foramina  is  67.0 
mm.  The  sulci  above  them  are  not  very  deep  and  extend 

obliquely  and  slightly  upward. 
The  pedicles  are  very  stout  especially  at  their  bases. 

They  are  short  and  in  lateral  view  do  not  protrude  and 

overhang  the  parietal  surface.  The  antero- posterior  diame- 
ters of  the  pedicles  (36.5  mm  on  the  right  and  37.9  mm  on 

the  left)  are  a  little  smaller  than  their  transverse  diameters 
(40.0  mm  on  the  right  and  41.0  mm  on  the  left).  The  angle  of 

pedicle  diversion  is  66°.  The  minimum  distance  between 
the  pedicles  measures  78.1  mm.  In  lateral  view  the  pedicles 
are  slightly  inclined  backwards.  The  surface  of  the  pedicles 
is  marked  by  a  number  of  thin  vertical  sulci. 

The  roof  of  the  neurocranium  is  well  developed.  In  dorsal 
view  it  appears  clearly  depressed  in  front  of  the  occipital  and 
at  the  level  of  the  temporal  bone.  In  lateral  view  the 
occipital  condyles  are  quite  convex,  although  the  surface  of 

the  occipital  is  slightly  convex.  In  posterior  view  the  oc- 
cipital condyles  have  blunt  outlines  except  for  their  lower 

ends,  so  that  each  of  their  lateral  margin  becomes  gradually 
narrower  ventrally.  The  medial  margins  of  the  occipital 
condyles  are  parallel  with  each  other.  The  dorsal  margin  of 
the  foramen  magnum  curves  downward  on  either  side  of  the 
midline.  The  dorsal  margin  of  the  occipital  shield  is  gently 
convex. 

PACIFIC  OCEAN  j. 

Figure  2.    Map  showing  the  distribution  of  the  fossil  and  living  red  deer.    Dotted  area  :  the  distribution  of  living 
red  deer  (after  Whitehead,  1972).    X  :  the  locality  of  fossil  red  deer  studied  in  this  paper. 

Figure  3.  Cervus  elaphus  Linnaeus.  Partial  adult  male  skull  consisting  of  the  neurocranium  and  part  of  the  frontals 

with  pedicles  (UCKM-V-1)  from  the  sea-floor  of  the  East  China  Sea  off  Ushibuka,  Kyushu.  1  :  Dorsal  view,  2  :  Ventral  view, 
3  :  Left  lateral  view,  4  :  Right  lateral  view,  5  :  Frontal  view,  6  :  Posterior  view.    Scale  bar  equals  4  cm. 
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In  ventral  view  the  occipital  condyles  are  bluntly  rounded. 
The  occipital  condyles  and  the  basioccipital  are  bounded  by 

a  well-developed  constriction.  The  tubercles  for  the  mus- 
cular insertions  are  well  inflated.  The  oval  foramina  are 

elongate,  ellipsoidal  in  shape  and  their  anterior  margins  are 
inclined  inwards. 

Measurements.— Basic  morphology  and  measurements 
adopted  in  this  paper  are  presented  in  Figure  5  and  Table  1. 

Comparisons.— Comparisons  have  been  made  with  the 

living  and  fossil  Cervidae  including  14  species  and  24  sub- 
species among  5  genera.  To  avoid  the  effect  of  sex  and 

age  difference,  we  only  used  male  adult  skulls  except  for  a 
female  individual  of  Cervus  (Axis)  axis  Erxleben  from  India 
housed  in  the  Nagoya  Higashiyama  Zoo,  Japan.  Some 

scientists  considered  that  the  European  red  deer  is  specifi- 
cally distinguishable  from  the  Asian  and  North  American  red 

deer  on  the  basis  of  external  morphology  (Whitehead,  1972  ; 

Putman,  1988).    Lowe  and  Gardiner  (1989),  however,  consid- 
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Figure  4.  Restoration  of  the  fossil  skull  of  Cervus  elaphus.  A  :  dorsal  view,  B  :  ventral  view,  C  :  right  lateral 
view,  D  :  posterior  view.  Solid  line  :  a  part  of  skull  preserved  as  the  fossil  specimen,  Dotted  line  :  broken  parts. 

Bo=basioccipital,  Bs=basisphenoid,  Co-st= coronal  suture,  earn = external  acoustic  meatus,  fe= ethmoidal  fo- 
ramen, fi  =  incisive  foramen,  fio= infraorbital  foramen,  fj= jugular  foramen,  fm=foramen  magnum,  fo=oval  foramen, 

for=orbital  round  foramen,  Fr=frontal,  Fr-st=frontal  suture,  fs  =  supraorbital  foramen,  jp=jugular  process,  La= 
lacrimal,  La-st=lambdoid  suture,  Mx=maxilla,  Na=nasal,  oc  =  occipital  condyle,  Occ= occipital,  opc=optic  canal, 
Orb  =  orbital,  Pa=parietal,  Pe=pedicle,  Pmx=premaxilla,  Ps=presphenoid,  Sa-st= sagittal  suture,  Sq-st= 
squamosal  suture,  Te=temporal,  Zy=zygomatic. 
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Figure  5.    Location  of  measurements  taken  of  the  fossil  skull  of  Cervus  elaphus.    A  :  dorsal  view,  B  :  frontal 
view,  C  :  ventral  view,  D  :  right  lateral  view,  E  :  posterior  view.    See  Table  1  for  explanation  of  the  measured  parts. 
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Table  1.  Measurements  of  the  skull  of  fossil  red  deer  following  Dreisch  (1 976). 

For  measured  parts  see  Figure  5.  (1)  ang  fr-par:  angle  between  frontal  and 
parietal  plane,  (2)  ang  ped  :  angle  of  pedicle  diversion,  (3)  dap  ped  :  antero-pos- 
terior  diameter  of  the  pedicles,  (4)  dis  ped  :  minimum  distance  between  pedicles, 
(5)  dt  ped  :  transverse  diameter  of  the  pedicles,  (6)  h  fm  :  height  of  the  foramen 
magnum,  (7)  h  neu  :  neurocranium  height,  (8)  h  occ  :  occipital  height,  (9)  I  bas  : 

basioccipital  length,  (10)  I  i-br:  inion-bregma  length,  (11)  I  max  sph-occ  :  maxi- 
mum length  of  sphenoid-occipital,  (12)  I  min  sph-occ:  minimum  length  of 

sphenoid-occipital  (=basicranial  axis),  (13)  w  bas  occ:  basioccipital  width,  (14) 
w  fm  :  width  of  the  foramen  magnum,  (1 5)  w  max  fs  :  maximum  width  between 
supraorbital  foramina,  (16)  w  max  neu  :  maximum  neurocranium  width,  (17)  w  min 
fr:  minimum  frontal  width,  (18)  w  min  fs:  minimum  width  between  supraorbital 

foramina,  (1 9)  w  oc  :  external  width  of  the  occipital  condyles,  (20)  w  occ  :  oc- 
cipital width,  (21)  w  orb  :  skull  width  at  the  orbital  level,  (22)  w  par  :  neurocranium 

width  (=parietals  width). 

Measured  parts in  mm/degree Proportion 
Ratio 

1)  ang  fr-par 
113.5 

2)  ang  ped 66.0 

3)  dap  ped  (right) 36.5 dap  ped  (r)/w  occ 0.41 

3)  dap  ped  (left) 37.9 dap  ped  (l)/w  occ 0.43 

4)  dis  ped 
78.1 

dis  ped/w  occ 0.88 

5)  dt  ped  (right) 
40.0 

dt  ped  (r)/w  occ 
0.45 

5)  dt  ped  (left) 
41.0 

dt  ped  (l)/w  occ 0.46 

6)  hfm 
25.0 

h  fm/w  occ 0.28 

7)  h  neu 73.1 h  neu/w  occ 0.82 

8)  h  occ 71.6 h  occ/w  occ 0.81 

9)  I  bas 61.7 I  bas/w  occ 0.70 

10)  I  i-br 
85.9 I  i-br/w  occ 

0.97 
11)  I  max  sph-occ 86.0 I  max  sph-occ/w  occ 

0.97 
12)  I  min  sph-occ 

69.8 I  min  sph-occ/w  occ 0.79 

13)  w  bas  occ 
43.7 

w  bas  occ/w  occ 0.49 

14)  w  f  m 25.5 w  fm/w  occ 0.29 

1 5)  w  max  fs 67.0 w  max  fs/w  occ 0.76 

16)  w  max  neu 108.2 w  max  neu/w  occ 
1.22 

17)  w  min  fr 
108.5 w  min  fr/w  occ 1.22 

18)  w  min  fs 58.0 w  min  fs/w  occ 0.65 

19)  w  oc 61.0 w  oc/w  occ 0.69 

20)  w  occ 88.6 

21)  w  orb 
125.2 w  orb/w  occ 1.41 

22)  w  par 83.6 w  par/w  occ 0.94 

ered  that  it  is  impossible  to  distinguish  both  groups  clearly  at 
the  species  level  based  on  the  skull  morphology.  In  this 
study  we  have  treated  both  groups  of  the  red  deer  as  the 
same  species  Cervus  (Cervus)  elaphus  following  the  opinion 
of  Lowe  and  Gardiner  (1989). 

The  fossil  skull  UCKM-V-1  clearly  preserves  characters 
typical  of  the  subfamily  Cervinae,  especially  the  genus 

Cervus.  The  shape  of  the  basioccipital  and  occipital  con- 
dyles closely  resemble  those  of  species  of  the  genus  Cervus. 

The  ratios  of  external  width  of  the  occipital  condyles/oc- 
cipital  width  (0.69),  occipital  height/occipital  width  (0.81)  and 

minimum  length  of  sphenoid-occipital/occipital  width  (0.78) 
of  the  specimen  fall  within  the  known  range  of  species  of 

Cervus  (0.65-0.77,0.71-0.87,0.70-0.84,  respectively).  The 
fossil  skull  is  much  larger  than  living  and  fossil  sika  deer  from 
Japan  and  roe  deer  from  Korea  such  as  Cervus  (Sika)  nippon 
nippon  Temminck  from  Kirishima  of  mainland  Kyushu,  C.  (S.) 

n.  centralis  Kishida  from  Chichibu,  C.  (S.)  grayi  katokiyomasai 

Shikama  and  Hasegawa  from  the  sea-floor  of  Bisan-seto 
housed  in  Kagoshima  University,  C.  (S.)  pulchellus  Imaizumi 
from  Tsushima  Island,  C.  (S.)  n.  mageshimae  Kuroda  et 
Okada  from  Tanegashima  Island,  C.  (S.)  n.  yakushimae 
Kuroda  et  Okada  from  Yakushima  Island  after  Matsumoto  et 

al.  (1984)  and  Capreolus  capreolus  bedfordi  Thomas  from  the 
Korean  peninsula  housed  in  the  National  Science  Museum, 
Tokyo  (Reg.  no.  M  11126),  and  is  almost  the  same  size  as 
Cervus  (C.)  elaphus  siciliae  Pohlig  from  Sicily,  Italy  after 
Gliozzi  et  al.  (1993)  (Figure  6).  However,  the  skull  is  small  in 
comparison  to  the  Japanese  megacerid  Sinomegaceros 
yabei  (Shikama)  from  the  Seto  Inland  Sea  off  Matsuyama, 
Japan  housed  in  Kagoshima  University,  Elaphurus  davidianus 
Milne-Edwards  housed  in  the  National  Science  Museum, 
Tokyo  (Reg.  no.  M 13066)  and  the  European  red  deer  such  as 
C.  (C.)  e.  hippelaphus  Erxleben  and  C.  (C.)  e.  acoronatus 
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Figure  6.  Scatter  diagram  and  regression  lines  showing 
the  relationship  between  (w  occ)  and  (h  occ)  of  the  occipitals 
in  Cervus  (Cervus)  elaphus  studied  in  this  paper,  C.  (C.)  e. 
siciliae,  C.  (C.)  e.  acoronatus,  C.  (C.)  e.  hippelaphus  (data  after 

Gliozzi  ef  al.,  1993),  C.  (S//ca)  pulchellus,  C.  (S.)  nippon  mage- 
shimae, C.  (S.)  n.  yakushimae  (data  after  Matsumoto  ef  al., 

1984),  C.  (S.)  n.  nippon  from  Kirishima,  Japan,  C.  (S.)  grayi 

katokiyomasai  from  the  sea-floor  of  the  Bisan-seto,  Japan,  C. 
(S.)  n.  centralis  from  Chichibu,  Japan,  Sinomegaceros  yabei 

from  the  Seto  Inland  Sea,  Japan  housed  in  Kagoshima  Univer- 
sity, Elaphurus  davidianus  and  Capreolus  capreolus  bedfordi 

from  the  Korean  peninsula,  Korea  housed  in  the  National 
Science  Museum,  Tokyo  (Reg.  no.  M  13066  and  M  11126, 
respectively). 

Beninde  after  Gliozzi  ef  al.  (1993)  based  on  the  statistical 
data  of  Gliozzi  ef  al.  (1993)  that  summarize  the  relationships 
between  occipital  height  and  width  (Figure  6). 

The  neurocranium  proportion,  with  a  width/height  ratio  of 
1.14,  seems  close  to  those  of  C.  (C.)  elaphus  subspecies  such 

as  C.  (C.)  e.  siciliae  (1.12-1.21),  C.  (C.)  e.  acoronatus  (1.15)  and  C. 
(C.)  e.  priscus  Kaup  (1.12-1.20)  from  Mauer,  Germany  after 
Stefano  and  Petronio  (1992).  They  are  also  comparable  to 
C.  (S.)  g.  katokiyomasai  (1.06)  and  C.  (S.)  nippon  subspecies 
such  as  C.  (S.)  n.  nippon  (1.23)  and  C.  (S.)  n.  centralis  (1.12),  but 
they  are  quite  different  from  other  Cervinae  species  such  as 
£  davidianus  (0.97),  C.  (Rusa)  unicolor  Bechstein  (0.97) 
housed  in  the  National  Science  Museum,  Tokyo  (Reg.  no.  M 
8932),  C.  (A.)  axis  (1.27),  C.  (Nipponicervus)  praenipponicus 

Shikama  (1.24-1.33)  after  Fossil  Deer  Research  Group  of 
Ichihara  (1994)  and  C.  (Przewalskium)  albirostris  Prezewalski 
(1.45)  after  Flerov  (1952).  In  lateral  view,  the  angle  between 

the  parietal  and  frontal  bones  (113.6°)  is  almost  identical  to  C. 
(C.)  elaphus  subspecies  like  C.  (C.)  e.  siciliae  (111-123°),  C.  (C.) 
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Figure  7.  Bar  graph  showing  the  minimum  frontal  width  ' 
occipital  height  in  Cervus  (Cervus)  elaphus  (present  study),  C. 
(C.)  e.  siciliae  (data  after  Gliozzi  ef  al.,  1993),  C.  (Sika)  nippon 
yesoensis  from  Ashoro,  Japan  (data  after  Fossil  Deer  Research 
Group  of  Ichihara,  1994),  C.  (Rusa)  unicolor,  Elaphurus 
davidianus,  Capreolus  capreolus  bedfordi  from  the  Korean 
peninsula,  Korea  housed  in  the  National  Science  Meseum, 
Tokyo  (Reg.  nos.  M  8932,  M  13066  and  M  11126,  respectively), 
Cervus  (Przewalskium)  albirostris  (data  after  Flerov,  1952)  and 
C.  (Axis)  axis  from  India  housed  in  the  Nagoya  Higashiyama 
Zoo,  Japan.  The  ratio  for  fossil  red  deer  (present  study)  is 
nearly  identical  with  the  values  of  C.  (C.)  e.  siciliae. 

e.  priscus  (112-125  )  and  C.  (C.)  e.  acoronatus  (117  ).  It  is  also 
comparable  to  C.  (P.)  albirostris  (107  ),  C.  (S.)  g.  katokiyomasai 

(122°),  E.  davidianus  (113°)  and  C.  (S.)  nippon  subspecies  such 
as  C.  (S.) n.  nippon  (110 ) and  C.  (S.) n.  centralis  (128),  but  it  is 
definitely  smaller  than  C.  (R.)  unicolor  (142  ),  Dama  dama 

Smith  (136°)  after  Flerov  (1952)  and  C.  (C.)  e.  canadensis 
Erxleben  (135°)  from  Canada  housed  in  the  National  Science 
Museum  (Reg.  no.  M  1094).  The  ratio  of  minimum  width  of 
frontal/occipital  height  (1.52)  of  the  fossil  skull  is  nearly 

identical  to  that  of  C.  (C.)  e.  siciliae  (1.50-1.52),  but  differs  from 
those  of  C.  (P.)  albirostris  (1.38),  C.  (R.)  unicolor  (1.30),  E 
davidianus  (1.28),  C.  (A.)  axis  (1.29),  Capreolus  capreolus 

bedfordi  (1.22)  and  C.  (S.)  n.  yesoensis  (Heude)  0-32-1.36) 
from  Ashoro,  Japan  after  Fossil  Deer  Research  Group  of 
Ichihara  (1994)  (Figure  7). 

The  protruding  of  the  frontal  suture  is  not  so  marked  as  in 
C.  (C.)  e.  canadensis.  In  dorsal  view  the  posterior  margin  of 
the  roof  does  not  curve  posteriorly  as  much  as  that  of  £ 
davidianus.  In  the  fossil,  the  ratio  of  maximum  width 
between  supraorbital  foramina/  occipital  width  is  0.76.  This 

value  is  close  to  the  known  range  (0.65-0.72)  of  several 
Cervinae  species  except  for  C.  (R.)  unicolor  (0.49)  and  C.  (A.) 

axis  (0.47).  UCKM-V-1  differs  from  skulls  of  large-sized 
Cervinae  like  C.  (C.)  e.  canadensis,  £  davidianus  and  C.  (R.) 
unicolor  in  lacking  additional  nerve  foramina  above  each 
supraorbital  foramen.  In  posterior  view  the  occipital  is 

subcircular  in  shape  like  C.  (N.)  praenipponicus  and  sub- 
species of  C.  (C.)  elaphus  and  C.  (S.)  nippon  while  that  of  C. 
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Fgure  8.  Diagram  showing  the  different  features  of  pedicles  in  the  skulls  of  (a)  Cervus  (Cervus)  elaphus 
studied  in  this  paper,  (b)  C.  (C.)  e.  siciliae  (data  after  Gliozzi  et  al.,  1993),  (c)  C.  (C.)  e.  canadensis  (data  after  Flerov, 
1952),  (d)  general  C.  (Sika)  nippon,  (e)  C.  (S.)  grayi  (data  after  Pei  ef  a/.,  1958)  and  (f)  C.  (Rucervus)  eldi  (data  after 
Lydekker,  1898).  Notice  that  C.  (S.)  nippon,  C.  (S.)  gray/  and  C.  (R.)  eldi  have  pedicles  that  overhang  the  surface 
of  the  parietal. 

(S.)  g.  katokiyomasai  is  trapezoidal  in  shape.  In  lateral  view, 
the  surface  of  the  occipital  is  not  so  convex  as  in  D.  dama, 

C.  (S.)  g.  katokiyomasai  and  Capreolus  capreolus  bedfordi. 
In  ventral  view  the  occipital  condyles  and  the  basioccipital 

are  bounded  by  well-developed  constriction  unlike  Cervus 
(N.)  praenipponicus. 

The  angle  of  pedicle  diversion  (66°)  is  comparable  to 
subspecies  of  C.  (C.)  elaphus  like  C.  (C.)  e.  siciliae  (61-78°),  C. 
(C.)  e.  yarkandensis  Blanford  (60°),  C.  (C.)  e.  affinis  Hogdson 
(62-70°)  after  Gliozzi  ef  at.  (1993)  and  C.  (C.)  e.  canadensis 
(64°).  It  is  also  close  to  those  of  C.  (P.)  albirostris  (68°),  C.  (S.) 
g.  katokiyomasai  (62°),  D.  dama  (71°)  and  C.  (S.)  nippon  sub- 

species such  as  C.  (S.)  n.  nippon  (63°)  and  C.  n.  centralis  (73°). 
But  it  is  greater  than  C.  unicolor  (48°)  and  Capreolus  ca- 

preolus bedfordi  (51°),  and  less  than  £  davidianus  (78°).  The 
ratio  of  minimum  distance  between  pedicles/occipital  width 
(0.88)  is  nearly  identical  to  that  of  Cervus  (C.)  elaphus  siciliae 

(0.89-0.90),  but  is  different  from  other  Cervidae  species  such 
as  C.  (C.)  e.  canadensis  (0.61),  C.  (P.)  albirotris  (0.52),  C.  (S.)  g. 
katokiyomasai  (0.80),  C.  (A?.)  unicolor  (0.73),  £  davidianus  (1.03) 
and  Capreolus  capreolus  bedfordi  (0.54).  The  pedicles  are 
not  flat  transversely  as  seen  in  Cervus  (A/.)  praenipponicus 

collected  from  the  Osaka  Group.  In  lateral  view  the  pedi- 
cles on  the  fossil  skull  are  not  inclined  backwards  as  much 

as  they  are  in  C.  (S.)  n.  centralis,  C.  (N.)  praenipponicus  and 
C.  (R.)  unicolor.  In  addition,  they  are  considerably  shorter 
and  stouter  like  C.  (C.)  e.  siciliae  and  C.  (C.)  e.  canadensis 
after  Flerov  (1952),  and  do  not  overhang  the  parietal  surface 
as  seen  in  C.  (Rucervus)  eldi  Beevan  after  Lydekker  (1898),  C. 

(S.)  grayi  Zdansky  from  Tingtsun,  China  after  Pei  et  al.  (1958) 
and  subspecies  of  C.  (S.)  nippon  (Figure  8). 

Based  on  these  comparisons,  we  conclude  that  the  fossil 
skull  most  closely  resembles  the  red  deer  Cervus  (Cervus) 
elaphus  Linnaeus  and  therefore  we  assign  it  to  that  species. 

Remarks.— The  small  size  of  the  fossil  specimen  may 
justify  recognition  of  a  new  subspecies  endemic  to  Japan  in 
the  same  way  that  the  fossil  deer  Cervus  elaphus  siciliae 
Pohlig  has  been  distinguished  from  Pleistocene  deposits  in 
the  Mediterranean  Sea  (Gliozzi  et  al.,  1993).  The  proposal  of 

a  new  subspecies  is,  however,  postponed  until  additional 

well-preserved  specimens  are  discovered.  The  fossil  spec- 
imen has  undergone  some  degree  of  alteration  and  is  dark 

brown  in  color.  The  surface  of  the  fossil  is  coated  with 

well-rounded  and  well-sorted  quartz  grains  of  sand  dune 



10 Ryu  Kuwayama  et  al. 

origin.  We  can  infer  from  its  good  state  of  preservation  that 
this  fossil  was  not  transported  by  a  river  system  from  the 
Asian  continent,  but  was  probably  buried  near  the  site  of  the 

animal's  death. 

Discussion 

Recent  paleoceanographic  researches  suggested  that 
Japan  had  lost  its  connection  with  Asia,  except  for  the  land 
bridge  between  Hokkaido  and  Sakhalin,  in  the  last  glacial 

period  (Oba  et  al.,  1984  ;  Oba,  1984).  From  a  paleobiogeo- 
graphic  point  of  view,  it  is  also  suggested  that  land  mammals 
could  not  migrate  from  the  Korean  peninsula  to  Japan  via  the 
Tsushima  Strait  in  the  late  Pleistocene,  although  they  could 
have  migrated  to  Honshu  via  Hokkaido  from  Sakhalin 
(Kamei,  Kawamura  and  Taruno,  1988  ;  Kamei,  Taruno  and 
Kawamura,  1988  ;  Kawamura,  1982  ;  Kawamura  et  al.,  1989, 
etc.). 

In  order  to  estimate  the  geologic  age  of  the  fossil  red  deer, 

we  have  conducted  14C  dating,  with  a  Tandetron  accelerator 
mass  spectrometer  (AMS)  at  Nagoya  University,  on  carbon 
from  collagen  fractions  extracted  from  a  part  of  fossil  skull  of 

G  elaphus.  The  14C  age  of  19,780±190  yr  BP  was  obtained 
for  the  fossil  red  deer  from  the  sea-floor  of  the  East  China 
Sea.  The  geologic  age  of  the  fossil  agrees  with  the 

accepted  14C  age  (around  18,000  yr  BP)  of  the  Last  Glacial 
maximum.  The  present  finding  of  the  fossil  red  deer  strong- 

ly indicates  that  during  the  Last  Glacial  maximum  the  Asian 
continent  and  Kyushu  were  connected  by  a  land  bridge  in 
the  northern  part  of  East  China  Sea. 

The  red  deer  Cervus  elaphus  first  appeared  in  the  early 
Middle  Pleistocene  of  Europe  (Kurten,  1968).  During  the 

Middle  to  Late  Pleistocene  it  dispersed  throughout  the  mid- 
latitudinal  zone  of  the  Eurasian  continent  (Geist,  1971).  The 
fossil  occurrence  of  red  deer  from  the  East  China  Sea  off 

Ushibuka  City,  western  Kyushu,  indicates  the  migration  of 
this  species  to  Japan  at  the  Last  Glacial  period.  During  the 
Pleistocene,  this  widespread  species  evolved  into  a  number 
of  subspecies  that  today  exhibit  an  adaptive  response  to 
regional  environmental  conditions  on  both  the  Eurasian  and 
North  American  continents  (Putman,  1988). 

It  has  been  shown  that  the  living  red  deer  Cervus  elaphus 
and  the  sika  deer  Cervus  nippon  can  hybridize  in  the  natural 
state  in  the  sympatric  zones  of  the  eastern  Asian  continent 

despite  their  differences  in  body  size  (Mirol'ubov,  1949,  etc.). 
A  sika-like  deer  first  appeared  in  the  early  Pleistocene  of  the 
Asian  continent  and  seems  to  have  been  ancestral  to  Cervus 

elaphus  (Geist,  1971).  Though  dispersal  and  speciation 

processes  of  these  species  remain  unsolved,  future  molecu- 
lar, morphologic  and  palaeontologic  studies  will  clarify  the 

phylogenetic  relationship  between  the  red  deer  and  sika 
deer. 
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Abstract.  The  Shimosato  Formation  comprises  the  lower  part  of  the  Kumano  Group  of  the  southeastern 
Kii  Peninsula,  southwestern  Honshu.  It  yields  such  mollusks  as  Saccella  miensis  (Araki),  Cyclocardia 

siogamensis  (Nomura),  Macoma  (Macoma)  izurensis  (Yokoyama),  Cultellus  izumoensis  Yokoyama,  Dosinia 

(Phacosoma)  nomurai  (Otuka),  Periploma  (Aelga)  mitsuganoense  Araki,  Thracia  watanabei  Itoigawa  and 
Shibata,  Turritella  (Hataiella)  sagai  Kotaka,  and  Fulgoraria  (Musashia)  yanagidaniensis  Araki.  The 

Periploma  Saccella  Cyclocardia  and  Turritella -Dosinia  assemblages  of  the  Shimosato  Formation  are 
inferred  to  represent  lower  sublittoral  to  bathyal  and  sublittoral  environments,  respectively. 

The  fauna  of  the  Shimosato  Formation  is  comparable  with  the  subtropical  Akeyo  Fauna  of  late  Early 
Miocene  age,  based  on  the  occurrence  of  diagnostic  species  such  as  Dosinia  (Phacosoma)  kawagensis 
Araki,  Thracia  watanabei  Itoigawa  and  Shibata,  Turritella  sagai,  and  Fulgoraria  yanagidaniensis.  The 
assemblages  of  the  middle  part  of  the  Shikiya  Formation  and  the  lower  part  of  the  Mitsuno  Formation  are 
comparable  with  those  of  the  tropical  Kurosedani  (subtropical  Kadonosawa)  Fauna  of  latest  Early  to 
earliest  Middle  Miocene  age. 

Key  words  :  Assemblages,  fauna,  Kumano  Group,  Miocene,  mollusks,  systematic  description 

Introduction 

The  Miocene  Kumano  and  Owase  Groups  of  the  Nankai 
Geologic  Province  are  exposed  in  the  southeastern  part  of 
the  Kii  Peninsula,  southwestern  Honshu  (Figure  1).  The 
Kumano  Group  rests  upon  the  Shimanto  Supergroup  with 

clino-unconformity  or  is  faulted  against  it  and  is  intruded  by 
the  Kumano  Acidic  Rocks.  The  age  of  the  Kumano  Acidic 
Rocks  is  between  14  and  15  Ma  (Chijiwa,  1988).  The 
Kumano  Group  consists  largely  of  mudstone  and  sandstone 
from  1,500  to  4,000  m  thick  and  is  divided  into  three  lithologie 
units,  in  ascending  order:  the  Shimosato  (Onuma),  Shikiya 
(Koguchi)  and  Mitsuno  Formations  (Hisatomi,  1984)  (Figure  2). 

The  contemporaneous  Setouchi  Miocene  Series  (upper 
Lower  to  lower  Middle  Miocene)  of  the  Setouchi  Geologic 
Province  is  extensively  distributed  in  central  and  western 
Honshu,  to  the  north  of  the  Kii  Peninsula  (Figure  1).  The 
molluscan  paleontology  of  the  Setouchi  strata  has  been 
studied  in  detail  (vide  Itoigawa  and  Shibata,  1992).  For 

example,  Itoigawa  (1987, 1988)  named  and  defined  the  sub- 
tropical Akeyo  Fauna  (late  Early  Miocene  ;  ca.  18  to  16  Ma) 

based  on  mollusks  of  the  Akeyo  Formation  of  the  Mizunami 
Group.  Similar  fauna  has  also  been  recorded  from:  the 

Ichishi,  Ayugawa  and  Tsuzuki  Groups  of  the  Eastern  Setou- 

chi Miocene  Series  in  southwestern  Honshu  ;  the  Kurami 

Group  in  central  Honshu  ;  the  upper  part  of  the  Kunugidaira 
Formation,  and  the  Nakayama  and  Yotsuyaku  Formations  in 
northeastern  Honshu  (Ozawa  ef  a/.,  1995  ;  Matsubara, 1995a). 

On  the  other  hand,  the  tropical  Kurosedani  Fauna  (Tsuda, 
1960)  has  been  recorded  from  southwestern  Japan,  and  the 
contemporaneous  subtropical  Kadonosawa  Fauna  has  been 
recorded  from  northeastern  Honshu  and  southern  Hokkaido, 

northern  Japan  (Itoigawa,  1988).  Both  faunas  are  restricted 
within  the  N.  8  zone  of  Blow  (1969)  of  latest  Early  to  earliest 
Middle  Miocene  age  (Ogasawara  and  Noda,  1996).  The 
Akeyo  Fauna  differs  from  the  Kurosedani  Fauna  by  lacking 
the  tropical  mollusks  of  the  latter  (Itoigawa,  1988).  It  also 

differs  from  the  Kadonosawa  Fauna  by  lacking  the  charac- 
teristic species  of  the  latter  :  Anadara  (Hataiarca)  kakehataen- 

sis  Hatai  and  Nisiyama,  Vasticardium  ogurai  (Otuka). 
Glycydonta  itoigawae  (Tsuda),  Tateiwaia  tateiwai  (Makiyama), 
T.  yamanarii  (Makiyama),  and  Zeuxis  minoensis  (Itoigawa) 
(Itoigawa,  1988). 

A  Miocene  fauna  has  been  reported  from  several  places  in 
the  Kii  Peninsula  (Mizuno,  1953, 1957  ;  Tanai  and  Mizuno. 
1954;  Katto  and  Masuda,  1978;  Katto  ef  a/.,  1976.1980 
Ujihara   and    Shibata,    1982;  Chijiwa   and    Tomita    1985 
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Figure!  Distribution  of  the  Miocene  strata  of  the  Nankai  and  Setouchi  Geologic  Provinces,  central  and 
southwestern  Honshu  {redrawn  from  :  Itoigawa  and  Shibata,  1992  ;  Editorial  Committee  of  KINKI,  ed.,  Part  6  of 
Regional  Geology  of  Japan,  1987). 

Honda,  1992).  However,  much  data  are  required  to  recon- 
struct the  Miocene  paleoenvironments  in  the  Nankai  Geo- 

logic Province. 
In  1976  and  1977,  one  of  us  (SU)  collected  several  hundred 

fossil  mollusks  from  a  construction  site  at  Ukui  Junior  High 
School  (Loc.  2  ;  Figures  3, 4),  as  well  as  several  tens  of 

specimens  from  an  outcrop  on  a  wave-cut  terrace  at  Loc.  7 
on  Kitsune-jima  (Figure  3).  Recently,  one  of  us  (YH) 
obtained  more  specimens  from  additional  localities  in  the 
Ukui  area.  All  of  these  localities  are  assigned  to  the 
Shimosato  Formation  and  together  they  contain  mollusks 
such  as  Saccella  miensis  (Araki),  Cyclocardia  siogamensis 
(Nomura),  Macoma  (Macoma)  izurensis  (Yokoyama),  Cultellus 
izumoensis  Yokoyama,  Dosinia  (Phacosoma)  nomurai  (Otuka), 
Periploma  (Aelga)  mitsuganoense  Araki,  Thracia  watanabei 
Itoigawa  and  Shibata,  Turritella  (Hataiella)  sagai  Kotaka,  and 
Fulgoraria  (Musashia)  yanagidaniensis  Araki  (Table  1). 

The  purpose  of  this  study  is  to  record  the  molluscan 
assemblages  of  the  Shimosato  Formation,  and  to  describe 
their  characteristic  species,  including  those  representative  of 
the  Akeyo  Fauna.  We  also  wish  to  clarify  the  molluscan 
faunal  succession  of  the  Kumano  Group  of  the  Nankai 
Geologic  Province  of  southwestern  Japan. 

Outline  of  geology  and  molluscan  fauna 

The  upper  Muro  Group  (Upper  Oligocène  to  Lower 
Miocene)  of  the  Shimanto  Supergroup  and  the  Shimosato 

Formation  of  the  Kumano  Group  are  exposed  in  the  Ukui 
area.  The  Muro  Group  consists  largely  of  interbedded  gray 
sandstone  and  black  shale.  The  Shimosato  Formation,  on 

the  other  hand,  is  made  up  of  massive,  gray,  fine-  or  very 
fine-grained  sandstone,  and  sandy  siltstone.  In  a  wave-cut 
platform  on  Kitsune-jima  (Loc.  7  in  Figure  3),  the  Shimosato 
Formation  is  made  up  of  well-sorted,  well-jointed,  pale  gray, 

tuffaceous,  fine-grained  sandstone.  The  fine-grained 
sandstone  at  this  locality  frequently  contains  sand-pipes. 

The  Shimosato  Formation  strikes  about  N50°E  and  dips 
about  10°  to  20°SE,  and  is  approximately  200  m  thick. 
Conglomerate  of  the  lowermost  Shimosato  Formation,  which 
attains  a  thickness  of  30  to  80  cm,  rests  upon  black  shale  of 

the  uppermost  Muro  Group  with  clino-unconformity. 
The  Kumano  Acidic  Rocks  also  crop  out  in  this  area. 

They  consist  largely  of  granite  porphyry,  and  intrude  into  the 
upper  Muro  and  Kumano  Groups.  A  vertical  pyroclastic 
dike,  which  is  closely  related  to  the  Kumano  Acidic  Rocks 
(Suzuki,  1976),  is  exposed  in  two  small  cuts  at  Ukui  Junior 

High  School.  This  dike  intrudes  into  very  fine-grained 
sandstone  of  the  Shimosato  Formation,  varies  in  width  from 

approximately  0.5  to  5  m,  and  trends  about  N80°E.  Figure  3 
is  a  map  showing  the  location  of  fossil  localities  in  the 
Shimosato  Formation,  and  Figure  4  shows  fossil  localities  in 
columnar  sections. 

Mollusks  reported  previously  from  the  Shimosato  Forma- 
tion by  Ujihara  and  Shibata  (1982)  include  Neilonella  cf.  N. 

isensis  Shibata,  Saccella  miensis,   Portlandia  (Portlandella) 



14 Yutaka  Honda  et  al. 

KUMANO    GROUP 

(HISATOMI,  1984) 

OWASE  GROUP 

(HONDA.1992) 

AGE      PF 
NORTHERN 
AREA 

CENTRAL 
AREA 

SOUTHERN 
AREA 

Ma 

15" 

16- 

17- - 

6 

LU 

_J Q 

g 

LU z 
LU U 
o 

>- 

_l 

en 
< 
LU 

N.9 MITSUNO      FORMATION      KD 

SEMOTOBANA 
F. 

YUKUNOURA  F. 

OSONE  F. 

N.8 

KOGUCHI F. 
SHIKIYA  F. 

KD 

N.7 ONUMA 
F. 

SHIMOSATO 
F. 
RK 

Figure  2.  Stratigraphie  classification  of  the  Kumano  and  Owase  Groups,  southeastern  Kii  Peninsula.  AK, 
occurrence  of  the  molluscan  fauna  comparable  with  the  Akeyo  Fauna;  KD,  occurrences  of  the  assemblages 
comparable  with  those  of  the  Kurosedani  (Kadonosawa)  Fauna.  PF,  zonation  by  planktonic  foraminifera  (Blow, 
1969). 

watasei  (Kanehara),  Yoldia  (Cnesterium)  sp.,  Lucinoma  sp., 
Macoma  (Macoma)  optiva  (Yokoyama),  Turcicula  (Turcicula) 

osawanoensis  (Tsuda),  Turritella  (Turritella)  kiiensis  (Yo- 
koyama), Orectospira  sp.,  and  Euspira  mitsuganoensis 

Shibata. 

Mizuno  (1957)  reported  mollusks  in  the  Shimosato  Forma- 
tion of  the  Ukui  area  (Loo  7  in  Figure  3),  including  Dosinia 

(Phacosoma)  nomurai  Otuka  and  Turritella  (Idaella)  tanagur- 
aensis  Kotaka.  Chijiwa  and  Tomita  (1985)  noted  the  follow- 

ing mollusks  in  the  Onuma  Formation  :  Saccella  miensis, 
Portlandia  watasei,  Cyclocardia  siogamensis,  Macoma  optiva, 
M.  izurensis,  Cultellus  izumoensis  Yokoyama,  and  Periploma 
cf.  P.  mitsuganoense. 

The  Shikiya  Formation  contains  mollusks  such  as  Acharax 

tokunagai  (Yokoyama),  Acilana  tokunagai  (Yokoyama),  Con- 
chocele  bisecta  (Conrad),  Lucinoma  kamenooensis  (Otuka), 

Macoma  optiva,  Turritella  sagai,  and  T.  (Hataiella)  kadonos- 
awaensis  Otuka  (Mizuno,  1953;  Tanai  and  Mizuno,  1954). 
Katto  et  al.  (1976)  proposed  the  Uematsu  Formation  for  the 
middle  part  of  the  Shikiya  Formation  (Hisatomi  and  Miyake, 
1981),  which  crops  out  in  the  southernmost  part  of  the  Kii 

Peninsula.  The  Uematsu  Formation  yields  many  warm- 
water  mollusks  such  as  Cucullaea  toyamaensis  Tsuda, 
Crassatellites  pauxillus  (Yokoyama),  Mikadotrochus  sp.,  and 
Conus  (Çhelyconus)  tokunagai  Otuka  (Katto  et  al.,  1976; 

Katto  and  Masuda,  1978),  in  association  with  larger  for- 
aminifers  such  as  Lepidocyclina  (Nephrolepidina)  japonica 

(Yabe)  and  Miogypsina  sp.  (Nishimura  and  Miyake,  1973). 
The  lower  part  of  the  Mitsuno  Formation  also  contains 

many  warm-water  mollusks  such  as  Glycymeris  (Veletuceta) 
cisshuensis  Makiyama,  Anadara  (Anadara)  kiiensis  Mizuno, 

Crassatellites  nanus  (Adams  and  Reeve),  and  Conus  to- 
kunagai (Mizuno,  1953  ;  Tanai  and  Mizuno,  1954).  Katto  ef 

al.  (1980)  also  studied  mollusks  from  the  lower  part  of  the 
Mitsuno  Formation  (vide  Saeki  and  Koto,  1972)  and  noted  the 

presence  of  warm -water  mollusks  such  as  Anadara  cf.  A. 

(Anadara)  ogawai  (Makiyama),  Veremolpa  minoensis  (Itoig- 
awa),  Vasticardium  ogurai,  and  Paphia  hataii  Masuda  and 
Noda. 

Honda  (1992)  studied  molluscan  fossils  of  the  Owase 
Group,  which  crops  out  on  the  southeastern  margin  of  the  Kii 

Peninsula  to  the  north  of  the  Kumano  Group.  The  Yu- 
kunoura  Formation  of  the  Owase  Group  contains  mollusks 
such  as  Acila  sp.,  Portlandia  sp.,  Cyclocardia  siogamensis. 
Lucinoma  sp.,  Macoma  optiva,  Cultellus  otukai  Ogasawara 
and  Tanai,  Periploma  sp.,  and  Turritella  sagai  (Honda,  1992). 
The  assemblages  of  the  Yukunoura  Formation  resemble 
those  of  the  Shimosato,  Shikiya,  and  Onuma  Formations 
within  the  lower  and  middle  parts  of  the  Kumano  Group  ;  and 
those  of  the  Eastern  Setouchi  Miocene  Series  in  central  and 
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Figure  3.    Map  showing  fossil  localities  in  the  Shimosato  Formation.    1-7,  fossil  localities. 
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Table  1.  Occurrences  of  fossil  mollusks  in  the  Shimosato  Formation.  VA,  very  abundant  (20  or  more 

individuals)  ;  A,  abundant  (10  to  19  individuals)  ;  C,  common  (5  to  9  individuals)  ;  F,  few  (2-4  individuals)  ; 

R,  rare  (one  individual).  One  individual  is  defined  herein  as  consisting  of  more  than  half  of  a  separated 

valve  or  an  articulated  pair  of  bivalves,  and  more  than  half  of  a  gastropod  specimen.  See  also  Figure  5 

and  Tables  2, 3.    

SPECIES 1 
LOCALITY 
3  4  5 

Bivalves  : 

Acila  cf.  A.  (Acila)  submirabilis  Makiyama 
Acila  sp. 

Ennucula  sp. A 

Saccella  miensis  (Araki) VA 

Solamen  sp. F 

Septifer  ?  sp. F 

Chlamys  cf.  C.  iwamurensis  Itoigawa R 

Cycladicama  sp. R 

Cyclocardia  siogamensis  (Nomura) 

VA 

Cyclocardia  sp. C 

Lucinoma  sp. F 

Mactra  sp. R 

Macoma  {Macoma)  izurensis  (Yokoyama) A 

Angulus  cf.  A.  kagayamensis  Ogasawara  and  Tanai F 

Nitidotellina  sp. R 

Cultellus  izumoensis  Yokoyama A 

Disinia  (Phacosoma)  kawagensis  Araki 

Dosinia  (Phacosoma)  nomurai  (Otuka) R 

Dosinia  sp. R 

Paphia  sp. R 

Glauconome  sp. F 

Mya  sp. A 

Anisocorbula  sp. R 

"Teredo"  sp. 

Periploma  (Aelga)  mitsuganoense  Araki VA 

Periploma  (Aelga)  sp. VA 

Thracia  watanabei  Itoigawa  and  Shibata F 

Thracia  sp. 

Gastropods  : 

Turritella  (Hataiella)  sagai  Kotaka A 

Turritella  sp. R 

Bittium  sp. F          A 

Euspira  sp. R 

Ancistrolepis  sp. A 

Fulgoraria  (Musashia)  yanagidaniensis  Araki C 

Eocylichna  sp. C 

A 
F 

southwestern  Honshu. 

Molluscan  assemblages  and  environments 

Approximately  400  specimens  were  collected  from  7  local- 
ities in  the  Shimosato  Formation.  These  specimens  com- 
prise 22  genera  and  28  species  of  bivalves  and  6  genera  and 

7  species  of  gastropods  (Table  1).  Mollusks  occur  sporadi- 
cally in  the  fine-  and  very  fine-grained  sandstone  and  sandy 

siltstone  of  the  Shimosato  Formation.  Almost  all  specimens 
are  complete  or  nearly  so,  but  all  except  those  from  Locality 
7  lack  original  shell  material.    Two  molluscan  assemblages 

are  recognized  herein  :  the  Periploma-Saccella-Cyclocardia 
(Loc.  2)  and  Turritella-Dosinia  assemblages  (Loc.  7).  Mol- 

lusks from  Localities  1  and  3-6  are  not  used  for  recognition 

of  assemblages,  because  each  yielded  fewer  than  10  speci- 
mens. Table  2  summarizes  the  molluscan  assemblages 

and  characteristic  and  associated  species. 

The  Periploma-Saccella-Cyclocardia  assemblage 
This  assemblage  occurs  in  beds  of  sandy  siltstone  and 

overlying  very  fine-grained  sandstone  at  Locality  2.  Both 
beds  are  up  to  about  10  m  thick.  The  assemblage  is 
characterized  by  the  dominant  occurrence  of  Periploma  (P. 
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Table  2.    Molluscan  assemblages  of  the  Shimosato  Formation, 
sandy  siltstone  ;  fs  :  fine  sandstone. 

vfs  :  very  fine  sandstone  ;  sdy  sit  : 

MOLLUSCAN 
ASSEMBLAGE 

CHARACTERISTIC 
SPECIES 

ASSOCIATED 
SPECIES 

LITHOLOGY LOC. 

Periploma-Saccella- 
Cyclocardia 

Ass. 

Periploma  mitsuganoense 
Saccella  miensis 

Cyclocardia  siogamensis 

Ancistrolepis  sp. 
Bittium  sp. 

Ennucula  sp. 

Mya  sp. 
Cultellus  izumoensis 
T.  sagai 

Macoma  izurensis 

vfs 

sdy  sit 
2 

Turritella  -Dosinia 
Assemblage 

Turritella  sagai 
Dosinia  nomurai 

D.  kawagensis 

C  siogamensis 
Acila  cf.  A. 

submilabilis 

fs 7 

mitsuganoense  :  Figures  5-12, 5-13,  and  P.  sp.  :  Figure  5-8), 
Saccella  miensis  (Figure  5-1),  and  Cyclocardia  (C.  siogamen- 

sis :  Figure  5-14,  and  C.  sp.),  but  also  contains  Ancistrolepis 
sp.,  Bittium  sp.,  Ennucula  sp.  (Figure  5-2),  Mya  sp.  (Figure  5- 
10),  Cultellus  izumoensis  (Figure  5-11),  Turritella  sagai  (Figure 
5-9),  and  Macoma  izurensis  (Figure  5-7  ;  Table  2).  This 
assemblage  typically  contains  many  extant  genera  that  live 

in  upper  sublittoral  to  bathyal  depths  (Nj-B)  off  Japan  and 
neighboring  countries,  including  Saccella,  Cyclocardia  and 
Turritella  (Table  3).  However,  it  also  includes  Periploma, 
Ancistrolepis  and  Musashia,  which  live  in  lower  sublittoral  to 

bathyal  depths  (N3-B,  Table  3).  Consequently,  the  Peri- 
ploma-Saccella-Cyclocardia  assemblage  is  inferred  to  repre- 

sent a  lower  sublittoral  to  bathyal  environment. 
Comparison  :  The  Onuma  Formation  of  the  Kumano 

Group  contains  a  number  of  species  known  from  this  assem- 
blage, including  Saccella  miensis,  Cyclocardia  siogamensis, 

Macoma  izurensis,  and  Cultellus  izumoensis  (Chijiwa  and 
Tomita,  1985).  This  assemblage  is  therefore  correlative  with 

those  of  the  Onuma  Formation,  which  represent  lower  sub- 
littoral  environments  (Chijiwa  and  Tomita,  1985). 

In  addition,  the  Periploma-Saccella-Cyclocardia  assem- 
blage contains  many  species  in  common  with  the  Periploma- 

Acila  and  Macoma- Lucinoma  assemblages  in  the  Eastern 
Setouchi  Miocene  Series  of  central  and  southwestern  Hon- 

shu, including  Saccella  miensis,  Periploma  sp.,  M.  izurensis, 
Cultellus  izumoensis,  and  Cyclocardia  siogamensis  (Shibata, 
1978).  This  assemblage  is  therefore  also  correlative  with  the 

Periploma- Acila  and  Macoma- Lucinoma  assemblages,  which 
represent  upper  sublittoral  and  sublittoral  environments, 
respectively  (Shibata,  1978). 

The  Turritella- Dosinia  assemblage 
This  assemblage  occurs  in  gray,  fine-grained  sandstone  at 

Locality  7  and  is  characterized  by  the  dominant  occurrence 

of  Turritella  (T.  sagai  :  Figure  5-9,  and  7.  sp.)  and  Dosinia  (D. 
nomurai:  Figures 5-15,  5-19,  D.  kawagensis  :  Figure  5-16, 
and  D.  sp.)  (Table  2).  Cyclocardia  siogamensis  and  Acila  cf. 

A.  submirabilis  (Figure  5-6)  are  also  present  in  this  assem- 
blage (Table  2).  The  presence  of  many  intact  specimens  in 

this  assemblage  implies  that  there  was  little  or  no  post- 
mortem transportation.    Modern  Turritella,  Cyclocardia  and 

Table  3.  Modern  bathymétrie  distribution  of  extant 
northwestern  Pacific  bivalves  and  gastropods  in  the 
Shimosato  molluscan  fauna  (Higo  and  Goto,  1 993).  Depth  ; 

T,  tidal  zone  ;  N^  low-water  line  to  30  m  ;  N2,  30-60  m  ;  N3, 
60-120  m  ;  N4,  120-200  m  ;  B,  over  200  m  deep  (Taki  and 
Oyama,  1 954,  partly  revised). 

GENERA 

(SUBGENERA) 

DEPTH 

T     N,     Nj     N,    N4    B 

Acila  {Acila) 
Ennucula 

Saccella 
Solamen 
Chlamys 

Cycladicama 
Cyclocardia Lucinoma 
Mactra 

Macoma 

Angulus 
Nitidotellina 
Phacosoma 

Paphia 
Glauconome Mya 

Anisocorbula 

Periploma 
Thracia 

Turritella 
Bittium 

Euspira 
Ancistrolepis 

Musashia 

Eocylichna 

Acila  species  live  in  upper  sublittoral  to  bathyal  depths  (N! 

(N2)-B),  and  Dosinia  (Phacosoma)  dwells  in  the  tidal  to  lower 

sublittoral  zone  (T-N4)  (Table  3).  The  Turritella- Dosinia 
assemblage  is  therefore  inferred  to  represent  a  sublittoral 
environment. 

Comparison  :  This  assemblage  contains  Turritella  sagai 
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and  Dosinia  nomurai  in  common  with  the  Turritella-Lucinoma 
assemblage  of  the  Tomikusa  Group  (upper  Lower  Miocene) 
in  the  Eastern  Setouchi  Miocene  Series  of  central  Honshu 

(Shibata,  1978).  This  assemblage  is  therefore  correlative 

with  the  Turritella-Lucinoma  assemblage,  which  represents 
an  upper  sublittoral  environment  (Shibata,  1978). 

Discussion 

Honda  (1992)  noted  that  two  types  of  molluscan  assem- 
blage are  present  in  the  Kumano  and  Owase  Groups.  The 

first  type  has  been  recorded  from  the  Shimosato,  Shikiya, 
and  Onuma  Formations  within  the  lower  and  middle  parts  of 
the  Kumano  Group  (Mizuno,  1953  ;  Tanai  and  Mizuno,  1954  ; 
Ujihara  and  Shibata,  1982  ;  Chijiwa  and  Tomita,  1985)  ;  and 
the  Yukunoura  Formation  of  the  Owase  Group  (Honda,  1992). 
The  type  is  characterized  by  Portlandia  watasei,  Cyclocardia 
siogamensis,  Lucinoma  sp.,  Macoma  optiva  (M.  izurensis), 

Cultellus  izumoensis,  and  Turritella  sagai  (T.  kadonosawaen- 
sis,  T  shataii,  T.  kiiensis). 

The  Periploma-Saccella-Cyclocardia  and  Turritella-Dosinia 
assemblages  of  the  Shimosato  Formation  contain  many 
species  in  common  with  those  of  the  first  type,  including 
Cyclocardia  siogamensis,  Macoma  izurensis,  Cultellus 

izumoensis,  and  Turritella  sagai  (Table  2).  Both  assem- 
blages therefore  belong  to  the  first  type.  In  addition,  the 

Shimosato  Formation  contains  Dosinia  kawagensis,  Thracia 
watanabei,  Turritella  sagai,  and  Fulgoraria  yanagidaniensis 

(Table  1),  which  characterize  the  fauna  of  the  Akeyo  Forma- 
tion. The  fauna  of  the  Shimosato  Formation  is  therefore 

comparable  with  the  Akeyo  Fauna  of  late  Early  Miocene  age 

(ca.  18  to  16  Ma  ;  Itoigawa,  1987, 1988)  (Figure  2). 

On  the  other  hand,  the  second  type  of  molluscan  assem- 
blage has  been  reported  from  the  middle  part  of  the  Shikiya 

and  the  lower  part  of  the  Mitsuno  Formation  within  the 
middle  and  upper  parts  of  the  Kumano  Group  (Mizuno,  1953  ; 
Tanai  and  Mizuno,  1954  ;  Katto  and  Masuda,  1978  ;  Katto  et 

al.,  1980).  The  type  is  characterized  by  many  warm-water 
mollusks  such  as  Anadara  cf.  A.  ogawai,  Cucullaea 
toyamaensis,  Crassatellites  pauxillus,  C  nanus,  Vasticardium 
ogurai,  Mikadotrochus  sp.,  and  Conus  tokunagai. 
Among  these  species,  Cucullaea  toyamaensis  and  Conus 

tokunagai  characterize  the  Kurosedani  Fauna  of  southwest- 
ern Japan.  Conus  tokunagai  is  also  characteristic  in  the 

Kadonosawa  Fauna  of  northern  Japan.  The  middle  part  of 
the  Shikiya  Formation  yields  Cucullaea  toyamaensis  and 
Conus  tokunagai  (Katto  and  Masuda,  1978),  in  association 
with  larger  foraminifers  such  as  Lepidocyclina  japonica  and 

Miogypsina  sp.  (Nishimura  and  Miyake,  1973).  In  addition, 
Conus  tokunagai  has  been  reported  from  the  lower  part  of 
the  Mitsuno  Formation  (Mizuno,  1953  ;  Tanai  and  Mizuno, 
1954  ;  Katto  et  al.,  1980). 

Accordingly,  the  assemblages  of  the  middle  part  of  the 

Shikiya  Formation  and  the  lower  part  of  the  Mitsuno  Forma- 
tion are  comparable  with  those  of  the  Kurosedani  (Kadonos- 

awa) Fauna  (Figure  2).  The  occurrence  of  the  Kurosedani 

(Kadonosawa)  Fauna  corresponds  to  the  warm  marine  cli- 
matic episode  during  the  latest  Early  to  earliest  Middle 

Miocene  period  (ca.  16-15  Ma)  (Chinzei,  1986). 
Such  a  different  stratigraphie  occurrence  of  the  molluscan 

assemblages  suggests  a  warming  of  climate  and  not  merely 
a  change  in  the  sedimentary  environment.  The  warming  of 

climate  is  also  recognized  in  the  transition  from  the  subtropi- 
cal Akeyo  to  tropical  Kurosedani  Fauna  in  the  Mizunami 

Group  of  the  Eastern  Setouchi  Miocene  Series  (Itoigawa, 
1988, 1989). 

A  similar  scenario  has  also  been  proposed  for  another 
taxonomic  group  in  the  Kumano  Group.  For  instance, 
Nishimura  and  Miyake  (1973)  reported  larger  foraminifers 
such  as  Lepidocyclina  japonica  and  Miogypsina  sp.  from  the 
middle  part  of  the  Shikiya  Formation.  Using  planktonic 

foraminifers,  Ibaraki  (1990)  assigned  the  Lepidocyclina- 
Miogypsina-bearing  horizon  to  the  N8.b  zone  of  Blow  (1969). 

From  the  occurrence  of  Orbulina  universa  d'Orbigny  (Ikebe  et 
al.,  1975),  the  uppermost  part  of  the  Shikiya  Formation  and 
the  Mitsuno  Formation  correlate  with  the  N.9  zone  of  Blow 

(1969)  (Hisatomi,  1987)  (Figure  2). 

As  was  discussed  in  the  aforementioned  lines,  the  mollus- 
can assemblages  of  the  lower  part  of  the  Mitsuno  Formation 

(Mizuno,  1953  ;  Tanai  and  Mizuno,  1954  ;  Katto  et  al.,  1980) 
are  comparable  with  those  of  the  Kurosedani  (Kadonosawa) 
Fauna.  The  fauna,  however,  is  restricted  within  the  N.  8 

zone  of  Blow  (1969)  of  latest  Early  to  earliest  Middle  Miocene 

age  (Ogasawara  and  Noda,  1996).  Further  studies  are 
needed  to  clarify  the  molluscan  faunal  succession  of  the 

Kumano  Group  of  the  Nankai  Geologic  Province  of  south- 
western Japan. 

Summary  of  faunal  discussion 

1)  The  Periploma-Saccella-Cyclocardia  and  Turritella- 
Dosinia  assemblages  of  the  Shimosato  Formation  are  infer- 

red to  represent  lower  sublittoral  to  bathyal  and  sublittoral 
environments,  respectively. 

2)  The  fauna  of  the  Shimosato  Formation  is  comparable 
with  the  subtropical  Akeyo  Fauna  of  late  Early  Miocene  age, 

Figure  5.  1.  Saccella  miensis  (Araki).  Loc.  2,  MES*  1015.  2.  Ennucula  sp.  x2,  Loc.  2,  MES  1016.  3,  5a-b.  Thracia 
watanabei  Itoigawa  and  Shibata.  3  ;  Loc.  2,  MES  1017.  5a-b  ;  Loc.  6,  MES  1018.  4a-b.  Glauconome  sp.  Loc.  2,  MES  1019. 
6.  Ac/7a  cf.  A.  (Acila)  submirabilis  Makiyama.  xl.5,  Loc.  7,  MES  1020.  7.  Macoma  {Macoma)  izurensis  (Yokoyama).  Loc.  2, 

MES  1021.  8.  Periploma  (Aelga)  sp.  Loc.  2,  MES  1022.  9.  Turritella  (Hataiella)  sagai  Kotaka.  Loc.  7,  MES  1023.  10a-c. 
Mya  sp.  Loc.  2,  MES  1024.  Tl.  Cultellus  izumoensis  Yokoyama.  Loc.  2,  MES  1025.  12a-b,  13.  Periploma  {Aelga)  mit- 
suganoense  Araki.  12a-b.  Loc.  2,  MES  1026.  13  ;  Loc.  2,  MES  1027.  14.  Cyclocardia  siogamensis  (Nomura),  xl.5,  Loc.  2, 
MES  1028.  15, 19.  Dosinia  (Phacosoma)  nomurai  (Otuka).  15  ;  Loc.  2,  MES  1029.  19  ;  Loc.  7,  MES  1030.  16.  Dosinia 
{Phacosoma)  kawagensis  Araki.  Loc.  7,  MES  1031.  17.  Fulgoraria  {Musashia)  yanagidaniensis  Araki.  Loc.  2,  MES  1032.  18. 

Chlamys  cf.  C.  iwamurensis  Itoigawa  Loc.  2,  MES  1033.  All  figures  natural  size  unless  otherwise  stated.  *Abbreviation  for 
the  Department  of  Earth  Sciences,  Faculty  of  Education,  Mie  University. 
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based  on  the  occurrence  of  diagnostic  species  such  as 

Dosinia  kawagensis,  Thracia  watanabei,  Turritella  sagai,  and 

Fulgoraria  yanagidaniensis. 

3)  The  assemblages  of  the  middle  part  of  the  Shikiya 

Formation  and  the  lower  part  of  the  Mitsuno  Formation  are 

comparable  with  those  of  the  tropical  Kurosedani  (subtropi- 
cal Kadonosawa)  Fauna  of  latest  Early  to  earliest  Middle 

Miocene  age. 

Systematic  notes  on  some  important  species 

Phylum  Mollusca 
Class  Bivalvia 

Family  Veneridae 

Subfamily  Dosiniinae 
Genus  Dosinia  Scopoli,  1777 

Subgenus  Phacosoma  Jukes-Browne,  1912 

Dosinia  (Phacosoma)  kawagensis  Araki,  1960 

Figure  5-16 

Dosinia  nomurai  Otuka  ;  Itoigawa,  1956,  pi.  2,  fig.  3  (non  Otuka, 
1934). 

Dosinia  japonica  kawagensis  Araki,  1960,  p.  95,  pi.  7,  fig.  3. 
Dosinia  (Phacosoma)  kawagensis  Araki  ;  Masuda,  1963,  p.  22,  pi. 

4,  figs.  1-8  (fig.  1,  reproduced  from  Araki,  1960)  ;  Yoon,  1979, 
p.  15,  pi.  2,  figs.  7,  9, 10  ;  Matsubara,  1995b,  p.  330,  pi.  4,  figs. 
9-11. 

Dosinia  kawagensis  Araki  ;  Hayashi  and  Miura,  1973,  pi.  2,  fig.  12  ; 
Hayashi,  1973,  pi.  1,  figs.  2, 3  ;  Ishida  et  al.,  1980,  pi.  3,  fig.  12. 

Dosinorbis  kawagensis  (Araki)  ;  Itoigawa  in  Itoigawa  ef  a/.,  1974, 

p.  87,  pi.  23,  figs.  1-6 
Phacosoma  kawagensis  (Araki)  ;  Itoigawa  ef  a/.,  1981  (1982,  p.  80), 

pi.  14,  figs.  6a-b  ;  Shibata  and  Ina,  1983,  p.  48,  pi.  5,  fig.  12  ; 
Itoigawa  and  Shibata,  1986,  pi.  16,  fig.  13  ;  Muramatsu,  1992, 

pi.  49,  fig.  10. 
Dosinia  (Phacosoma)  chikuzenensis  nomurai  Otuka  ;  Hayashi, 

1988,  p.  5,  pi.  1,  figs.  2,  3  (reproduced  from  illustration  of 
Dosinia  kawagensis  in  Hayashi  (1973)). 

Remarks.— Two  incomplete  closed  valves  were  obtained 

from  fine-grained  sandstone  of  the  Shimosato  Formation. 
The  present  species  was  originally  described  by  Araki  (1960) 

(as  D.  japonica  kawagensis)  from  the  Kaisekizan  Formation 

(upper  Lower  Miocene  ;  vide  Yoshida,  1991  ;  Shibata,  1967) 

of  the  Ichishi  Group,  Mie  Prefecture,  southwestern  Honshu. 

Itoigawa  (1956)  had  earlier  cited  "D.  nomurai"  from  the  Tsuzu- 
ki  Group  (upper  Lower  Miocene)  of  Kyoto  Prefecture,  but 

Masuda  (1963)  later  assigned  this  occurrence  to  D.  kawagen- 
sis. 

The  present  species  resembles  D.  (Phacosoma)  nomurai 

Otuka,  1934,  which  was  originally  described  from  the 

Kadonosawa  Formation  (uppermost  Lower  to  lowermost 

Middle  Miocene;  Irizuki  and  Matsubara,  1994)  of  Iwate 

Prefecture,  northeastern  Honshu.  However,  D.  (P.)  kawagen- 
sis differs  by  having  a  more  anteriorly  expanded  anterodorsal 

margin.  The  present  species  also  resembles  D.  (P.)  japonica 

(Reeve),  which  is  living  in  Japan,  but  differs  from  the  latter  by 
having  a  smaller  and  somewhat  more  inequilateral  shell. 

The  present  species  has  also  been  recorded  from  the 

upper  Lower  to  lowermost  Middle  Miocene  formations  of 
Honshu  and  Korea.  These  include  the  Akeyo  Formation  of 

the  Mizunami  Group,  and  other  strata  of  the  Eastern  Setou- 
chi  Miocene  Series  in  central  and  southwestern  Honshu 

(Itoigawa  et  al.,  1981);  the  Shiode,  Ajiri,  and  Yotsuyaku 

Formations  of  northeastern  Honshu  (Masuda,  1963  ;  Mat- 
subara, 1995b)  ;  and  the  Sinhyeon  Formation  of  Korea  (Yoon, 1979). 

Occurrence.— As  characteristic  species  of  Turritella- 
Dosinia  ass.  at  Locality  7. 

Family  Periplomatidae 

Genus  Periploma  Schumacher,  1817 

Subgenus  Aelga  Slodkewitsch,  1935 

Periploma  (Aelga)  mitsuganoense  Araki,  1959 

Figures  5-12a-b,  13 

Periploma  mitsuganoense  Araki,  1959,  p.  163,  pi.  18,  figs.  2a-b  ; 

Araki,  1960,  p.  85,  pi.  5,  figs.  13a-b  (reproduced  from  Araki, 
1959)  ;  Shibata  in  Itoigawa  ef  a/.,  1974,  p.  108,  pi.  34,  figs.  12- 
17  ;  Ishida  ef  a/.,  1980,  pl.  4,  fig.  21  ;  Itoigawa  ef  a/.,  1981 

(1982,  p.  115),  pl.  22,  figs.  14a-b  ;  Itoigawa  and  Shibata  1986, 
pl.  17,  fig.  13  ;  non  Hayashi,  1973,  pl.  5,  fig.  1. 

Remarks.— Approximately  80  slightly  deformed  specimens 

were  collected  from  sandy  siltstone  of  the  Shimosato  Forma- 
tion. Araki  (1959)  based  this  species  on  specimens  from  the 

Kaisekizan  Formation  (upper  Lower  Miocene)  of  the  Ichishi 

Group,  Mie  Prefecture,  southwestern  Honshu.  It  closely 

resembles  Periploma  (Aelga)  besshoense  (Yokoyama,  1924), 

which  was  originally  described  from  the  Asagai  Formation 

(Lower  Oligocène)  of  the  Joban  coal  field,  northeastern 

Honshu,  but  is  distinguished  from  the  latter  in  having  a  more 

inequilateral  shell.  Periploma  owasense  Suzuki  (1934,  p. 

348,  text-fig.  4),  described  from  the  Owase  Group  (upper 
Lower  to  lowermost  Middle  Miocene)  of  Mie  Prefecture, 

southeastern  Kii  Peninsula,  is  allocated  here  to  Periploma  sp. 

indet,  owing  to  the  poor  preservation  of  the  specimen. 

Periploma  mitsuganoense  has  also  been  recorded  from  the 
Akeyo  Formation  of  the  Mizunami  Group,  and  other  strata  of 

the  Eastern  Setouchi  Miocene  Series  (Itoigawa  ef  ai.,  1981). 

Occurrence.— As  characteristic  species  of  Periploma- Sac- 

cella-Cyclocardia  ass.  at  Locality  2  and  also  from  Loc.  4. 

Family  Thraciidae 
Genus  Thracia  Leach,  1824 

Thracia  watanabei  Itoigawa  and  Shibata,  1975 

Figures  5-3,  5a-b 
Thracia  sp.  (n.  sp.)  ;  Itoigawa  in  Itoigawa  ef  a/.,  1974,  p.  108,  pl.  34, 

figs.  10-11. Thracia  watanabei  Itoigawa  and  Shibata,  1975.  p.  31,  pl.  8,  figs.  21- 
24  ;  Itoigawa  ef  a/.,  1981  (1982,  p.  116),  pl.  22,  fig.  16. 

Remarks.— Only  four  specimens  were  obtained  from  gray, 

very  fine-grained  sandstone  at  two  localities  in  the 
Shimosato  Formation.  The  present  species  was  proposed 

by  Itoigawa  and  Shibata  (1975)  from  the  Yamanouchi  Mem- 
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ber  of  the  Akeyo  Formation  of  the  Mizunami  Group.  Thracia 
watanabei  has  also  been  recorded  from  the  Tomikusa, 
Iwamura  and  Ayugawa  Groups  of  the  Eastern  Setouchi 

Miocene  Series  in  central  and  southwestern  Honshu  (Itoi- 
gawa  et  al.,  1981). 

Occurrence—  Localities  2, 6. 

Class  Gastropoda 
Family  Turritellidae 

Genus  Turritella  Lamarck,  1799 
Subgenus  Hataiella  Kotaka,  1959 

Turritella  (Hataiella)  sagai  Kotaka,  1951 

Figure  5-9 

Turritella  s-hataii  sagai  Kotaka,  1951,  p.  87,  pi.  12,  figs.  13-17. 
Turritella  (Hataiella)  sagai  Kotaka  ;  Kotaka,  1959,  p.  89,  pi.  9,  figs. 

6-8, 10, 12, 18  ;  Yoon,  1979,  p.  21,  pi.  5,  fig.  11  ;  Marincovich 
and  Kase,  1986,  p.  61,  pi.  2,  figs.  F-H  (in  part)  ;  Honda,  1992, 
pi.  58,  fig.  8. 

Non  Turritella  (Hataiella)  sagai  Kotaka  ;  Marincovich  and  Kase, 

1986,  pi.  2,  figs.  A-E  (in  part)  ;  Marincovich,  1988,  p.  15,  pi.  3, 
figs.  3,  5-9  (3,  5-7,  9  ;  reproduced  from  Marincovich  and 

Kase,  1986,  p.  61,  pi. 2,  figs.  A-E);  Zhidkova  and  Sal'nikov, 
eds.,  1992,  p.  248,  pi.  46,  figs.  3a-b. 

Turritella  sagai  Kotaka  ;  Shibata  in  Itoigawa  et  al.,  1974,  p.  132,  pi. 
40,  figs.  11, 12  ;  Ishida  ef  a/.,  1980,  pi.  5,  figs.  10, 11  ;  Itoigawa 

et  al.,  1981  (1982,  p.  164),  pi.  28,  figs.  13-14  ;  Itoigawa  and 
Shibata,  1986,  pi.  17,  fig.  2  ;  Muramatsu,  1992,  pi.  50,  fig.  9. 

Remarks.— A  total  of  26  specimens  are  to  hand.  The 
present  species  was  originally  described  by  Kotaka  (1951,  p. 

87,  pi.  12,  figs.  13-17)  from  the  Togari  Member  of  the  Akeyo 
Formation  of  the  Mizunami  Group.  As  noted  by  Kotaka 
(1951),  T.  (Hataiella)  sagai  resembles  T.  (H.)  shataii  Nomura, 

originally  described  from  the  "Shiogama"  Formation  (Lower 
Miocene;  Ishii  er  al.,  1982,  p.  14, 20)  of  Miyagi  Prefecture, 
northeastern  Honshu.  The  present  species  also  resembles 
T.  (H.)  belogolovaensis  llyina,  originally  described  from  the 
Kuluven  Formation  (Lower  Miocene)  of  western  Kamchatka 

(w'de  Titova,  1994,  p.  7),  but  it  differs  from  the  latter  in  having a  more  slender  shell. 

Marincovich  and  Kase  (1986,  p.  61,  pi.  2,  figs.  A-H)  cited 
Turritella  sagai  from  the  Bear  Lake  Formation  (lowermost 

Middle  Miocene,  in  part)  of  southwestern  Alaska  (figs.  A-E), 
and  the  Akebihara  Sandstone  of  the  Ayugawa  Group  (upper 

Lower  Miocene)  of  southwestern  Honshu  (figs.  F-H).  Speci- 
mens from  the  Bear  Lake  Formation  are  assigned  here  to  T. 

belogolovaensis,  as  was  done  by  Titova  (1994).  Zhidkova 

and  Sal'nikov,  eds.  (1992,  p.  248,  pi.  46,  figs.  3a-b)  cited  7. 
(/-/.)  sagai  from  the  Neveliskaya  Formation  (Lower  Miocene)  of 
southern  Sakhalin,  and  this  occurrence  is  also  assigned  here 
to  T.  belogolovaensis. 

Turritella  sagai  has  been  recorded  from  the  Akeyo  Forma- 
tion of  the  Mizunami  Group  and  other  strata  of  the  Eastern 

Setouchi  Miocene  Series  (Itoigawa  et  al.,  1981),  and  the 
Hwabongri  Formation  (lower  Middle  Miocene)  of  Korea 
(Yoon,  1979). 

Occurrence.— As  characteristic  species  of  Turritella- 
Dosinia  ass.  at  Loc.  7,  and  as  associated  species  of  Peri- 

ploma-Saccella-Cyclocardia  ass.  at  Loc.  2. 

Family  Volutidae 
Subfamily  Fulgorariinae 

Genus  Fulgoraria  Schumacher,  1817 
Subgenus  Musashia  Hayashi,  1960 

Fulgoraria  (Musashia)  yanagidaniensis  Araki,  1959 

Figure  5-17 
Fulgoraria  hirasei  yanagidaniensis  Araki,  1959,  p.  165,  pi.  18,  fig.  6  ; 

Araki,  1960,  p.  104,  pi.  8,  fig.  5  (reproduced  from  Araki,  1959). 
Musashia    (Neopsephaea  ?)   yanagidaniensis    (Araki)  ;  Shikama, 

1967,  p.  115,  text-fig.  20,  pi.  13,  figs.  5-8. 
Musashia    (Neopsephaea)    yanagidaniensis    (Araki)  ;  Shikama, 

1967,  pi.  14,  fig.  1  (same  specimen  as  Shikama,  1967,  pi.  13, 
fig.  8). 

Musashia  yanagidaniensis  (Araki)  ;  Hayashi»  1973,  pi.  3,  fig.  8  ; 
Shibata  and  Ina,  1983,  p.  62,  pi.  9,  fig.  6. 

Psephaea  ?    yanagidaniensis  (Araki)  ;  Shibata  in  Itoigawa  ef  a/., 

1974,  p.  167,  pi.  51,  figs.  1-3,  pi.  52,  figs.  1,  2,  pi.  53,  figs.  1-3, 

pi.  54,  figs.  5a-c. Fulgoraria  yanagidaniensis  (Araki)  ;  Ishida  ef  a/.,  1980,  pi.  6,  figs. 

34a-b. 
Musashia  (s.  s.)  yanagidaniensis  (Araki)  ;  Itoigawa  ef  a/.,  1981. 
Musashia  ?    yanagidaniensis  (Araki)  ;  Itoigawa  ef  a/.,  1982,  p. 

239,  pi.  40,  figs.  1-2. Fulgoraria  (Psephaea  ?)  cf.  ashiyaensis  Shikama  ;  Hayashi,  1988, 
p.  7,  pi.  3,  fig.  8  (reproduced  from  Musashia  yanagidaniensis  ; 
Hayashi,  1973). 

Remarks.— Seven  specimens  were  collected  from  gray, 

very  fine-grained  sandstone  at  one  locality  in  the  Shimosato 
Formation.  Araki  (1959)  proposed  the  present  species  under 
the  name  of  Fulgoraria  hirasei  yanagidaniensis  from  the 
Kaisekizan  Formation  (upper  Lower  Miocene)  of  the  Ichishi 
Group.  The  present  species  has  also  been  recorded  from 
the  Akeyo  Formation  of  the  Mizunami  Group  and  other  strata 
of  the  Eastern  Setouchi  Miocene  Series  (Itoigawa  ef  a/.,  1981). 

Occurrence.— Locality  2. 
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Abstract.  Nemestheria  aidaensis  sp.  nov.  represents  the  first  appearance  in  Japan  of  this  genus,  which 
is  considered  as  the  leading  form  of  conchostracan  fossils  in  nonmarine  Cenomanian  deposits  and  has  a 

wide  distribution.  This  new  species  is  very  similar  to  Nemestheria  lineata  Chang  and  Chen  and  Nemesth- 
eria robusta  Zhang  and  Chen  collected  from  the  Qingshankou  Formation  of  NE  China.  The  results  of  both 

palaeontological  researching  and  Fission-Track  dating  have  shown  that  the  Tsurukame  Upper  Formation 
of  the  Aioi  Group  might  be  Cenomanian  in  age. 

Key  words  :  Aioi  Group,  Cenomanian,  conchostracans,  Okayama 

Introduction 

The  genus  Nemestheria  was  established  within  the  family 
Bairdestheriidae  Novojilov  by  Chang  and  Chen  (1964)  based 
on  the  type  species  N.  lineata  Chang  and  Chen  from  the 
Cenomanian  Qingshankou  Formation  of  NE  China.  It  has 
been  also  found  in  the  Red  Branch  Member  of  the  Woodbine 

Formation  of  Northern  Texas  (Stephenson,  1952  ;  Zhang  et 
al.,  1976)  ;  the  Matoushan  Formation  of  Central  Yunnan  of 

China  (Chen,  1977)  ;  the  Chaochuan  Formation  of  Zhejiang, 
the  Hekou  Formation  of  Fujian  and  the  Huizhou  Formation  of 
southern  Anhui  Provinces  of  southern  China  (Chen  and  Shen, 
1982);  the  Kukebai  Formation  of  Kashgal,  Xinjiang  Ugur 
Automonous  Region,  northern  China  (  Li  and  Chen,  1992). 

This  paper  reports  a  new  species  of  Nemestheria  from  a 
black  shale  of  the  Kagami  Member  of  the  Tsurukame  Upper 
Formation,  Cretaceous  Aioi  Group  (Igi  and  Wadatsumi,  1980) 
near  Nakaiso  of  Aida  Town,  Okayama  Prefecture,  Southwest 

Japan  (Figures.  1  and  2).  The  conchostracans-bearing  vol- 
cano-sedimentary series  of  Hyogo  Prefecture  has  been 

referred  to  as  the  Sasayama  Group,  correlated  generally  to 
the  Inkstone  Group  of  the  Hiroshima  or  Okayama  area,  or  the 
Kanmon  Group  of  Kitakyushu  area,  as  early  Cretaceous 
rocks  (Matsuura  and  Yoshikawa,  1992).  According  to  the 

carapace  and  ornamentation  of  growth  bands,  the  conchos- 
tracan fossils  collected  from  Sasayama  Town,  Taki  County, 

Hyogo  of  Japan  (Kusumi,  1960)  are  similar  to  those  from  the 
Inakura  Formation  near  Yamaji  village  of  Ibara  City, 
Okayama,  and  probably  belong  to  the  yanjiestherids  (Chen, 

1996,  pi.  1,  figs.  1-8;  pi.  2,  figs.  1-2).  The  specimens  de- 
scribed in  the  present  paper,  however,  differ  from  them  in 

having  a  smaller  carapace,  strong  and  stout  growth  lines  with 
a  median  groove,  and  both  long  and  short  radial  lirae  in  the 
growth  bands.  All  of  them  show  the  characteristics  of 
Nemestheria.    The   occurrence   of  Nemestheria    indicates 

that  the  Kagami  Member  of  the  Tsurukame  Upper  Formation 
might  probably  be  Cenomanian  in  age.  This  estimation  of 
the  age  of  the  member  seems  to  be  conformable  to  the  age 
of  the  Takitani  Member  overlying  the  Kagami  Member  by 

fission-track  dating  (Masumoto  and  Wadatsumi,  1983). 

Systematic  description 

Family   Jilinestheriidae   Zhang  and  Chen,  1976 

Remarks.— Carapace  valve  elliptic,  rectangular,  oval  or 
subcircular  in  outline  ;  growth  lines  stout  and  strong  ;  inter- 

vals (growth  bands)  broad  and  few  in  number,  ornamented 

with  various  complex  striae  and  lattice-work  all  developing 
from  the  simple  radial  striae  ;  these  complex  sculptures  of 

lineal  arrangement  in  the  posterior  or  postero-vental  part  of 
valve. 

It  includes.— Nemestheria  Chang  and  Chen,  1964, 
Jilinestheria  Zhang  and  Chen,  1976,  Pletestheria  Zhang  and 
Chen,  1976  and  Dictyestheria  Chang  and  Chen,  1964. 

Geologic  age.— Cretaceous. 

Genus   Nemestheria   Chang  and  Chen,  1964 

Type  species.— Nemestheria  lineata  Chang  and  Chen, 
1964  from  Cenomanian  Qingshankou  Formation  at  Huaide  of 
Jilin  Province,  NE  China. 

Diagnosis.— Carapace  valve  of  small  to  moderate  size; 
oval,  elongately  elliptic,  circular  or  subquadrate  in  outline  ; 

umbo  anterior  or  subcentral  ;  long  and  radial  striae  inter- 
calated with  short  lirae  in  the  growth  bands  ;  the  short  lirae 

only  in  the  lower  half  of  each  interval,  missing  near  the  umbo 
(Chang  and  Chen,  1964). 

Distribution  .—East  Asia  and  Northern  America  ; 
Cenomanian. 
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Figure  1.  Distribution  of  the  Cretaceous  to  Paleogene  rhyolitic  to  dacitic  volcanic  rocks  in  Inner  Southwest 

Japan.  Locality  of  Figure  2  and  the  place  and  data  of  the  fission-track  dating  (Masumoto  and  Wadatsumi,  1983) 
are  also  shown. 

Figure  2.    Map  of  the  Aida  area,  Okayama  Prefecture,  showing  the  fossil  locality. 
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Figure  3.  Nemestheria  aidaensis  Chen  and  Suzuki  sp.  nov.  1.  external  mould  of  left  valve,  x40,  A10A.T.  ; 
cat.  no.  128937.  2.  frangment  of  right  valve,  x40,  A10A.T.  ;  cat.  no.  128938.  3.  sculpture  of  growth  bands  near 

the  postero-ventral  margin  of  the  holotype,  x40,  A10A.T.  ;  cat.  no.  128939. 
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Nemestheria  aidaensis  sp.  nov. 

Figures  3-1—3;  4-1—5 

Diagnosis.— A  Nemestheria  species  having  shorter  elliptic 
outline  of  carapase  valve  and  broadly  curved  ventral  margin. 

Materials.— Only  one  sample  with  about  70  carapace 
valves.  It  was  collected  from  a  black  shale  of  the  Kagami 

Member  of  the  Tsurukame  Upper  Formation,  the  Aioi  Group 

in  southwestern  Aida  Town  of  Okayama  Prefecture,  South- 
west Japan.  Holotype  :  right  valve  cat.  no.  128939.  All 

specimens  utilized  here  are  housed  in  the  Nanjing  Institute  of 

Geology  and  Palaeontology. 

Description.— Carapace  small  to  medium  in  size,  elliptical 

to  subcircular  in  outline,  3.5-8.0  mm  long,  2.1-5.4  mm  high. 
Dorsal  margin  broken  with  umbo  between  its  center  and 

anterior  end.  Anterior  and  posterior  margins  rounded,  ven- 

tral margin  broadly  curved  downward.  13-20  stout  growth 

lines  with  median  grooves.  Long  and  radial  striae  inter- 

calated with  1-2  short  lirae  in  growth  bands  ;  the  short  lirae 
only  in  the  lower  half  of  each  interval,  missing  near  umbo 

(Figures  3-1—2  ;  Figures  4-5)  or  expanding  as  long  as  radial 

striae  near  ventral  margin  (Figures  3-3). 

Remarks.— The  new  species  closely  resembles  N.  lineata 
Chang  and  Chen  and  N.  robusta  Zhang  and  Chen  from  the 

Qingshankou  Formation  of  the  Songliao  Basin  in  NE  China, 

but  it  differs  from  the  former  in  having  shorter  elliptic  outline 

of  the  carapace  valve  and  from  the  latter  in  having  a  broadly 

curved  ventral  margin. 

Locality  and  horizon.— Southwestern  Aida  Town  of 
Okayama  Prefecture,  Southwest  Japan  ;  Kagami  Member  of 

the  Tsurukame  Upper  Formation  (Cenomanian  age), 
Cretaceous  Aioi  Group. 
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Abstract  One  hundred  and  forty- nine  ostracode  species  are  identified  among  42  samples  from  the  lower 
to  middle  part  of  the  Middle  Miocene  Kobana  Formation,  Arakawa  Group,  distributed  in  Tochigi  Prefecture, 

Central  Japan.  Dominant  throughout  the  formation  are  such  species  living  around  Japan  as  Schizocyth- 
ere  kishinouyei  (Kajiyama),  Paracytheridea  neolongicaudata  Ishizaki,  Cornucoquimba  moniwensis  (Ishiza- 
ki),  Cornucoquimba  saitoi  (Ishizaki)  and  Cythere  omotenipponica  Hanai.  Tropical  to  warm-temperate 
species  living  off  Southwest  Japan  are  abundant,  but  circumpolar  and  cryophilic  species  are  also  present 
(less  than  10%)  in  most  samples.  Q  mode  cluster  and  principal  components  analyses  disclose  the 
following  sequence  of  ostracode  faunas  :  1)  The  lowest  part  is  dominated  by  nearshore  and  subtropical 

species  and  contains  about  5-13%  of  circumpolar  and  cryophilic  species  ;  2)  The  lower  middle  part  is 
dominated  by  lower  sublittoral  to  upper  bathyal  muddy  dwellers,  suggesting  a  rapid  increase  of  water 

depth.  The  horizon  characterized  by  the  increase  of  deep  cool-water  species  is  recognized  ;  3)  The 
middle  to  upper  part,  characterized  by  lower  to  middle  sublittoral  subtropical  to  warm-temperate  water 
species  mixed  with  intertidal  to  upper  sublittoral  ones;  4)  The  upper  part  containing  many  Laper- 
ousecythere  species,  suggesting  a  cooler  climate.  Analyses  of  ostracode  faunas  indicate  that  after  the 

mid-Neogene  climatic  optimum,  benthic  environments  underwent  fluctuations  of  water  temperatures,  with 
no  rapid  decrease,  in  the  Karasuyama  area. 

Key  words  :  Central  Japan,  Kobana  Formation,  Middle  Miocene,  Miocene  isotope,  Ostracoda 

Introduction 

Based  on  oxygen  isotope  data  at  DSDP  Site  588  and 
vertical  changes  in  diatom  frequencies  at  Site  572,  three 
periods  of  significant  climatic  warming  were  noted  by  Barron 
and  Baldauf  (1990)  during  the  Miocene  in  the  North  Pacific 
region.  One  of  these  climatic  optima,  which  lasted  from  ca. 

16.5  to  15  Ma,  has  been  referred  to  as  the  "mid-Neogene 
climatic  optimum"  of  Tsuchi  (1986),  "tropical  spike"  of  Itoig- 
awa  (1989),  or  "climatic  optimum  1"  of  Barron  and  Baldauf 
(1990).  This  interval  is  characterized  by  relatively  low  oxy- 

gen-isotope values  for  benthic  foraminifers  from  deep  seas 
of  the  equatorial  Pacific  Ocean  (e.g.,  Savin  et  al.,  1981  ; 
Woodruff  et  al.,  1981  ;  Woodruff  and  Savin,  1989  ;  Kennett, 

1986).  During  this  interval,  the  tropical  to  subtropical  shal- 
low-water    Kurosedani-Kadonosawa     molluscan     fauna 

spread  up  to  southern  Hokkaido  in  Japan  (e.g.,  Oyama,  1950  : 
Chinzei,  1986  ;  Tsuchi,  1986  ;  Itoigawa,  1989  ;  Itoigawa  and 
Yamanoi,  1990).  Mangrove  swamps  also  developed  were 

especially  on  the  proto-  Japan  Sea  side  at  that  time  (Oyama. 
1950  ;  Yamanoi  et  al.,  1980  ;  Itoigawa  and  Yamanoi.  1990). 
After  that,  major  middle  Miocene  cooling  began  14.9  Ma  and 
continued  to  12.4  Ma,  particularly  at  high  latitudes  (Savin  ef 
a/.,  1981  ;  Woodruff  et  al.,  1981).  During  this  interval,  oxygen 
isotope  values  for  benthic  foraminifers  increased  by  more 

than  1.0%  (Savin  et  al.,  1981  ;  Woodruff  ef  a/.,  1981  ;  Woo- 
druff and  Savin,  1989)  and  the  cool-temperate  water  Shioba- 

ra-Yama  molluscan  fauna  dominated  in  northeastern  Japan 
(Chinzei  and  Iwasaki,  1967  ;  Iwasaki.  1970).  Such  marine 
climatic  cooling  was  caused  globally  by  the  formation  of  the 
East  Antarctic  ice  sheet  (Woodruff  et  al..  1981  :  Kennett, 
1986)  and  locally  by  collision  of  Southwest  Japan  and  the 
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Izu-Bonin  Arc  (Nishimura,  1994).  Recently  Miller  et  al.  (1991), 
Wright  and  Miller  (1992)  and  Wright  et  al.  (1992)  proposed 

global  Oligocène- Miocene  oxygen  isotope  zones.  Their 
syntheses  suggest  that  glacial  episodes  have  repeatedly 

punctuated  post-Eocene  climatic  history. 
Many  workers  have  studied  the  relationships  between 

ostracode  faunas  and  Plio-Pleistocene  climatic  fluctuations 
in  Japan  (e.g.,  Ishizaki  er  al.,  1993;  Cronin  er  al.,  1994, 
Ozawa,  1996).  However,  Miocene  ostracode  faunas  have 
been  studied  only  locally  in  Japan  (Ishizaki,  1963,  1966; 
Nohara,  1987  ;  Yajima,  1988, 1992  ;  Irizuki,  1994  ;  Irizuki  and 

Matsubara,  1994, 1995  ;  Ishizaki  er  al.,  1996),  and  only  a  few 
attempts  have  so  far  been  made  at  revealing  faunal 
sequences  in  relation  to  Early  to  Middle  Miocene  marine 
climatic  history.  Irizuki  and  Matsubara  (1994, 1995)  analyzed 
in  detail  vertical  changes  of  ostracode  faunas  from  the 
Lower  to  Middle  Miocene  Kadonosawa  and  Middle  Miocene 

Suenomatsuyama  Formations  in  the  Ninohe  area,  northeast- 
ern Japan.  They  recognized  that  circumpolar  and  cryophilic 

species  first  appeared  at  the  base  of  the  Denticulopsis 

praelauta  Zone  (the  middle  part  of  the  Kadonosawa  Forma- 
tion). In  addition,  they  mentioned  that  circumpolar  and 

cryophilic  ostracodes  commonly  continued  to  occur  up  to 
the  lower  part  of  the  Suenomatsuyama  Formation  (the  upper 

part  of  the  Denticulopsis  praelauta  Zone)  and  warm -water 
species  in  turn  increased  upward  in  the  section.  The  inter- 

val represented  by  the  dominance  of  circumpolar  and  cryo- 
philic ostracodes  (ca.  25-60%)  in  the  Ninohe  area  is  chrono- 

logically correlative  with  the  Miocene  isotope  2  event,  which 
is  defined  as  located  between  chronozones  C5Cn  and  C5Br 

(ca.  16  Ma)  (Miller  et  al.,  1991).  The  Miocene  isotope  2  event 

is  recorded  not  only  by  benthic  d180  at  worldwide  ODP  and 
DSDP  sites  but  also  by  planktonic  ô180  in  the  western 
equatorial  Indian  Ocean  (e.g.,  Woodruff  et  al.,  1981  ;  Woodruff 
and  Savin,  1989  ;  Vincent  et  al.,  1985  ;  Kennett,  1986).  Thus 
circumpolar  and  cryophilic  ostracodes  possibly  spread  south 
during  the  intervals  of  Miocene  isotope  events. 

Continuous  marine  Middle  to  Upper  Miocene  sedimentary 
sequences  composing  the  Arakawa  Group  are  distributed  in 

the  Karasuyama  area.  Many  workers  are  involved  in  inves- 
tigations of  various  groups  of  microfossils  from  the  same 

samples,  and  radioactive  dating  of  intercalated  tuff  layers 
and  sedimentology  of  the  Arakawa  Group.  The  Kobana 
Formation,  composing  the  lowest  part  of  the  Arakawa  Group, 

yields  well-preserved  calcareous  fossils  in  abundance,  in- 
cluding ostracodes  which  provided  material  for  our  studies. 

The  purpose  of  this  paper  is  to  discuss  quantitatively 
ostracode  faunal  sequences  in  the  lower  to  middle  part  of 
the  Kobana  Formation  for  the  first  time,  with  reference  to 
global  marine  climatic  cooling  (Miocene  isotope  events)  after 

the  mid-Neogene  climatic  optimum. 

Geologic  outline  of  the  Karasuyama  area 

The  Karasuyama  area  lies  about  25  km  northeast  of 
Utsunomiya  City,  Tochigi  Prefecture,  Central  Japan  and  is  on 
the  west  side  of  the  Yamizo  Mountains  of  the  Jurassic 

accretionary  complex  (Figure  1).  The  geology  of  this  district 
has  been  investigated  by  Kawada  (1948,1949,1953)  and 
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Figure  1.  Geologic  sketch  map  with  the  study  area  and 
topographic  map  showing  locations  of  sections  of  the  Kobana 
Formation  measured  along  or  near  the  Arakawa  River  (a  part  of 

topographic  map  "Karasuyama",  1 :  25,000  scale,  Geographi- 
cal Survey  Institute  of  Japan). 

Sakai  (1986).  The  Miocene  distributed  around  the  Kar- 
asuyama area  comprises  two  groups  :  the  Nakagawa  and 

Arakawa  (Figure  2).  The  Nakagawa  Group  consists  mainly 
of  pyroclastic  rocks  and  comprises  four  formations:  the 
Ichiba  (conglomerate),  the  Motokozawa  (conglomerate, 
sandstone,  siltstone,  tuff  and  lignite  seam),  the  Yamanouchi 
(basaltic  to  andesitic  volcaniclastic  deposits  and  lava)  and 

the  Motegi  (sandstone,  siltstone,  pumice  tuff  and  andesitic  to 
dacitic  lava)  in  ascending  order  (Kawada,  1953  ;  Takahashi 
and  Hoshi,  1995  ;  Hoshi  and  Takahashi,  1996a).  The  Motegi 
and  Motokozawa  Formations  are  dated  at  16.7  ±0.9  Ma  and 

18.6  ±1.3  Ma  by  the  fission  track  method,  respectively  (Taka- 
hashi and  Hoshi,  1995, 1996  ;  Hoshi  and  Takahashi,  1996b). 

The  Arakawa  Group  unconformably  overlies  the  Nakagawa 

Group.  It  consists  of  marine  clastic  rocks  with  many  inter- 
calated felsic  tuff  layers  and  comprises  four  formations  :  the 

Kobana  (basal  conglomerate,  calcareous  sandstone,  silt- 
stone and  tuff),  the  Ogane  (sandstone,  siltstone  and  hard 

shale),  the  Tanokura  (diatomaceous  mudstone),  and  the 
Irieno  (muddy  sandstone)  in  ascending  order  (Figure  2). 

Both  groups  are  covered  unconformably  with  the  Quaternary 
Kawasaki  Group  (gravel,  sand  and  mud).  Reported  from  the 
Arakawa  Group  have  been  various  groups  of  marine  fossils  : 
molluscs  by  Kanno  (1961)  and  Hirayama  (1954,1967,1981); 
radiolarians  by  Sakai  (1986)  and  Sugie  (1993)  ;  diatoms  by 

Sakai  (1986);  planktonic  foraminifers  by  Sakai  (1986)  and 
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Figure  2.  Stratigraphie  division  of  the  Neogene 

sequence  of  the  Motegi  and  Karasuyama  areas  modified  from 
Takahashi  and  Hoshi  (1996). 

Usami  et  al.  (1995, 1996).  The  lower  to  middle  part  of  the 
Kobana  Formation  is  composed  of  basal  conglomerate,  very 

coarse-  to  medium-grained  calcareous  sandstone  including 
large  quantities  of  molluscan  fossils,  fine-grained  sandstone, 
sandy  siltstone,  mudstone,  and  silty  sandstone,  in  ascending 
order  (Figure  3).  The  middle  to  upper  part  is  composed 

mainly  of  sandy  siltstone  to  silty  sandstone  with  many  inter- 
calated felsic  tuff  layers  (Kb  10  to  Kb  30  of  Sakai,  1986)  and 

is  conformably  overlain  by  sandy  siltstone  of  the  Ogane 

Formation.  Hirayama  (1954, 1967, 1981)  reported  such  sub- 
tropical molluscan  fossils  as  Chlamys  arakawai  (Nomura), 

Nipponopecten  akihoensis  (Matsumoto)  and  Siratoria  sirator- 
iensis  (Otuka)  from  the  Kobana  Formation.  Some  of  them 

are  constituents  of  the  Kadonosawa  Fauna,  which  repre- 
sents the  Early  to  Middle  Miocene  tropical  to  subtropical 

molluscan  fauna.  Recently,  Tanaka  and  Takahashi  (1997) 
determined  the  last  occurrence  horizon  of  Sphenolithus 
heteromorphus  Deflandre  between  Kb  2  and  Kb  3  tuff  layers 
in  the  lower  part  of  the  Kobana  Formation  and  that  of 

Cyclicargolithus  floridanus  (Roth  and  Hay)  Bukry  in  the  lower- 
most part  of  the  overlying  Ogane  Formation.  Thus  the 

Kobana  Formation  ranges  over  the  calcareous  nannofossil 
Zones  CN4  to  CN5a  of  Okada  and  Bukry  (1980).  Kb  1  and 
Kb  23  tuff  layers  are  dated  at  14.27  ±0.33  Ma  or  14.28  ±0.33 

Ma  and  12.40±0.28Ma  or  12.37±0.28Ma  by  the  K-Ar 
method,  respectively  (Takahashi  unpub.  data).    A  sedimen- 

tation rate  estimated  by  the  chronologic  controls  implies  that 
the  studied  interval  ranges  in  age  from  about  13  to  14.5  Ma 

(Figure  4). 

Materials  and  laboratory  procedures 

For  studies  of  several  kinds  of  microfossil  groups,  about 

120  samples  were  collected  from  the  Kobana  Formation  in 

ten  measured  sections  exposed  along  or  around  the  Arak- 
awa  River  in  Minaminasu-machi  (Figure  1).  A  total  of  42 
samples  obtained  from  the  lower  to  middle  part  of  the 
Kobana  Formation  were  selected  for  examining  vertical 
changes  of  ostracode  faunas  (Figure  3).  The  upper  part  of 
the  Kobana  Formation  (tuffaceous  silty  sandstone  with  many 
intercalated  tuff  layers)  contains  too  few  fossil  ostracodes  to 
perform  quantitative  analyses.  One  hundred  and  sixty 
grams  of  dried  sediment  were  treated  with  a  saturated 
sodium  sulfate  solution  and  naphtha  for  rock  maceration 

(Maiya  and  Inoue,  1973),  washed  through  a  200  mesh  sieve 
screen  (75  //m),  and  dried  again.  These  procedures  were 
repeated  until  the  whole  sediment  sample  disintegrated. 
Samples  containing  abundant  ostracode  specimens  were 
divided  by  a  sample  splitter  into  workable  aliquot  parts,  each 
with  around  200  specimens.  The  ostracode  number  refers 
to  the  minimum  number  of  individuals  as  determined  by 

adding  larger  numbers  of  either  of  the  valves  to  the  car- 
apaces, picked  from  fractions  coarser  than  125// m  (115 mesh). 

Analyses  of  ostracode  faunas 

One  hundred  and  forty-nine  species  were  identified  from 
42  samples  obtained  from  the  lower  to  middle  part  of  the 
Kobana  Formation.  Figures  5  and  6  illustrate  selected 

species  from  the  Kobana  Formation. 
Only  those  species  which  were  represented  by  three  or 

more  individuals  in  one  or  more  samples  were  selected  for 
further  multivariate  examination  (Appendix  I).  To  reveal 
faunal  sequences  of  ostracodes  quantitatively,  the  data  on 
stratigraphie  distributions  of  the  selected  76  species  by  42 

samples  were  subjected  to  two  kinds  of  multivariate  ana- 
lyses :  Q-mode  cluster  and  principal  components  analyses. 

The  number  of  species,  species  diversity,  equitability  and 
individual  number  per  10  g  sediment  of  ostracodes  were 
selected  to  represent  their  faunal  structure. 

Q-mode  cluster  analysis 

Q-mode  cluster  analysis  using  the  weighted  pair  group 
arithmetic  average  method  was  carried  out  based  on  the 
overlap  index  of  Horn  (1966)  to  recognize  biotopes  of  fossil 
ostracodes.  This  procedure  grouped  42  samples  into  five 

clusters  (biotopes)  (A  to  E)  (Figure  7).  Table  1  summarizes 
dominant  and  subordinate  ostracodes  characterizing  each 
biotope.  Biotopes  A  to  E  are  positioned  upward  in  the 
sequence,  with  biotope  D  recurring  in  the  uppermost  part 

Figure  3.    Columnar  sections  of  the  Kobana  Formation  in  the  Karasuyama  area, 
samples  used  in  this  study. 
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(sample  no.  15)  of  the  sequence.  It  is  notable  that  these 

biotopes  are  separated  by  major  tuff  beds.  Figure  8  shows 

the  stratigraphie  position  of  the  five  biotopes  and  percent- 
ages of  19  taxa  dominating  each  biotope. 

Faunal  structure 

The  faunal  structure  of  ostracode  assemblages  is  deter- 
mined by  the  following  four  indices  :  the  number  of  species, 

species  diversity  {H{S)),  equitability  (Eq.)  and  individual  num- 
ber per  10  g  sediment.  Species  diversity  can  be  expressed 

by  the  Shannon-Wiener  formula  which  is  independent  of 
sample  size:  Diversity  (H(S))=-ZPi\npi,  where  p,  is  the 
proportion  of  the  ;-th  species  in  a  sample.  This  index  has 
been  often  used  in  paleoecological  studies.  Equitability 
was  also  calculated  by  using  the  equation  of  Buzas  and 

Gibson  (1969)  :  Equitability  (Eq.)=eMiS)/S,  S  means  the  num- 
ber of  species.  Maximum  and  minimum  values  of  the 

number  of  species,  species  diversity  and  equitability  are  61 
(sample  no.  5)  and  22  (sample  no.  232),  3.557  (sample  no. 
221)  and  2.628  (sample  no.  211),  and  0.756  (sample  no.  12)  and 
0.416  (sample  no.  211),  respectively.  Species  diversity  is 

generally  high  in  biotope  D  (average  no.  =  3.347),  moderate 
in  biotopes  A  (2.857),  B  (2.945)  and  C  (3.029),  and  low  in 
biotope  E  (2.772),  depending  on  the  number  of  species  rather 
than  equitability  values  (Figure  9). 

Sample  nos.  2, 3,  and  216  contain  more  than  200  individ- 
uals per  10  g  sediment.  Sample  no.  232  contains  the 

fewest,  7.3  per  10  g.  Average  numbers  are  lowest  in  biotope 
C  (ca.  16.2)  and  highest  in  biotope  D  (ca.  106)  (Figure  9). 

Q-mode  principal  components  analysis 
Q-mode  principal  components  analysis  was  carried  out  to 

obtain  clues  to  the  intersample  relationships  and  identify  end 

members  (samples  having  extreme  properties).  The  correla- 
tion coefficient,  however,  may  be  considered  inappropriate 

as  a  measure  of  similarity  between  samples  (Davis,  1986) 
because  our  data  set  (percentage  expression)  will  not  be 
normally  distributed.  Thus  the  proportional  similarity  (cos  6) 

was  used  in  this  study  :  cos  0,ï=2k=iXftX)*/(2?=iX£2?=iX£)1 2, 
where  xik  and  xjk  are  the  proportions  of  the  k-Vn  species  in 
samples  x,  and  xy.  Calculated  eigenvalues  show  that  the 
first  four  components  explain  about  83%  of  the  total  variance 
(Table  2).  Subsequently  component  scores  were  calculated 
to  figure  out  the  degree  to  which  individual  ostracode 
species  contribute  to  each  of  the  first  four  components 
(Appendix  I).    Figure  9  shows  the  stratigraphie  distribution  of 
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tTTvvi  febic  pyroclastic  rocks 

Figure  4.  Geologic  age  and  sedimentation  rate  of  the 
Kobana  Formation.  The  chronology  and  Miocene  isotope 
events  are  based  on  Berggren  ef  ai.  (1995)  and  Miller  et  al. 

(1991),  respectively.  (1)  and  (3)  show  the  CN5a'CN5b  and 
CN4/CN5a  boundaries  of  calcareous  nannofossil  zones  of 

Okada  and  Bukry  (1980)  as  determined  by  Tanaka  and  Taka- 
hashi  (1997).  (2)  and  (4)  mean  K-Ar  ages  by  Takahashi 
(unpub.  data).  Shaded  area  shows  the  studied  interval.  The 
so-called  mid-Neogene  climatic  optimum  may  be  subdivided 
into  two  intervals  (lower  and  upper)  by  the  Miocene  isotope  2 
event. 

factor  loadings  (correlation  coefficients  between  initial  data 
and  components)  in  relation  to  the  first  four  components. 

The  first  component.— This  component  explains  59.5%  of 
the  total  variance.  Schizocythere  kishinouyei  (Kajiyama) 

(score  =+64.13),  Paracytheridea  neolongicaudata  Ishizaki 
(score  =+56.50),  Cornucoquimba  moniwensis  (Ishizaki) 

(score  =+55.46),  Cornucoquimba  saitoi  (Ishizaki)  (score = 
+34.26)  and  Neonesidea  cf.  elegans  (Brady)  (score = 
+  29.94)  contribute  greatly  to  this  component.    They  are 

Figure 5.  Selected  ostracode  species  from  the  Kobana  Formation  (parti).  All  micrographs  are  of  adult  specimens. 
RV= right  valve  ;  LV  =  left  valve  ;  RC= right  lateral  view  of  carapace.  1  :  Neonesidea  cf.  elegans  (Brady),  female  RV,  Loc. 
no.  7,  X43.7.  2:  Argilloecia  hanaii  Ishizaki,  RV,  Loc.  no.  8,  X58.5.  3:  Krithe  antisawanensis  Ishizaki,  RC,  Loc.  no.  217, 
X58.5.  4:  Callistocythere  kotorai  Ishizaki,  RV,  Loc.  no.  4,  x90.  5:  Callistocythere  subsetanensis  Ishizaki,  RV.  Loc.  no. 
1,  x90.  6  :  Cythere  omotenipponica  Hanai,  female  RV,  Loc.  no.  7,  x90.  7  :  Schizocythere  kishinouyei  (Kajiyama),  female 
RV,  Loc.  no.  219,  x90.  8:  Palmenella  limicola  (Norman),  RV,  Loc.  no.  5,  x90.  9:  Hemicythere  kitanipponica  (Tabuki), 
female  RV,  Loc.  no.  223,  X58.5.  10:  Hemicythere  ochotensis  Schornikov,  female  LV,  Loc.  no.  3,  \58.5.  11:  Aurila  sp., 
male  RV,  Loc.  no.  219,  X58.5.  12:  Pseudoaurila  okumurai  (Yajima),  male  RV,  Loc.  no.  219,  \58.5.  13:  Pseudoaurila  sp.. 
RV,  Loc.  no.  218,  x  58.5.  14  :  Finmarchinella  hanaii  Okada,  female  LV,  Loc.  no.  2,  x  90.  15  :  Finmarchinella  japonica 
(Ishizaki),  female  RV,  Loc.  no.  221,  x90.  16  :  Laperousecythere  aff.  robusta  (Tabuki),  female  RV,  Loc.  no.  211,  \58.5.  17  : 
Laperousecythere  sendaiensis  (Ishizaki,  Fujiwara  and  Irizuki),  female  RV,  Loc.  no.  15,  x  58.5.  18  :  Laperousecythere  sp., 
female  RV,  Loc.  no.  219,  X58.5. 
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contained  in  abundance  in  most  of  the  samples  examined. 
The  first  component  scores  are  related  to  the  abundance  of 
ostracode  species.  Most  of  those  ostracodes  are  intertidal 

to  upper  sublittoral  species  and  live  predominantly  in  sub- 
tropical to  warm-temperate  areas  around  Japan,  influenced 

by  the  Kuroshio  Warm  Current  (e.g.,  Hanai  er  al.,  1977; 
Tsukagoshi  and  Ikeya,  1987  ;  Ikeya  and  Cronin,  1993  ;  Zhou, 
1995).  They  also  have  often  been  recorded  from  Neogene 
deposits  around  Japan,  Korea  and  Formosa  (e.g.,  Hanai  er  al., 
1977  ;  Hu,  1984, 1986  ;  Huh  and  Paik,  1992a,  b,  1993  ;  Huh, 
1994).  Vertical  fluctuations  of  the  first  factor  loading  are 
concordant  with  those  of  the  number  of  species  and  species 

diversity.  The  second  to  fourth  components  can  be  inter- 
preted by  not  only  values  of  corresponding  component 

scores  but  also  by  the  ratio  of  scores  with  regard  to  the  first 
to  each  of  the  remaining  components. 

The  second  component.— This  component  explains  9.87% 
of  the  total  variance.  Laperousecythere  sp.  (score = 
+16.452),  Krithe  antisawanensis  (score=  +16.114),  Laper- 
ousecythere  sendaiensis  (Ishizaki,  Fujiwara  and  Irizuki) 

(score  =+15.849),  Palmenella  limicola  (Norman)  (score = 
+13.106),  Falsobuntonia  taiwanica  Malz  (score  =  +12.743)  and 
Hirsutocythere?  sp.  1  (score  =+11.657)  have  high  positive 
scores  of  the  second  component  and  also  high  ratios  of  the 
first  to  second  component  scores.  Neonesidea  cf.  elegans 

(score  =-23.714),  P.  neolongicaudata  (score  =-21.933),  C. 
saitoi  (score  =—17.868)  and  Cythere  omotenipponica  Hanai 
(score  =—11.830)  have  high  negative  scores  of  the  second 
component.  Loxoconcha  sp.  (d  :  c2  ratio  =—1.779), 
Schizocythere  sp.  (ratio  =—1.663),  Finmarchinella  spp. 
(ratio  =  -1.098- -1.201)  and  Hemicytherura  cf.  clathrata  (Sars) 
(ratio  =—1.611),  have  high  negative  ratios  of  the  first  to 
second  component  scores.  Krithe  antisawanensis,  P. 
limicola  and  F.  taiwanica  are  extant  and  live  predominantly  in 
the  lower  sublittoral  to  upper  bathyal  around  Japan  (more 
than  150  m  in  depth)  (Ishizaki,  1977, 1981  ;  Ikeya  and  Suzuki, 
1992  ;  Zhou  and  Ikeya,  1992  ;  Zhou,  1995)  and  were  reported 
from  black  mudstone  of  the  Lower  to  Middle  Miocene 

Kadonosawa  Formation  (Irizuki  and  Matsubara,  1994).  On 
the  other  hand,  species  with  high  negative  component 
scores  and  ratios  are  abundant  in  intertidal  to  upper  sublitto- 
ral  areas  (e.g.,  Hanai  er  al.,  1977  ;  Ikeya  and  Itoh,  1991  ;  Zhou, 
1995).  Moreover,  vertical  fluctuations  of  the  second  factor 

loading  are  in  inverse  relation  with  those  of  individual  num- 
bers of  ostracodes  in  10  g  sediment.  Ostracodes  are  gener- 
ally more  abundant  in  the  sublittoral  than  in  the  bathyal. 

Thus  the  second  component  is  interpreted  as  a  relative 

water  depth  (positive = deep;  negative = shallow). 
The  third  component.— This  component  explains  8.51%  of 

the  total  variance.  Laperousecythere  sendaiensis 

(score  =+39.021),  Laperousecythere  sp.  (score  =+20.645), 
Aurila  sp.  (score= +18.051)  have  high  positive  scores. 
Laperousecythere  aff.  robusta  (Tabuki)  (d  :  c3  ratio=  +2.181), 

Munseyella  hokkaidoana  Hanai  (ratio  =  +1.433)  and  Acanth- 
ocythereis  munechikai  Ishizaki  (ratio  = +1.193)  have  high 
positive  ratios  of  the  first  to  third  component  scores. 

Schizocythere  kishinouyei  (score  =—17.546),  P.  neolon- 
gicaudata (score  =—15.317)  have  high  negative  scores. 

Hirsutocythere  ?  sp.  1  (d  :  c3  ratio  =  —0.876),  Semicytherura 
sp.  1  (ratio  =—0.779),  Palmoconcha  sp.  (ratio  =—0.758)  and 
Hemicytherura  cf.  clathrata  (ratio  =—0.727)  have  high  nega- 

tive ratios  of  the  first  to  third  component  scores.  It  is  rather 
difficult  to  interpret  the  significance  of  this  component  since 
L.  sendaiensis,  Laperousecythere  sp.  and  Aurila  sp.  are 

extinct  species.  However,  other  species  having  high  posi- 
tive values  seem  to  have  lived  in  offshore  open  shelf  environ- 

ments. On  the  other  hand,  species  having  high  negative 
values  dominate  nearshore  sandy  facies.  Hirsutocythere  ? 
sp.  1  and  Palmoconcha  sp.  were  reported  from  the  biotope  B 
in  the  lower  part  of  the  Kadonosawa  Formation,  suggesting 
an  enclosed  muddy  bay  facies  (Irizuki  and  Matsubara  1994). 

Hence  this  component  probably  suggests  relatively  near- 
shore  (negative)  versus  offshore  open-shelf  (positive)  envi- 
ronments. 

The  fourth  component— This  component  explains  6.81% 
of  the  total  variance.  Aurila  sp.  (score  = +17.92), 

Neonesidea  cf.  elegans  (score  =  —6.223)  and  C.  moniwensis 
(score  =  +6.111)  have  high  positive  scores.  Trachyleberis  cf. 
mizunamiensis  Yajima  (d  :  c4  ratio  =  —1.087),  Krithe  japonica 
Ishizaki  (ratio  =  +1.058)  have  high  positive  ratios  of  the  first  to 
fourth  component  scores.  Laperousecythere  sendaiensis 

(score  =-30.375),  P.  neolongicaudata  (score  =-18.066),  S. 
kishinouyei  (score  =  —14.52)  have  high  negative  scores. 
Laperousecythere  aff.  robusta  (d  :  c4  ratio  =  —2.061),  L  sen- 

daiensis (ratio  =  -1.863),  M.  hokkaidoana  (ratio  =  -1.313), 
Hemicytherura  cf.  clathrata  (ratio  =  —1.205)  and  Finmarchinella 
spp.  (ratio  =-0.767- -0.993)  have  high  negative  ratios  of 
the  first  to  fourth  component  scores.  Neonesidea  cf. 

elegans  is  comparable  to  N  elegans  reported  from  continen- 
tal shelves  off  eastern  and  southeastern  China  (Whatley  and 

Zhao,  1988).  Trachyleberis  mizunamiensis  was  reported 

from  the  "Shukunohora  Sandstone"  of  the  Akeyo  Formation 

Figure  6.  Selected  ostracode  species  from  the  Kobana  Formation  (part  2).  All  micrographs  are  of  adult  specimens. 
1  :  Cornucoquimba  moniwensis  (Ishizaki),  female  RV,  Loc.  no.  219,  X58.5.  2  :  Cornucoquimba  saitoi  (Ishizaki),  male  ?  RV, 
Loc.  no.  8,  x90.  3:  Cornucoquimba  kagitohensis  Ishizaki,  Fujiwara  and  Irizuki,  female  RV,  Loc.  no.  219,  \58.5.  4: 
Hermanites?  posterocostatus  Ishizaki,  male  RC,  Loc.  no.  8,  X58.5.  5:  Coquimba  sp.  1,  RV,  Loc.  no.  1,  \58.5.  6: 
Acanthocythereis  munechikai  Ishizaki,  female  RC,  Loc.  no.  210,  x58.5.  7:  Hirsutocythere  ?  hanaii  Ishizaki,  female  RV, 
Loc.  no.  173,  X43.7.  8:  Abrocythereis  cf.  guangdongensis  Gou,  female  RV,  Loc.  no.  216,  \58.5.  9:  Falsobuntonia 
taiwanica  Malz,  female  ?  RV,  Loc.  no.  220,  X58.5.  10  :  Hemicytherura  cf.  clathrata  (Sars),  female  RV,  Loc.  no.  187,  \120. 
11:  Kangarina  yamaguchii  Tabuki,  RV,  Loc.  no.  5,  \120.  12:  Cytheropteron  miurense  Hanai,  RV,  Loc.  no.  3,  \90.  13: 
Cytheropteron  postornatum  Zhao,  RV,  Loc.  no.  234,  x90.  14:  Cytheropteron  sendaiense  Ishizaki,  female  RV,  Loc.  no. 
218,  x90.  15:  Cytheropteron  cf.  smithi  Nohara,  RV,  Loc.  no.  5,  x120.  16:  Cytheropteron  uchioi  Hanai,  female  RV,  Loc. 
no.  223,  x90.  17  :  Metacytheropteron  sp.  ;  RV,  Loc.  no.  173,  x58.5.  18  :  Paracytheridea  neolongicaudata  Ishizaki,  RV.  Loc. 
no.  218,  X58.5. 
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Figure  7.  Dendrogram  resulting  from  Q-mode  cluster 

analysis  based  on  the  index  of  Horn's  (1966)  overlap.  Groups 
A  to  E  refer  to  biotopes. 

which  contains  tropical  molluscs,  larger  foraminifers  and 

mangrove  plants  (Yajima,  1988,1992).  On  the  other  hand 

Laperousecythere  species  have  been  reported  in  abundance 
from  the  lower  part  of  the  Suenomatsuyama  Formation 

deposited  during  the  interval  of  Miocene  isotope  2  event 

(Irizuki  and  Matsubara,  1995)  and  the  Upper  Miocene  Tsuna- 

ki  Formation  (ca.  8  Ma)  (Ishizaki  et  al.,  1996).  Both  forma- 

tions yield  the  cool-water  Shiobara  molluscan  fauna  Only 
two  species  (L  robusta  and  L.  yahtsensis  Brouwers)  are 

extant  and  living  in  middle  sublittoral  open  seas  of  subarctic 

to  cool-temperate  zones  around  northern  Hokkaido,  northern 
Japan,  (Itoh,  1996)  and  Alaska  Bay  (Brouwers,  1993).  Other 
ostracodes  having  high  negative  ratios  of  the  first  to  fourth 

component  scores  are  equated  with  modern  species  inhabit- 

ing subarctic  to  mild-temperate  shallow  water  areas  or 

species  reported  from  Plio-Pleistocene  deposits  yielding  the 
cool-water  Omma-Manganji  molluscan  fauna  (Cronin  and 
Ikeya,  1987).  Moreover,  vertical  fluctuations  of  the  fourth 

factor  loading  are  inversely  accordant  with  those  of  the 

percentage  of  shallow  circumpolar  and  cryophilic  species 

(Figure  9).  Among  those  species  are  Finmarchinella  hanaii 

Okada,  F.  japonica  (Ishizaki),  F.  nealei  Okada,  Hemicythere 

kitanipponica  (Tabuki),  H.  ochotensis  Schornikov,  Hemicyth- 
erura  cf.  clathrata  and  Laperousecythere  aff.  robusta.  Thus 

the  fourth  component  suggests  water  temperatures  (posi- 
tive =  dominance  of  warm;  negative = presence  of  cool 

shallow-water  species). 

Temporal  changes  of  paleoenvironments 

Quantitative  analyses  of  faunal  composition  and  structure 

of  ostracodes  demonstrate  temporal  changes  of  paleoenvir- 

onments after  the  mid-Neogene  climatic  optimum  in  the 
Kobana  Formation. 

Table  1.    Summary  of  Q-mode  cluster  analysis. 

Biotope  Sample Dominant  Taxa Subordinate  Taxa 

Pseudoaurila  spp. 

1, 187,  2  Paracythehdea  neolongicaudata 
Hermanites  ?  posterocostatus 

Cornucoquimba  saitoi 
Schizocythere  kishinouyei 

Coquimba  sp.  1 
Paracytheridea  neolongicaudata 

3, 4,  202-206  Neonesidea  cf.  elegans 
Schizocythere  kishinouyei 

Cornucoquimba  saitoi 

Cythere  omotenipponica 

Cornucoquimba  moniwensis 

9-13,232-242 

Schizocythere  kishinouyei 

Cornucoquimba  moniwensis 
Hirsutocythere  ?  spp. 

Krithe  antisawanensis 

Paracytheridea  neolongicaudata 
Palmenella  limicola 

5-8,15,216-225, 
173-175 

Cornucoquimba  moniwensis 
Aurila  sp. 

Schizocythere  kishinouyei 

Paracytheridea  neolongicaudata 
Neonesidea  cf.  elegans 

Cornucoquimba  saitoi 

Laperousecythere  sendaiensis 

209-211  Laperousecythere  sp. 
Schizocythere  kishinouyei 

Cornucoquimba  moniwensis 

Laperousecythere  aff.  robusta 

Cytheropteron  sp.  2 

Figure  8.  Diagram  showing  stratigraphie  positioning  of  biotopes  and  percentages  of  each  of  the  19  taxa.  A  to  E  stand 
for  biotopes.  CN  4  and  CN5a  are  calcareous  nannofossil  zones  of  Okada  and  Bukry  (1980)  as  determined  by  Tanaka  and 
Takahashi  (1997).     For  explanation  of  columnar  section  see  Figure  3. 
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Table  2.    Summary    of    Q-mode    principal    components 
analysis. 

Eigenvalue Percentage Cumulative  Per. 

PC1 24.991 59.503 59.503 

PC  2 4.145 9.870 69.373 

PC  3 3.573 8.508 77.881 

PC  4 2.073 4.937 82.818 

The  general  pattern  of  ostracode  faunas  is  shown  by 
vertical  changes  in  factor  loadings  with  respect  to  the  first 

component.  Subtropical  to  warm-temperate  open  sublitto- 
ral  ostracodes  are  abundant  throughout  the  Middle  Miocene 
Kobana  Formation  except  for  samples  from  the  upper  half  of 
biotope  C  (upper  bathyal  species  are  dominant)  and  biotope 

E  (cool-water  ostracodes  endemic  to  northern  Japan  are 
dominant). 

Water  depth 
Samples  in  the  lower  part  (biotopes  A  and  B)  have  high 

negative  loadings  of  the  second  component  (shallow  waters) 

and  high  negative  third  factor  loadings  (nearshore  environ- 
ments). Samples  in  the  middle  and  upper  parts  (biotope  C, 

the  lower  part  of  biotope  D  and  biotope  E)  have  high  positive 
second  factor  loadings  (deep  waters).  Such  lower  sublittoral 
to  upper  bathyal  species  as  P.  limicola,  K.  antisawanensis, 
Hirsutocythere  ?  spp.,  F.  taiwanica  and  C.  kagitoriensis  begin 
to  occur  in  biotope  C  and  linger  on  to  the  uppermost  sample. 
The  lowest  values  of  individual  numbers  of  ostracodes  per  10 
g  in  biotopes  C  and  E  are  in  good  agreement  with  high 

positive  factor  loadings  with  respect  to  the  second  compo- 
nent, suggesting  the  prevalence  of  the  greatest  water  depth 

during  deposition  of  these  biotopes  (Figure  9).  Samples  in 
the  upper  part  of  biotope  D  have  high  negative  second  factor 

loading,  and  yielded  large  quantities  of  shallow-water 
ostracodes.  However,  they  also  commonly  contain  lower 
sublittoral  to  upper  bathyal  species  (Figure  8).  The  third 
component  shows  that  the  upper  part  of  biotope  D  was 

deposited  on  an  open  shelf.  In  modern  offshore  southwest- 
ern Japan,  many  intertidal  and  upper  sublittoral  species  are 

transported  downslope  and  are  found  at  a  depth  of  several 

hundred  meters  (Zhou,  1995).  Thus  shallow-water  speci- 
mens contained  in  the  upper  part  of  biotope  D  are  consid- 

ered to  have  been  displaced,  resulting  in  large  numbers  of 
specimens  and  species  diversity. 

In  this  way,  the  second  and  third  factor  loadings  show 
vertical  changes  in  paleodepth  during  deposition  of  the 

Kobana  Formation  :  1)  The  Kobana  Formation  was  deposit- 
ed in  shallow  littoral  to  sublittoral,  relatively  nearshore  envi- 

ronments during  deposition  of  biotopes  A  and  B  ;  2)  Water 
depth  rapidly  increased  and  upper  bathyal  ostracodes 
dominated  biotope  C  ;  3)  After  that,  water  depth  gradually 
began  to  decrease,  leading  to  mixing  of  upper  sublittoral  and 

lower  sublittoral  species  in  biotope  D  ;  4)  Finally  middle  to 

lower  sublittoral  open-water  species  dominated  biotope  E. 

Water  temperature 

Biotope  A  contains  abundant  Pseudoaurila  okumurai  (Ya- 

jima),  Pseudoaurila  sp.,  Paracytheridea  neolongicaudata,  Her- 
manites?  posterocostatus  Ishizaki,  Callistocythere  sub- 
setanensis  Ishizaki  and  Coquimba  sp.  1.  These  species  are 
all  extinct  except  P.  neolongicaudata.  This  fauna  is  very 

similar  to  the  tropical  to  subtropical  shallow-water  fauna 
reported  from  Lower  to  Middle  Miocene  deposits  which  yield 
the  Akeyo,  Kurosedani  and  Kadonosawa  molluscan  faunas 
(Ishizaki,  1966;  Yajima,  1988,1992;  Huh  and  Paik,  1992b). 

However,  such  cryophilic  and  circumpolar  species  as  Fin- 
marchinella  hanaii,  F.  nealei,  Hemicythere  kitanipponica  and 
Hemicytherura  cf.  clathrata  are  also  included  in  biotope  A  in 

amounts  of  5-13%  (Figure  9)  whereas  tropical  Bairdoppilata  is 
absent.  These  species  have  high  negative  ratios  of  the  first 
to  fourth  component  scores  and  are  included  neither  in 
Middle  Miocene  deposits  distributed  in  southwestern  Japan 
(Ishizaki,  1963,  Yajima,  1988, 1992)  nor  in  the  lower  part  of  the 

mid-Neogene  climatic  optimum  (e.g.,  the  lower  part  of  the 
Kadonosawa  Formation)  (Irizuki  and  Matsubara,  1994).  On 

the  contrary,  cryophilic  and  circumpolar  species  are  recog- 
nized in  the  upper  part  of  the  mid-Neogene  climatic  optimum 

of  northeastern  Japan  (Irizuki  and  Matsubara,  1994, 1995).  It 
might  be  possible  that  Miocene  counterparts  of  modern 

circumpolar-cryophilic  species  never  experienced  cold- 
water  environments,  unlike  Recent  ones.  However,  in  real- 

ity, they  have  not  been  recorded  from  deposits  in  southwest- 
ern Japan  during  the  interval  of  the  mid-Neogene  climatic 

optimum.  They  are,  therefore,  expected  to  have  lived  in 
slightly  colder  water,  if  at  all,  than  other  species  in  the 
Miocene.  Thus  the  lower  part  of  the  Kobana  Formation 
(biotope  A)  is  treated  as  a  deposit  in  warm  shallow  water, 
influenced  by  cooler  coastal  currents  from  northern  areas. 

In  species  composition  biotope  B  is  similar  to  the  Sunako- 
saka  and  Moniwa  Formations  (Ishizaki,  1963,1966),  which 

were  also  deposited  in  the  mid-Neogene  climatic  optimum. 
Biotope  B  also  includes  cryophilic  and  circumpolar  species 

in  abundances  of  2-7%. 
It  is  difficult  to  discuss  bottom  paleotemperature  in  shallow 

areas  during  deposition  of  biotope  C  because  biotope  C  and 
the  lower  part  of  biotope  D  contain  large  quantities  of  lower 
sublittoral  to  upper  bathyal  ostracodes.  Sample  nos.  13, 238 
and  242  include,  however,  P.  limicola,  Laperousecythere  sp. 
and  C.  kagitoriensis  in  abundance  (Figure  8).  Palmenella 

limicola  lives  in  the  middle  sublittoral  in  high-latitude  areas  of 
the  Northern  Hemisphere  (Brouwers,  1993)  in  contrast  to 
upper  bathyal  zones  around  Japan  (e.g.,  Ikeya  and  Suzuki, 
1992).  Ishizaki  et  al.  (1996)  described  C.  kagitoriensis  from 
the  Upper  Miocene  Tsunaki  Formation,  northeastern  Japan 
and  suggested  that  this  species  increased  in  number  with 

Figure  9.  Diagram  showing  vertical  fluctuations  of  factor  loadings  with  respect  to  the  first  four  components, 
percentage  of  circumpolar  and  cryophilic  species  (CC),  the  number  of  species,  species  diversity  (H(S)),  equitability  (Eg.), 
and  individual  number  per  10  g  sediment  (No./ 10  g).  ̂ H  and  §g§§|  in  CC  stand  for  percentages  of  shallow  circumpolar 
and  cryophilic  species  and  Palmenella  limicola,  respectively. 
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decreasing  water  temperatures.  The  boundary  between  the 
calcareous  nannoplankton  Zones  CN4  and  CN5a  is  placed 
above  sample  no.  237  (between  sample  nos.  236  and  238) 

(Tanaka  and  Takahashi,  1997)  and  is  chronologically  correla- 
tive with  the  period  of  the  Miocene  isotope  3  event  (Miller  et 

al.,  1991).  Thus  the  increase  of  those  species  possibly 

reflects  decreased  bottom-water  temperatures  in  lower 
sublittoral  to  upper  bathyal  zones  during  the  interval  of  the 
Miocene  isotope  3  event.  Faunas,  including  circumpolar  P. 
limicola,  in  these  biotopes  do  not  contain  such  upper  bathyal 
circumpolar  species  as  Acanthocythereis  dunelmensis  (Sars) 
S.I.,  Elofsonella  cf.  concinna  (Jones)  or  Normanicythere  sp., 
reported  from  the  Middle  Miocene  Kadonosawa  and 
Suenomatsuyama  Formations,  located  500  km  north  of  the 
present  studied  area  (Irizuki  and  Matsubara,  1994, 1995),  but 
do  contain  Hirsutocythere  ?  hanaii,  Argilloecia  hanaii  Ishizaki 
and  K.  antisawanensis,  all  of  which  live  predominantly  in 
lower  sublittoral  to  upper  bathyal  zones  of  subtropical  to 

warm-temperate  areas  around  Japan.  Thus  bottom-water 
temperature  during  deposition  of  both  biotopes  C  and  D  of 
the  Kobana  Formation  was  warmer  than  that  of  the  upper 

part  of  the  Kadonosawa  and  the  lower  part  of  the  Suenoma- 
tsuyama Formation.  It  is  noteworthy  that  Laperousecythere 

sendaiensis  first  occurred  in  the  lower  part  of  biotope  D 

(Figure  8). 
The  upper  part  of  biotope  D  has  high  negative  values  of 

the  fourth  factor  loading  (relatively  warm).  Most  samples  in 
the  upper  part  of  biotope  D  contain  relatively  high  ratios  of 

shallow  warm-water  species  (Pseudoaurila  spp.,  Her- 
manites  ?  posterocostatus  and  Neonesidea  cf.  elegans)  and 

such  tropical  to  subtropical  open-shelf  forms  as  Abrocyther- 
eis  cf.  guangdongensis  Gou,  Acanthocythereis  munechikai 
Ishizaki,  Cytheropteron  postornatum  Zhao,  Cytheropteron 

uchioi  Hanai,  Kangarina  yamaguchii  Tabuki,  Metacytheropter- 
on  sp.,  Pacambocythere  spp.,  Saida  spp.  and  Typhlocythere 
spp.,  which  live  now  in  the  East  and  South  China  Seas 
(Ishizaki,  1977, 1981  ;  Malz  and  Tabuki,  1988  ;  Zhao,  1988  ; 

Zhao  and  Wang,  1988  ;  Zhou,  1995).  Hence  bottom-water 
temperatures  may  have  increased  again  during  deposition  of 
the  upper  part  of  biotope  D. 

Biotope  E  has  the  highest  negative  loading  of  the  fourth 
factor,  with  the  dominance  of  Laperousecythere  spp.  and  the 

decrease  of  subtropical  to  warm-temperate  water 
ostracodes  mentioned  above.  Laperousecythere  sendaien- 

sis is  a  principal  constituent  of  this  biotope.  It  is  clear  that 

this  biotope  includes  cooler-water  species  than  the  other 
biotopes.  The  third  component  reveals  that  biotope  E  was 

deposited  in  open-shelf  environments  (Figure  9).  Hence  it  is 
suggested  that  some  climatic  cooling  occurred  even  in  the 
open  shelf  around  the  time  when  the  boundary  between 
biotopes  D  and  E  was  settled.  This  water  temperature 
decrease  appears  to  have  been  minor  because  cryophilic 
and  circumpolar  species  amount  only  to  less  than  10%  in 
biotope  E  (Figure  8). 

Bottom  water  temperatures  fluctuated  during  deposition  of 
biotopes  C  to  E. 

Conclusions 

The  following  four  major  results  were  obtained  from  the 
study  of  faunal  changes  of  ostracodes  from  the  lower  to 
middle  part  of  the  Kobana  Formation. 

1.  One  hundred  and  forty  nine  species  of  ostracodes 

were  discriminated  in  the  Middle  Miocene  Kobana  Forma- 
tion. Among  the  dominant  species  are  some  living  now  in 

subtropical  to  warm-temperate  sublittoral  areas. 
2.  Q-mode  cluster  analysis  grouped  42  samples  into  five 

clusters  (biotopes)  (A  to  E) 

3.  The  second  principal  component  shows  vertical 
changes  of  water  depth  as  follows  :  intertidal  to  middle 
sublittoral  in  the  lower  part  ;  a  rapid  increase  of  water  depth 

(upper  bathyal)  in  the  lower  middle  part  ;  a  gradual  decrease 
of  water  depth  (lower  to  middle  sublittoral)  from  the  middle  to 

upper  part. 
4.  Vertical  changes  of  bottom-water  temperature  during 

deposition  of  the  Kobana  Formation  were  suggested  by  the 
fourth  principal  component  as  follows  :  a)  The  lower  part 
was  influenced  predominantly  by  subtropical  shallow  water, 
with  inflowing  cooler  waters  ;  b)  Fluctuations  of  bottom 
water  temperature  were  recognized  in  the  middle  to  upper 

part  ;  c)  Two  intervals  of  climatic  deterioration  were  recog- 
nized :  the  first  is  at  the  horizon  around  the  upper  part  of 

biotope  C  (the  boundary  between  calcareous  nannoplankton 
CN4  and  CN5a  assigned  to  the  Miocene  isotope  3  event) 
and  the  second  is  in  the  depositional  interval  of  biotope  E 
(the  upper  part  of  the  studied  section). 

After  the  mid-Neogene  climatic  optimum,  water  tempera- 
tures fluctuated,  with  no  rapid  decrease  in  the  Karasuyama 

area. 
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Appendix  I.  Scores  with  respect  to  the  first 

to  each  of  the  remaining  components  for  76 

analyses. 

four  principal  components  and  ratios  of  scores  with  regard  to  the  first 

species  selected  for  both  Q-mode  principal  components  and  cluster 

Kobana  Formation PC1 PC2 PC2/PC1 
PC3 

PC3/PC1 PC4 PC4/PC1 

Abrocythereis  cf.  guangdongensis 
1.930 0.945 0.490 

-0.228 
-0.118 

0.476 0.247 
Acanthocythereis  munechikai 1.830 2.136 1.167 2.184 1.193 

-2.026 
-1.107 

Argilloecia  hanaii 7.805 2.162 0.277 

-0.073 
-0.009 

2.627 0.337 
Argilloecia  toyamensis 1.815 0.565 0.311 

-0.199 
-0.110 

0.571 0.315 

Argilloecia  sp.  1 1.580 

-0.312 
-0.198 

0.237 
0.150 0.949 0.600 

Aurila  sp. 27.201 

-4.382 
-0.161 

18.051 0.664 17.917 
0.659 

Callistocythere  kotorai 5.008 

-2.916 
-0.582 

-1.588 
-0.317 

-1.656 -0.331 

Callistocythere  subsetanensis 1.392 

-0.844 
-0.606 

-0.685 
-0.492 

-0.793 -0.570 

Callistocythere  sp. 1.084 

-0.383 
-0.354 

-0.562 
-0.519 

-0.534 -0.493 

Coquimba  sp.  1 4.973 

-4.132 
-0.831 

-0.986 -0.198 
-1.093 -0.220 

Cornucoquimba  kagitoriensis 12.357 7.964 0.645 

-1.444 
-0.117 

1.846 0.149 

Cornucoquimba  moniwensis 55.459 4.574 0.082 3.646 0.066 6.111 0.110 
Cornucoquimba  saitoi 34.260 

-17.868 
-0.522 

1.018 0.030 

-0.372 -0.011 

Cornucoquimba  sp. 5.209 1.239 0.238 4.073 
0.782 

-0.334 
-0.064 

Cythere  omotenipponica 22.746 

-11.830 

-0.520 
-3.388 -0.149 -4.249 

-0.187 

Cythere  uranipponica 4.178 

-1.005 
-0.240 

-0.908 -0.217 
-0.789 

-0.189 

Cytheropteron  miurense 17.553 6.553 0.373 

-4.929 -0.281 
-0.091 

-0.005 

Cytheropteron  postornatum 1.816 1.434 0.790 

-0.706 -0.389 
-0.552 

-0.304 

Cytheropteron  sendaiense 6.981 

-0.179 -0.026 

2.157 0.309 
0.714 0.102 

Cytheropteron  cf.  smithi 1.783 0.986 0.553 

-1.087 
-0.610 

0.185 
0.104 
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Cytheropteron  uchioi 13.089 1.640 0.125 1.964 
0.150 

3.814 
0.291 

Cytheropteron  sp.  1 14.939 
8.304 

0.556 

-1.846 
-0.124 

-0.937 
-0.063 

Cytheropteron  sp.  2 3.929 2.077 0.529 5.680 1.446 

-3.628 
-0.924 

Cytheropteron  sp.  3 3.894 

-1.097 
-0.282 

-0.972 
-0.250 

-0.449 
-0.115 

Cytheropteron  sp.  4 2.730 0.032 0.012 2.108 0.772 0.576 0.211 

Cytheropteron  sp.  5 1.695 0.073 0.043 0.063 0.037 
0.759 0.448 

Cytheropteron  sp.  6 0.931 0.451 0.484 
0.566 0.608 

-0.260 
-0.280 

Eucythere  sp.  1 0.924 0.334 0.361 0.836 0.905 

-0.320 -0.346 

Falsobuntonia  taiwanica 12.544 12.743 1.016 

-3.492 
-0.278 

4.548 0.363 

Finmarchinella  hanaii 1.372 

-1.507 
-1.098 -0.744 

-0.543 
-1.052 -0.767 

Finmarchinella  japonica 5.304 

-0.001 

0.000 

-0.666 
-0.126 

0.213 0.040 
Finmarchinella  nealei 0.274 

-0.329 
-1.201 -0.178 

-0.651 -0.272 
-0.993 

Hemicythere  kitanipponica 7.123 

-5.565 
-0.781 

-1.556 
-0.218 -3.644 

-0.512 

Hemicythere  ochotensis 2.403 

-0.448 
-0.187 

-0.311 
-0.129 

-0.299 
-0.125 

Hemicytherura  cf.  clathrata 0.565 

-0.910 -1.611 -0.411 -0.727 
-0.681 

-1.205 

Hemicytherura  cuneata 1.919 

-0.137 
-0.072 

0.059 0.031 

-0.030 
-0.015 

Hermanites  ?  posterocostatus 8.049 

-7.689 
-0.955 

0.257 0.032 

-3.235 -0.402 

Hirsutocythere  ?  hanaii 14.705 9.097 0.619 1.218 0.083 

-1.958 
-0.133 

Hirsutocythere  ?  sp.  1 6.563 11.657 1.776 

-5.746 
-0.876 

4.850 
0.739 

Kangarina  yamaguchii 
1.225 0.106 0.086 

-0.807 
-0.659 

-0.287 -0.234 

Kotoracythere  cf.  abnorma 0.676 0.210 0.310 0.375 
0.555 

-0.195 
-0.288 

Krithe  antisawanensis 25.462 16.114 
0.633 

-6.628 
-0.260 

5.534 0.217 
Krithe  japonica 5.059 3.329 0.658 

-1.775 
-0.351 

5.350 
1.058 

Laperousecythere  cf.  robusta 2.828 2.932 1.037 6.166 
2.181 

-5.828 -2.067 

Laperousecythere  sendaiensis 16.307 15.849 0.972 39.021 2.393 

-30.375 

-1.863 

Laperousecythere  sp. 26.191 16.452 0.628 20.645 0.788 

-9.314 
-0.356 

Loxoconcha  nozokiensis 5.494 

-2.295 -0.418 

0.281 0.051 1.481 0.270 
Loxoconcha  pulchra 1.486 

-1.099 
-0.740 

-0.523 
-0.352 

-0.338 
-0.228 

Loxoconcha  sp. 0.285 

-0.507 
- 1 .779 

-0.097 
-0.339 -0.171 

-0.601 

Macrocypris  cf.  decora 1.955 

-0.188 
-0.096 

-0.305 
-0.156 

0.031 
0.016 

Metacytheropteron  sp. 1.098 0.248 0.225 0.965 0.879 

-0.093 
-0.085 

Munseyella  hokkaidoana 0.883 0.847 
0.959 1.265 1.433 

-1.159 
-1.313 

Munseyella  japonica 1.940 

-0.730 
-0.376 -0.001 

0.000 

-0.139 -0.072 

Neomonoceratina  japonica 4.437 2.951 0.665 
0.184 0.041 

0.466 0.105 

Neonesidea  cf.  elegans 29.937 

-23.714 
-0.792 

12.147 0.406 
6.223 

0.208 

Neonesidea  sp.  1 0.510 

-0.775 
-1.519 

0.108 0.212 
0.053 

0.104 
Pacambocythere  sp. 1.981 0.500 0.253 

-0.040 -0.020 

0.544 
0.275 

Palmenella  limicola 10.957 13.106 1.196 

-6.983 -0.637 

1.076 
0.098 

Palmoconcha  sp. 
7.106 7.293 1.026 

-5.386 -0.758 

0.238 0.033 

Paracypris  sp.  1 0.973 

-0.377 
-0.388 

0.999 1.027 

0.744 

0.765 

Paracytheridea  neolongicaudata 56.504 

-21.933 

-0.388 
-15.317 

-0.271 -18.066 

-0.320 

Pectocythere  sp. 0.709 

-0.729 
-1.029 

0.141 
0.199 

-0.015 -0.021 

Pseudoaurila  okumurai 10.638 

-9.456 
-0.889 

1.136 
0.107 

-0.721 
-0.068 

Pseudoaurila  sp. 9.398 

-8.142 
-0.866 

0.721 
0.077 

0.473 0.050 

Rotundracythere  ?  sp. 6.922 5.826 0.842 

-3.467 
-0.501 

-0.660 
-0.095 

Sa/'da  sp. 0.940 0.605 0.644 0.497 0.528 

-0.154 
-0.164 

Schizocythere  kishinouyei 64.125 6.252 0.098 

-17.546 
-0.274 -14.520 

-0.226 

Schizocythere  sp. 0.739 

-1.229 
-1.663 -0.527 

-0.713 -0.904 
-1.223 

Sclerochilus  sp.  1 2.238 

-0.543 
-0.243 

0.578 
0.258 1.479 

0.661 Semicytherura  henryhowei 7.822 

-4.253 -0.544 
-2.385 -0.305 

-3.008 -0.385 

Semicytherura  miurensis 0.942 

-1.021 
-1.083 -0.341 

-0.361 -0.408 
-0.433 

Semicytherura  sp.  1 0.866 

-1.067 
-1.231 -0.675 

-0.779 -0.986 
-1.138 

Trachyleberis  cf.  mizunamiensis 0.667 

-0.289 
-0.433 

0.641 0.961 0.725 1.087 
Xestoleberis  hanaii 3.075 

- 1 .877 
-0.610 

0.252 0.082 
0.056 

0.018 
Xestoleberis  cf.  setouchiensis 2.644 

-0.043 
-0.016 

-1.121 -0.424 
-0.717 -0.271 

Gen.  et  sp.  indet.  1 
2.310 0.487 0.211 0.001 0.000 

1.215 
0.526 
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Abstract  A  predominantly  microvertebrate  assemblage  from  the  Tetori  Group  (Lower  Cretaceous)  of 
central  Honshu  is  described.  The  fauna  consists  of  many  hundreds  of  vertebrate  fossils  which  represent 

a  diverse  terrestrial/non-marine  fauna.  Taxa  present  include  fish,  reptiles,  amphibians  and  birds.  The 
preservation  of  the  fossils  is  generally  good,  although  there  are  few  articulated  and  associated  remains. 

Key  words  :  Japan,  Lower  Cretaceous  Tetori  Group,  Vertebrates 

Introduction 

Neocomian  vertebrate  fossils  have  been  described  from  a 

variety  of  localities  in  central  Honshu,  Japan.  The  first  of 
these  sites  to  be  described,  Kasekiheki,  Shiramine  Village, 
Ishikawa  Prefecture,  yielded  a  carnosaur  tooth  and  dinosaur 
footprints  (Manabe  et  al.,  1989).  More  recent  fieldwork  has 
increased  the  numbers  and  taxonomic  range  of  fossils  from 
the  Tetori  Group,  for  example,  iguanodontid  teeth  from 
Shiramine  (Hasegawa  et  al.,  1995),  a  hypsilophodontid  tooth 
from  Gifu  Prefecture  (Hasegawa  ef  al.,  1990),  an  incomplete 
pterosaur  wing  phalange  from  Shokawa,  Gifu  Prefecture 
(Unwin  et  al.,  1996),  and  crocodile  remains  from  Katsuyama, 
Fukui  Prefecture  (Manabe  ef  al.,  1989). 

Over  recent  years  a  series  of  excavations  at  a  stream 
section  in  Gifu  Prefecture  has  produced  many  hundreds  of 
vertebrate  fossils,  representing  fish,  turtles,  dinosaurs,  frogs, 
choristoderes,  salamanders  and  birds. 

Geological  setting  and  locality 

The  Tetori  Group  outcrops  in  central  Honshu  (Figure  1).  It 
ranges  in  age  from  Middle  Jurassic  to  Early  Cretaceous 
(Maeda,  1961).  The  outcrops  are  generally  of  limited  extent, 
due  to  the  lush  vegetation,  and  are  often  found  in  stream 
sections  or  road  cuttings.  The  Tetori  Group  sediments 
(conglomerate,  sandstone  and  mudstone)  form  part  of  the 
Hida  Terrane.  The  terrane  is  mainly  composed  of  igneous 
and  metamorphic  rocks  (Maeda,  1961). 

The  Tetori  Group  is  subdivided  into  the  Kuzuryu,  Itoshiro 
and  Akaiwa  Subgroups  (Maeda,  1952).  The  oldest,  Kuzuryu 
Subgroup  ranges  from  Bajocian  to  Oxfordian  in  age  and  is 
composed  mainly  of  conglomerate,  shales  and  sandstones. 

The  Itoshiro  Subgroup  is  Kimmeridgian  to  Berriasian  in  age 
and  is  also  composed  predominantly  of  conglomerates, 
sandstones  and  shales.  The  youngest  Akaiwa  Subgroup  is 
Valanginian  to  Albian  in  age.  It  comprises  conglomerates, 
arkosic  sandstones,  shales  and  occasional  tuffs  (Maeda, 1961). 

The  vertebrate  materials  described  here  come  from  site 

KO-2  (36°03'N,  136°53'E)  close  to  Shokawa  Village,  Gifu 
Prefecture  (Figure  1).  The  dominant  lithologies  are  alternat- 

ing fine-  and  coarse-grained  sandstones  and  mudstones. 
These  sediments  form  part  of  the  lowest  section  of  the 
Okurodani  Formation  (upper  part  of  the  Itoshiro  Subgroup) 
and  are  of  Lower  Cretaceous  age  (Manabe  and  Hasegawa, 
1995  ;  Hasegawa  et  al.,  1995)  ;  and  were  stratigraphically 

placed  by  non-marine  fossils  (Maeda,  1961)  and  dated  at 
140-120  Ma  by  fission  track  analysis  (Gifu-Ken  Dinosaur 
Research  Committee,  1993). 

Vertebrate  fauna 

To  date  some  800  specimens  have  been  recovered, 

prepared  and  described  from  Shokawa  site  KO-2.  A  variety 
of  taxa  has  been  identified. 

The  most  common  elements  of  the  fauna  are  fish  (Figure 
2).  Most  of  these  fossils  are  preserved  as  isolated  scales, 
vertebrae  and  bone  fragments.  Turtle  remains  are  also 

common,  mostly  preserved  as  isolated  dermal  material  and 
bones,  although  some  associated  and  articulated  specimens 
have  been  discovered.  Less  common  taxa  include  choris- 

toderes, lizards,  frogs,  salamanders,  dinosaurs  and  birds. 
The  choristodere  is  the  earliest  record  from  Asia  east  of  Inner 

Mongolia  (Manabe  and  Hasegawa,  1995). 
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Figure!    Location  of  Shokawa  Village  site  KO-2  (Lower  Cretaceous),  Gifu  Prefecture,  marked  with" 

Vertebrate  taphonomy 

The  vertebrate  debris  comes  from  a  layer  no  more  than 
200  mm  thick,  located  in  a  thick  sequence  of  siltstones, 
sandstones  and  occasional  volcanic  tuffs.  The  bone  bed  is 

a  dark  grey  silty  sandstone.  Fossils  are  not  evenly  distribut- 
ed through  this  horizon  ;  rather  they  occur  in  well-defined 

layers  (Figure  3). 
The  bottom  of  the  bed  is  marked  by  large  plant  fossils. 

This  is  overlain  by  a  concentration  of  shell  debris  (including 
fresh  water  unionid  bivalves  and  viviparid  gastropods)  and 
bones.  Generally,  the  scales  and  bone  fragments  occur  in 
the  lower  parts  of  this  concentration.  The  better  preserved 

and  associated  materials  (e.g.,  turtles  and  choristodere  fos- 
sils) occur  towards  the  top.    A  few  tens  of  millimetres  of 

barren  sediment  separates  this  bone  concentration  from  a 
layer  containing  dinosaur  teeth  at  the  very  top  of  the  bed. 

The  discrete  layers  of  fossils  probably  represent  a  combina- 
tion of  taxonomic  and  hydrodynamic  sorting.  This  is  the 

only  evidence  of  sedimentary  structures  found  in  the  bone- 
bed  horizon. 

A  series  of  taphonomic  characters  were  described  for  the 

KO-2  fossil  collections.  Each  bone  or  tooth  fragment  was 
described  according  to  its  state  of  abrasion  and  weathering  : 
and  the  degree  of  fragmentation  and  nature  of  fractures 

present. Fiorillo  (1988)  formulated  a  descriptive  classification 
scheme  for  vertebrate  materials  : 

Stage  0-Very  angular  :  the  bone  (or  tooth)  is  fresh  and 
unabraded.    Processes  and  bone  edges  are  sharp  and  well- 
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from  site  KO-2 
recorded. 

taxa  present 

Relative  proportions  of  identifiable  fossils 
229  unidentifiable  bone  fragments  were 

defined. 

Stage  1-Subangular:  the  bone  processes  and  edges  are 
slightly  abraded  and  polished. 

Stage  2-Subrounded  :  the  bone  edges  are  well  rounded, 
processes  are  still  recognisable.    This  stage  is  characteristic 
of  moderate  abrasion. 

Stage  3- Rounded  :  edges  show  a  high  degree  of  rounding, 
processes  are  generally  remnant. 
It  is  necessary  to  include  a  final  stage  : 

Stage  4-Extreme  rounding,  often  spherical  (Cook,  1995). 
This  scheme  is  discontinuous  ;  abrasion  characteristics  are 
continuous,    therefore    intermediate    stages   are    included 
(Cook,  1995). 

Classically,  the  abrasion  state  relates  to  the  distance  a 
bone  fragment  has  travelled  in  a  fluvial  system.  However,  it 
is  more  realistic  to  consider  that  the  rounding  is  produced  by 
a  combination  of  physical  processes  (transport  in  rivers  and 
the  effects  of  trampling  by  animals)  and  reworking. 

The  material  from  KO-2  covers  the  full  spectrum  of 
possible  abrasion  stages  (Figure  4).  The  majority  of  the 

materials  range  from  stage  0-1  to  stage  1-2,  characteristic  of 
slight  abrasion.  The  range  of  abrasion  stages  indicates  that 
the  fossil  assemblage  is  attritional  rather  than  catastrophic  in 
origin. 
Changes  in  temperature  and  relative  humidity  modify 

bones  as  they  lie  on  the  ground  prior  to  burial.  These 
modifications  take  the  form  of  cracks,  initially  on  the  outer 
layers  of  tissue,  then  working  inwards  until  the  bone  breaks 
into  a  series  of  indeterminate  fragments  (Behrensmeyer, 

1978  ;  Fiorillo,  1988).  The  KO-2  specimens  were  examined 
and  no  evidence  of  in  situ  weathering  modification  was 
found. 

Many  of  the  KO-2  fossils  are  incomplete,  that  is  they  have 
been  broken  at  some  point  between  death  and  description. 
In  most  cases  it  was  not  possible  to  determine  the  relative 
timing  of  these  fractures.  Most  of  the  identifiable  fractures 

appear  to  be  post-mineralisation  ;  although  pre-mineraliza- 
tion  fractures  and  breakages  caused  during  preparation  are 
also  present. 

The  fractures  expose  internal  structures  of  the  bones, 
often  revealing  cavities  that  have  been  infilled  with  white, 
cream  or  yellowish  minerals.  The  nature  of  these  mineral 
infills  has  yet  to  be  determined. 

Although  the  bulk  of  the  collection  comprises  isolated 
skeletal  elements,  some  associated  and  articulated  fossils 
have  been  discovered.  For  example,  an  almost  complete 
articulated  (but  crushed)  turtle  carapace  and  plastron,  and  an 
associated  partial  skeleton  of  a  choristodere. 

Discussion 

The  vertebrate  fossils  from  the  Tetori  Group  KO-2  site  are 
generally  characterised  by  a  lack  of  modification  caused  by 

in  situ  weathering,  slight  abrasion,  disarticulation  and  frag- 
mentation. The  absence  of  evidence  for  in  situ  weathering 

suggests  that  the  bones  were  either  buried  rapidly,  or  quickly 

transported  into  rivers,  where  the  sediment  and  water  afford- 
ed protection  from  fluctuating  environmental  conditions. 

The  full  range  of  abrasion  states  indicates  that  the  bone 
assemblage  accumulated  over  an  extended  period  of  time, 
rather  than  during  a  catastrophic  event.  The  generally  low 
levels  of  rounding  (abrasion)  suggest  that  any  transport 

affecting  the  bones  was  minimal.  Few  confirmed  pre- 
mineralization  fractures  support  this. 

The  majority  of  specimens  recovered  so  far  occur  as 
isolated  skeletal  elements.  Disarticulation  results  from  a 

variety  of  processes,  for  example  scavenging  and  fluvial 
transportation.  It  is  likely  that  a  combination  of  physical  and 
biological  processes  resulted  in  the  disarticulation  state  of 

the  KO-2  fossil.  Articulated  and  associated  remains  are 

restricted  to  turtle  and  choristodere  fossils,  perhaps  ex- 
plained by  their  semiaquatic  lifestyles.  If  these  creatures 

died  in  water,  it  is  possible  that  they  were  rapidly  covered  by 
a  protective  layer  of  sediment.  Fish  dying  in  fluvial  systems 
generally  disarticulate,  so  scales  and  isolated  bones  are 
preserved  (Wilson,  1996  ;  Cook,  1997). 

All  of  the  above  ties  in  well  with  our  current  understanding 
of  the  palaeoenvironments  represented  by  the  lithological 

and  palaeontological  records  of  the  Tetori  Group,  and  specif- 
ically site  KO-2.  The  environment  of  deposition  was  terres- 

trial with  a  predominance  of  fluvial  channels.  In  many 
respects  it  is  comparable  with  the  classic  Lower  Cretaceous 
Wealden  sediments  of  southern  England  (Allen,  1981,  1990). 

However,  major  differences  exist  between  the  KO-2  fauna 
and  that  of  the  Wealden  beds.  Namely,  the  absence  of 

crocodiles  and  mammals  at  KO-2.  The  lack  of  crocodile 
remains  is  unusual  for  a  wetland  environment,  and  is  possibly 

explained  by  a  taphonomic  bias,  or  that  the  fossils  haven't 
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Figure  3.    Schematic  cross  section  of  the  bone-bearing  horizon  at  Shokawa  site  KO-2,  clearly  showing  the 
discrete  levels  of  plant  and  vertebrate  fossil  materials. 
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Figure  4.  Abrasion  states  of  the  Shokawa  site  KO-2 
vertebrate  fossils.  Classification  scheme  based  on  Fiorillo 

(1988)  and  Cook  (1995). 

been  found  yet,  or  a  real  absence  of  crocodiles  in  this  part 

of  Japan  during  the  early  Cretaceous.  Perhaps  choristoder- 

es  filled  the  'crocodile-type'  ecological  niches.  In  contrast, 
the  early  Cretaceous  environment  of  southern  England 

supported  several  crocodile  species  (Buffetaut  and  Ford, 

1979  ;  Buffetaut  and  Hutt,  1980  ;  Buffetaut,  1983  ;  Cook  and 

Ross,  1996).  The  absence  of  mammals  is  less  strange  ; 

mammal  fossils  are  very  rare  in  the  Wealden  sediments 

(Clemens  and  Lees,  1971). 

Conclusions 

The  vertebrate  fossils  from  the  Tetori  Group,  locality  KO- 
2,  give  a  valuable  insight  into  the  palaeoecology  of  Japan 

during  the  early  Cretaceous.  The  site  is  also  significant  in 

that  it  has  produced  the  oldest  dinosaur  fauna  from  Japan, 
and  the  earliest  record  of  a  choristodere  for  eastern  Asia 

(Manabe  and  Hasegawa,  1995). 

The  taphonomic  characteristics  of  the  fossils  suggest  a 

post  mortem  history  of  limited  transport  and  reworking,  rapid 

burial  in  fluvial  sediments  before  diagenetic  alteration  and 
mineral  infill. 
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Abstract  A  new  large  tillodont,  represented  by  a  fragmentary  right  mandible  with  M/2-3,  was  found  in 
the  upper  part  of  the  Akasaki  Formation,  the  early  Middle  Eocene  of  Japan.  It  is  the  first  record  of  the 
order  Tillodontia  in  Japan,  and  is  described  as  a  new  genus  and  species,  Higotherium  hypsodon,  of  the 
subfamily  Trogosinae.  It  resembles  the  North  American  forms  Trogosus  and  Tillodon  in  size  ;  however  it 
apparently  differs  from  those  and  Kuanchuanius  from  China  in  having  more  hypsodont  molars  with  well 
developed  cusps.  In  detailed  comparison  with  other  trogosine  molars,  this  new  tillodont  is  one  of  the  most 
derived  taxa  of  the  order,  and  morphologically  situated  in  between  the  above  three  genera  and  the  genus 
Chungchienia  known  from  China,  which  was  recently  reassigned  to  the  order.  Morphological  differences 
among  these  genera,  including  Higotherium  hypsodon,  indicate  that  the  new  taxon  shows  a  closer 

relationship  with  Chungchienia  than  with  North  American  genera,  and  that  the  rapid  evolutionary  diversifi- 
cation of  the  Trogosinae  occurred  before  and  during  the  Middle  Eocene. 

Key  words  :  Akasaki  Formation,  early  Middle  Eocene,  Higotherium,  phylogenetic  relationships,  Tillodontia, 
Trogosinae 

Introduction 

Tillodonts  are  extinct  herbivorous  mammals  having  elon- 
gated I2/2,  and  are  known  from  the  Paleocene  to  Eocene 

strata  in  North  America,  Europe,  and  Asia.  The  order 
Tillodontia  Marsh,  1875,  which  was  systematically  revised  by 
Gazin  (1953),  includes  a  single  family  Esthonychidae  Cope, 
1883,  that  is  divided  into  two  subfamilies  :  Esthonychinae 

and  Trogosinae,  based  mainly  on  the  morphology  of  I2/2. 
Although  various  authors  have  discussed  tillodont  origins 
and  phylogenetic  relationships  with  the  mammalian  orders 
Pantodonta  (e.g.,  Chow  and  Wang,  1979  ;  Muizon  and 
Marshall,  1992;  Lucas,  1993)  and  Anagalida  (Ting  and 
Zheng,  1989),  the  oldest  and  most  primitive  tillodonts  are 
known  only  from  the  early  to  middle  Paleocene  of  China 
(Ting  and  Zheng,  1989).  The  occurrences  of  the  earliest 
tillodonts  in  China  suggest  that  their  ancestor  originated  in 
Asia,  and  that  tillodonts  then  migrated  into  North  America 
and  Europe  via  Beringia  during  the  Late  Paleocene  to  Middle 
Eocene  (Gingerich  and  Gunnell,  1979  ;  Stucky  and  Krishtalka, 
1983  ;  Krause  and  Maas,  1990  ;  Baudry,  1992  ;  Chow  et  al., 
1996). 

The  subfamily  Trogosinae  hitherto  included  four  genera  : 
Trogosus  Leidy,  1871  and  Tillodon  Gazin,  1953  from  North 
America,  and  Kuanchuanius  Chow,  1963a  and  Chungchienia 
Chow,  1963b  from  China  (see  Chow  et  al.,  1996).  The  first 
three  genera  are  known  from  the  late  Early  to  early  Middle 

Eocene,  based  on  recent  chronological  and  biostratigra- 
phical  studies  (Krishtalka  et  al.,  1987  ;  Tong,  1989  ;  Prothero, 

1995).  Chow  et  al.  (1996)  systematically  revised  the  tax- 
onomic  position  of  Chungchienia,  known  from  the  middle 
Eocene,  and  concluded  that  it  is  the  most  derived  genus  of 
Trogosinae.  The  subfamily  Trogosinae,  established  by 

Gazin  (1953),  is  characterized  by  having  many  derived  char- 
acters :  elongated  rootless  I2/2  with  labial  enamel  band, 

more  hypsodont  molars  than  those  of  esthonychines,  mas- 
sive skull,  and  deep  mandible  with  well  developed 

symphysis.  Although  tillodont  material  is  never  plentiful, 
several  phylogenetic  hypotheses  regarding  the  Tillodontia 
have  recently  been  proposed  by  Stucky  and  Krishtalka 

(1983),  Baudry  (1992),  Lucas  (1993),  and  Chow  et  al.  (1996). 
Their  cladograms  suggest  that  the  trogosine  tillodonts  are 
phylogenetically  situated  in  the  most  derived  monophyletic 
group  within  the  order,  whereas  the  Esthonychinae  are  no 
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longer  a  monophyletic  group. 
Eocene  mammals  have  seldom  been  found  in  Japan,  and 

the  new  tillodont  described  below  is  the  oldest  known 

mammalian  fossil  from  the  Tertiary  of  Japan.  Although 
remains  of  the  new  tillodont  do  not  include  the  diagnostic 
incisors,  it  certainly  belongs  to  the  subfamily  Trogosinae 
based  on  the  cusp  patterns  of  hypsodont  molars  and  its  large 
size.  This  paper  adds  a  new  taxon  from  Japan  to 
Trogosinae,  and  focuses  on  the  phylogenetic  position  and 
affinities  between  North  American  and  Asian  trogosines. 

The  following  institutional  abbreviations  are  used  in  this 
paper:  AMNH,  American  Museum  of  Natural  History,  New 
York,  New  York  ;  ANSP,  Academy  of  Natural  Sciences  of 
Philadelphia,  Philadelphia,  Pennsylvania;  IVPP,  Institute  of 
Vertebrate  Paleontology  and  Paleoanthropology,  Academia 

Sinica,  Beijing,  People's  Republic  of  China  ;  NMC,  Canadian 
Museum  of  Nature,  Ottawa,  Canada  (formerly  the  National 
Museums  of  Canada);  NSM,  Department  of  Geology, 
National  Science  Museum,  Shinjuku,  Tokyo,  Japan  ;  USNM, 
National  Museum  of  Natural  History,  Washington,  D.  C.  ; 
YPM,  Peabody  Museum  of  Natural  History,  Yale  University, 
New  Haven,  Connecticut. 

Geological  setting  and  the  age  of  Akasaki  Formation 

The  locality  of  the  tillodont  specimen  described  below  is 
located  on  the  coast  at  Akasemachi,  Uto  Peninsula,  about  15 
km  west  of  Uto  City,  Kumamoto  Prefecture,  Japan  (Figure  1). 

The  specimen  was  found  in  the  gray-blue  siltstone  belong- 
ing to  the  upper  part  of  the  Akasaki  Formation.  The 

Akasaki  Formation  belongs  to  the  Miroku  Group  of  Nagao 
(1926)  or  the  Akasaki  Group  of  Matsushita  (1949)  ;  it  is  the 
basal  unit  of  the  Paleogene  strata  distributed  in  the  western 
part  of  Uto  Peninsula  and  Amakusa  area.  The  Paleogene 
strata  are  widely  distributed  in  the  area  and  unconformably 
overlie  the  Upper  Cretaceous  Himenoura  Group.  The 
Paleogene  stratigraphy  was  established  by  Nagao  (1926), 
who  divided  it  into  three  Groups  :  the  Miroku,  Hondo,  and 
Sakasegawa  Groups  in  ascending  order  (Figure  1).  After  his 
work,  several  stratigraphie  nomenclature  revisions  of  the 
Paleogene  strata  have  been  proposed  by  other  authors,  and 
their  stratigraphie  schemes  and  detailed  stratigraphy  are 
summarized  by  Miki  (1972, 1975). 

The  Akasaki  Formation  is  composed  of  nonmarine  fluvial 

sediments  ;  it  consists  largely  of  red  siltstone,  gray-blue 
siltstone,  and  conglomerate.  This  formation  is  approximate- 

ly 400m  in  thickness  at  Uto  Peninsula,  but  unrecognized  in 
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Figure  1.  Left,  Geological  sketch  map  showing  the  fossil  locality  (Akasemachi),  Amakusa  area  and  Uto 
Peninsula,  western  part  of  Kyushu,  Japan  (modified  from  Miki,  1975).  1  :  Sakasegawa  Group,  2  :  Hondo  Group.  3  : 
Shiratake  and  Fukuregi  Formations,  4  :  Akasaki  Formation.  Right,  stratigraphie  relationships  of  the  Paleogene 
strata  distributed  in  the  area. 
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the  Amakusa  Shimoshima,  and  has  hitherto  been  unfos- 
siliferous.  Because  no  reliable  fossil  evidence  has  been 

found  in  the  Akasaki  Formation,  the  geologic  age  of  the 
Akasaki  Formation  has  been  discussed  by  various  authors 

(e.g.,  Miki,  1975;  Takai  and  Satoh,  1982;  Miki  and  Mat- 
sueda,  1985)  based  mainly  on  stratigraphie  correlation  with 

the  conformably  overlying  strata  :  the  Fukuregi  and  Shirata- 
ke  Formations  (see  also  Figure  1)  which  include  marine 
invertebrate  fossils.  The  Shiratake  Formation,  distributed  in 
the  eastern  part  of  Amakusa  area  and  Uto  Peninsula, 
consists  mainly  of  shallow  marine  sediments  and  yields 

abundant  molluscan  fossils  near  the  basal  part.  The  mol- 

luscan  fossiliferous  horizon  was  named  "Lower  Orthaulax 

Zone"  by  Nagao  (1926),  and  is  widely  traceable  in  the  area. 
The  Shiratake  Formation  is  generally  correlated  with  the 
Fukuregi  Formation  based  on  the  lithofacies  and  similar 

molluscan  fauna  (Miki,  1972,1975).  The  Fukuregi  Forma- 
tion, which  is  another  basal  unit  of  the  Paleogene  strata 

distributed  in  the  Amakusa  Shimoshima,  bears  larger  for- 
aminifera  such  as  Nummulites  and  Discocyclina  in  addition  to 

the  molluscan  fossils.  The  Nummulites-beanng  rocks  of 
the  Fukuregi  Formation  and  the  Lower  Orthaulax  Zone  of  the 
Shiratake  Formation  are  regarded  as  the  same  fossiliferous 
horizon,  and  both  were  previously  considered  Ypresian  (Early 

Eocene)  in  age  on  the  basis  of  the  Nummulites  and  mollus- 
can fossils  (Hanzawa  and  Urata,  1964  ;  Miki,  1975).  Conse- 

quently, Miki  and  Matsueda  (1985)  referred  to  the  previous 
interpretation  of  the  Paleogene  stratigraphy,  and  estimated 
the  geological  time  range  of  the  Akasaki  Formation  as 
Middle  Paleocene  to  Early  Eocene  based  on  their  preliminary 
work  on  the  magnetostratigraphy  of  this  formation. 

However,  the  previous  biostratigraphic  interpretation  from 
the  molluscan  fauna  and  Nummulites  is  not  supported  by 

data  from  the  nannoflora  from  the  Fukuregi  Formation  (Ta- 
shiro  et  al.,  1980).  Recently,  Okada  (1992)  reported  on  the 

nannofossil  zones  of  the  Paleogene  distributed  in  the  west- 
ern part  of  Kyushu,  and  reassigned  the  nannoflora  of  the 

Fukuregi  Formation  to  the  Cp13a  subzone  (approximately 

47.3-46.1  Ma,  Berggren  er  al.,  1995,  p.  194),  the  early  Middle 
Eocene.  Therefore,  the  geologic  age  of  the  Lower  Orth- 

aulax Zone,  previously  assigned  to  the  Early  Eocene  as 
mentioned  above,  is  also  more  likely  placed  in  the  early 

Middle  Eocene  on  the  basis  of  Okada's  (1992)  conclusion. 
The  horizon  of  the  new  tillodont  is  situated  at  about  18  m 

below  the  Lower  Orthaulax  Zone.  Although  the  geologic 
age  of  the  lower  limit  of  the  Akasaki  Formation  has  not  been 

resolved,  the  gray-blue  siltstone  that  yielded  the  tillodont 
fossil  is  probably  the  same  age,  early  Middle  Eocene,  without 
any  great  time  gap. 

Systematic  paleontology 

Order  Tillodontia  Marsh,  1875 
Family  Esthonychidae  Cope,  1883 
Subfamily  Trogosinae  Gazin,  1953 

Genus  Higotherium  gen.  nov. 

Type  species.— Higotherium  hypsodon  sp.  nov. 
Diagnosis. —Size  similar  to  those  of  Tillodon  and  Trogosus, 

but  smaller  than  that  of  Chungchienia,  and  much  larger  than 
that  of  Kuanchuanius.  Lower  molars  much  more  hypsodont 
than  those  of  Tillodon,  Trogosus,  and  Kuanchuanius,  with 
well  developed  cusps.  The  buccal  crowns  not  so  distinctly 
tapering  upward  as  in  Tillodon,  and  not  so  markedly  convex 

in  transverse  section  as  in  Trogosus.  M/3  has  an  elongat- 
ed large  metaconid  and  anteroposteriorly  shortened  third 

lobe  which  displays  a  deep,  enclosed  basin  ;  M/3  also  has 
two  additional  small  cusps,  namely  a  mesoconid  on  the 
cristid  obliqua  and  a  cusp  on  the  paracristid. 

Etymology.— From  Higo,  an  ancient  name  of  present 
Kumamoto  Prefecture,  plus  therium  (Gr.),  beast. 

Higotherium  hypsodon  sp.  nov. 

Figures  2-4 
Holotype.—k  right  mandible  fragment  with  M/2  and  M/3, 

NSM-PV  20118. 

Type  locality— Coast  at  Akasemachi,  Uto  City,  Kumamoto 
Pref.,  Japan  (Figure  1). 

Horizon— The  upper  part  of  the  Akasaki  Formation 
(approximately  18m  below  the  Lower  Orthaulax  Zone). 

Age.— Most  likely  early  Middle  Eocene. 
Etymology.— From  hypsos  (Gr.),  high,  plus  odon  (Gr.),  tooth, 

referring  to  its  hypsodont  molars. 

Diagnosis.— Same  as  for  the  genus  until  other  species  may 
be  found. 

Description 

Terminology  of  molar  structures  mostly  follows  that  of 
Bown  and  Kraus  (1979),  and  extra  terms  are  indicated  in 

Figure  3A. 
Mandible  :  The  anterior  portion  of  mandible  (anterior  to  M/2) 
and  the  distal  ends  of  the  coronoid,  condyle,  and  angular 
processes  are  missing.  In  addition,  the  mandibular  ramus  is 

weakly  laterally  compressed.  However,  the  remaining  por- 
tion of  mandible  is  well-preserved,  and  the  outline  of  the 

missing  portion  is  faintly  preserved  as  a  weak  impression  on 

the  matrix.  The  length  of  the  complete  mandible  is  esti- 
mated to  have  been  approximately  30  cm,  judging  from  the 

impression  and  the  size  of  the  remaining  portion.  The 
mandible  is  massive  and  deepest  in  the  area  between  M/2 

and  M/3.  The  masseteric  fossa,  extending  between  cor- 
onoid and  condyle  processes,  is  deeply  concave  at  the 

anterior  portion  of  mandibular  ramus.  The  anterior  margin  of 
the  mandibular  ramus  is  subvertical  relative  to  the  occlusal 

surface  of  the  tooth  row  (the  angle  of  about  80°),  and  rises 
behind  the  M/3  talonid  (Figure  2). 
Lower  molars:  The  lower  molars  are  extremely  hypsodont 
on  the  buccal  side  in  contrast  to  the  appearance  of  the 

lingual  side,  as  in  other  tillodonts.  The  buccal  wall  is 
columnar  with  a  narrow  and  deep  hypoflexid  between  the 

trigonid  and  talonid,  while  the  lingual  wall  is  almost  flattened 
(Figure  3B).  The  cristid  obliqua  is  very  strong  and  links  to 
the  posterolingual  wall  of  the  protocristid  near  the  base  of 
the  metaconid  as  in  other  trogosines.  The  enamel  surface 
on  the  buccal  side  is  entirely  rugose  with  longitudinal,  weak 
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Figure  2.    Higotherium  hypsodon  gen.  et  sp.  nov.     Holotype:  NSMPV  20118,  right  fragmentary  mandible  with 
M/2  and  M/3.    A  :  buccal  view,  B  :  lingual  view.    Scale  bar  equals  5  cm. 
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Figure  3.  Right  M/2  and  M/3  of  Higotherium  hypsodon 

gen.  et  sp.  nov.  Holotype  :  NSM-PV  20118.  A  :  positions  of 
extra  cusps  and  ridges  on  the  M/3  discussed  in  the  text,  1  :  an 
additional  cusp  on  the  paracristid,  2  :  posthypocristid,  3  :  third 
lobe,  4  :  mesoconid.  B  :  occlusal  view,  C  :  buccal  view,  D  : 
lingual  view.    Scale  bar  equals  1  cm. 

Figure  4.  Lingual  radiograph  of  right  M/2  and  M/3  of 

Higotherium  hypsodon  gen.  et  sp.  nov.  Holotype  :  NSM-PV 
20118.    Scale  bar  equals  2  cm. 

lines,  that  are  absent  on  the  lingual  side  (Figures  3C  and  D). 
The  cervical  line  is  unexposed  above  the  dentary  in  both 

molars  (Figure  3C).  Although  soft  X-ray  photographs  of 
NSM-PV  20118  were  taken  in  order  to  examine  the  develop- 

ment of  the  molar  roots,  it  could  not  be  determined  whether 
the  roots  were  formed  or  not.  However,  it  is  clear  that  both 
molars  extend  deep  in  the  dentary  (Figure  4),  and  thus  they 
are  quite  hypsodont. 
M/2  :  Most  of  the  M/2  trigonid  was  missing  when  collected, 
hence  cusps  of  the  trigonid  are  unknown.  Width  of  the 
trigonid  is  almost  equal  to  that  of  the  talonid  (Table  1),  and 
the  trigonid  is  slightly  shorter  anteroposteriorly  than  that  of 

M/3,  judged  by  the  remaining  part  of  the  crown.  The 
buccal  wall  of  the  talonid  is  slightly  bowed  toward  the 
occlusal  surface  in  posterior  view,  and  the  buccal  margin  of 

the  talonid  exhibits  a  swollen  V-shape  in  horizontal  cross 
section.  The  posterior  portion  of  the  metaconid  is  distinctly 
elongated,  but  detailed  structure  of  the  metastylid  is  mostly 
unknown  since  its  apex  is  not  preserved.  The  entoconid, 

hypoconulid,  and  hypoconid  have  lost  much  of  their  details 
by  heavy  wear.  Two  ridges  extend  from  the  hypoconid  :  the 
cristid  obliqua  anterolingually  and  a  ridge  joining  to  the 
hypoconulid  posterolingually  ;  and  the  hypoconulid  is  further 

connected  with  the  entoconid  by  another  ridge  (i.e.,  postcris- 
tid).  All  three  ridges  are  very  strong  and  broad.  The  talonid 
notch  between  the  entoconid  and  metastylid  is  narrow  and 
deep.  The  cristid  obliqua  becomes  narrower  anteriorly  and 
is  separated  from  the  metastylid  by  a  narrow  notch.  This 
narrow  notch  steeply  descends  posteriorly  and  joins  with  the 
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Table  1.  Measurements  (in  mm)  of  mandible  and  lower 

molars  of  NSM-PV  20118,  holotype  of  Higotherium 

hypsodon  gen.  et  sp.  nov.  Asterisk  (*)  indicates  mea- 
surement of  damaged  tooth. 

Mandible 

Internal  maximum  depth,  between  M/2  and  M/3 67.8 

Maximum  thickness, under  M/2 25.3 

Lower  molars 

M/2  Length 

20.8* 

Width  of  trigonid 17.5 

Width  of  talonid 18.1 

M/3  Length 35.4 

Width  of  trigonid 
20.5 

Width  of  talonid 19.5 

Width  of  third  lobe 10.5 

talonid  notch. 

M/3:  M/3  is  an  almost  unworn  tooth  in  contrast  to  the 
heavily  worn  M/2  (Figure  3B).  Width  of  the  trigonid  and 
talonid  are  nearly  equal  to  those  of  M/2  (Table  1).  In 
horizontal  cross  section,  the  outlines  of  the  buccal  margin  of 

both  trigonid  and  talonid  are  swollen  V-shape  as  in  M/2. 
The  buccal  wall  of  the  talonid  slightly  tapers  upward.  The 
trigonid  basin  notch  between  the  paraconid  and  metaconid 
is  deep  and  narrow  lingually  ;  its  bottom  is  situated  slightly 
lower  than  that  of  the  M/2  talonid  notch  at  the  eruptional 
stage.  The  paraconid  is  sloping  and  swollen  posteriorly  ;  it 
is  slightly  constricted  at  the  base  of  the  lingual  side.  The 
metaconid  is  the  highest  and  largest  cusp,  with  the  apex 
slightly  curved  posteriorly.  The  posterior  arm  of  the 
metaconid  markedly  protrudes  from  the  posterior  wall  of  the 
protocristid  (Figures  3B  and  C).  A  prominent  metastylid  is 
located  on  the  posterior  slope  of  the  metaconid.  The 
paracristid  and  protocristid  extend  to  the  apices  of  the 
paraconid  and  metaconid,  respectively.  An  additional  small 
cusp  exists  on  the  paracristid  close  to  the  paraconid  ;  it 
displays  a  distinct  protuberance  into  the  trigonid  basin  by 
wear  (1  in  Figure  3A).  A  narrow  but  sharp  precingulid  is 
present  on  the  anterior  wall  of  the  trigonid  (Figures  3B  and  C). 

The  M/3  talonid  is  highly  specialized.  The  talonid  basin 
notch  which  separates  the  metastylid  from  the  entoconid 
displays  a  lingually  opened  fissure  (Figure  3D).  The 
hypoconid  and  entoconid  are  united  by  a  strong  ridge  (i.e., 
posthypocristid,  2  in  Figure  3A),  which  separates  the  primary 
talonid  basin  anteriorly  and  third  lobe  basin  posteriorly,  as  in 
Trogosus  grangeri  (see  also  comparisons  section).  The  third 
lobe  (3  in  Figure  3A)  is  anteroposteriorly  shortened,  and 
slightly  inclined  anteriorly  ;  it  shows  an  oval  shape  parallel  to 
the  cristid  obliqua  in  horizontal  cross  section.  The  third  lobe 
also  displays  a  deep  enclosed  basin  which  is  surrounded  by 
the  entoconid,  posthypocristid,  and  a  ridge  with  unidentified 
cuspules  (Figure  3B).  The  posterobuccal  wall  of  the 
entoconid  swells  into  the  third  lobe  basin.  The  cristid 

obliqua  becomes  narrower  dorsally  and  is  separated  from  the 
metastylid  by  a  narrow  notch  that  joins  the  talonid  notch  as 
in  M/2.  A  minute  but  distinct  mesoconid  exists  on  the 
cristid    obliqua    (4    in    Figure  3A);  lingual    walls    of    both 

hypoconid  and  mesoconid  swell  into  the  talonid  basin. 

Comparisons 

Gazin  (1953)  divided  the  Esthonychidae  into  two  sub- 
families, Esthonychinae  and  Trogosinae,  based  principally  on 

the  morphology  of  I2/2.  Although  the  I2/2  are  absent  in 

NSM-PV  20118,  Higotherium  hypsodon  certainly  belongs  to 
the  Trogosinae  based  on  the  following  characters  :  much 
larger  size,  particularly  deep  mandible,  more  hypsodont 

molars  with  cristid  obliqua  close  to  metaconid,  and  devel- 
oped M/3  third  lobe  basin  with  a  posthypocristid.  Higothe- 

rium is  sufficiently  distinguished  from  all  other  trogosines  by 

many  characters  as  mentioned  below.  The  main  compara- 
tive measurements  and  characters  discussed  in  the  text  are 

shown  in  Tables  2  and  3,  respectively  ;  and  the  comparisons 
were  made  with  original  specimens,  plus  illustrations  and 
descriptions  in  the  literature  (Gazin,  1953  ;  Robinson,  1966  ; 
Chow,  1963a,  b  ;  Chow  et  al.,  1996).  Detailed  comparisons 
with  North  American  trogosines  that  focus  on  cusps  are 
difficult  because  the  cheek  teeth  are  heavily  worn  in  almost 
all  specimens.  Thus,  comparisons  are  based  primarily  on 

the  specimens  having  best- preserved  crowns  among  known 
specimens  as  shown  in  Figures  5  and  6. 
Trogosus  Leidy,  1871  :  Gazin  (1953)  recognized  five  species 
in  the  genus  Trogosus  :  T.  castoridens  (type  species),  T. 

hyracoides,  T.  grangeri,  T.  hillsii,  and  T.  latidens.  The  last 
species  was  previously  questionable  and  was  defined  only 
by  its  very  large  size,  but  was  later  regarded  as  a  valid 
species  (Stucky  and  Krishtalka,  1983  ;  Gunnell  ef  a/.,  1992). 
Gazin  also  recognized  two  structural  types  among  these 

species  :  the  "long-faced"  species  (T.  grangeri  and  T. 

hyracoides)  and  "short-faced"  species  (T.  Ms/7  and  T.  castor- 
idens), which  probably  indicated  sexual  dimorphism  :  7. 

grangeri  and  7.  hyracoides  are  related  to  7  hillsii  and  7 
castoridens,  respectively  (Gazin,  1953,  p.  40).  Although  the 

sexual  dimorphic  relationships  have  never  been  demonstrat- 
ed, Robinson  (1966)  believes  that  7  hillsii  is  probably  synony- 

mous with  7  grangeri. 

The  mandible  of  NSM-PV  20118  differs  from  those  of  the 
holotypes  of  7  castoridens  (ANSP 10337,  AMNH  15590  :  cast 
of  holotype)  and  7  hillsii  (USNM  17157)  in  having  greater 
depth,  a  more  vertical  ascending  ramus,  and  a  posteriorly 
extending  masseteric  fossa  (Table  3).  The  mandible  of 

NSM-PV  20118  is  slightly  deeper  than  those  of  the  holotype 
of  7  grangeri  (AMNH  17008)  and  of  the  specimen  (USNM 

17886)  referred  to  7  hyracoides  by  Gazin  (1953).  The  M  2- 
3  of  NSM-PV  20118  are  slightly  larger  than  those  of  almost  all 
specimens  of  Trogosus  (Tables  1  and  2),  and  are  nearly  equal 
to  those  of  the  largest  specimen  of  7  grangeri  (YPM  16449. 
examined  by  Robinson,  1966).  Lower  molars  of  Trogosus 

are  rather  hypsodont,  but  much  less  than  those  of  Higothe- 
rium hypsodon.  In  fact,  the  height  of  the  M  2  crown 

exceeds  twice  the  height  of  YPM  16449  despite  being  at 
nearly  the  same  wear  stage  (Figures  3C  and  5B),  and  the 
trigonid  and  talonid  notches,  particularly  in  M  3,  are  much 
deeper  and  narrower  in  H  hypsodon.  Gazin  (1953,  p.  35) 
noted  as  a  diagnostic  feature  of  Trogosus  that  the  buccal 
walls  of  lower  molars  are  distinctly  convex  in  transverse 
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Table  2.    Measurements  (in  mm)  of the  lower molars  of trogosine  till Ddonts  disc jssed  in  th e  text. 

Asterisks  (*)  indicate  measurements  of  damaged  tooth. 
The  measurements  of  NMC  8709  and  IVPP 

V  10805  are  from  Gazin  (1953)  and  Chow  ef  al. (1996),  respectively. 

Species  and  catalogue  no. 
M/1L 

M/1W M/2L M/2W M/3L M/3W Trogosus  grangeri  : 
AMNH  17008  (holotype) 

14.8 13.8 18.6 15.8 
28.8 

15.8 

AMNH  17009 16.0 13.8 20.0 15.5 31.2 
15.5 

AMNH  17495A 20.1 

15.6* 

25.3* 

18.2 

38.8* 

15.0 

YPM  16449 20.3 

16.4* 

21.9 17.5 
38.6 18.4 

Trogosus  hyracoides  : 
AMNH  18982 18.0 15.3 20.6 17.2 31.3 

15.3 

USNM  17886 15.5 14.3 19.8 17.1 27.2 17.6 

Trogosus  castoridens  : 
AMNH  15590 13.5 13.2 19.6 18.0 25.7 12.4 

(cast  of  ANSP  10337  :  holotype) 

Trogosus  cf.  castoridens  : 
USNM  18165 29.2 

16.3* 

Trogosus  hillsii  : • 

USNM  17157  (holotype) 15.7 13.4 19.3 
14.5 29.8 15.6 

Trogosus  latidens  : 
NMC  8709 20.5 26.3 

Tillodon  fodiens  : 

YPM  11087  (holotype) 
USNM  18164 

17.2 
16.0 

15.5* 

16.6 
20.9 

21.7 
21.1 

19.7* 

35.4 
37.4 

19.4 

19.1 

Kuanchuanius  shantunensis  : 

IVPP  V  2764  (holotype) 19.4 14.9 

26.5* 

13.3 

Chungchienia  lushia  : 

IVPP  V  10805  (holotype) 24 24 28 

26 43 

22 

section,  whereas  the  buccal  walls  of  NSM-PV  20118  are 
columnar,  only  slightly  convex.  All  individual  cusps  of 

Trogosus  molars,  especially  the  M/3  metaconid,  are  less 
developed  than  those  of  H.  hypsodon.  Detailed  features  of 
the  M/2  entoconid  and  hypoconulid  are  also  unknown  in 

both  YPM  16449  and  NSM-PV  20118,  but  in  the  latter  the 
postcristid  is  stronger  and  wider  (Figures  3B  and  6B). 
Moreover,  in  Trogosus  the  M/3  entoconid  is  apparently 
separated  from  the  hypoconulid  by  a  small  notch  at  the 

unworn  stage,  whereas  in  NSM-PV  20118  the  M/3 
hypoconulid  portion  is  specialized  and  more  strongly  con- 

nects with  the  entoconid.  In  addition,  precingulids  are 
apparently  reduced  or  lost  in  all  specimens  of  Trogosus 
including  YPM  16449.  Although  the  presence  on  M/3  of  a 
mesoconid  and  an  additional  cusp  on  the  paracristid  cannot 
be  easily  assessed  in  almost  all  Trogosus  specimens,  the 
latter  accessory  cusp  is  probably  absent  in  Trogosus  based 
on  our  examination  of  YPM  16449. 

In  general,  the  M/3  third  lobe  of  Trogosus  is  elongated 

posteriorly  as  in  YPM  16449  (Table  2),  whereas  in  NSM-PV 
20118  the  lobe  is  much  shortened  anteroposteriorly  and 
located  much  more  lingually.  However,  except  for  the 
differences  of  the  molar  elongation  and  cusp  position,  H. 
hypsodon  is  similar  to  YPM  16449  in  having  the  same 
structure  on  M/3  :  the  talonid  is  divided  into  two  basins  by  a 
strong  posthypocristid  (Figures  3B  and  6B).  According  to 
Gazin  (1953,  p.  44),  the  divided  M/3  talonid  basin  is  a 

distinctive    character    of    the    "Huerfano    specimens"    of 

Trogosus  (T.  grangeri  and  7.  hillsii)  from  the  Huerfano  Forma- 
tion, Colorado.  Robinson  (1966)  also  recognized  the  pecu- 

liar character  of  M/3  of  the  Huerfano  Trogosus.  As  Gazin 

(1953,  p.  38)  mentioned,  in  T.  hyracoides  the  M/3  talonid 
basin  is  little  divided  or  undivided  ;  actually  the  entoconid 
and  hypoconid  are  not  directly  united  to  each  other  by  a 
posthypocristid  on  the  left  M/3  of  AMNH  18982  (Figure  6A, 
examined  by  Gazin,  1953),  but  these  two  cusps  on  the  right 

M/3  are  slightly  connected  by  a  low  and  narrow  posthypo- 
cristid based  on  our  careful  reexamination.  Moreover,  a 

distinct  protuberance  is  present  on  the  buccal  side  of  the  left 
M/3  third  lobe  in  AMNH  18982  (Figures  5A  and  6A),  but  this 
condition  is  rarely  observed  in  other  Trogosus  specimens. 

Tillodon  Gazin,  1953  :  Tillodon  is  a  monotypic  genus  includ- 
ing Tillodon  fodiens  (Marsh,  1875).  T.  fodiens  was  previous- 

ly regarded  as  the  most  derived  tillodont  ;  it  possesses  an 
enlarged  skull  with  somewhat  broad  and  long  rostrum, 
deepened  mandible  with  well  developed  angular  process,  a 
long  diastema  between  P/2  and  P/3,  loss  of  1/1  and  I/3,  less 
molariform  P/4,  and  a  narrower  and  shorter  M3/  than  M2/. 
The  known  specimens  referred  to  this  species  are  very  few  : 
YPM  11087  (holotype),  USNM  18164,  and  USNM  17158 
(hypotypes  examined  by  Gazin,  1953). 

Higotherium  hypsodon  is  comparable  to  Tillodon  fodiens 

in  size  (Table  2),  and  the  depth  of  mandible  of  NSM-PV  20118 
is  almost  equal  to  that  of  YPM  11087  and  USNM  18164. 
However,  in  Tillodon  the  deepest  part  of  the  mandible  is  not 
clear,  since  the  ventral  edge  of  the  mandible  is  really  parallel 
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Figure  5.  Sketches  of  well  preserved  lower  molars  of  trogosines  in  buccal  view.  A  :  Trogosus  hyracoides 
(AMNH  18982,  reversed),  B  :  Trogosus  grangeri  (YPM  16449),  C  :  Tillodon  fodiens  (USNM  18164),  D  :  Kuanchuanius 
shantunensis  (holotype  :  IVPP  V  2764).    Scale  bar  equals  2  cm. 

to  the  tooth  row.  The  lower  molars  of  NSM-PV  20118  are 
much  more  hypsodont  than  those  of  T.  fodiens,  which  is 
distinguished  from  other  trogosines  by  having  brachydont 
molars  despite  its  large  body  size  (Table  2  and  Figure  5C). 
As  Gazin  (1953,  p.  49)  pointed  out,  in  Tillodon  the  buccal 
walls  of  the  lower  molars  distinctly  taper  upward  and  are 
externally  convex  at  the  base  (Figure  5C).  Moreover  in  the 
lower  cheek  tooth  row  of  Tillodon,  the  tooth  size  apparently 
increases  posteriorly  (Table  2)  ;  the  lower  molars  are  tightly 
arrayed  to  each  other  with  no  space  between  the  teeth  ;  and 

the  transverse  width  in  M  3  decreases  posteriorly  (Figure 
6C).  These  features  are  unlike  those  of  H.  hypsodon.  On 
the  basis  of  our  examination  of  USNM  18164,  all  individual 

cusps  on  the  molars  are  bulbous  in  Tillodon.  The  M  3 
metaconid  of  USNM  18164  is  relatively  low;  its  posterior 
slope  never  protrudes  posteriorly  from  the  posterior  wall  of 

the  protocristid  as  in  NSM-PV  20118  (Figures  3B  and  6C).  A 
marked  difference  is  loss  of  the  M  3  metastylid  in  USNM 
18164.  A  precingulid  and  a  cusp  on  the  paracristid  are  also 
absent  in  the  M  3  of  Tillodon,  but  these  conditions  are 
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Figure  6.  Sketches  of  well  preserved  lower  molars  of  trogosines  in  occlusal  view.  A  :  Trogosus  hyracoides 
(AMNH  18982,  reversed),  B  :  Trogosus  grangeri  (YPM  16449),  C  :  Tillodon  fodiens  (USNM  18164),  D  :  Kuanchuanius 
shantunensis  (holotype  :  IVPP  V  2764).    Scale  bar  equals  2  cm. 

unfortunately  indeterminate  in  the  holotype  (YPM  11087) 
because  of  heavy  wear.  The  presence  of  a  mesoconid  on 
M/3  is  also  not  observable  on  either  YPM  11087  and  USNM 

18164,  owing  to  wear.  However,  the  M/3  third  lobe  of  NSM- 
PV  20118  obviously  differs  from  that  of  USNM  18164  ;  USNM 
18164  has  a  broad  occlusal  area  of  the  M/3  talonid  with  a 
much  elongated  entocristid  anteroposteriorly  (Figure  6C). 
Kuanchuanius  Chow,  1963  :  Kuanchuanius  includes  two 
species  :  K.  shantunensis  Chow,  1963a  (type  species)  and  a 
questionable  species,  K.  ?  danjiangensis  Cheng  and  Ma, 
1990.  The  former  is  known  by  fragmentary  mandibles  with 
right  and  left  I/2,  right  M/2  and  M/3  (IVPP  V  2764,  holotype), 
and  the  latter  only  by  an  isolated  left  M/1.  Although  Chow 
(1963a)  never  specified  that  this  Chinese  genus  belongs  to 
the  subfamily  Trogosinae,  various  authors  have  recognized 
the  morphological  similarities  between  Kuanchuanius  and 
Trogosus  (Rose,  1972  ;  Stucky  and  Krishtalka,  1983  ;  Lucas 
1993). 

Higotherium  hypsodon  is  much  larger  than  K.  shantun- 

ensis ;  the  mandible  of  IVPP  V  2764  is  about  40  percent 

shallower  than  that  of  NSM-PV  20118  when  compared  with 
the  greatest  depth.  The  mandible  of  IVPP  V  2764  is  consid- 

erably more  slender  and  shorter  among  known  trogosine 
specimens,  and  is  similar  to  the  holotypes  of  T.  castoridens 
(ANSP 10337)  and  of  T.  hillsii  (USNM  17157)  in  having  shallow 
depth,  a  short  diastema  between  P/2  and  P/3,  anteriorly 

extending  masseteric  fossa,  and  lower  angle  of  the  ascend- 
ing ramus  (Table  3).  The  M/2-3  of  K.  shantunensis  are 

much  less  hypsodont  than  those  of  H.  hypsodon  and  are 
narrower  in  width  relative  to  other  trogosine  specimens 

(Table  2).  The  two  molars  of  IVPP  V  2764  show  features 
clearly  because  they  are  almost  unworn  in  spite  of  their 
eruption,  although  a  part  of  the  M/2  trigonid  and  a  posterior 
portion  of  the  M/3  third  lobe  are  broken  off.  In  IVPP  V  2764, 
the  M/2  trigonid  is  much  wider  than  the  talonid  ;  M/3 

becomes  narrower  posteriorly;  the  hypoflexid  on  M/2-3  is 
relatively  wide  ;  the  M/3  third  lobe  is  posteriorly  elongated  ; 
and  the  M/2  buccal  wall  is  distinctly  convex,  as  in  Trogosus, 
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whereas  the  M/3  buccal  wall  is  much  less  so  or  not  convex 
(Figures  5D  and  6D).  These  features  are  unshared  with  H. 
hypsodon.  In  addition,  in  IVPP  V  2764  all  cusps  on  the 
molars  are  less  developed  ;  especially  the  M/3  metaconid  is 
more  slender;  all  ridges  are  narrower;  and  on  M/3  a 
mesoconid  is  never  recognized.  However,  K.  shantunensis 
possesses  a  few  similar  accessory  cusps  on  the  molars  ;  the 
broken  M/3  third  lobe  has  a  hint  of  forming  a  small  enclosed 
basin  with  a  low  posthypocristid  as  in  T.  grangeri  ;  and  a 
sharp  precingulid  obviously  exists  in  both  M/2  and  M/3 
(Figure  5D). 

Chungchienia  Chow,  1963  :  Chow  et  al.  (1996)  recently  reex- 
amined the  systematic  position  of  Chungchienia  Chow, 

1963b,  and  concluded  that  it  is  the  most  derived  and  gigantic 
genus  of  tillodonts,  with  an  extremely  deeper  mandible  and 
highly  specialized  teeth.  All  known  lower  cheek  teeth  of 
Chungchienia  axe  rootless  with  enamel  covering  restricted  to 
the  buccal  side  (Chow  et  al.,  1996).  This  Chinese  genus 
includes  two  species  :  C.  sichuanica  Chow,  1963b  (type 
species)  and  C.  lushia  Chow  et  al.,  1996.  As  Chow  et  al. 
(1996)  mentioned,  Chungchienia  was  previously  believed  to 
be  an  edentate  or  taeniodont  until  a  new  huge  species,  C. 
lushia,  was  described. 

Higotherium  differs  from  Chungchienia  in  having  a  shal- 
lower mandible,  less  hypsodont  cheek  teeth  with  lingual 

enamel  covering,  and  an  anteroposteriorly  shortened  M/3 
third  lobe  (Tables  1  and  2).  The  extremely  hypsodont  teeth 
of  Chungchienia  suggest  that  the  mandible  of  Chungchienia 
was  much  deeper  than  that  of  Higotherium.  The  depth  of 
the  mandible  is  over  60  mm  in  C.  sichuanica  (IVPP  V  2767  ; 
Chow,  1963b),  and  the  depth  is  estimated  to  have  been  over 
80  mm  in  C.  lushia  (IVPP  V  10805),  although  the  mandible  of 
C.  lushia  has  never  been  found.  Individual  cusps  of  the 
lower  molars  of  IVPP  V  10805  are  not  observed  because  of 

the  heavy  wear  ;  the  presence  of  precingulids  of  the  molars 

is  also  unknown  in  Chungchienia.  However,  in  Chung- 
chienia the  buccal  enamel  surfaces  of  the  cheek  teeth  are 

markedly  rugose  with  longitudinal  fine  lines  (see  also  Chow 

et  al.,  1996  and  Chow,  1963b).  The  lower  molars  of  Higoth- 
erium also  possess  a  similar  rugose  enamel  surface  on  the 

buccal  side. 

Discussion 

Dental  characters  of  Higotherium  :  Compared  with  Kuan- 
chuanius,  Trogosus,  and  Tillodon,  Higotherium  apparently 
possesses  much  more  hypsodont  molars  with  additional 
accessory  cusps,  but  it  is  not  so  highly  specialized  as 
Chungchienia.  In  the  first  three  genera,  cervical  lines  are 
observed  on  lower  molars  above  the  dentary  ;  in  Higotherium 
the  cervical  lines  are  unexposed  in  spite  of  the  fully  erupted 
(M/2)  and  considerably  erupted  (M/3)  crowns  ;  this  enamel 
extension  into  the  dentary  in  Higotherium  indicates  a  higher 
degree  of  hypsodonty.  Moreover,  the  eruptional  stages  and 
wear  patterns  of  Higotherium  apparently  differ  from  those  of 
Kuanchuanius,  Trogosus,  and  Tillodon  :  the  M/3  eruption  is 
much  later  than  that  of  M/2  in  Higotherium,  and  the  M/3 
talonid  never  sufficiently  erupted  to  chew  in  this  stage.  The 
higher  degree  of  hypsodonty  and  the  delayed  eruption  of 

M/3  relative  to  M/2  are  both  among  evolutionary  patterns 
related  to  the  elongation  of  the  tooth  wear  as  seen  on 
various  other  mammals.  In  addition,  the  presence  of  an 
additional  small  cusp  on  the  M/3  paracristid  is  unknown  in 

previously  described  tillodonts.  The  high-crowned  M/3 
third  lobe  of  NSM-PV  20118  forms  a  complete,  enclosed 
basin,  but  it  is  anteroposteriorly  shortened.  The  short  M/3 

third  lobe  is  extraordinary  in  Trogosinae.  The  lack  of  elon- 
gation of  the  M/3  third  lobe  may  be  interpreted  as  a  path- 

ologic feature,  although  Gazin  (1953,  p.  68)  noted  the  variabil- 
ity of  development  of  a  third  lobe  in  M/3  of  Trogosus  ; 

however,  we  do  not  have  sufficient  evidence  to  consider  this 

as  a  pathologic  feature.  On  the  other  hand,  presence  of 

precingulids  in  Kuanchuanius  and  Higotherium  can  be  inter- 
preted as  a  vestigial  feature  for  trogosines  since  the  more 

primitive  taxa  (e.g.,  Esthonyx  Cope,  1874,  Plesiesthonyx 
Lemoine,  1891,  and  Franchaius  Baudry,  1992)  also  have  sharp 
precingulids  on  their  lower  molars,  whereas  in  Trogosus  and 
Tillodon  precingulids  are  almost  completely  reduced  or  lost, 
as  mentioned  in  the  previous  section. 

Trogosine  monophyly  and  phylogenetic  position  of  Higothe- 
rium :  Previously  proposed  phylogenetic  hypotheses  among 

Tillodontia  (e.g.,  Stucky  and  Krishtalka,  1983  ;  Baudry,  1992  ; 
Lucas,  1993)  verify  the  monophyly  of  Trogosinae,  but  raise  a 
few  arguments  and  problems.  As  for  trogosine  monophyly, 
it  is  difficult  to  assess  the  precise  phylogenetic  relationships 

within  trogosines  because  of  the  incompleteness  of  Asian 

material  (Lucas,  1993).  Therefore,  the  comparative  charac- 
ters which  support  the  interrelationships  are  based  mostly  on 

the  mandible  and  lower  dentition,  and  the  upper  dental 

character  states  suggested  by  nodes  9  and  10  of  Lucas 
(1993)  should  be  viewed  as  provisional,  until  other  characters 
become  established  in  Asian  trogosines. 
We  believe  the  subfamily  Trogosinae  is  a  monophyletic 

group  composed  of  five  valid  genera  :  Trogosus,  Tillodon, 
Kuanchuanius,  Higotherium,  and  Chungchienia  (see  also 
Figure  7).  Based  on  our  reexamination,  these  five  genera 
share  the  following  synapomorphies  :  elongated  rootless 

I2/2  (*),  much  deepened  mandible  with  posteriorly  extending 
symphysis  at  least  under  P/4  talonid  (*),  distinctly  hypsodont 
lower  cheek  teeth  with  developed  cusps  and  ridges,  and 

basin-shaped  M/3  third  lobe  (node  1  in  Figure  7),  although 

definitive  data  on  characters  with  asterisks  (*)  are  absent  for 
Higotherium.  Some  of  these  are  modified  from  the  previous 
hypotheses  (i.e.,  node  7  of  Stucky  and  Krishtalka,  1983; 
node  9  of  Lucas,  1993),  but  all  character  states  support 

trogosine  monophyly.  However,  single-rooted  P/2  re- 
presented by  Stucky  and  Krishtalka  (1983)  is  no  longer  a 

synapomorphy  of  Trogosinae,  since  this  character  occurs  in 
some  other  tillodonts:  Esthonyx  spatularius  Cope,  1880, 

Azygonyx  gunnelli  Gingerich,  1989,  Megalesthonyx  hopsoni 
Rose,  1972,  and  probably  Basalina  basalensis  Dehm  and 

Oettingen-Spielberg,  1958  (Gingerich  and  Gunnell,  1979  ; 
Lucas  and  Schoch,  1981).  Moreover,  reduction  of  C,  P/2, 

and  talonids  on  P/3-4  are  plesiomorphic  for  trogosines 
because  these  characters  also  occur  in  Megalesthonyx 

hopsoni. 
Lucas  (1993)  proposed  a  broader  conception  of 

Trogosinae  which  include  Megalesthonyx  Rose,  1972  and 
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1  Trogosinae 

Figure  7.  A  phylogenetic  hypothesis  among  Trogosinae.  Node  1  :  elongated  rootless  I2/2,  much  deepened 
mandible  with  posteriorly  extending  symphysis  at  least  under  P/4  talonid,  distinctly  hypsodont  lower  cheek  teeth 
with  developed  cusps  and  ridges,  basin-shaped  M/3  third  lobe  ;  node  2  :  presence  of  a  longitudinal  groove  on 
labial  surface  of  I/2  ;  node  3  :  much  more  hypsodont  molars  with  expanded  enamel  extending  into  dentary  ;  node 
4  :  gigantic  body  size,  extremely  deeper  mandible,  further  reduction  or  loss  of  talonids  on  P  3  and  or  P/4,  elongated 
rootless  cheek  teeth  without  lingual  enamel  layer. 

Adapidium  Young,  1937,  using  criteria  other  than  I2/2 
morphology  (Chow  er  al.,  1996).  Although  these  two  taxa 
possess  a  few  derived  trogosine  dental  characters  (e.g., 
cristid  obliqua  close  to  metaconid  ;  see  nodes  6  and  7  of 
Lucas,  1993),  it  is  questionable  whether  Megalesthonyx  and 
Adapidium  should  be  included  in  Trogosinae  since 
synapomorphies  of  the  traditional  classification  of  Gazin 
(1953)  and  Rose  (1972)  are  absent  or  unestablished.  We  do 

not  readily  accept  Lucas's  taxonomic  suggestion  since  these 
two  taxa  possess  none  of  the  synapomorphies  we  list  above. 

As  the  tetrachotomy  in  Figure  7  shows,  it  is  difficult  to 
resolve  the  phylogenetic  relationships  among  Kuanchuanius, 
Trogosus,  and  Tillodon  at  present.  Lucas  (1993)  reassigned 
Kuanchuanius  as  a  junior  synonym  of  Trogosus,  and  other 
authors  (Stucky  and  Krishtalka,  1983  ;  Baudry,  1992  ;  Chow 

et  al.,  1996)  suggested  that  Kuanchuanius  may  be  a  ques- 
tionable taxon  among  the  trogosine  monophyletic  group. 

Actually,  K.  shantunensis  is  similar  to  the  "short-faced" 
Trogosus  species  (7.  castoridens  and  T.  hillsii)  in  its  man- 

dibular size  and  morphology.  The  slender  cusps,  sharpened 
ridges  on  the  molars,  and  short  diastema  between  P/2  and 
P/3  may  also  indicate  that  Kuanchuanius  is  morphologically 
primitive,  close  to  a  common  ancestor  of  all  other  trogosines, 

as  Stucky  and  Krishtalka  (1983,  p.  389)  mentioned.  How- 
ever, Kuanchuanius  also  possesses  peculiar  I/2  characters 

which  were  already  pointed  out  by  Chow  (1963a)  :  the  I/2  is 
oval  in  cross  section,  and  a  shallow  but  marked  groove  runs 

longitudinally  on  the  labial  enamel  surface  (node  2  in  Figure 
7).  The  former  condition  may  be  interpreted  as  primitive 
among  trogosines,  but  the  latter  condition  is  probably  an 
autapomorphy  based  on  our  reexamination. 

Tillodon  possesses  many  derived  characters  (e.g.,  some- 
what broad  and  long  rostrum,  long  diastema  between  P  2 

and  P/3,  loss  of  I  1  and  I  3,  less  molariform  P  4,  and  smaller 

M3/  than  M2  ')  in  comparison  with  Trogosus  and  Kuan- 
chuanius.  However,  we  can  not  identify  what  are  its  own 
autapomorphies  and  synapomorphies  shared  with  other 
genera  among  these  character  states.  Chow  et  al.  (1996) 
concluded  that  Chungchienia  is  more  similar  to  Tillodon  than 
Trogosus  and  Kuanchuanius  in  having  the  following  three 
aspects  :  a  greatly  elongate  rostrum  suggested  by  the  large 
second  incisor,  much  longer  diastema  before  P  3,  a  narrow 

M3/  reflected  by  the  narrow  M  3.  These  derived  similar- 
ities seem  reasonable  to  infer  close  relationships  between 

these  two  genera,  but  it  is  disputable  to  regard  these  as 
synapomorphies  shared  only  with  Tillodon  and  Chungchienia. 
For  example,  Trogosus  grangeri  also  possesses  a  relatively 
long  diastema  between  P  2  and  P  3  ;  and  another  example, 
if  the  posteriorly  narrower  M  3  undoubtedly  reflects  that  M3 
is  narrower  (smaller)  than  M2  ,  Kuanchuanius  also  shares  this 
feature.  Furthermore,  the  lower  cheek  teeth  of  Tillodon  are 
relatively  brachydont  with  bulbous  cusps  in  spite  of  its  large 
body  size,  and  this  conflicting  character  dose  not  support 

close   relationship   with    Chungchienia.    The   dental    mor- 
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phological  gap  between  Chungchienia  and  the  other  previ- 
ously described  genera  is  very  broad. 

Higotherium  is  more  derived  than  Kuanchuanius,  Trogosus, 
and  Tillodon  in  having  much  more  hypsodont  molars.  The 
possession  of  expanded  enamel  extending  into  the  dentary 

(=  higher  degree  of  hypsodonty)  indicate  that  Higotherium  is 
phylogenetically  and  morphologically  closer  to  Chungchienia 

than  to  the  three  other  genera  (node  3  in  Figure  7).  How- 
ever, the  two  additional  M/3  accessory  cusps  in  Higotherium 

cannot  be  demonstrated  to  be  its  own  autapomorphies  until 
the  detailed  features  of  cusp  patterns  in  other  genera  are 
better  established.  In  any  case,  Chungchienia  is  the  most 
derived  trogosine  in  having  the  following  autapomorphies 
(node  4  in  Figure  7)  :  extremely  deeper  mandible  due  to  its 
gigantic  body  size,  further  reduction  or  loss  of  talonids  on 
P/3  and/or  P/4 ,  and  elongated  rootless  cheek  teeth  without 
lingual  enamel  layer  (Chow  et  al.,  1996). 

Our  hypothesis  of  phylogenetic  relationships  among  the 
trogosines  leaves  room  for  a  variety  of  interpretations  ;  for 
example,  it  is  possible  that  almost  all  generic  diversification 
within  Trogosinae  occurred  in  Asia,  and  North  American 
trogosines  were  immigrants  or  descendants  of  immigrants 
from  Asia  as  Stucky  and  Krishtalka  (1983)  pointed  out. 
According  to  Stucky  and  Krishtalka  (1983)  and  Krishtalka  et 

al.  (1987),  Trogosus  has  been  known  only  from  the  Bridgerian 
(late  Early  to  early  Middle  Eocene  ;  Prothero,  1995)  of  North 
America.  Its  first  appearance,  together  with  certain  other 
taxa  such  as  Palaeosyops  and  Hyrachyus,  identifies  the 
beginning  of  the  Bridgerian  (Krishtalka  er  al.,  1987  ;  Gunnell 
er  al.,  1992).  Tillodon  is  also  recorded  from  the  Bridgerian 
(Krishtalka  et  a/.,  1987  :  88),  although  known  occurrences  of 
Tillodon  are  very  rare.  In  China,  Kuanchuanius  shantunensis 

and  K.  ?  danjiangensis  are  known  from  the  Guanzhuang 
Formation,  Xintai  Basin,  and  the  lower  part  of  Dacangfang 

Formation,  Liguanqiao  Basin,  respectively.  These  two  for- 
mations of  China  are  correlated  with  the  Bridgerian  land 

mammal  age  of  North  America  based  on  the  mammal  fauna 
(Tong,  1989).  Chungchienia  is  known  from  Middle  Eocene 
strata  of  China  (Chow,  1963b;  Chow  et  al.,  1996):  the 

Hetaoyuan  Formation  in  Liguanqiao  (=Xichuan)  Basin  (C. 
sichuanica)  and  Lushi  Formation  in  Lushi  Basin  (C.  lushia)  ; 

these  two  formations  are  slightly  younger  than  the  Guan- 
zhuang Formation  according  to  Tong  (1989).  These  occur- 
rences, in  addition  to  the  occurrence  of  Higotherium,  indi- 

cate that  the  rapid  generic  diversification  of  trogosines 
occurred  slightly  before  and  during  the  Middle  Eocene.  It  is 
most  likely  that  Early  Eocene  tillodonts  from  Asia  are  very 
important  keys  for  trogosine  origins  although  to  date  none 
have  been  found. 
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Abstract  Paleontological  evidence  indicates  that  crinoids  (sea  lilies:  Echinodermata)  were  a  major 

constituent  of  Paleozoic  and  Mesozoic  shallow- marine  communities  (Meyer  and  Macurda,  1977  ;  Cain, 
1968).  In  the  fossil  record  crinoid  stalks  usually  occur  in  much  greater  abundance  than  other  body  parts 
such  as  arms  and  calyces.  This  difference  has  been  attributed  to  selective  preservation,  the  result  of 

post-mortem  process  of  fossilization  or  taphonomy  (Baumiller  and  Ausich,  1992  ;  Moore  and  Jeffords, 
1968).  Our  observation  of  living  crinoids  in  aquaria  demonstrates  that  stalk  fragments  detached  and 
isolated  from  a  living  crinoid  survive  more  than  one  year,  whereas  other  body  parts  tend  to  disarticulate 
rapidly.  Such  long  survival  of  stalk  fragments  of  crinoids  firstly  explains  the  dominance  of  crinoid  stalks 
over  other  body  parts  in  the  fossil  record,  and  secondly,  and  more  importantly,  it  strongly  suggests  that 

such  detached  fossil  stalks,  as  well  as  stalk  pieces  observed  on  today's  sea  floor,  continued  living  for  a 
long  time,  and  were  not  dead  body  parts  as  previously  considered. 

Key  words  :  Crinoid,  taphonomy 

Introduction 

It  is  well  known  that  among  crinoid  skeletal  parts  stalk  (or 

stem)  fragments  predominate  in  shallow-marine  deposits, 
whereas  other  skeletal  parts,  such  as  arms  and  calyces  are 
rarely  found  (Moore  and  Jeffords,  1968).  Given  the  original 
proportions  of  skeletal  elements  in  crinoids,  it  is  a  mystery 
that  stalk  fragments  are  so  predominant  whereas  other  parts 
of  disarticulated  crinoid  skeletons  are  rare. 

Recent  observations  by  submersibles  and  underwater 
cameras  have  demonstrated  that  detached  stalk  fragments 
of  modern  stalked  crinoids  are  often  found  in  association 

with  entire  crinoids  (Conan  et  al.,  1981  ;  Fujita  et  al.,  1987  ; 

Messing  er  al.,  1988).  Such  stalks  without  crowns  some- 
times stand  erect  off  the  substrate,  grasping  gravels  and 

other  hard  objects  by  the  appendages  called  cirri,  as  if  they 
still  held  their  crowns.  During  growth,  new  stalk  plates  are 
formed  at  the  top  of  the  stalk  just  below  the  crown  (Breimer, 
1978),  and  the  distal  (old)  part  of  the  stalk  is  repeatedly 
detached  from  the  main  stalk  and  left  on  the  sea  floor 

(Rasmussen,  1977).  Fossil  stalks  are  abundant  in  Paleozoic 

and  Mesozoic  shallow-water  deposits.  Such  fossil  stalk 
fragments  were  thought  to  be  selectively  preserved  after 
death  whereas  the  other  body  parts  were  disarticulated  and 
lost  (Baumiller  and  Ausich,  1992  ;  Moore  and  Jeffords,  1968). 

However,  other  than  experiments  on  the  post-mortem  dis- 
integration of  the  isocrinid  stalks  (Baumiller  and  Ausich, 

1992),  there  has  been  no  information  about  the  "fate"  of  such 

isolated  stalk  fragments.  The  purpose  of  the  present  study 
is  to  test  if  these  autotomized  and  isolated  stalk  fragments 

remain  alive  for  a  long  time,  and  also  to  consider  the  implica- 
tions of  the  results  for  the  taphonomy  of  crinoid  skeletons. 

Material  and  methods 

We  have  collected  adult  specimens  of  the  modern  stalked 
crinoid  Metacrinus  rotundus  Carpenter  from  the  depths  of 

135-150  m  in  NE  Suruga  Bay,  central  Japan.  Specimens 

were  transferred  to  a  large,  temperature-controlled  aquarium 

(13°C)  at  the  Misaki  Marine  Biological  Station,  University  of 
Tokyo,  within  several  hours  after  capture.  They  were  kept 
alive  for  over  one  year  (Amemiya  and  Oji,  1992).  During  this 

period,  most  specimens  autotomized  their  distal  stalks  as 
well  as  their  crowns,  and  the  isolated  stalk  fragments  were 
left  on  the  bottom  of  the  aquarium. 

For  comparison  with  the  autotomized  and  isolated  frag- 
ments of  stalk,  the  distal  stalks  with  two  to  three  nodals  were 

dissected  at  an  articulation  below  a  nodal  by  a  razor  blade, 

and  they  were  also  kept  on  the  bottom  of  the  aquarium.  We 

have  also  examined  the  nucleus  and  ligament  using  histo- 
chemical  and  fluorescent  dye  staining  to  see  if  a  stalk  left  for 
ten  months  and  another  stalk  dissected  and  left  for  13 

months  in  the  aquarium  were  living.  Stalk  fragments  were 
fixed  and  decalcified  with  Bouin  solution,  and  subsequently 

embedded  in  paraffin  and  stained  with  a  fluorescent  dye, 

Hechst  33258,  or  with  hematoxylin-eosin  after  sectioning. 
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As  a  control,  another  distal  stalk  fragment,  which  was 
dissected  directly  from  an  intact  specimen  with  arms  and  a 
calyx,  was  immediately  fixed  and  processed  as  above  for 
comparison. 

Results 

The  autotomized  fragments  usually  range  from  8  to  17  cm 
long,  with  four  to  eight  nodal  plates.  They  were  apparently 
detached  at  almost  flat  articulations  below  a  nodal  plate, 

which  is  believed  to  be  a  specialized  articulation  for  stalk 

autotomy  (Emson  and  Wilkie,  1980).  One  specimen  of 
Metacrinus  rotundus  collected  on  Oct.  7, 1989  detached  its 
distal  stalk  within  several  days  of  capture.  The  detached 
stalks  have  held  the  same  postures  and  some  remained 
attached  to  pebbles  by  the  cirri  for  approximately  one  year 
(Figure  1). 

The  stalks  dissected  by  a  razor  blade  below  a  nodal  plate, 
also  remained  fully  articulated  for  10  to  13  months,  indicating 
that  ligamentary  fibers  connecting  each  plate  of  the  stalks 
and  cirri  had  not  disintegrated  or  degraded  during  this  period. 

By  the  histochemical  and  fluorescent  dye  staining,  the 
nuclei  in  the  autotomized  stalk  fragments  were  all  well 
preserved  and  stained  clearly  with  both  stains  (Figure  2a,  c) 

and  they  were  similar  to  the  control  (Figure  2d),  indicating 

that  the  cells  were  living.  The  collagen-like  fibers  compos- 
ing the  stalk  ligament  in  the  autotomized  stalk  fragments  left 

in  the  aquaria  (Figure  2b)  were  also  well  preserved,  support- 
ing the  idea  that  the  fragments  were  still  viable.  Dissected 

stalk  fragments  which  were  left  in  the  aquarium  for  about  a 

year  showed  similar  characteristics  in  the  stained  thin  sec- 
tions. 

Discussion 

Our  findings  strongly  suggest  that  fragmented  stalks  can 
live  for  more  than  one  year  in  the  natural  environment.  Also 

it  suggests  that  similar  isolated  isocrinid  stalks  observed  in 
the  crinoid  habitat  by  submersibles  (Conan  et  al.,  1981  ; 
Messing  et  al.,  1988)  and  underwater  photographs  (Fujita  ef 

a/.,  1987)  were  also  living. 
In  contrast  to  the  strong  regeneration  power  in  the  arms 

and  visceral  mass  (Emson  and  Wilkie,  1980  ;  Meyer,  1985  ; 

Amemiya  and  Oji,  1992)  of  crinoids,  there  has  been  no  record 
of  apparent  stalk  regeneration  in  Recent  stalked  crinoids. 
At  least  as  regards  isocrinid  crinoids,  the  isolated  stalk 

fragments  were  presumably  living  passively,  without  regener- 
ating or  growing.    However,  an  Ordovician  stalk  with  an 

Figure.  1.  One  of  the  specimens  collected  on  Oct.  7,  1989  autotomized  its  distal  stalk  as  well  as  its  crown 
several  days  after  capture  (Left).  The  autotomized  stalk  fragments  (right  and  center)  were  derived  not  only  from  the 
specimen  on  the  left  side,  but  also  from  other  specimens.  They  retained  almost  the  same  posture  and  some 
remained  attached  to  pebbles  by  cirri  for  approximately  one  year.  Arrows  indicate  such  autotomized  stalks. 
Photo  taken  on  Oct.  23,  1990.    The  width  of  the  picture  is  approximately  60  cm. 

Figure.  2.  Micrographs  of  the  stalk  of  Metacrinus  rotundus.  Magnification  x  108  in  a,  b  and  d  ;  x  44  in  c.  a  :  Cross 
section  of  axial  area  of  stalk  which  autotomized  from  the  main  body  and  was  left  in  the  aquarium  for  approximately  one  year. 

Note  well-stained  nuclei  in  and  around  the  axial  canal,  b  :  Longitudinal  section  of  the  different  stalk  fragment  with  two  stalk 
plates,  which  was  also  autotomized  and  left  in  the  aquarium  for  approximately  one  year.  Through-going  ligaments  still 
attach  two  stalk  plates  (above  and  below)  tightly,  c  :  Epithelium  and  outer  area  of  the  cross  section  of  the  stalk.  The  same 
stalk  fragment  as  in  b.  d  :  Cross  section  of  axial  area  of  stalk  which  was  not  autotomized  and  directly  cut  from  an  intact 
specimen.    No  significant  difference  is  observed  between  this  section  and  the  autotomized  one  (a). 
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anomalous  form  was  recently  reinterpreted  as  a  regenerated 
stalk  (Ausich  and  Baumiller,  1993). 

Fossil  stalks  are  often  abundant  in  Paleozoic  and  Me- 
sozoic  strata.  Many  of  these  occurrences  represent  crinoid 

banks  formed  in  a  shallow-water  environment  (Meyer  and 
Macurda,  1977).  Most  of  the  stalk  fragments  consist  of  a 
series  of  articulated  stalk  plates,  indicating  that  ligamentary 
fibers  united  these  plates  before  their  burial  in  the  sediment. 
The  present  results,  as  well  as  the  Ordovician  anomalous 

fossil  stalk,  suggest  that  at  least  some  of  these  stalk  frag- 
ments have/had  the  ability  to  remain  alive  for  a  long  time  on 

the  sea  floor,  despite  lacking  any  food-gathering  organ. 
The  presence  of  stalks  and  the  absence  of  calyces  and 
arms  in  fossil  deposits  do  not  suggest  that  these  stalks  were 

dead  prior  to  fossilization.  Instead,  the  successful  preserva- 
tion of  crinoid  stalks  may  reflect  their  longer  survival  and  later 

time  of  death  than  their  crowns.  Arms  tend  to  be  disar- 
ticulated rapidly  into  small  skeletal  grains,  and  thus  have  a 

smaller  chance  to  be  preserved  intact,  whereas  stalk  frag- 
ments with  at  least  several  columnal  plates  remain  integrat- 

ed for  a  long  time,  possibly  resulting  in  contrasting  chance  of 
preservation  between  arm  and  stalk  elements  in  the  fossil 
record. 
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Abstract.  Cytological  structures  of  the  two  spyrids  Acanthodesmia  vinculata  (Müller)  and  Lithocircus 
reticulatus  (Ehrenberg)  were  examined.  The  cytological  features  of  the  two  species  are  obviously 

different.  A.  vinculata  has  a  pear-shaped  central  capsule  containing  an  eccentrically  situated  nucleus 
and  juxtanuclear  axoplast.  The  fusules  are  concentrated  around  the  base  of  the  central  capsule  in  a  pore 
field  (porocora),  which  is  the  most  diagnostic  feature  of  nassellarian  cytology.  In  contrast,  L  reticulatus 
possesses  a  globular  central  capsule  containing  a  large  centrally  located  nucleus.  Of  particular  interest, 
fusules  of  L.  reticulatus  are  distributed  radially,  all  around  the  central  capsule,  which  previously  has  been 
described  as  a  typical  feature  of  spumellarians,  not  nassellarians.  In  addition,  there  are  some  minor 
differences  in  ultrastructure  of  the  capsular  wall  and  fusules  between  the  two  spyrids.  This  evidence 
indicates  that  these  two  species  should  be  separated  above  the  generic  level.  Beyond  these  fine 
structural  differences,  the  two  spyrids  have  some  common  features  of  the  capsular  wall  and  fusule 
structure.  Their  capsular  wall  is  considerably  thicker  (0.3  0.5// m  thick)  and  multilayered  compared  to 
that  of  the  cyrtid  capsular  wall  that  is  composed  of  a  single  osmiophilic  layer  (0.03  0.05  fim  thick). 
Moreover,  the  spyrid  fusules  lack  an  inner  osmiophilic  zone  that  is  characteristic  of  the  cyrtid  fusules.  The 
general  shape  of  the  fusules  is  also  different  between  the  spyrids  and  cyrtids.  These  features  are 
sufficiently  different  to  validate  the  suborders  Spyrida  and  Cyrtida  as  the  highest  hierarchical  division 
among  the  nassellarians,  and  do  not  support  assigning  spyrids  to  a  family  taxon  such  as  Acanthodesmidae 
or  Trissocyclidae  as  previously  suggested  by  some  workers.  The  Spyrida  and  Cyrtida  include  respectively 
two  and  four  types  of  nucleus  axoplast  relationships,  which  appear  to  be  useful  for  considering  family 
classification.  Among  them,  one  relationship  named  Acanthodesmia  type  is  recognized  both  in  the 
Spyrida  and  Cyrtida.  This  clearly  suggests  that  convergence  occurs  frequently  in  radiolarian  evolution. 
Hence,  it  is  necessary  to  synthesize  cytological,  morphological  and  stratigraphie  information  to  construct 
a  consistent  classification  scheme  of  nassellarians. 

Key  words  :  Classification,  fine  structures,  Nassellaria,  Radiolaria,  Spyrida 

Introduction 

Cenozoic  nassellarians  can  be  classified  into  suborders 

Spyrida  and  Cyrtida  based  on  the  presence  or  absence  of  a 
sagittal  ring  in  their  skeleton  (Petrushevskaya,  1971).  In 
contrast  to  recent  progress  in  classif  icatory  and  phylogenetic 
studies  of  Cyrtida,  which  lack  a  sagittal  ring  (e.g.,  Funakawa, 
1995),  less  is  known  about  the  Spyrida,  which  do  have 
sagittal  ring.  According  to  Petrushevkaya  (1971),  the  Spyrida 
can  be  divided  into  two  families  Acanthodesmiidae  and 

Triospyridae  based  mainly  on  the  development  of  primary 
lateral  rays  that  are  elements  of  the  nassellarian  internal 
skeleton.    However,  Sanfilippo  et  al.  (1985)  and  Sanfilippo 

(1988)  did  not  classify  the  Spyrida  into  any  family  categories 
due  to  their  poorly  understood  taxonomy.  On  the  other 
hand,  Nishimura  (1990)  and  Takahashi  (1991)  classified  those 

nassellarians  with  sagittal  rings  into  the  family  Acanthodes- 
miidae as  previously  recommended  by  Riedel  (1967),  whereas 

Lazarus  and  Pallant  (1989)  and  Abelmann  (1990)  placed  them 
in  the  family  Trissocyclidae  defined  by  Goll  (1968,1969). 
This  confusion  clearly  needs  to  be  resolved  if  we  are  to 

progress  toward  a  better  understanding  of  nassellarian  tax- 
onomy. Moreover,  taxonomic  confusion  limits  potential  use 

of  the  spyrids  as  a  paleoceanographic  tool,  although  they  are 
widely  distributed  and  common  constituents  of  radiolarian 
communities  in  all  oceans. 
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One  of  the  first  tasks  needed  to  resolve  this  troubling 
problem  is  to  confirm  whether  the  Spyrida  and  Cyrtida  are 
taxonomically  valid  groups.  Fine  structural  information  on 
living  organisms  can  provide  substantial  evidence  toward 
resolving  major  outstanding  issues  of  natural  affinities.  We 
report  fine  structural  features  of  some  spyrids  collected 
during  studies  of  living  radiolaria  collected  from  surface 
seawater  off  Barbados,  West  Indies.  Although  extensive 
studies  are  needed  to  fully  describe  this  highly  diverse  group, 

we  have  obtained  some  significant  comparative  mi- 
croanatomical  data  on  Acanthodesmia  vinculata  (Müller, 
1856)  and  Lithocircus  reticulatus  (Ehrenberg,  1872)  that  holds 
promise  of  clarifying  taxonomic  issues  among  the  spyrids. 
This  paper  describes  observations  of  living  individuals  and 
some  important  ultrastructural  attributes  that  may  contribute 

to  a  better  understanding  of  nassellarian  suprageneric  clas- 
sification. 

For  information  on  research  methods  see  Sugiyama  and 
Anderson  (1997a,  b,  in  press).  Daily  observations,  using  a 
Nikon  Diaphot  inverted  light  microscope,  were  made  of  10 
living  Acanthodesmia  vinculata  and  10  Lithocircus  reticulatus, 

that  were  cultured  in  non-toxic,  plastic  tissue  culture  dishes 
containing  ambient  seawater  from  the  sampling  site.  For 
the  ultrastructural  study,  two  specimens  of  each  species 
were  fixed  in  electron  microscopic  grade  glutaraldehyde  (2% 

in  cacodylate  buffer,  pH=7.8)  post-stained  in  2%  osmium 
tetroxide  in  the  same  buffer,  dehydrated  in  an  aqueous 
acetone  series,  embedded  in  epon  resin,  sectioned  with  a 

Porter-Blum  ultramicrotome  fitted  with  a  diamond  knife,  and 
observed  with  a  transmission  electron  microscope. 

Living  features  of  Acanthodesmia  vinculata 
and  Lithocircus  reticulatus 

Acanthodesmia  vinculata.— The  subglobular  transparent 
extracapsular  cytoplasm,  containing  yellow  to  orange 

symbiotic  algae  (SA,  5-7  //m  in  diameter),  encloses  a  crown- 
shaped  skeleton  and  surrounds  a  centrally- located  appar- 

ently spherical  (but  pear-shaped  in  electron  microscopic 
view),  lucid  central  capsule  (CC,  ca.  50/*  m  in  diameter) 

(Figures  1-1, 1-2). 
The  distribution  and  number  of  the  symbiotic  algae  are 

variable.  In  some  cases  a  small  number  of  symbionts  (<10) 
are  concentrated  around  the  basal  region  of  the  central 
capsule  ;  in  other  cases  they  are  numerous  and  scattered  all 
around  the  skeleton.  The  central  capsule  is  surrounded  by 
the  sagittal  ring.  Numerous  fine  axopodia  radiate  outward 

around  the  central  capsule  (Figure  1-1).  As  shown  in  Figures 
1-1,1-2,  some  individuals  matured  in  culture  and  increased 
their  skeletal  thickness. 

Lithocircus  reticulatus— The  cytoplasm  of  L  reticulatus  is 
also  subglobular  and  transparent,  and  contains  a  cage- 
shaped  skeleton,  yellow  to  orange  symbiotic  algae  (SA,  15- 
20  jum  in  diameter)  and  a  spherical,  lucid  centrally  located 

central  capsule  (CC)  ca.  50  ̂ m  in  diameter  (Figures  1-3, 1-4). 
The  symbiotic  algae,  usually  more  than  30  in  number,  are 

obviously  much  larger  than  those  of  A.  vinculata,  and  densely 
distributed  within  a  space  between  the  shell  and  central 
capsule.    No  symbionts  were  observed  outside  the  shell. 

Axopodia  are  evident  around  the  skeleton,  but  they  are  not 
as  distinct  as  those  of  A.  vinculata. 

Description  of  characteristic 
ultrastructural  features 

Acanthodesmia  vinculata.— A.  vinculata  has  a  somewhat 

pear-shaped  central  capsule  that  contains  mitochondria 
with  tubular  cristae,  Golgi  bodies,  large  reserve  bodies  (R), 

electron-opaque  pigment  granules  and  other  organelles 
(Figure  2-1).  The  nucleus  (N)  is  eccentrically  located  and 
indented  at  one  side.  The  indented  surface  is  oriented 

inward  toward  the  center  of  the  central  capsule  (large  arrow 

in  Figure  2-1).  Bundles  of  microtubules  (B)  extend  down- 
ward from  a  region  near  the  nuclear  indentation,  where  the 

axoplast  appears  to  be  located.  The  bundles  penetrate  the 

capsular  wall  (CW,  0.3-0.5  //m  in  thickness)  forming  fusules 
(F,  ca.  1  pcm  in  diameter)  that  emerge  as  a  concentrated 
group  around  the  base  of  the  central  capsule  and  form  a 

particular  pore  field  called  a  porochora  (Pr,  Figure  2-2). 
High-magnification  views  (Figures  3-2,  3-3)  clearly  exhibit 

that  the  capsular  wall  consists  of  four  electron-dense  layers 
(i.e.,  SL,  DO,  DM  and  Dl)  and  three  electron- lucent  layers  (i.e., 

LO,  LO'  and  LI)  as  schematically  shown  in  Figure  4.  The 
outermost  electron  dense  layer  SL  has  numerous,  relatively 

small,  spherical  to  subspherical  ornaments.  Layer  DO  is  ca. 
0.01  jum  thick  and  slightly  thicker  than  SL.  Layer  DM  is  the 
main  constituent  of  the  capsular  wall.  Layer  Dl  is  the  most 

electron-dense,  lying  immediately  adjacent  to  the  peripheral 
electron- lucent  zone  (PELZ)  of  the  intracapsular  cytoplasm 

(IC).  The  electron -lucent  layers  LO  and  LO'  are  thin, 
approximately  as  thick  as  DO.  However,  layer  LI  is  much 

thicker  than  LO  and  LO'  (Figure  4-1),  but  is  sometimes  less 
distinct  as  shown  in  Figure  3-3.  The  capsular  wall,  espe- 

cially layer  Dl,  increases  its  thickness  around  the  fusules 

(Figure  3-1).  The  schematic  illustration  of  the  fusule  struc- 
tures is  shown  in  Figure  5.  The  diameter  of  the  fusules  is 

less  than  1.0  //m.  Each  fusule  always  has  an  outward- 
directed,  funnel- like  appendage  (FA)  at  the  tip,  from  which 
bundles  of  the  microtubules  extend  into  extracapuslar  cyto- 

plasm (EC)  to  form  a  barrel  shaped  outer  osmiophilic  zone 

(OOZ)  comprising  an  outer  osmiophilic  tube  (OOT,  Figure  3- 
1).  Unlike  cyrtid  nassellarians,  however,  the  inner  osmio- 

philic zone  (IOZ)  and  inner  osmiophilic  tube  (IOT)  are  not 
recognizable  (Sugiyama  and  Anderson,  1997b).  Instead  of 

an  inner  osmiophilic  tube,  the  inner  electron-lucent  tube 
(IELT)  occurs  at  the  distal  part  of  the  fusules. 

Symbionts  are  densely  stained  as  shown  in  Figure  6. 
They  appear  to  be  subspherical  based  on  their  outline  in 
ultrathin  sections,  and  are  closely  or  loosely  enclosed  by  the 

perialgal  envelope  (PE)  produced  from  the  host  (Figures  6-1a, 
2  and  3).  The  margin  of  the  symbionts  is  usually  not  smooth 
but  irregularly  rugged.  The  centrally  located  nucleus  (N), 
bordered  by  the  nuclear  envelope  membranes  (NM),  has 
numerous  puffy,  coiled  chromosomes  (Ch)  characteristic  of 

some  dinoflagellates.  The  peripheral  region  of  the  cyto- 
plasm contains  a  relatively  massive  chloroplast  (CI)  having 

triple-thylakoid  lamellae,  opaque  reserve  bodies  (R)  and 
other  organelles  such  as  mitochondria  and  Golgi  bodies. 
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Figure  1.  Light  micrographs  of  living  Acanthodesmia  vinculata  (Müller)  and  Lithocircus  reticulatus  (Ehrenberg). 
1,2.  Acanthodesmia  vinculata.  1  :  Healthy  individual,  DayO  (captured  day).  Symbiotic  algae  (SA)  are  dense  all 
around  the  central  capsule.  2  :  Same  individual,  Day  8,  showing  skeletal  growth,  mainly  increase  in  skeletal 
thickness,  during  culture.  Number  of  symbiotic  algae  (SA)  are  decreased,  and  they  are  concentrated  around  the 
base  of  the  central  capsule  (CC).  3, 4.  Lithocircus  reticulatus  (Ehrenberg).  3  :  Healthy  individual,  Day  0.  Numer- 

ous symbiotic  algae  (SA)  are  dense  around  the  centered,  transparent  central  capsule  (CC).  4  :  Healthy  individual, 
Day  4.    In  this  individual,  symbiotic  algae  (SA)  are  also  dense  around  the  central  capsule  (CC).    Scale  bars  are  50 
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Figure  2.  Transmission  electron  micrographs  of  the  central  capsule  in  Acanthodesmia  vinculata.  1.  A 
composite  micrograph  showing  the  gross  structure.  A  thick  capsular  wall  (CW)  encloses  intracapsular  cytoplasm 
(IC)  in  which  large  reserve  bodies  (R)  and  eccentrically  situated  nucleus  can  be  seen.  The  nuclear  indentation  is 
shown  by  a  thick  arrow.  Bundles  of  microtubules  (B)  extend  downward  from  the  center  of  the  central  capsule,  and 

penetrate  the  capsular  wall  at  the  base  to  form  fusules  (F)-  2.  A  longitudinal  section  showing  concentration  of 
fusules  (F)  to  form  a  porochora  at  the  base  of  the  central  capsule.  Thick  capsular  wall  (CC)  separates  intracapsular 

cytoplasm  (IC)  and  extracapsular  cytoplasm  (EC).    Scale  bars  indicate  5/^m. 
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Figure  3.  Transmission  electron  micrographs  of  fusule  and  capsular  wall  in  Acanthodesmia  vinculata.  1.  A  high- 
magnification  view  of  fusule  showing  the  detailed  structure  of  a  fusule  containing  microtubules  that  extend  from  the 

intracapsular  cytoplasm  (IC)  to  extracapsular  cytoplasm  (EC).  Inner  electron -lucent  tube  (IELT)  and  funnel-shaped 
appendage  (FA)  are  clearly  visible.  The  capsular  wall,  surrounding  the  fusule,  increases  in  thickness,  and  the  inner, 

electron-dense  layer  (Dl)  is  as  thick  as  the  main  electron-dense  layer  (DM).  Scale  bar  is  1  ßm.  2, 3.  High-magnifica- 
tion views  of  the  capsular  wall.  Note  that  the  inner  electron-dense  layer  (Dl),  recognized  in  2,  is  not  visible  in  3.  Other 

abbreviations  are  explained  in  Figure  4.    Scale  bars  are  0.5  um  and  0.1  /im,  respectively. 
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Figure  4.  Schematic  illustration  showing  the  details  of  spyrid  and  cyrtid  capsular  wall.  Abbreviations  :  SL, 

surface  layer  ;  LO  and  LO',  outer  electron-lucent  layer  ;  LI,  inner  electron -lucent  layer  ;  DO,  outer  electron-dense 
layer  ;  DM,  main  electron-dense  layer  ;  Dl,  inner  electron- lucent  layer  ;  DC,  central  electron-dense  layer. 
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Figure  5.  Schematic  illustration  showing  longitudinal  sections  of  spyrid  and  cyrtid  fusules.  Abbreviations  : 
IC,  intracapsular  cytoplasm  ;  EC,  extracapsular  cytoplasm  ;  CW,  capsular  wall  ;  FM,  fusule  membrane  ;  IOZ,  inner 

osmiophilic  zone  ;  IELT,  inner  electron -lucent  tube  ;  IOT,  inner  osmiophilic  tube  ;  FA,  tunneled  appendage  ;  OOZ, 
outer  osmiophilic  zone;  OOT,  outer  osmiophilic  tube;  PELZ,  peripheral  electron-lucent  zone;  DM  and  Dl,  elec- 

tron-dense layers  of  spyrid  capsular  wall. 

There  is  a  prominent  pyrenoid  (Py)  that  is  attached  to  the 

chloroplast  by  one  stalk  and  penetrated  by  three  double- 
thylakoid  lamellae  (TL,  Figure  6-1b). 

Lithocircus  reticulatus.— L  reticulatus  has  a  subglobular 
central  capsule  that  contains  various  organelles  as  observed 
in  A.  vinculata  (Figure  7).  The  spherical  nucleus  (N) 
occupies  the  center  of  the  central  capsule  and  has  an 

electron-dense  nucleolus  (Nu).  The  position  of  the  axo- 
plast,  unfortunately,  could  not  be  determined  in  these  prepa- 

rations. Fusules  (F)  are  distributed  radially  around  the  cap- 
sular wall.  The  thick  capsular  wall,  which  is  0.3-0.5  /im 

thick,  consists  of  three  electron-dense  layers  (i.e.,  SL,  DM 
and  Dl)  and  two  electron-lucent  layers  (i.e.,  LO  and  LI)  as 
shown  in  Figures  4  and  8.  Layers  SL  and  LO  are  similar  to 
those  of  A.  vinculata.  Layer  DM  is  the  thickest,  and  often 

has  a  central  more  electron-dense  layer  (DC,  Figure  8-2). 
Layers  Dl  and  LI  are  thinner  than  those  of  A.  vinculata.    The 

fusule  structures  are  schematically  shown  in  Figure  5.  The 

diameter  of  the  fusules  is  0.5-1.0 //m.  Each  fusule  always 
possesses  a  funnel-shaped,  outward -directed  appendage 
(FA)  at  the  tip  as  observed  in  A.  vinculata.  Bundles  of  the 
microtubules  (B)  passing  through  the  fusules  are  shielded  by 
an  outer  osmiophilic  tube  (OOT)  outside  the  capsular  wall. 
Inside  the  capsular  wall,  no  structures  corresponding  to  the 
electron-lucent  tube  observed  in  A.  vinculata  were  observed 
in  this  species.  Instead,  an  inner  osmiophilic  tube  (IOT) 

shields  the  bundles  of  microtubules  (B).  An  inner  osmio- 
philic zone  (IOZ),  identified  in  some  cyrtid  nassellarians,  is  not 

present  in  this  species  as  well  as  A.  vinculata. 
Symbionts  are  in  general  ellipsoidal  and  closely  or  loosely 

enclosed  within  the  perialgal  envelope  (PE)  of  the  host,  which 
is  further  entirely  or  partly  surrounded  by  a  perforated  and 
finely  wrinkled  external  wrap  (EW,  Figures  9  1  4).  Some 
perialgal  envelopes  possess  one  or  more  pores  with  margins 
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Figure  6.  Transmission  electron  micrographs  of  symbiotic  algae  (dinoflagellates)  in  Acanthodesmia  vinculata. 
1a,  2  and  3.  Symbionts  have  irregularly  rugged  outline.  They  are  enclosed  by  a  perialgal  envelope  of  the 
pseudopodial  system  produced  from  the  host.  1b.  Enlargement  of  1a  showing  the  details  of  symbiont  fine 
structures.  Abbreviations  :  Ch,  chromosome  ;  CI,  chloroplast  ;  N,  nucleus  ;  NM,  nuclear  membrane  ;  Py, 
pyrenoid  ;  R,  reserve  body  ;  TL,  thylakoid  lamella. 

that  are  approximately  reflexed  inward  (large  arrow,  Figure  9- 
3).  The  symbionts  are  enclosed  in  a  well  developed  organic 

wall  (OW,  0.5 //m  thick  at  the  maximum,  Figure  9-4).  The 
nucleus  (N),  5-7 /^m  in  diameter,  is  centrally  located,  and 
contains  numerous  puffy,  coiled  chromosomes  (Ch)  charac- 

teristic of  some  dinoflagellates  (Figure  9-1).  The  coiling  of 
the  chromosomes  is  considerably  finer  than  that  of  the 

symbionts  in  A.  vinculata.  The  cytoplasmic  region,  contain- 
ing mitochondria  (Mt)  and  Golgi  bodies,  immediately  sur- 

rounds the  nucleus  (N,  Figures  9-1, 9-2).  The  peripheral 
chloroplasts  (CI)  having  triple  thylakoid  lamellae  are  relatively 
narrow  (ca.  0.5  ̂ m  wide)  and  partially  reticulated  especially 

around  the  pyrenoids  (Figure  9-1).  The  pyrenoids  (Py)  are 
more  than  one,  usually  two,  next  to  the  nucleus.  Each 

pyrenoid  (Py)  is  penetrated  by  numerous  double-thylakoid 
lamellae  and  attached  to  the  chloroplasts  (CI)  by  two  stalks 

(Figure  9-4).  Between  the  chloroplasts  and  the  nucleus  is  a 
remarkably  developed  feature,  organic  reserve  substances 

(ORS = food  storage  material)  in  which  there  are  numerous 
starch  grains  (St)  derived  from  photosynthesis  and  darker 

matter  that  is  probably  lipid  (Figures  9-1,  9-2). 
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Figure  7.  A  composite  transmission  electron  micrograph  of  the  central  capsule  in  Lithocircus  reticulatus  which 

is  held  by  siliceous  skeleton  (Sk).  Thick  capsular  wall  (CW)  encloses  intracapsular  cytoplasm  (IC)  at  the  center  of 

which  there  is  a  large,  spherical  nucleus  (N)  comprising  much  electron-dense  nucleolus  (Nu).  Relatively  large 
reserve  bodies  (R)  are  distributed  near  the  capsular  wall,  whereas  inner  region  of  intracapsular  cytoplasm  is  rich  in 

electron-lucent  vacuoles  (V).  Fusules  (F)  and  minor  slits  (S)  penetrate  all  parts  of  the  capsular  wall.  In  extracap- 
sular cytoplasm  (EC),  there  are  symbiotic  algae.    Scale  bar  indicates  10 //m. 
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Figure  8.  Transmission  electron  micrographs  of  fusule  and  capsular  wall  in  Lithocircus  reticulatus.  1.  Bundle 
of  microtubules  (B)  extending  from  intracapsular  cytoplasm  (IC)  to  extracapsular  cytoplasm  (EC)  is  sheathed  by  inner 
osmiophilic  tube  (IOT)  and  outer  osmiophilic  tube  (OCT).  Funneled  appendage  (FA)  further  encloses  the  proximal 
part  of  outer  osmiophilic  tube.  Abbreviations  of  capsular  wall  are  explained  in  Figure  4.  Scale  bar  indicates  0.5 

/um.  2.  Thick  capsular  wall  lying  on  peripheral  electron  lucent  zone  (PELZ)  has  central  electron-dense  layer  (DC) 
at  the  middle.    Scale  bar  indicates  0.5 //m. 
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Figure  10.    Schematic  illustration  showing  types  of  the  nucleus-axoplast  relationships  hitherto  recognized  in 
the  Spyrida  and  Cyrtida. 

Figure  9.  Transmission  electron  micrographs  of  symbiotic  algae  (dinoflagellates)  in  Lithocircus  reticulatus.  1.  Symbiont 

is  ellipsoidal  in  outline  and  sequestered  in  a  perialgal  envelope  (PE)  which  is  further  enclosed  by  wrinkled  extra  wrap  (EW). 
Nucleus  (N)  containing  puffy  chromosomes  (Ch)  is  located  at  the  center.  Peripheral  chloroplast  (CI)  is  narrow  and  partially 
reticulated  around  the  juxtanuclear  pyrenoid  (Py)  and  other  organelles  such  as  mitochondria  (Mt).  The  most  conspicuous 

feature  is  the  organic  reserve  substances  (ORS)  widely  distributed  between  the  nucleus  and  chloroplast.  Intracapsular 
cytoplasm  (IC)  of  the  host  bounded  by  a  thick  capsular  wall  (CW)  is  visible  near  the  symbiont.  Scale  bar  indicates  5  ̂ m.  2. 
Within  well  developed  organic  reserve  substances  (ORS),  there  are  numerous  starch  grains  (St).  Scale  bar  indicates  2//m. 
3.  Arrow  points  to  a  pore  where  perialgal  envelope  (PE)  is  reflexed  inward.  Scale  bar  indicates  1  /xm.  4.  Two  symbionts  are 
closely  located.  The  outermost  part  of  both  symbionts  is  relatively  thick  organic  wall  (OW).  Perialgal  envelope  (PE)  from  host 

directly  or  indirectly  encloses  the  symbiont.  The  details  of  pyrenoid  (Py)  are  also  shown.  It  is  attached  to  chloroplast  (CI) 
by  two  stalks  and  penetrated  by  numerous,  thin  thylakoid  lamellae.    Scale  bar  indicates  1  /*m. 
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Discussion 

1.    Comparison  of  cytoplasmic  features  between  Acantho- 
desmia  vinculata  and  Lithocircus  reticulatus 

As  described  above,  the  two  spyrids  have  some  differ- 
entiating fine  structural  features.  The  most  conspicuous  is 

the  arrangement  of  the  fusules  in  the  central  capsular  wall. 
A.  vinculata  has  a  typical  nassellarian  fusule  arrangement, 
forming  a  porochora  at  the  base  of  the  central  capsule. 
However,  worthy  of  special  attention  is  that  the  fusule 
arrangement  of  L  reticulatus  is  more  representative  of 
Spumellaria  than  Nassellaria;  namely  the  fusules  of  L. 
reticulatus  are  disposed  radially  around  the  periphery  of  the 

central  capsule.  In  addition,  there  are  several  minor  differ- 
ences in  the  capsular  wall  and  fusule  structures  as  schemat- 

ically shown  in  Figures  4  and  5.  The  capsular  wall  of  L 

reticulatus  has  only  two  electron-lucent  layers  (i.e.,  LO  and 

LI)  as  compared  to  three  of  A.  vinculata  (i.e.,  LO,  LO'  and  LI). 
In  A.  vinculata,  the  inner  electron- lucent  tubes  ensheath  the 
microtubules  where  they  pass  through  the  fusules,  whereas 
L.  reticulatus  has  inner  osmiophilic  tubes  instead  of  inner 

electron- lucent  tubes.  The  organization  of  the  inner  elec- 
tron-dense layer  (Dl)  relative  to  the  overall  organization  of  the 

capsular  wall  and  the  shape  of  FA  at  the  tip  of  the  fusules 
are  also  different  between  the  two  species. 

Based  on  these  major  fine  structural  features  of  the 
cytoplasm,  particularly  the  arrangement  of  the  fusules  in  the 
central  capsular  wall,  it  seems  quite  reasonable  that  the  two 
species  should  be  separated  at  or  above  the  family  level,  in 

spite  of  the  similarities  of  the  skeletal  elements.  Cytoplas- 
mic features  are  more  likely  to  be  conservative  and  more 

compelling  evidence  for  making  phyletic  affinities  than  the 
skeleton  which  can  be  highly  variable  and  in  some  cases 
may  represent  convergent  lines  of  adaptation  (e.g.,  Swanberg 

et  al.,  1990).  As  mentioned  in  the  introduction,  Petrushevs- 
kaya  (1971)  defined  two  families  Acanthodesmiidae  and 
Triospyridae  based  on  the  skeletal  structures.  A.  vinculata 
is  the  type  species  of  the  genus  Acanthodesmia  and  the  type 

genus  of  the  family  Acanthodesmiidae.  The  genus  Lithocir- 
cus, including  L.  reticulatus,  also  belongs  to  this  family 

according  to  Petrushevskaya  (1971).  However,  the  fine 
structural  evidence  obtained  in  the  present  study  strongly 

suggests  that  Petrushevskaya's  (1971)  classification  of  the 
spyrids  does  not  reflect  a  natural  monophyletic  taxon.  To 

establish  a  consistent  spyrid  classification,  further  cytoplas- 
mic studies  are  necessary  for  other  members  of  the  Spyrida. 

The  results  of  this  study  clearly  indicate  that  the  Spyrida 
can  be  subdivided  into  at  least  two  families  or  superfamilies 
based  on  the  arrangement  of  the  fusules.  Moreover,  the 

atypical  arrangement  of  the  fusules  in  L  reticulatus,  observ- 
ed in  both  sectioned  specimens,  provides  some  compelling 

evidence  that  one  of  the  established  characteristics  of 

Nassellaria  since  Haeckel  (1887),  namely,  that  the  most 

distinctive  cytoplasmic  feature  of  the  Nassellaria  is  posses- 
sion of  a  porochora  at  one  pole  of  the  central  capsule,  is  not 

indicative  of  all  the  members. 

2.  Comparison    of    cytoplasmic    features    between    the 

Spyrida  and  Cyrtida 
Some  major  cytoplasmic  similarities  of  A.  vinculata  and  L 

reticulata,  distinctively  different  from  cyrtid  cytoplasmic  fea- 
tures, are  presented  as  a  means  of  clarifying  natural  bound- 

aries between  the  Spyrida  and  Cyrtida.  As  shown  in  Figure 
4,  the  capsular  wall  of  the  two  spyrid  species  exhibits  a  thick, 
multilayered  profile  consisting  of  alternating  electronlucent 

and  dense  layers.  Although  there  are  some  minor  differ- 
ences in  wall  structure  between  the  two  spyrids  as 

mentioned  above,  this  common  feature  is  quite  different  from 
hitherto  known  cyrtid  capsular  walls  that  are  much  thinner 

(0.03-0.05  /zm  thick)  and  composed  only  of  a  single  osmio- 
philic layer  (e.  g.,  Cachon  and  Cachon,  1971  ;  Anderson, 

1983  ;  Sugiyama  and  Anderson,  1997b). 
This  indicates,  based  on  current  evidence,  that  spyrid 

cytoplasmic  organization  is  fundamentally  different  from  that 
of  cyrtids  and  validates  separating  Spyrida  and  Cyrtida  as 

formal  higher-order  taxa.  In  other  words,  the  magnitude  of 
the  differences  in  fine  structural  organization  between  the 
two  suggests  that  it  is  not  suitable  to  regard  the  Spyrida  as 
a  family  taxon  such  as  Riedels  (1967)  Acanthodesmiidae  or 

Goll's  (1968)  Trissocyclidae.  Capsular  wall  structure,  includ- 
ing fusule  organization,  appears  to  be  a  very  useful  criterion 

to  cytologically  distinguish  Spyrida  and  Cyrtida. 
Moreover,  we  can  see  that  the  general  morphology  of  the 

spyrid  fusules  is  also  quite  different  from  those  of  the  cyrtids 
(Figure  5).  In  the  cyrtid  fusules,  there  are  two  osmiophilic 
zones  named  inner  and  outer  osmiophilic  zones  (IOZ  and 

OOZ),  respectively.  However,  we  have  not  seen  the  former 
zone  in  the  spyrid  fusules.  The  spyrid  fusules  are  relatively 

narrow  (0.5-1.0  //m  in  diameter)  and  distally  convergent,  while 
the  cyrtid  fusules,  commonly  0.5-2.0  ̂ m  in  diameter,  are 
distally  divergent  (Sugiyama  and  Anderson,  1997b).  This 
observation  also  supports  separating  Spyrida  and  Cyrtida  as 
a  first-order  classification  of  the  Nassellaria. 

3.  Implications  for  nassellarian  classification 
Riedel  (1967)  and  Petrushevskaya  (1971)  pioneered  modern 

schemes  of  nassellarian  classification  based  on  cephalic 
skeletal  structures.  Subsequent  investigators  have  performed 
further  detailed  studies  aiming  at  establishing  a  more  natural 
classification  system  of  the  Nassellaria  using  scanning 
electron  microscopy  (e.g.,  Sugiyama,  1993. 1994  ;  Funakawa, 

1995  ;  O'Connor,  1997).  However,  it  appears  that  none  of 
these  approaches,  based  solely  on  skeletal  structures,  so  far 

have  produced  decisive  evidence  for  a  consistent  classifica- 
tion. Consequently,  emendations  of  the  family  and  generic 

diagnoses  have  appeared  repeatedly  in  papers  treating 
nassellarian  taxonomy.  To  evaluate  the  significance  of  a 
particular  skeletal  feature,  it  is  necessary  to  broaden  the 
base  of  evidence  and  discuss  the  problem  using  other 
features  with  useful  phylogenetic  information.  Cytological 
and  fine-structural  evidence  combined  with  more  traditional 
sources  of  evidence  can  yield  quite  fruitful  results  as  already 
demonstrated  by  Sugiyama  and  Anderson  (1997b)  for  some 

cyrtids. As  discussed  above,  capsular  wall  and  fusule  structures 
are  useful  for  the  first-order  classification  of  the  Nassellaria. 
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For  the  second  order,  corresponding  to  the  family  category 

(i.e.,  superfamily,  family  and  subfamily),  the  nucleus-axoplast 
relationship  seems  to  be  important  since  it  may  be  related  to 

the  basic  physiology  and  ontogenesis  of  organisms,  espe- 
cially as  it  may  regulate  cell  shape  and  the  deposition  of 

primary  skeletal  structures,  although  we  do  not  know  the 

details  of  this  mechanism.  Until  now,  five  types  of  nucleus- 
axoplast  relationships  are  known  as  shown  in  Figure  10. 

They  are  tentatively  named  Lithocircus-,  Acanthodesmia-, 
Litharachnium-,  Spirocyrtis-,  and  Eucyrtidium -types.  The 
first  Lithocircus-type  is  known  exclusively  in  the  Spyrida, 
whereas  the  latter  three  types  are  restricted  only  in  the 

Cyrtida.  The  second  Acanthodesmia-type  occurs  both  in 
the  Spyrida  and  Cyrtida. 

The  Lithocircus -type  (Figure  10-1)  discovered  by  the  pres- 
ent study  represents  one  of  variations  in  the  Spyrida.  This 

type  exhibits  a  typical  spumellarian  feature  that  lacks  a 

porochora  as  described  above.  The  Acanthodesmia-type 
(Figure  10-2)  was  first  reported  by  Cachon  and  Cachon  (1971) 
as  a  gross  cytological  structure  found  in  Eucoronis  challen- 

ged Haeckel  that  is  a  junior  objective  synonym  of  Acantho- 
desmia vinculata.  In  this  type,  the  nucleus  is  not  located  on 

the  axis  of  the  central  capsule.  However,  the  juxtanuclear 
axoplast  and  tip  of  the  podoconus,  which  are  located  at  the 
same  level  above  the  base  of  the  capsule  as  the  nucleus, 
are  approximately  on  the  axis.  It  is  noteworthy  that  this  type 

of  nucleus-axoplast  relationship  is  known  from  a  cyrtid 
species  illustrated  by  Anderson  (1977, 1983). 

The  Litharachnium -type  (Figure  10-3)  confirmed  also  by 
Cachon  and  Cachon  (1971)  has  a  nucleus  that  is  below  the 

axoplast  and  surrounded  by  numerous  bundles  of  mi- 
crotubules extending  downward  from  the  axoplast.  The 

Spirocyrtis -type  (Figure  19-4)  discovered  by  Sugiyama  and 
Anderson  (1997b)  has  a  somewhat  similar  structure  to  the 

Acanthodesmia-type  since  both  the  types  do  not  have  the 
nucleus  on  the  axis  of  the  central  capsule.  However,  the 
former  is  easily  distinguished  from  the  latter,  since  the 

axoplast  is  far  from  the  nucleus.  The  axoplast  and  sub- 
jacent conical  podoconus  in  Spirocyrtis  scalaris,  the  type 

species  of  the  genus,  are  situated  at  the  céphalothorax  that 
is  the  center  of  the  lobated  central  capsule.  The  nucleus  is 
situated  in  one  of  the  branched  lobes  below  the  thorax. 

The  Eucyrtidium -type  (Figure  10-5)  is  characterized  by 
having  an  axoplast  immediately  below  the  nucleus  whose 
base  is  often  concave.  Both  the  axoplast  and  nucleus  are 

within  the  cephalis.  This  type,  including  theoperids,  ptero- 
corythids  and  most  lophophaenids,  was  first  illustrated  by 
Cachon  and  Cachon  (1971)  in  their  study  of  the  cytoplasmic 

organization  of  Spongomelissa  sp.  and  "Eucyrtidium  cienk- 
owskii"  (misidentification  of  Pterocorys  species,  probably  P. 
zancleus).  Cachon  and  Cachon  (1971)  also  presented  some 
significant  gross  cytoplasmic  structures  of  Paracystidium 

spiculosum  and  Pseudocubus  obeliscus  (Cachon  and  Ca- 
chon, 1971,  figs.  1a,  c).  These  two  species  do  not  have  a 

lobated  central  capsule,  but  the  nucleus-axoplast  relation- 
ship is  quite  homologous  to  that  of  Spongomelissa  sp.  and 

"Eucyrtidium  cienkowskii."  Because  lobation  of  the  central 
capsule  seems  to  be  related  probably  to  multisegmentation 
of  the  shell,  the  feature  is  minor  and  not  so  important  for 

considering  taxonomic  problems  of  suprageneric  categories. 
Therefore,  the  cytoplasmic  organizations  of  Spongomelissa 

sp.,  "Eucyrtidium  cienkowskii",  Paracystidium  spiculosum  and 
Pseudocubus  obeliscus  shown  by  Cachon  and  Cachon  (1971) 

can  be  united  into  one  group  as  the  Eucyrtidium  -type. 

4.    Conclusion 

Based  on  the  fusule  and  capsular  wall  structures  of  living 
Acanthodesmia  vinculata  and  Lithocircus  reticulatus,  it  seems 
quite  reasonable  that  they  should  be  separated  from  the 
Cyrtida  and  classified  with  the  Spyrida,  which  indicates  that 

it  is  not  appropriate  to  treat  the  latter  as  a  family-level  taxon 
such  as  Acanthodesmiidae  and  Trissocyclidae.  The 
Spyrida  can  be  subdivided  into  more  than  two  families  or 
superfamilies  based  on  the  arrangement  of  the  fusules.  We 
must  pay  attention  for  the  fusule  arrangement  of  L. 

reticulatus  that  is  not  typical  for  nassellarians,  which  sug- 
gests that  the  traditional  diagnosis  of  nassellarians  needs 

redefinition. 

In  the  nucleus-axoplast  relationship  that  seems  to  be 
useful  for  second-order  classification  of  nassellarians,  we 

can  recognize  two  types  in  the  Spyrida  (e.g.,  Lithocircus-  and 
Acanthodesmia-types)  and  four  types  in  the  Cyrtida 

(Acanthodesmia-,  Litharachnium-,  Spirocyrtis-  and  Eucyrti- 
dium-types)  at  the  present.  The  number  of  the  types  will 

likely  be  increased  by  subsequent  examinations,  and  further 

extensive  studies  are  necessary  to  clarify  the  detailed  rela- 
tionship between  cytological  and  skeletal  structures.  Here, 

the  most  important  thing  we  need  to  consider  now  is  the 

existence  of  the  same  type  of  nucleus-axoplast  relationship 
(i.e.,  Acanthodesmia-type)  in  both  the  Spyrida  and  Cyrtida  as 
mentioned  above.  This  means  that  the  same  pattern  of 

nucleus-axoplast  relationship  can  occur  even  in 
phylogenetically  independent  lineages  separated  at  the  level 

of  the  family  category.  This  indicates  further  how  conver- 
gence can  occur,  possibly  many  times  over,  during  the  long 

evolutionary  history  of  radiolarians.  Therefore,  we  have  to 
be  very  cautious  about  accepting  one  line  of  evidence  as 

authoritative,  and  need  to  synthesize  all  available  informa- 
tion, based  on  cytology,  skeletal  morphology  and  stratigrapic 

data  from  continuous  fossil  records,  in  order  to  check  for 

convergent  evolution  and  thereby  construct  a  consistent  and 
natural  classification  of  nassellarians. 
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Abstract.  Sharpeiceras  mexicanum  (Böse,  1928)  has  been  recently  found  in  a  mudstone  unit  of  Hirotomi 

in  the  Monbetsu  Valley,  south -central  Hokkaido.  It  possesses  the  adult  body  chamber,  which  has  not 
been  well  shown  in  the  hitherto  described  specimens  of  this  species.  Sharpeiceras  kikuae  Matsumoto 
and  Kawashita,  1995  is  redescribed  in  this  paper,  since  it  was  established  as  an  appendix  to  a  stratigraphie 
paper  written  in  Japanese  and  seems  to  have  been  little  noticed.  It  came  from  a  mudstone  member  in 
the  lower  part  of  the  Middle  Yezo  Subgroup  in  the  Oyubari  area,  central  Hokkaido.  It  is  somewhat  similar 
to  S.  florencae  Sapth  but  has  a  wider  umbilicus,  less  crowded  ribs  on  the  septate  whorls  and  more 
distinctly  separated  two  lateral  tubercles.  In  these  respects  it  seems  to  resemble  S.  mocambiquense 
(Choffat),  but  the  available  material  is  insufficient  for  exact  comparison.  The  two  species  described 
indicate  an  early  Cenomanian  age  for  the  fossiliferous  mudstone. 

Key  words  :  Adult  body  chamber,  Cenomanian,  Hokkaido,  Sharpeiceras  kikuae,  Sharpeiceras  mex- 
icanum. 

Introduction 

In  this  paper  two  ammonite  species  of  the  genus  Shar- 
peiceras recently  acquired  by  one  of  us  (Y.K.)  are  described. 

They  were  found  independently  from  two  separate  areas  in 

Hokkaido,  but  they  are  valuable  for  taxonomy  and  for  bio- 
stratigraphic  correlation. 

Repository.— The  specimens  from  Hokkaido  described  in 
this  paper  are  housed  in  the  following  institution  or  collection, 

with  abbreviation  at  the  heading  ; 

MCM  :  Mikasa  City  Museum,  Mikasa  068-2111 
YKC:  Yoshitaro  Kawashita  Collection,  temporarily  in  his 

residence  (Tomatsu-Chiyoda,   Mikasa  068-2134), 
but  eventually  to  be  transferred  to  some  institutions 

The  numbering  of  YKC  refers  to  the  date  of  acquisition,  e.g., 

060625=25  June  1994   [the  first  two  digits  refer  to  the 
Japanese  era  year,  Heisei  6] . 

Palaeontological  description 

Family  Acanthoceratidae  Grossouvre,  1894 
Subfamily  Mantelliceratinae  Hyatt,  1903 

Genus  Sharpeiceras  Hyatt,  1903 

Type  species.— Ammonites  laticlavius  Sharpe,  1855. 
Remarks.— General  accounts  of  this  genus  have  been 

given  by  several  authors,  e.g.,  Matsumoto  et  al.  (1969),  Wright 
and  Kennedy  (1984),  Howarth  (1985)  and  Wright  (1996).  The 
genus  occurs  in  the  Lower  Cenomanian,  but  its  accurate 
relationships  with  other  genera  have  yet  to  be  worked  out. 
In  some  of  the  hitherto  described  species,  the  characters  of 
the  adult  body  chamber  are  not  sufficiently  known. 

Sharpeiceras  mexicanum  (Böse,  1928) 

Figures  1  and  2 

Mantelliceras  laticlavium  (Sharpe)  var.  mexicanum  Böse,  1928,  p. 
253,  pi.  10,  fig.  6;  pi.  11,  fig.  1. 

Sharpeiceras  mexicanum  (Böse),  Young  and  Powell,  1976,  p.  19, 
pi.  7,  figs  1, 3  ;  Mancini,  1982,  p.  254,  fig.  6e  ;  Howarth,  1985, 
p.  88,  figs  20,  23. 

'Sharpeiceras  laticlavium  var.  mexicanum'  (Böse,  1928),  Wright 
and  Kennedy,  1987,  p.  128,  text-fig.  31. 

Holotype.—A  specimen  described  by  Böse,  1928  (see 
above)  from  the  Buda  Limestone  of  Mexico,  by  monotypy. 

Material—  MCM  T260  [  =  previous  YKC  080416A]  (Figure 
1)  and  another  incomplete  specimen  [YKC  060625]  from  the 

Chennai-zawa,  southern  branch  of  the  Monbetsu  River  near 
Hirotomi.  For  the  location  readers  may  refer  to  Matsumoto 
et  al.  (1997,  fig.  1). 

Description.— MCM  T260  is  large  and  preserves  the  body 
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Figure  1.  Sharpeiceras  mexicanum  (Böse).  MCM  T260  [= previous  YKC  080416A]  from  the  Chennai-zawa, 
a  branch  of  the  Monbetsu  River.  Back  (A)  and  left  side  (B)  views,  X0.5.  Arrow  mark  indicates  the  beginning  of 
body  chamber.    Bar  scale  :  20  mm.    Photos  by  K.  Shinohara. 

chamber  for  more  than  a  quarter  whorl,  but  its  right  side  and 
its  ventral  part  is  more  or  less  eroded  and  partly  destroyed. 
In  spite  of  the  incomplete  preservation,  it  shows  to  some 
extent  important  characters  of  the  species. 

Should  the  body  chamber  be  assumed  as  half  a  whorl  as 
in  other  well  preserved  specimens  of  Sharpeiceras,  the  entire 
shell  diameter  would  be  more  than  300  mm,  i.e.  nearly  as 
large  as  S.  kongo  Matsumoto,  Muramoto  and  Takahashi, 
1969  (p.  261,  pi.  29,  fig.  1  ;  pi.  30,  fig.  1). 

The  shell  is  rather  evolute,  but  the  rate  of  whorl  expansion 
is  fairly  high.  The  umbilical  ratio  (U/D)  is  moderate  at 

maturity  (0.36-0.37)  but  is  low  in  earlier  stages  (^0.30; 
Table  1).  Whorl  section  is  subrectangular,  higher  than  broad 

and  roughly  parallel-sided,  with  an  abruptly  bent  umbilical 
shoulder  and  a  low  but  nearly  vertical  umbilical  wall  (Figure 
2). 

On  the  inner  whorl  ribs  are  numerous  and  dense,  with 

frequent  bifurcation  at  the  umbilical  tubercle  or  with  inter- 
calation at  variable  distance  from  the  umbilical  edge  (Figure 

1).  Each  rib  has  also  mid- lateral,  outer  and  inner 
ventrolateral  tubercles.  Many  ribs  are  gently  flexuous  or 

weakly  bent  at  the  tubercle,  but  some  are  weakly  prorsi- 
radiate  or  nearly  rectiradiate.  In  the  late  part  of  the  septate 
stage,  for  about  half  a  whorl,  the  ribs  become  single  and 
gradually  separated.  On  the  adult  body  chamber  the  ribs 
are  strong,  thick  and  distantly  spaced,  but  some  of  them 
continue  to  be  weakly  flexuous  ;  the  tubercles  also 
strengthen.  The  umbilical  tubercles  on  the  main  part  of  the 
body  chamber  are  spinose  and  upright,  as  is  observable  on 
YKC  060625  (Figure  2).  The  lateral  tubercles  are  bullate  ; 
the  rounded  inner  and  clavate  outer  ventrolateral  tubercles 

tend  to  share  a  common  base,  but  are  not  completely  united 
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Table  1.    Measurements  of  Sharpeiceras  mexicanum  (above)  and  S.  laticlavium  (below). 

Specimen D U U/D H H/D B B/D B/H H/h 

MCM  T260  (E) 

—270 

96.0 .36 117.0 
.43 

88.0 
.33 

75 
1.75 

MCM  T260  (LS,  ic) 

~212 
78.0 .37 86.0 .41 

~64 

.30 74 

—  1.79 

HT  (Böse) 119.8 36.3 .30 54.8 .46 

~38 

.32 .69 - 

Howarth,  fig.  20 127.0 34.0 .27 
55.4 

.44 38.2 .30 .69 1.47 

Mancini - - - 46.5 - 
34.1 

- .73 - 

HT  (E,  c)* 
130 

34 
.26 59 .45 50 .38 

.85 1.45 

D  =  diameter,  U=width  of  umbilicus,  H  =  whorl  height,  B=whorl  breadth,  h=whorl  height  at  half  a  whorl  back  from 
measured  H,  HT=holotype,  E  =  preserved  end,  LS=last  septum,  c=costal,  ic  =  intercostal,  ~= approximate, 

Linear  dimensions  in  mm.     *  Measured  by  T.M. 

Figure  2.  Sharpeiceras  mexicanum  (Böse).  Restored 

cross-section  of  the  adult  body  chamber,  based  on  MCM 
T260  and  YKC  060625.    Bar  scale  :  20  mm. 

and  not  horned. 

The  suture  is  partly  observable. 
Dimensions.— See  Tablet 

Comparison  and  discussion.— The  characters  of  the  inner 
whorl  of  the  specimens  described  above  are  well  compa- 

rable with  those  of  the  holotype  and  other  examples  of 
Sharpeiceras  mexicanum  from  Mexico  (Böse,  1928),  Texas 
(Young  and  Powell,  1976;  Mancini,  1982)  and  Angola 
(Howarth,  1985).  In  these  hitherto  reported  specimens  the 
characters  of  the  adult  body  chamber  were  not  well  shown. 

Mancini's  specimen  shows  the  change  in  the  mode  of 
ribbing  from  the  dense  and  bifurcated  or  intercalated  state 
on  the  younger  whorl  to  the  single,  gradually  separated  state, 

but  it  lacks  the  body  chamber.  In  our  specimen  a  similar 
change  of  ornament  is  observable  in  the  late  part  of  the 

phragmocone,  and  on  the  adult  body  chamber  the  ribs 
strengthen  and  become  widely  spaced. 

The  holotype  of  Sharpeiceras  laticlavium  (Sharpe,  1855,  p. 

31,  pi.  14,  fig.  1)  (refigured  by  Wright  and  Kennedy,  1987,  pi.  41, 
fig.  4),  which  one  of  us  (T.M.)  examined  in  London,  is  a  wholly 
septate  internal  mould  and  130  mm  in  diameter.  One  of  the 
figured  specimens  of  S.  mexicanum  from  Angola  (Howarth, 
1985,  fig.  20)  is  similar  to  that  holotype  in  lateral  view  of  the 

shell  shape  and  the  rib  density.  The  holotype  of  S.  mexi- 
canum, as  illustrated  by  Wright  and  Kennedy  (1987,  text-fig. 

31),  seems  to  have  somewhat  more  crowded  ribs.  Thus, 
Böse  may  have  been  reasonable  in  regarding  the  specimen 

from  Mexico  as  a  variety  of  Sharpe's  species.  There  is, 
however,  a  considerable  difference  in  the  proportion  of  B/H  ; 

namely,  0.69  in  the  specimens  of  Böse  and  Howarth  as 

compared  with  0.84  in  Shape's  holotype  (See  Table  1). 
Furthermore,  the  ribs  in  the  early  growth  stages  are  frequent- 

ly bifurcated  at  the  umbilical  bullae  or  have  intercalated  ones 
and  are  often  gently  sinuous  in  S.  mexicanum.  In  contrast 
they  are  mostly,  if  not  exclusively,  single  and  straight  in  S. 
laticlavium.  In  these  respects  of  the  ribbing  in  earlier  growth 

stages  our  specimen  from  Hokkaido  is  certainly  identical 
with  S.  mexicanum. 

The  ratio  of  B/H  in  the  measured  parts  of  Mancini's  and 
Hokkaido  specimens  is  somewhat  higher  (0.71-0.75)  than 

that  of  Böse's  holotype  (0.69),  but  this  is  for  the  whorl  of  later 
growth  stages.  It  is  undoubtedly  lower  than  B/H  value  at 
the  last  part  of  the  holotype  of  S.  laticlavium. 

We  do  not  know  the  ornament  on  the  adult  body  chamber 

of  Sharpe's  holotype.  Hyatt's  specimen  illustrated  by  Wright 
and  Kennedy  (1987,  text-fig.  30)  shows  a  near-adult  phrag- 

mocone plus  the  beginning  of  the  body  chamber  of  S. 
laticlavium.  More  recently  Marcinowski  et  al.  (1996,  pi.  13, 

fig.  1)  have  illustrated  a  fine  specimen  of  S.  laticlavium  from 
the  Lower  Cenomanian  of  Kazakhstan,  in  which  the  adult 

body  chamber  is  fully  preserved.  In  these  two  examples  of 
late  growth  stage  the  ribs  very  gradually  become  coarser  and 
are  separated  by  interspaces  slightly  wider  than  the  ribs.  In 
our  specimen  of  S.  mexicanum  the  ribs  are  much  stronger 
and  more  distantly  spaced  at  the  corresponding  growth 
stage. 

Strictly  speaking,  the  available  material  from  a  particular 
stratigraphie  unit  of  a  given  area  is  not  sufficient  for  forming 
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an  adequate  concept  of  a  species.  Tentatively,  S.  mexi- 
canum  is  regarded  as  allied  to  but  distinct  from  S.  laticlavium. 

S.  mexicanum  is  undoubtedly  more  compressed  and 
shows  a  higher  rate  of  whorl  expansion  than  S.  florencae 
Spath,  1925  (p.  198,  p.  37)  (see  also  Howarth,  1985).  The 
latter  has  more  rigid  ribs  and  stronger  tubercles  ;  of  which 
the  ventrolateral  ones  on  the  adult  body  chamber  may 
become  horn-like. 

Occurrence— Iks  for  material.  The  Upper  Cretaceous 
sequence  in  the  Hirotomi  area  of  the  Monbetsu  Valley  is 
provisionally  subdivided  into  Members  A1,  A2,  B,  CI,  C2,  and 

D  by  A.  Inoma  (personal  information),  as  indicated  by  Mat- 
sumoto et  al.  (1997,  fig.  1).  The  specimen  described  above 

came  from  Member  A1  (mudstone)  in  the  Chennai-zawa,  a 
short  branch  rivulet  of  the  Monbetsu  River,  southern -central 
Hokkaido.  Desmoceras  (Pseudouhligella)  japonicum  Yabe, 
Parajaubertella    kawakitana    Matsumoto    and    Gabbioceras 

yezoense  Shigeta  are  among  the  main  associates.  Member 
A1  is,  hence,  most  probably  assignable  to  the  Lower 
Cenomanian. 

Outside  Japan,  S.  mexicanum  has  been  recorded  from  the 
Lower  Cenomanian  of  Mexico  (Buda  Limestone),  Texas 
(Buda  Limestone  and  Grayson  Formation)  and  Angola. 

Sharpeiceras  kikuae  Matsumoto  and  Kawashita,  1995 

Figures  3  and  4 

Sharpeiceras  kikuae  Matsumoto  and  Kawashita,  In  Nishida  et  al., 
1995,  Appendix,  p.  186,  pi.  5,  figs.  1a,  b. 

Remarks.— This  species  was  established  in  an  appendix  to 
a  stratigraphie  paper  of  Nishida  et  al.  (1995)  written  in 
Japanese.  Although  the  palaeontologic  description  was  in 
English,  it  seems  to  have  been  little  noticed.    For  this  reason 

Figure  3.  Sharpeiceras  kikuae  Matsumoto  and  Kawashita.  Holotype,  MCM  T244  [  =  previous  YKC  0606281 
from  loo  Y5091,  Oyubari  area.  Back  (A)  and  left  side  (B)  views,  X0.375.  Arrow  mark  same  as  in  Fig.1.  Bar 
scale  :  40  mm.     Photos  by  K.  Shinohara. 
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this  species  is  redescribed  and  supplemented  herein,  in 
agreement  with  the  Editor  and  the  senior  author  (T.  Nishida) 
of  the  original  paper. 

Material.— Holotype  is  MCM  T244  [  =  previous  YKC 
060628]  (Figures  3  and  4A)  obtained  at  loc.  Y5091  on  the 
right  side  of  the  Shirakin  River  of  the  Oyubari  area,  central 
Hokkaido.  It  was  embedded  in  a  stratum  of  mudstone  at 

about  the  middle  (horizon  Y5091B)  of  the  outcrop  as  long  as 
70  m.  Also  two  other  fragmentary  pieces  of  a  large  body 
chamber  [YKC  090523]  (Figure  4B)  are  in  the  subsequent 
acquisition  by  Y.K.  at  loc.  S901,  left  side  of  the  same  river, 
about  700  m  upstream  from  loc.  Y5091.  The  above  two 

localities  are  indicated  in  a  paper  by  Nishida  et  al.  (1993,  figs. 

1, 4).  The  Shirakin  River  is  called  the  synonymous  Hakkin- 
zawa  in  that  paper. 

Diagnosis.— Shell  very  large,  rather  evolute  and  ornament- 
ed by  moderately  to  fairly  widely  spaced,  strong,  rectiradiate 

ribs  on  the  outer  whorl  ;  each  rib  provided  with  two  lateral 
tubercles.  The  main  part  of  the  adult  body  chamber 
suboval  in  section,  with  somewhat  convex  flanks  and  sloping 
umbilical  wall  ;  septate  whorl  subrectangular  in  section. 

Description— The  shell  is  very  large,  showing  a  fairly  wide 
umbilicus,  evolute  coiling  and  a  rather  moderate  rate  of  whorl 
expansion  (Figure  3).  The  septate  whorl  is  subrectangular  in 
section,  somewhat  higher  than  broad  :  the  body  chamber, 
which  occupies  half  a  whorl,  is  ovate  in  intercostal  section 
with  somewhat  convex  flanks  and  sloping  umbilical  wall 
(Figure  4A,  B). 

The  ribs  on  the  late  part  of  the  phragmocone  and  the  adult 
body  chamber  are  mostly  single,  strong,  rectiradiate  and 
moderately  to  fairly  widely  separated.  The  umbilical  bulla  is 
pointed  at  the  umbilical  edge  ;  the  two  lateral  tubercles  are 

bullate,  with  the  normal  one  at  about  the  mid-flank  and  the 
smaller  one  on  the  outer  flank  ;  the  inner  ventrolateral  tuber- 

cle is  the  most  prominent  and  the  outer  one  is  clavate  ;  they 
are  somewhat  thickened  and  on  the  body  chamber  tend  to 
have  a  common  base  (Figure  4B).  The  ribs  and  tubercles 
are  strongest  in  the  middle  part  of  the  body  chamber.  A  few 
ribs  on  the  adorai  part  of  the  body  chamber  are  narrower  and 
less  strong  (Figure  3). 

The  ornamentation  of  the  inner  whorl  is  not  well  shown 

because  of  the  poor  preservation.  The  ribs  seem  to  be 
somewhat  denser  and  narrower. 

The  sutures  are  exposed  here  and  there  and  follow  the 
general  pattern  of  Sharpeiceras. 

Dimensions. —See  Table  2. 

Comparison  and  discussion— \n  the  stout  ornament  and 
the  general  outline  of  the  whorl  section  this  species  is  similar 
to  Sharpeiceras  florencae  Spath  (1925,  p.  198,  pi.  37),  from 
Mozambique,  Angola  and  other  regions  (see  Howarth,  1985, 
p.  88),  but  it  has  a  distinctly  wider  umbilicus.  Its  adult  body 
chamber  is  oval  in  section  instead  of  the  thickly  rectangular 
one  of  S.  florencae.  The  two  lateral  tubercles  are  very  clear 
in  S.  kikuae,  in  contrast  to  one  lateral  tubercle  in  the  holotype 
of  S.  florencae.  An  example  illustrated  by  Howarth  (1985,  fig. 
17)  seems  to  show  a  tendency  to  the  doubling  of  a  lateral 
tubercle,  but  that  is  by  no  means  distinct. 

On  the  grounds  of  the  above  comparison,  we  have  regard- 
ed the  described  specimen  as  a  species  which  is  allied  to 

but  distinct  from  S.  florencae. 

S.  kikuae  may  be  allied  to  S.  mocambiquense  [=Acantho- 
ceras  laticlavium  var.  mocambiquensis  Choffàt,  1903,  p.  25,  pi. 

4,  fig.  3  ;  pi.  7,  fig.  2]  in  the  large  size  and  the  two  lateral 

tubercles.  The  specimen  from  Mozambique  is  flat-sided, 
whereas  our  specimen  has  somewhat  convex  sides  and 
coarser  and  stronger  ornament  from  a  late  septate  stage 
onward.  With  respect  to  the  measured  proportions  of  U/D 
(Table  2)  S.  mocambiquense  is  more  similar  to  S.  florencae 
than  to  S.  kikuae,  but  the  former  seems  to  be  allied  to  S. 
schlueteri  Hyatt  (see  Wright  and  Kennedy,  1987,  p.  130).  At 
any  rate  the  available  material  is  insufficient  for  a  definite 
conclusion. 

Occurrence.— As  for  material.  Loc.  Y5091  is  an  outcrop  of 
steeply  inclined  dark  gray  mudstone  with  some  intercalated 
thin  layers  of  sandstone  for  a  distance  of  70  m  on  the  right 
side  of  the  Shirakin  River.  The  exposed  part  is  assigned  to 
the  lower  part  of  the  Middle  Yezo  Subgroup.  Desmoceras 

(Pseudouhligella)  cf.  japonicum  occurs  commonly  there.  In 
the  eastern  part  of  the  outcrop  Inoceramus  aff.  reachensis 

Etheridge  (see  Nishida  et  al.,  1993,  pi.  6,  fig.  1)  occurs  com- 
monly. The  exposed  part  is,  thus,  probably  the  Lower 

Cenomanian.  Loc.  S901  on  the  eastern  limb  of  an  anticline 

is  nearly  at  the  same  stratigraphie  level  as  loc.  Y5091  and 

"Sharpeiceras  aff.  vohipalense  Collignon"  was  reported  to 
occur  there  (Matsumoto  and  Suekane,  1987,  p.  3,  pi.  1,  figs.  1- 

3);  also  Inoceramus  aff.  reachensis  [  —  "I.  virgatus  Schlüter" 

Table  2.    Measurements  of  Sharpeiceras  kikuae  (above)  and  three  other  species. 
S.  mocambiquense. 

I  :  S.  florencae,  II  :  S.  schlueteri,  and 

Specimen D U U/D H H/D B B/D B/H H/h R 

MCM  T244  (M,  c) 

~348 

140 .40 
128 

.37 

~96 

.28 

.75 

1.60 12 

I.  HT  (E,  c)* 

I.  HT  (LS,  ic)* 
Howarth,  fig.  15 

220 —165 69 

56 
.31 
.34 

86 

63 79 

.39 

.38 
54 

63.5 

.33 .86 

.80 

1.32 

1.37 

9 

13 

>9 

II.    LT(~) 348 135 .39 123 .35 102 .29 .83 1.37 13 

III.  HT  (E-15CT,  ic) 350 100 .29 132 
.38 

96 .27 .73 1.38 12 

M  =  at  the  middle  of  the  adult  body  chamber;  LT=lectotype,  R=number  of  ribs  per  half  a  whorl.    Other  abbreviations 
same  as  in  Table! 

*  Measurements  on  the  illustration  of  Spath  (1925,  pi.  37).    They  are  not  quite  conformable  with  his  indication  (op.  cit.,  p. 
198)  of  relative  proportions. 
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Figure  4.  Sharpeiceras  kikuae  Matsumoto  and  Kawa- 
shita. A  :  Diagrammatic  section  of  the  holotype  across  the 

middle  part  of  the  adult  body  chamber  (above)  and  that  of  the 
septate  part  half  a  whorl  adaptically  from  it.  B  :  Sectional 

view  (sketch)  of  a  fragmentary  piece  (left  half)  of  a  large  body 
chamber  [YKC  090523]  from  loc.  S901,  showing  the  convex 
flank  and  the  disposition  of  the  tubercles.    Bar  scale  :  20  mm. 

of  Matsumoto  et  al.  (1987,  fig.  8-2  only)]  was  found  at  a 
nearby  locality. 
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Abstract.  This  paper  focuses  on  ceratoikiscid  radiolarians  from  the  Devonian  Nakahata  Formation  of  the 
Yokokurayama  Group  in  the  Kurosegawa  Terrane.  The  fauna  is  assigned  to  the  Emsian  to  Eifelian  (late 
Early  to  early  Middle  Devonian).  There  are  13  species  of  radiolarians,  including  4  new  species,  which 
belong  to  the  genera  Ceratoikiscum,  Glanta,  Protoholoeciscus,  Circulaforma  and  Helenifore.  The 
morphology  and  stratigraphie  distribution  of  the  genera  suggest  that  Protoholoeciscus  evolved  from 
Ceratoikiscum  via  Glanta  with  the  process  of  acquisition  of  shell. 

Key  words  :  Ceratoikiscidae,  Early  to  Middle  Devonian,  Kurosegawa  Terrane,  Radiolaria,  Yokokurayama Group 

Introduction 

Ceratoikiscidae  characterized  by  triangular  skeletal  frame- 
work is  one  of  the  guide  taxa  for  Middle  Paleozoic  radiolarian 

biostratigraphy.  In  recent  years,  many  species  of  Late 
Devonian  Ceratoikiscidae  have  been  described  from  various 
localities  of  the  world  and  keen  interest  has  been  focused  on 

setting  up  the  Upper  Devonian  radiolarian  zones  (Cheng, 
1986;  Schwartzapfel  and  Holdsworth,  1996).  From  the 
Lower  to  Middle  Devonian,  reports  of  occurrences  of 

Radiolaria  have  quite  recently  been  accumulating  (Wa- 
kamatsu  et  al.,  1990  ;  Umeda,  1996,  in  press  b  ;  Stratford  and 
Aitchison,  1997).  Four  Lower  to  Middle  Devonian  radiolarian 
zones  are  proposed  from  the  Kurosegawa  Terrane  (Umeda, 
in  press  a).  However,  paleontological  research  of  Early  to 
Middle  Devonian  Ceratoikiscidae  is  still  insufficient. 

Many  species  of  Ceratoikiscidae,  belonging  to  the  genera 
Ceratoikiscum,  Glanta,  Protoholoeciscus,  Circulaforma  and 
Helenifore,  were  found  from  the  Lower  to  Middle  Devonian 
Nakahata  Formation  of  the  Yokokurayama  Group  in  the 
Kurosegawa  Terrane.  The  radiolarians  are  described  and 
phylogenetic  significances  of  these  species  are  discussed  in 
this  paper. 

Well-preserved  radiolarians  were  obtained  from  some 
horizons  of  the  sections  examined  in  this  study  (Figures  5, 7, 
8).  The  studied  radiolarians  are  listed  in  Tablet  The 
collected  rock  samples  were  put  into  a  bowl  with  5%  HF 
solution  for  24  hours.  The  residues  were  gathered  on  a  200 
mesh  sieve.     Radiolarians  were  picked  with  a  very  fine 

brush  under  a  binocular  microscope,  and  observed  with  a 

scanning  electoron  microscope.  Type  and  figured  speci- 
mens are  registered  and  deposited  in  the  Department  of 

Geosciences,  Osaka  City  University. 

Geologic  setting 

The  Kurosegawa  Terrane  of  the  Outer  Zone  of  Southwest 
Japan  is  situated  as  a  klippe  upon  the  Jurassic  accretionary 

complex  of  the  Chichibu  Belt  (Figure  1- A).  Paleozoic  un- 
metamorphosed  sedimentary  strata  are  widely  distributed  in 

the  Kurosegawa  Terrane.  Siluro-Devonian  strata  have 
been  known  from  the  Yokokurayama  area  (Figure  1-B)  and 
were  named  as  the  Yokokurayama  Group  (Hirata,  1966). 

The  Yokokurayama  Group  is  subdivided  into  six  forma- 
tions, namely  the  Gomi,  Fukata,  Ichiyama,  Joryu,  Nakahata 

and  Ochi  formations  in  ascending  order  (Umeda,  1998).  The 

Nakahata  Formation  consists  of  acidic  tuff,  mudstone,  tuf- 
faceous  sandstone  and  conglomerate.  Rock  samples  for 
radiolarian  research  were  collected  from  the  acidic  tuff  and 

mudstone  layers  of  Sections  A,  B  and  C  in  the  Nakahata 
Formation  (Figures  2,  3). 

Estimated  thickness  of  Section  A  is  about  23  m.  Section 

A  consists  of  acidic  tuff  layers  and  tuffaceous  sandstone 
layers  (Figures  3, 4).  The  acidic  tuff  layers  are  composed  of 
vitric  tuff  layers  of  3  to  7  cm  thickness,  and  are  rhythmically 
interbedded  with  tuffaceous  mudstone  layers.  Color  of  the 
tuff  is  green,  dark  green,  gray  and  red.  A  single  tuffaceous 
mudstone  layer  ranges  from  several  millimeters  to  several 
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Figure  1.    Index  map  showing  the  study  area. 
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Figure  2.    Geologic  map  and  distribution  of  the  examined 
sections. 

centimeters  thick  and  the  color  is  white,  yellow,  light  red  and 

dark  red.  The  tuffaceous  sandstone  is  light  green  and  fine- 
to  medium-grained.  Section  B,  about  4  m  thick,  is  com- 

posed of  dark  red  mudstone  layers  and  green  to  red  vitric  tuff 
layers.  Estimated  thickness  of  Section  C  is  about  6  m. 
Rocks  of  Section  C  consist  of  light  green  vitric  acidic  tuff 

layers  and  tuffaceous  sandstone  layers.  A  bed  of  the  tuff  is 
5  to  20  cm  in  thickness.  Parallel  laminations  are  commonly 
observed  in  acidic  tuff  and  tuffaceous  sandstone  layers. 
The  acidic  tuff  and  mudstone  include  many  radiolarian 

remains  and  sponge  spicules.  The  reddish  vitric  tuff  com- 
prises volcanic  glasses  in  abundance. 

Radiolarian  zones  and  age 

Four  Early  to  Middle  Devonian  radiolarian  zones,  namely 
the  Futobari  solidus,  Trilonche  (?)  sp.  A,  Glanta  fragilis  and 
Protoholoeciscus  hindea  zones  in  ascending  order,  have 
been  proposed  recently  (Umeda,  in  press  a).  The  lower  part 
of  Section  A  (2F  to  3A)  and  the  lower  to  middle  part  of 
Section  B  (37C  and  37D)  are  assigned  to  the  G  fragilis  Zone. 
The  upper  part  of  Section  A  (3B  to  3N)  and  the  upper  part  of 
Section  B  (37E)  are  assigned  to  the  Pr.  hindea  Zone. 
Protoholoeciscus  triangularis  (Wakamatsu,  Sugiyama  and 
Furutani)  and  Glanta  yokokurayamaensis  sp.  nov.  in  Section  C 

possess  bladed  rods,  while  the  rods  of  Glanta  and  Proto- 
holoeciscus in  Sections  A  and  B  are  circular  in  cross  section. 

Bladed  rods  can  be  regarded  as  a  rather  evolved  feature 
(Nazarov  and  Ormiston,  1985).  This  evidence  suggests  that 
Section  C  is  situated  at  a  higher  stratigraphie  level  than  the 
Pr.  hindea  Zone.  The  G.  fragilis  Zone  is  assigned  to  the 

Emsian  to  Eifelian  (late  Early  Devonian-early  Middle 
Devonian)  and  the  Pr.  hindea  Zone  to  the  Eifelian. 

Systematic  paleontology 

Subclass  Radiolaria  Müller,  1858 

Order  Polycystina  Ehrenberg,  1838,  emend.  Riedel,  1967 
Suborder  Albaillellaria  Deflandre,  1953,  emend.  Holdsworth, 

1969 

Family  Ceratoikiscidae  Holdsworth,  1969 
Genus  Ceratoikiscum  Deflandre,  1953 
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Figure  3.    Columnar  sections  of  the  examined  sections 
showing  lithologie  and  sampling  horizons. 

Ceratoikiscum  lyratum  Ishiga,  1988 

Figures  5-1—3 

Ceratoikiscum    lyratum    Ishiga,   1988,    p.  74,    pi.  1,   figs.  4-5  ; 
Ishiga,  1992,  p.  392-395,  fig.  9, 1-6  ;  Aitchison,  Hada,  Ireland 
and  Yoshikura,  1996,  p.59,  pi.  1-3,  4;  3-4,5;  Umeda,  1997, 
p.  21,  pi.  1,  figs,  15-18,  pi.  3,  figs,  10-13. 

Ceratoikiscum  vimineum  Wakamatsu,  Sugiyama  and  Furutani, 

1990,  p.  179-180,  pi.  11,  figs.  1-5  ;  Furutani,  1996,  fig.  7,  6. 
Ceratoikiscum  sp.  Aitchison,  Hada  and  Yoshikura,  1991,  fig.  3, 

A-B. 

Material.— Ten  specimens  from  2F,  3A,  31,  3N  in  Section  A, 
37C  and  37D  in  Section  B  and  15E  in  Section  C. 

Remarks.— This  species  possesses  a  developed  patagium 
and  long  and  slender  extratriangular  rods. 

Range  and  occurrence.— Late  Silurian  to  Middle  Devonian 
time.  The  Upper  Silurian  and  Lower  Devonian  in  the 
Konomori  area,  central  Kochi  (Ishiga,  1988,  1992  ;  Aitchison 
et  al.,  1991, 1996  ;  Umeda,  1997)  and  the  Nakahata  Formation 

in  the  Yokokurayama  area  (Wakamatsu  et  al.,  1990  ;  Furu- 
tani, 1996),  both  in  the  Kurosegawa  Terrane,  Southwest 

Japan. 

Ceratoikiscum  turgidum  sp.  nov. 

Figures  5-4,  5 

Diagnosis. —This  species  is  characterized  by  a  well-devel- 
oped lamellar  patagium  with  a  porous  swell  around  the 

junction  of  a-  and  i-rods. 
Description.— A  distinctive  swell  is  thick  and  spongy. 

Pores  on  the  swell  are  circular  to  oval.  Lamellar  patagium 
is  perforated  and  developed  in  horizontal  plane.  A.t,  b.t. 
and  i.t.  (see  Figure  6)  rim  the  interior  sides  of  the  lamellar 
patagium.  Central  opening  is  subtriangular  to  suboval. 

Patagial  tissue  is  weakly  developed  around  the  junction  of  b- 
and  i-rods.  A-  and  b-rods  are  curved  and  i-rod  is  much 
straighten  A.a.  and  b.d.  are  sturdy  and  long.  B.v.  and  i.v. 
are  short  and  rather  conical.  All  rods  are  circular  in  cross 
section.    Caveal  ribs  remain  uncertain. 

Measurements.— Measured  features  are  shown  in  Figure 
6-a 

Length  of  w.c.  :  109-126,  average  118,  based  on  4  speci- 
mens, in  ptm. 

Material.— Four  specimens  from  37C  in  Section  B  and  15E 
in  Section  C. 

Comparison.— This  species  differs  from  other  species  of 
Ceratoikiscum  in  having  a  thick  swell  around  the  junction  of 

a-  and  i-rods.  This  species  bears  resemblance  to  C.  ko- 
chiense  Umeda  in  possessing  developed  lamellar  patagium. 
This  also  is  similar  to  Glanta  fragilis  Wakamatsu,  Sugiyama 
and  Furutani  in  having  developed  lamellar  patagium,  sturdy 
a.a.,  short  b.v.  and  i.V.,  but  it  differs  from  Glanta  in  lacking  a 
shell. 

Range  and  occurrence.— Possible  Emsian  age  (late  Early 
Devonian  time)  to  Eifelian  age  (early  Middle  Devonian  time). 
Nakahata  Formation  of  the  Yokokurayama  Group. 

Etymology.— This  name  is  derived  from  the  Latin  adjective 
turgidus,  meaning  inflated. 

Type  specimen.— Holotype  OCU  PR  0137  (Figure  5-4)  from 
37C. 

Genus  Glanta  Wakamatsu,  Sugiyama  and  Furutani.  1990  ; 
emend,  herein 

Type  species.— Glanta  fragilis  Wakamatsu,  Sugiyama  and 
Furutani,  1990,  p.  180-181,  pi.  12. 

Emended  diagnosis.— Triangular  skeletal  framework  with 
bilaterally  symmetric  porous  shell  which  is  situated  between 
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Tablet    List  of  studied  radiolarian  fossils  from  the  Nakahata  Formation  in  the  Yokokurayama  Group. 
Section  A Section  B Section  C 

RADIOLARIA\SAMPLE  NO. 2F 2H 2J 
3A 3B 

3C 3F 

31 
3L 3N 

37C 
37DF 37E 

15C 

15E 

15F 

Ceratoikiscum  lyratum  Ishiga 

G  turgidum  sp.  nov. 

Glanta  fragilis  Wakamatsu,  Furu- 
tani  and  Sugiyama 

G.  sp. 

G.  yokokurayamaensis  sp.  nov. 

+ 

+ + + 

+ 

+ 

+ + + 
+ 
+ 

+ 

+ 

+ + 

+ 

+ 
+ 

+ + 
Circulaforma  (?)  sp.  aff.  C.  sp.  A 

Helenifore  sp.  A  Stratford  and 
Aitchison 

He.  sp.  B 

Protoholoeciscus  sp. 
Pr.  hindea  Aitchison + + + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 

+ 
+ 

Pr.  spinosus  sp.  nov. 

Pr.  ochiensis  sp.  nov. 

Pr.  triangularis  (Wakamatsu,  Fu- 
rutani  and  Sugiyama) 

+ + + + + 
+ 
+ 

+ 
+ 

+ 
+ 

b.d.  and  i.d  or  i.t.. 

Remarks.— Wakamatsu  et  al.  (1990)  described  the  new 
genus  Glanta  which  has  a  porous  or  lamellar  shell.  Central 
framework  is  triangular  with  five  to  six  extratriangular  rods. 
A.t.  and  the  dorsal  portion  of  i.t.  are  covered  by  the  shell 
(Wakamatsu  er  al.,  1990).  Later,  Aitchison  (1993)  separated 
a  species  with  lamellar  shell  from  Glanta  as  a  new  genus 
Protoholoeciscus.  Stratford  and  Aitchison  (1997)  suggested 
that  the  species  of  Glanta  described  by  Wakamatsu  et  al. 
(1990)  might  be  best  placed  within  Protoholoeciscus,  which 
can  be  differentiated  from  Glanta  on  the  basis  of  its  having 
an  imperforate  shell. 

Glanta  fragilis  Wakamatsu,  Sugiyama  and  Furutani,  1990 

Figures  5-6—8 Glanta  fragilis  Wakamatsu,  Sugiyama  and  Furutani,  1990,  p. 

180-181,  pi.  12  ;  Furutani,  1996,  fig.  7-10, 11  ;  Furutani,  1997, 

pi.  1,  fig.  11. 
Glanta  sp.  A  Furutani,  1996,  p.  76,  fig.  7-8,  9. 

Description.— Shell  is  suboval  in  anterior  view  and  subtrap- 
ezoidal  in  lateral  view.  Subcircular  basal  aperture  of  the 
ventral  portion  of  the  shell  faces  a  subtriangular  to  suboval 
central  opening.  A.t.  and  the  dorsal  part  of  i.t.  are  covered 
with  the  shell.  A.a.  is  long,  flat  and  tapered  distally.  B.d.  is 
longer  and  thicker  than  i.d..  B.t.  and  i.t.  rim  the  interior  side 

of  the  lamellar  patagium  which  is  well-developed,  wide  and 
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dorsal  rod 

central 
opening 

ventral  rod 

c.  Circulaformai?)  sp. 

lamellar  patagium  aff.  C.  sp.  A 

b.  Glanta  yokokurayamaensis 

Vb.d. 

d.  Protoholoeciscus  hindea        e.  Helenifore  sp.  A 

Figure  6.  Terminology  of  skeletal  structures  of  Devonian 

Ceratoikiscidae.  a.a.  :  a-rod,  anterior  portion,  a.p.  :  a-rod, 
posterior  portion,  a.t.  :  a-rod,  triangle-forming  portion,  b.d.  :  b- 
rod,  dorsal  portion,  b.v.  :  b-rod,  ventral  portion,  b.t.  :  b-rod, 
triangle-forming  portion,  i.d.  :  i-rod,  dorsal  portion,  i.v.  :  i-rod, 
ventral  portion,  i.t.  :  i-rod,  triangle-forming  portion,  l.s.  :  length 
of  shell,  w.s.  :  width  of  shell. 

flat.  The  junction  of  b-  and  i-rods  is  ornamented  with 
patagial  tissue.  Pores  on  the  shell  and  patagial  tissue  are 
circular  to  oval  in  shape  and  variable  in  size.  A  pair  of 

caveal  ribs  extends  from  the  junction  of  a-  and  b  rods. 
Material— 26  specimens  from  2F  to  3A  of  Section  A  and 

from  37C  to  37E  in  Section  B. 

Range  and  occurrence.— Possible  Emsian  to  Eifelian  age. 
Nakahata  Formation  in  the  Yokokurayama  Group. 

Glanta  sp. 

Figures  5-9 
Description.— Porous  shell  develops  at  the  dorsal  side  of  a. 

t..  The  shell  is  suboval  in  anterior  view  and  trapezoidal  to 
suboval  in  lateral  view.  B.d.  and  i.d.  connect  with  the  shell 

and  are  enveloped  in  the  lateral  margin  of  the  shell.  The 

junction  of  b-  and  i-rods  is  ornamented  with  patagial  tissue. 
Pores  on  the  shell  and  the  patagial  tissue  are  circular  to 
subcircular  in  shape  and  variable  in  size.  A.t.,  b.t.  and  i.t. 
form  an  equilateral  triangle  in  the  central  opening.  Basal 
aperture  faces  to  the  central  opening.  The  lamellar 
patagium  is  well  developed  and  flat.  A.a.  is  sturdy,  rather 
flat  and  long.  B.v.  and  i.v.  are  short  and  rather  conical.  B. 

d.  is  longer  and  thicker  than  i.d..  Caveal  ribs  remain  uncer- 
tain. 

Material— Two  specimens  from  37C  in  Section  B. 

Remarks.— This  species  is  similar  to  G.  fragilis  Wakamatsu, 
Sugiyama  and  Furutani  in  having  porous  shell,  but  it  differs 
by  having  at.  in  the  central  opening. 

Range  and  occurrence.— Possible  Emsian  to  Eifelian  age. 
Nakahata  Formation  in  the  Yokokurayama  Group. 

Glanta  yokokurayamaensis  sp.  nov. 

Figures  5-10—18 
Diagnosis.— Porous  shell  covers  a.t.  and  dorsal  part  of  i.t.. 

I.d.,  a.p.  and  a  pair  of  spines  extending  from  the  shell  are 
robust  and  their  bases  are  bladed. 

Description.— Shell  is  oval  in  anterior  view  and  trapezoidal 
form  in  lateral  view.  The  ventral  margin  of  the  shell  is 
serrated.  Several  pairs  of  caveal  ribs  are  traceable  along 
the  surface  of  the  shell.  Pores  on  the  shell  are  circular  to 

subcircular  in  form  and  irregular  in  size.  Subcircular  basal 
aperture  faces  central  opening.  B.t.  and  i.t.  connect  with 
the  interior  sides  of  lamellar  patagium.  The  lamellar 
patagium  with  several  pores  is  well  developed  and  flat. 

Patagial  tissue  is  often  developed  around  the  junction  of  b- 
and  i-rods.  Extratriangular  rods  are  sturdy.  A  pair  of 
spines,  extending  from  the  central  part  of  the  shell  bilaterally 
symmetrically  in  an  almost  vertical  plane,  is  thick  and  long. 
The  spines  and  the  extratriangular  rods  are  tapered  distally. 
I.d.,  a.p.  and  the  spines  are  bladed  at  the  base. 

Measurements.— Measured  features  are  shown  in  Figure 6-b. 

Length  of  shell  :  65-88,  average  74,  based  on  25  speci- 
mens, in  jum. 

Width  of  shell  :  85-100,  average  92. 

Figure  5.  1-3.  Ceratoikiscum  lyratum  Ishiga,  1  :  OCU  PR  0134,  3N,  2  :  OCU  PR  0135, 15E,  3  :  OCU  PR  0136,  37C.  4, 5. 
Ceratoikiscum  turgidum  sp.  nov.,  4  :  OCU  PR  0137,  37C,  holotype,  5  :  OCU  PR  0138, 15E.  6-8.  Glanta  fragilis  Wakamatsu, 
Furutani  and  Sugiyama,  6  :  OCU  PR  0139,  2J,  7  :  OCU  PR  0140,  37C,  8  :  OCU  PR  0141,  3A.  9.  Glanta  sp.,  OCU  PR  0142, 37C. 

10-18.  Glanta  yokokurayamaensis  sp.  nov.,  10  :  OCU  PR  0143, 15C,  holotype,  11  :  OCU  PR  0144, 15E,  12-18  :  OCU  PR  0145-51, 
15C.    Scale  bar  is  100  jim,  A  :  1-3, 11-13,  B  :  4-10, 14-18. 
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Material.— 27  specimens  from  15C,  15E  and  15F  in  Section 
C. 

Comparison—  This  species  differs  from  other  species  of 
Glanta  in  having  robust  and  bladed  i.d.,  a.p.  and  spines 
extending  from  the  shell. 

Range  and  occurrence.— Possible  Eifelian  age.  Nakahata 
Formation  of  the  Yokokurayama  Group. 

Etymology.— From  the  name  of  Mt.  Yokokurayama,  the 
study  area. 

Type  specimen.— Holotype  OCU  PR  0143  (Figure  5-10) 
from  15C. 

Genus  Circulaforma  Cheng,  1986 

Circulaforma  sp.  aff.  C.  sp.  A  Stratford  and  Aitchison,  1997 

Figures  7-1—6 

Description.— Specimens  possess  elongate  ring-like  shell 
with  three  rods.  The  dorsal  portion  of  the  shell  is  large  and 

oval  in  posterior  and  lateral  view.  Subcircular  basal  aper- 
ture faces  to  oval  central  opening.  Pores  on  the  shell  are 

circular  to  subcircular  in  shape  and  irregular  in  size.  The 
internal  structure  of  the  shell  is  not  observed.  Ventral  and 

dorsal  rods  are  prominent,  opposite,  long,  sturdy,  mostly 
straight  and  blunt  at  end.  The  ventral  rod  is  longer  than  the 
dorsal  rod.  The  third  subsidiary  rod  is  thin,  delicate  and 
short.  All  rods  are  circular  in  cross  section.  A  pair  of 
spines  extends  from  the  junction  of  the  shell  and  basal  rod 
bilaterally  symmetrically  in  an  almost  vertical  plane. 

Measurements.— Measured  features  are  shown  in  Figure 
6-c. 

Axial  diameter  of  shell  :  115-160,  average  136,  based  on  10 
specimens,  in  ptm. 

Axial  diameter  of  central  opening  :  25-35,  average  30. 
Length  of  dorsal  rod  :  115-140,  average  127. 
Length  of  ventral  rod  :  60-80,  average  72. 
Material.— Ten  specimens  from  15C,  15E  and  15F  in  Section 

C. 

Comparison.— This  form  is  similar  to  Circulaforma  sp.  A 
Stratford  and  Aitchison  in  having  two  opposite  long  rods  and 

a  ring- like  fabric,  but  differs  in  the  presence  of  developed 
shell  at  the  dorsal  portion.  The  assignment  of  this  species 
to  the  genus  Ceratoikiscum  is  difficult. 

Range  and  occurrence.— Possible  Eifelian  age.  Nakahata 
Formation  in  the  Yokokurayama  Group. 

Genus  Protoholoeciscus  Aitchison,  1993 

Description.— Triangular  skeletal  framework  with  bilaterally 
symmetric  lamellar  shell  which  is  located  between  b.d.  and  i. 
d.. 

Comparison.— The  disposition  of  rods  of  Protoholoeciscus 

is  similar  to  that  of  Glanta,  but  it  is  distinguished  by  the 
presence  of  a  lamellar  shell.  It  differs  from  Holoeciscus  in 
having  a  rather  equilateral  triangular  framework  (Aitchison, 1993). 

Protoholoeciscus  sp. 

Figure  7-7 Description.— Small  lamellar  shell  is  clothed  with  a  delicate 
and  thin  perforate  sheet.  Pores  on  the  spongy  layer  are 

circular  to  subcircular  in  shape  and  irregular  in  size.  Subcir- 
cular basal  aperture  faces  a  subtriangular  to  suboval  central 

opening.  Patagial  tissue  is  weakly  developed  around  the 

junction  of  b-  and  i-rods.  A.t.  is  covered  with  the  shell.  B. 
d.  is  longer  and  thicker  than  i.d..  A.a.  and  b.d.  are  robust. 
Ap.  and  i.d.  are  short  and  delicate.  All  rods  are  circular  in 
cross  section.    Caveal  ribs  remain  uncertain. 

Material.— One  specimens  from  37E  in  Section  B  and  two 
specimens  from  15E  in  Section  C. 

Remarks.— This  species  differs  from  other  species  of 
Protoholoeciscus  in  having  a  small  shell  with  a  perforate 

sheet  which  is  regarded  as  the  primitive  feature  of  Proto- 
holoeciscus as  discussed  later. 

Range  and  occurrence.— Possible  Emsian  to  Eifelian  age. 
Nakahata  Formation  in  the  Yokokurayama  Group. 

Protoholoeciscus  hindea  Aitchison,  1993 

Figures  7-8—12 
Albaillellaria  gen.  indet.  sp.  Aitchison,  Flood  and  Spiller,  1992, 

fig.  6,  O-S. Protoholoeciscus  hindea  Aitchison,  1993,  p.  362,  pi.  1,  fig.  3; 

Stratford  and  Aitchison,  1997,  pi.  IV,  A-B. 
Glanta  sp.  B  Furutani,  1996,  p.  76,  fig.  7, 12-13. 
Glanta  sp.  Furutani,  1997,  pi.  1,  fig.  12. 

Description.— Large  lamellar  shell  is  rectangular  to  trap- 
ezoidal in  lateral  view.  A.a.,  b.d.,  b.v.  and  i.v.  are  robust.  A. 

p.  and  i.d.  are  short  and  delicate.  All  rods  are  circular  in 
cross  section.  Patagial  tissue  weakly  developed  around  the 

junction  of  b-  and  i-rods.  A  pair  of  caveal  ribs  extends  from 
the  junction  of  a-  and  b  rods.  Subcircular  basal  aperture 
faces  subtriangular  to  suboval  central  opening. 

Material.— 44  specimens  from  3B  to  3N  in  Section  A  and 
37E  in  Section  B. 

Range  and  occurrence.— Possible  Eifelian  age.  Nakahata 
Formation  in  the  Yokokurayama  Group  ;  Gamilaroi  Terrane 

(Stratford  and  Aitchison,  1997)  and  Djungati  Terrane  (Ait- 
chison et  al.,  1992  ;  Aitchison,  1993),  N.S.W.,  Australia. 

Figure  7.  1-6.  Circulaforma  sp.  aff.  C.  sp.  A  Stratford  and  Aitchison,  1  :  OCU  PR  0152,  15E,  2  :  OCU  PR  0153,  15E,  3  : 
OCU  PR  0154, 15F,  4,  5  :  OCU  PR  0155-156, 15C,  6  :  OCU  PR  0157, 15E.  7.  Protoholoeciscus  sp.,  OCU  PR  0158, 15E.  8-12. 
Protoholoeciscus  hindea  Aitchison,  8  :  OCU  PR  0159,  3N,  9  :  OCU  PR  0160,  3B,  10  :  OCU  PR  0161,  31, 11, 12  :  OCU  PR  0162- 
163,  3L  13-18.  Protoholoeciscus  spinosus  sp.  nov.,  13  :  OCU  PR  0164,  3B,  holotype,  14  :  OCU  PR  0165,  3N,  15-17  :  OCU  PR 
0166-168,  3B,  18  :  OCU  PR  0169,  3B.     Scale  bar  is  100  um,  A  :  1,3, 12,  B  :  2,  4-11, 13-18. 
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Protoholoeciscus  spinosus  sp.  nov. 

Figures  7-13—18 

Diagnosis.— Several  projections  extend  from  the  dorsal 
part  of  a  large  lamellar  shell. 

Description.— Large  lamellar  shell  is  trapezoidal  to  rectan- 
gular in  lateral  view  and  oval  in  anterior  view.  The  internal 

structure  of  the  shell  is  not  observed.  Several  irregularly 
arranged  pores  on  the  shell  are  circular  to  subcircular. 
Several  projections  are  short,  delicate,  tapered  distally,  arise 
from  the  dorsal  part  of  the  shell  and  trend  in  a  dorsal 
direction.  A.a.,  D.d.,  b.v.  and  i.v.  are  long  and  robust.  A  pair 

of  caveal  ribs  extends  from  the  junction  of  a-  and  b  rods. 
All  rods,  caveal  ribs  and  projections  are  circular  in  cross 
section.  Patagial  tissue  is  often  ornamented  around  the 

junction  of  b-  and  i-rods.  Subcircular  basal  aperture  faces 
the  central  opening,  which  is  subtriangular  to  suboval. 

Measurements.— Measured  features  are  shown  in  Figure 
6-d. 

Length  of  shell  :  70-105,  average  90,  based  on  15  speci- 
mens, in  fxm. 

Width  of  shell  :  75-105,  average  91. 
Material.— 15  specimens  from  3B,  3C  and  31  to  3N  in 

Section  A. 

Comparison.— This  species  is  distinguished  from  other 
species  of  Protoholoeciscus  in  possessing  several  projec- 

tions from  the  dorsal  part  of  the  shell. 

Range  and  occurrence.— Possible  Eifelian  age.  Nakahata 
Formation  of  the  Yokokurayama  Group. 

Etymology.— This  name  is  derived  from  the  Latin  adjective 
spinosus,  meaning  thorny. 

Type  specimens—  Holotype  OCU  PR  0164  (Figure 7-13) ; 
Paratype  OCU  PR  0165  (Figure  7-14).     Both  from  3B. 

Protoholoeciscus  ochiensis  sp.  nov. 

Figures  8-1—6 

Diagnosis.— This  species  is  characterized  by  an  equilateral 
triangular  shape  with  long  b.d.  and  slender  b.v.  and  i.V..  All 
rods  are  circular  in  cross  section. 

Description.— Large  lamellar  shell  is  subtrapezoidal  in  lat- 
eral view.  Pores  on  the  shell  are  circular  to  subcircular.  A. 

a.  is  weakly  developed  and  a.p.  is  absent.  A.t.  remains 
uncertain.  B.d.  is  longer  and  thicker  than  i.d..  B.v.  and  i.v. 
are  thin  and  slender.  Patagial  tissue  is  weakly  developed 

around  the  junction  of  b-  and  i-rods.  A  pair  of  spines  is 
short,  delicate  and  extends  bilaterally  symmetrically  from  the 
junction  in  the  vertical  plane.  A  pair  of  caveal  ribs  extends 

from  the  junction  of  a-  and  b  rods.  Ovate  basal  aperture 
faces  central  opening,  which  is  subtriangular  to  oval. 

Measurements.— Measured  features  are  shown  in  Figure 
6-d. 

Length  of  shell  :  70-115,  average  97,  based  on  19  speci- 
mens, in  /*m. 

Width  of  shell  :  95-135,  average  115. 
Material.— 19  specimens  from  15C,  15E  and  15F  in  Section 

C. Comparison.— This  species  differs  from  Protoholoeciscus 
hindea  Aitchison  and  Pr.  spinosus  sp.  nov.  in  having  an 

equilateral  triangular  shape  with  slender  b.v.  and  i.v.  This 
species  is  distinguished  from  Pr.  triangularis  (Wakamatsu, 

Sugiyama  and  Furutani)  in  having  rod- like  b.d. 
Range  and  occurrence.— Possible  Eifelian  age.  Nakahata 

Formation  of  the  Yokokurayama  Group. 

Etymology.— From  the  town  of  Ochi,  where  the  study  area 
is  situated. 

Type  specimen.— Holotype  OCU  PR  0170  (Figure  8-1)  from 
15F. 

Protoholoeciscus  triangularis  (Wakamatsu,  Sugiyama  and 
Furutani,  1990) 

Figures  8-7—9 Glanta  triangularis  Wakamatsu,  Sugiyama  and  Furutani,  1990, 

p.  182,  pi.  13,  figs.  1-7  ;  Furutani,  1996,  fig.  7, 15. 

Description.— Large  lamellar  shell  is  subtrapezoidal  in  lat- 
eral view.  A.a.,  b.d.,  b.v.  and  i.v.  are  robust.  B.d.  is  thickest 

and  deeply  grooved.  Patagial  tissue  is  weakly  ornamented 

around  the  junction  of  b-  and  i-rods.  A  pair  of  spines 
extends  bilaterally  symmetrically  from  the  junction  in  the 

vertical  plane.  A  pair  of  caveal  ribs  extends  from  the  junc- 
tion of  a-  and  b  rods.  Pores  on  lamellar  shell  are  circular  to 

subcircular.  Subcircular  basal  aperture  faces  subtriangular 
to  ovate  central  opening. 

Material.— Eight  specimens  from  15C,  15E  and  15F  in 
Section  C. 

Remarks.— Although  this  species  was  assigned  to  genus 
Glanta  in  previous  work  (Wakamatsu  ef  a/.,  1990),  it  belongs 
to  Protoholoeciscus  based  on  the  presence  of  a  lameller 
shell  (Stratford  and  Aitchison,  1997).  This  species  differs 
from  other  species  of  Protoholoeciscus  in  having  deeply 

grooved  b.d.. 
Range  and  occurrence.— Possible  Eifelian  age.  Nakahata 

Formation  of  the  Yokokurayama  Group. 

Genus  Helenifore  Nazarov  and  Ormiston,  1983 

Helenifore  sp.  A  Stratford  and  Aitchison,  1997 

Figures  8-10—17 
Helenifore  sp.  Aitchison,  Flood  and  Spiller,  1992,  fig.  6C. 

Helenifore  sp.  A  Stratford  and  Aitchison,  1997,  pi.  Ill,  A-D. 

Description.— This  species  is  characterized  by  large  disk- 

Figure  8.  1-6.  Protoholoeciscus  ochiensis  sp.  nov.,  1  :  OCU  PR  0170, 15E,  holotype,  2  :  OCU  PR  0171, 15E,  3-5  :  OCU  PR 
0172-174, 15C,  6  :  OCU  PR  0175, 15E.  7-9.  Protoholoeciscus  triangularis  (Wakamatsu,  Sugiyama  and  Furutani.  1990),  OCU  PR 
0176-178,  15C.  10-17.  Helenifore  sp.  A  Stratford  and  Aitchison,  10  :  OCU  PR  0179,  15F,  11  :  OCU  PR  0180, 15E,  12-16  :  OCU 
PR  0181-185,  15C,  17  :  OCU  PR  0186, 15E.  18.  Helenifore  sp.  B,  OCU  PR  0186,  37C  Scale  bar  is  100  ̂ m,  A  :  1-3,  8-10, 16- 
18,  B:  4-7,11-15. 
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Figure  9.    Possible  phylogenetic  relationships  among  Ceratoikiscum,  Glanta  and  Protoholoeciscus. 

like  shape  with  two  prominent  rods  which  extend  in  opposite 

directions  in  the  horizontal  plane  (Figure  6-e).  Developed 
patagium  is  porous,  large,  extensive  and  circular  to  subcir- 
cular.  Pores  on  the  patagium  are  circular  to  oval  in  shape 
and  irregular  in  size.  Central  opening  is  circular  to  oval. 
Opposite  a.a.  and  a.p.  are  sturdy,  acute,  slightly  curved,  blunt 
at  end  and  variable  in  length.  I.d.  is  rather  short.  All  rods 
are  circular  in  cross  section. 

Material.— 33  specimens  from  31,  3L  and  3N  in  Section  A 
and  15C,  15E  and  15F  in  Section  C. 

Comparison.— This  species  is  distinguished  from 
Helenifore  planus  Umeda  (1997)  in  having  a  large  patagium 
and  rather  short  rods  and  in  absence  of  b.d.  and  b.v.. 

Remarks.— Stratford  and  Aitchison  (1997)  described  the 
Helenifore  sp.  A  Assemblage  from  eastern  Australia  and 
assumed  the  age  to  be  Eifelian. 

Range  and  occurrence.— Possible  Emsian  to  Eifelian  age. 
Djungati  Terrane  (Aitchison  et  al.,  1992)  and  Gamilaroi  Ter- 
rane  (Stratford  and  Aitchison,  1997)  in  the  New  England  Fold 
Belt,  eastern  Australia  ;  Nakahata  Formation  of  the 
Yokokurayama  Group. 

Discussion 

Five  genera  and  twelve  species  of  Ceratoikiscidae  from 
three  sections  are  described  in  this  paper.  Ceratoikiscum 
and  Helenifore  are  known  from  the  Silurian  to  Carboniferous, 

whereas  Glanta  and  Protoholoeciscus  are  restricted  to  the 

Devonian.  Furutani  (1996)  examined  the  evolution  of 
Devonian  Ceratoikiscidae  based  on  materials  from  the 

Nakahata  Formation  and  recognized  morphologic  similarities 

in  well-developed  patagium  between  Ceratoikiscum  and 
Glanta.  Emsian  (late  Early  Devonian)  species  of  Ceratoikis- 

cum (C.  kochiense  Umeda)  from  the  Konomori  area  in  the 
Kurosegawa  Terrane  possesses  developed  lamellar 
patagium  and  robust  rods  (Umeda,  1997).  This  species 
seems  to  have  arisen  from  C.  lyratum  Ishiga  with  the  addition 
of  developed  patagium  (Umeda,  1997).  C.  kochiense  is 
similar  to  C.  sp.  in  this  paper  and  Glanta  fragilis  Wakamatsu, 
Sugiyama  and  Furutani  in  having  developed  lamellar 
patagium,  rather  sturdy  a.a.  and  short  and  rather  conical  b.v. 
and  i.v.  The  shape  of  the  inflated  swell  of  C.  sp.  is  similar 
to  the  porous  shell  of  G.  fragilis.  Accordingly  G.  fragilis 
seems  to  have  arisen  from  C.  sp.  which  seems  in  turn  to  have 
evolved  from  C.  kochiense.  G.  fragilis  appears  to  be  the 
primitive  form  among  Glanta  species  and  gave  rise  to  G. 
yokokurayamaensis  sp.  nov.  The  perforate  shell  of  Glanta 
changed  to  a  lamellar  shell  in  successive  stratigraphie 
sections  (Furutani,  1996).  Glanta  morphologically  resembles 
Protoholoeciscus  in  its  framework.  The  perforate  sheet  on 
small  lamellar  shell  of  Protoholoeciscus  sp.  in  this  paper  is 
similar  to  the  porous  shell  of  Glanta  ;  this  feature  is  regarded 
as  transitional  between  Glanta  and  Protoholoeciscus.  Pr.  sp. 
seems  to  have  evolved  from  G  fragilis  with  the  change  of 
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shell  from  porous  to  lamellar  type.  Pr.  sp.  is  similar  to  Pr. 

ochiensis  sp.  nov.  in  having  an  equilateral  triangular  frame- 
work and  subtrapezoidal  shell.  Pr.  sp.  gave  rise  to  Pr. 

ochiensis  and  Pr.  hindea  Aitchison,  in  which  the  perforate 

sheet  on  the  shell  is  lost.  Pr.  triangularis  (Wakamatsu, 

Sugiyama  and  Furutani)  possesses  an  equilateral  triangular 

framework  with  bladed  rods.  Pr.  triangularis  seems  to  have 

arisen  from  Pr.  ochiensis  with  the  change  of  rods  from 
circular  to  bladed  in  cross  section.  Pr.  hindea  and  Pr. 

spinosus  sp.  nov.  possess  a  large  trapezoidal  to  rectangular 

shell.    Pr.  spinosus  seems  to  have  arisen  from  Pr.  hindea. 

Aitchison  (1993)  considered  that  Protoholoeciscus  is  the 
transitional  form  between  Ceratoikiscum  and  Holoeciscus. 

Based  on  the  above-mentioned  morphologies  and  biostrati- 
graphic  distributions,  it  is  supposed  that  Protoholoeciscus 

evolved  from  Ceratoikiscum  via  Glanta  (Figure  9).  Proto- 
holoeciscus is  regarded  as  the  ancestor  of  Holoeciscus. 

Acquisitions  of  shell  of  Ceratoikiscidae  show  drastic  and 

significant  evolutionary  change  in  short  time,  namely  Emsian 

to  Eifelian  age. 
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Abstract.  Recently  many  plant  taxa  have  been  described  from  the  marine  Upper  Yezo  Group  (Coniacian 
Santonian).  These  plant  fossils  are  preserved  as  permineralized  debris  in  calcareous  nodules  together 
with  various  marine  animals.  A  single  bennettitalean  specimen  was  collected  from  the  Upper  Yezo  Group. 
It  consists  of  a  receptacle,  with  numerous  fertile  (seminiferous)  and  sterile  (interseminal)  scales.  Although 
the  specimen  is  fragmented,  its  anatomical  features  are  well  preserved.  This  paper  provides  a  description 
of  a  new  reproductive  organ  belonging  to  Bennettitales.  As  its  affinity  to  Williamsoniaceae  or 

Cycadeoidaceae  and  their  allies  is  uncertain,  we  provisionally  place  our  specimen  in  the  form-genus 
Bennetticarpus  and  describe  B.  yezoites  sp.  nov.  Comparison  of  Bennetticarpus  yezoites  with  known 
bennettitalean  taxa  in  other  regions  is  given  briefly. 

Key  words  :  Bennetticarpus,  Bennettitales,  Hokkaido  (Japan),  Late  Cretaceous,  Upper  Yezo  Group. 

Introduction 

Since  the  classical  study  on  the  Late  Cretaceous  per- 
mineralized plants  from  Hokkaido,  Japan,  by  Stopes  and  Fujii 

(1910),  many  papers  have  been  published  on  the  fossil  plants 

collected  from  the  Upper  Yezo  Group  (Coniacian-Santonian) 
of  marine  origin.  The  Upper  Yezo  Group  yields  abundant 
fossil  plants,  and  anatomically  studied  bennettitaleans  are 
not  rare,  including,  for  example,  Cycadeoidea  petiolata  Ogura 
(Ogura,  1930),  Cycadeoidella  japonica  Ogura  (Ogura,  1930  ; 
Nishida,  H.,  1991),  Otozamites  kerae  Ohana  and  Kimura 
(Ohana  and  Kimura,  1991),  O.  takahashii  Ohana  and  Kimura 
(Ohana  and  Kimura,  1991). 

Many  other  taxa  known  by  early  1991  were  listed  by  H. 

Nishida  (1991,  p.  256-261).  Recently  several  permineralized 
conifer  taxa  were  described  (e.g.,  Ohana  and  Kimura,  1993, 
1995  ;  Ohsawaef  a/.,  1991,1992,1992,1993,1995;  Nishida, 
H.  ef  a/.  1991;  Nishida,  M.  et  a/.,  1991,1992;  Saiki,  1992; 
Saiki  and  Kimura,  1993  ;  Stockey  et  al.,  1993, 1994). 

Recently  a  bennettitalean  reproductive  organ  collected  by 
Yasuji  Kera  from  the  Upper  Yezo  Group  in  the  Yubari  area, 

Hokkaido,  Japan,  was  given  to  us  for  the  present  investiga- 
tion. 

Although  the  specimen  is  fragmentary,  its  unique  anatomi- 
cal structure  is  well  preserved. 

It  differs  from  other  known  bennettitalean  taxa,  so  we 

place  it  in  the  form-genus  Bennetticarpus  following  Harris 
(1932, 1969). 

Description 

Order  Bennettitales 

Form-genus  Bennetticarpus  Ham's,  1932 

This  form-genus  was  established  by  Harris  (1932)  based  on 
material  derived  from  the  Upper  Triassic  and  Lower  Jurassic 

plant-sites  in  Scoresby  Sound,  East  Greenland.  Some 
authors  have  used  the  name  of  gynoecium  or  gynoecia  for 
bennettitalean  seminiferous  scales  or  both  seminiferous  and 

interseminal  scales  (e.g.  Harris,  1932).  This  form-genus  was 

designated  for  "all  gynoecia  which  show  definitely  ben- 
nettitalean characters,  but  which  are  not  fully  enough  known 

either  to  be  included  in  or  definitely  separated  from  the 

existing  genera"  (Harris,  1932). 
Subsequently  Bennetticarpus  has  been  used  by  Hsü  (1948), 

Kräusel  (1949),  Harris  (1969)  and  Watson  and  Sincock  (1992). 

Bennetticarpus  yezoites  sp.  nov. 

Figures  1-6 
Material—  INH-005  (Holotype).  Collected  by  Yasuji  Kera. 

Stored  in  the  Institute  of  Natural  History,  Tokyo. 

Locality  and  horizon .— Kaneobetsu  Valley  (roughly  142  33' 
02"E,  42'28'52"N),  a  branch  of  the  Hakkinzawa  Valley, 
Kashima,  Yubari  City,  Hokkaido,  Japan  (reference  map  was 
shown  in  Ohana  and  Kimura,  1993  ;  figure  1B).  Upper  Yezo 

Group  of  marine  origin  (Coniacian-Santonian). 
Etymology.— Named  after  Yezo,  older  name  of  Hokkaido. 
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micropylar  canal  (mc) 

interseminal  scale  (int) 

vascular  bundle 

nucellar  beak(nb) 

radial  layer  (rl)  at  the 
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thin  tubular  cells  layer  (ptc) 
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saucer-like  tissue  (sit) 

structureless  fleshy  layer (f I) 

vascular  bundle  of 
nucellar  stalk  (vb) 

dark-elongate  cells  layer 
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Figure  1.  Bennetticarpus  yezoites  sp.  nov.,  1A  :  Radial  longitudinal  section,  showing  the  whole  structure  of 
seminiferous  and  interseminal  scales,  except  for  their  basal  disintegrated  parts  (at  level  a  in  Figure  1A).  1B  :  Distal 
half  of  radial  longitudinal  section  of  scales,  enlarged  from  Figure  1A.  The  terminology  of  tissues  is  shown  on  the 
right  side  with  their  abbreviations.    Main  transversely  cut  planes  are  indicated  on  the  left  side. 

Specific  diagnosis.— Large-sized  bennettitalean  female 

reproductive  organ  ('gynoecium'),  consisting  of  a  semispher- 
ical  receptacle  covered  by  densely  spaced  seminiferous 
(fertile)  and  interseminal  (sterile)  scales,  both  about  25  mm 
long. 

Seminiferous  scale  consisting  of  an  orthotropous  ovule 
born  on  a  long,  slender  stalk  with  a  median  bundle  consisting 

of  scalariform  tracheids.  Stalk  expanding  to  saucer-like 
structure,  at  the  basal  part  of  the  seed-space,  where  vascu- 

lar bundle  diverging  laterally  and  entering  the  thin  nucellus 
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Figure  2.  Bennetticarpus  yezoites  sp.  nov.  AH  sections  were  made  from  INH-005.  Thick  and  thin  scale- 
bars  indicate  2  mm  and  200  /^m  respectively.  1  :  Radial  longitudinal  section  of  a  gynoecium  with  partly  preserved 

hemispherical  receptacle  (re  ;  15  mm  in  diameter  and  9  mm  high),  and  closely  covered  seminiferous  and  inter- 
seminal  scales  (about  25  mm  long).  2  :  Peripheral  view  of  seminiferous  and  interseminai  (int)  scales.  A  micropyle 
(mc  ;  small  circular  tissue)  is  surrounded  by  five  polygonal  interseminai  scale  heads.  Note  that  the  presence  of 

thickly  cutinized  papillae  around  the  margins  of  the  interseminai  scale  heads.  3  :  Longitudinal  section  of  recepta- 
cle (re)  and  basal  part  of  the  scales.  Unfortunately  cellular  structures  of  receptacle  are  disintegrated,  and  the  base 

of  the  scale  are  unclear  (at  level  a  in  Figure  1A).  4  :  Transverse  section  slightly  below  the  periphery  (at  level  b  in 
Figure  1B),  showing  the  micropylar  canals  (mc)  at  left  and  right  corners  and  interseminai  scales  (int).  The  micropylar 
canals  are  filled  by  nucellar  beaks  (nb).  An  interseminai  scale  at  the  center  is  composed  of  a  medial  vascular 

bundle  (vb)  and  redially  disposed  parenchymatous  cells.  5  :  Transverse  section  slightly  below  the  former  section 
(at  level  c  in  Figure  1B),  showing  the  micropylar  canal  surrounded  by  thick  walled  radial  cells  layer  (rl).  Large 
resinous  cells  with  dark  contents  (rsc)  are  scattered  in  the  interseminai  scales. 
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layer.  Micropylar  canal  longer  and  circular  in  cross  section, 
surrounded  by  five  interseminal  scales.  Seminiferous  scale 
having  an  inner  layer  of  darkish,  elongate  cells,  a  middle 
layer  of  radial  cells,  and  an  outer  layer  of  tubular  cells. 
Tubular  cell  layer  being  thick  below  the  chalazal  region, 
otherwise  thin.  Radial  cell  layer  thickened  in  the  region 
above  the  pollen  chamber  where  the  cross  section  being 
pentagonal. 

Interseminal  scales  thick  at  the  peripheral  region  and 
deformed  towards  the  base.  Cells  rectangular  in  the  apical 
region  while  tubular  near  the  base.  A  thick  median  vascular 
bundle  present. 

Description.— The  single  specimen  obtained  is  permineral- 
ized  with  calcium  carbonate.  It  consists  of  a  fragmentary 
seminiferous  and  interseminal  scales  and  a  receptacle. 

About  one-third  of  the  original  gynoecium  and  receptacle  is 
preserved  as  a  fan-shaped  form.  Radius  of  the  gynoecium 
including  interseminal  scales  is  about  3  cm  in  its  transverse 
section  and  the  original  gynoecium  is  estimated  to  be  about 
9.4  cm  in  diameter.  The  receptacle  (re),  is  hemispherical, 

about  15  mm  in  diameter  and  9  mm  high,  covered  by  numer- 
ous seminiferous  (fertile)  and  interseminal  (sterile)  scales 

(Figure  2-1).  Internal  structure  of  the  receptacle  is  disinte- 
grated. We  prepared  numerous  longitudinal  and  transverse 

peel  sections  from  the  specimen.  Figures  1A  and  1B  are 
drawn  on  the  basis  of  our  observations  of  these  sections. 

The  main  transversely  cut  planes  are  indicated  by  levels  a-j 
(Figures  1 A  and  1B). 
(1)  Seminiferous  scale  (Figures  1A  and  1B):  The  ovule 
(seed)  is  borne  on  a  long  nucellar  stalk  and  has  a  micropylar 

canal  (mc),  pollen  chamber  (pc),  archegonia?  (ar),  ortho- 
tropous  seed  space  (ss),  saucer-like  structure  (sit),  chalazal 
region  (ch)  and  long  nucellar  stalk  (ns)  with  a  vascular  bundle 
(vb).  Unfortunately  details  of  basal  disintegrated  parts  (level 
a  in  Figure  1A)  of  the  scales  are  indistinct. 

These  tissues  are  surrounded  by  a  layer  of  paren- 
chymatous tubular  cells  (ptc)  outside,  robust  radial  layer  (rl), 

and  a  layer  of  dark  elongate  cells  (dec)  inside.  Remains  of 
the  nucellar  tissue  (nt)  are  present  along  the  outer  margin  of 
seed  space  (ss). 

In  addition,  structureless  fleshy  layers  (fl)  are  present  below 

the  micropylar  canal  and  below  the  saucer-like  tissue. 
1)  Micropylar  canal  (Figures  2-2,4,3-3):  This  canal  is 
slightly  projected  out  of  the  general  surface  of  the  inter- 

seminal scale  heads,  and  is  circular  in  transverse  section, 
320  //m  in  diameter.  The  canal  is  900  jum  long,  and  is  filled 
by  longitudinally  elongated  parenchymatous  cells,  forming  a 
nucellar  beak  (or  plug)  (nb). 

2)  Pollen  chamber  (Figure  3-1)  is  present  below  the  nucellar 

beak,  but  pollen  grains  were  not  observed.  Archegonium- 
like  tissue  (ar)  is  seen  below  the  pollen  chamber. 

3)  Seed  space  (Figure  5-1)  is  elongately  elliptical,  7.25  mm 
long  and  up  to  1.85  mm  wide,  circular  or  oblong  in  transverse 

section  (Figure  5-2).  No  structure  is  seen  inside  the  seed 
space  except  for  the  remains  of  the  nucellar  tissue  (nt). 
4)  Nucellar  stalk  (ns)  :  This  stalk  develops  from  the  base  of 

the  seminiferous  scale,  14.5  mm  long  and  0.5  mm  wide  (Fig- 
ure 1A),  running  to  the  base  of  the  saucer-like  tissue  (sit). 

The  vascular  bundle  in  the  nucellar  stalk  (ns)  consists  of 

scalariform  tracheids  (Figures  4-2, 4, 5-3, 4).  The  bundle 
diverges  into  the  saucer-like  tissue  as  fibrous  strands. 
These  fibrous  strands  join  the  thin  remains  of  nucellar  tissue, 

2-3  cells  thick,  located  along  the  outer  wall  of  the  seed 

space  (Figure  4-1, 4). 
The  saucer- 1  ike  tissue  consists  of  nearly  isodiametric 

small  cells  each  with  scalariform  ornamentation  on  the  cell 

walls  (Figure  4-2, 3). 
5)  Radial  layer  (rl)  :  The  cells  of  the  radial  layer  are  thick- 
walled  and  cube-like.  This  layer  originates  from  the  part  of 
the  micropylar  canal  as  a  single  row,  laterally  expanding  at 
the  shoulder  area  in  two  rows,  running  downward  as  a  single 
row,  and  then  thinning  out  at  the  upper  part  of  the  nucellar 

stalk.    Longitudinally,  this  looks  like  a  brick-shaped  layer. 
The  thickest  part  of  the  radial  layer,  cut  at  the  shoulder 

region,  shows  a  pentagonal  outline  in  transverse  section  and 
is  constructed  by  two  radial  rows  of  cells  (level  d  in  Figure 
1B).  Cellular  details  just  around  the  pentagonal  tissue  are 

indistinct  (Figure  3-2, 3). 
6)  Layer  of  dark  elongate  cells  (dec)  :  This  layer  originates 
from  the  part  of  the  micropylar  canal,  running  downward 
along  the  outer  margin  of  the  seed  space,  broadening  at  the 
chalazal  region  and  upper  part  of  the  nucellar  stalk,  then 

thinning  out  (Figure  4-1, 4). 
7)  Layer  of  tubular  cells  :  This  parenchymatous  layer  (ptc) 

is  the  outermost  coat  of  the  seminiferous  scale.  It  origi- 
nates from  the  micropylar  region  running  downward  as  a  very 

thin  coat. 

Thickness  of  this  layer  increases  from  the  lower  part  of  the 
seed  space  to  the  nucellar  stalk  region.  Consequently  the 
basal  half  of  the  seminiferous  scale  (below  level  j  in  Figure 

1B)  is  occupied  by  nucellar  stalk  (ns)  surrounded  by  a  layer  of 
thick  parenchymatous  tubular  cells. 

The  tubular  cells,  as  shown  in  Figures  4-1, 5-5,  6  (ptc),  are 
elongate  in  longitudinal  section,  typically  1056  /xm  long, 
fusiform,  pointed  at  both  ends.  Their  walls  are  thin  and 

smooth,  and  septum  (or  end  wall)  is  not  present.  In  trans- 
verse section  [Figure 6-1— 6  (ptc)],  the  tubular  cells  appear 

circular  or  oval,  55  ju m  in  diameter.  They  are  loosely  ar- 
ranged with  many  scattered  intercellular  spaces. 

8)  Integument:  It  is  difficult  to  identify  integument  in  the 
present  seminiferous  scales.  However,  the  layers  of  tubular 
cells,  radial  cells  and  dark  elongate  cells  might  belong  to  the 
integument.  It  is  noted  that  the  above  three  layers  do  not 
receive  any  vascular  supply. 

9)  Nucellar  stalk  :  The  lower  half  of  the  seminiferous  scale 
consists  of  concentrically  arranged  cell  layers.  At  the  level 

f  of  the  transverse  section  as  shown  in  Figure  6-1,  the  layer 
of  tubular  cells  is  the  outermost,  followed,  from  outside  to 

inside,  by  radial  (rl),  dark  elongate  (dec),  fleshy  (fl),  saucer-like 
tissue  (sit)  and  the  base  of  seed  space.  The  fleshy  layer  is 

an  empty  space  (Figures  1B,  3-1, 4-1, 4). 
The  center  of  the  nucellar  stalk  is  almost  without  structure, 

and  in  transverse  section  the  vascular  bundle  is  located 

centrally  (Figure  5-4)  or  often  laterally,  and  is  pinned  against 

the  margin  of  a  fleshy  circular  cylinder  (Figures  5-3,  6-3, 4, 5, 
6). 

Surrounding  cells  in  transverse  section  are  normally  oval- 

shaped  (Figure  6-4). 
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(2)  Interseminal  scale  :  This  scale  is  sterile,  club-shaped, 
and  its  distal  part  is  expanded  transversely  with  a  median 
vascular  bundle  throughout.  In  surface  view,  interseminal 
scale  heads  are  polygonal,  and  five  scale  heads  surround 
the  small  circular  micropyle. 

The  heads  are  dark  due  to  the  heavily  cutinized  and  thick- 
walled  cells  which  are  radially  elongated.  Thickly  cutinized 
papillae  are  present  on  the  margins  of  the  interseminal  scale 

heads  (Figure  2-2). 
Under  the  peripheral  surface  (at  level  b  in  Figure  1B),  most 

cells  are  light-colored,  because  of  the  absence  of  thick- 
walled  and  heavily  cutinized  cells.  The  center  of  the  inter- 

seminal scale  is  occupied  by  a  thick  median  vascular  bundle 

(Figure  2-4,  5).  Large-sized  resin  cells  with  dark  contents 
are  present.  In  the  longitudinal  section,  thick  epidermal  and 

hypodermal  cell  layers  are  present  (Figure  3-4).  Under  the 
hypodermis,  cells  are  cubic  or  rectangular  and  stacked  like 

bricks  (Figure  3-4).  Vascular  bundle  consists  of  tracheids 
with  scalariform  thickening  (Figure  3-5,  6). 

The  lower  half  of  the  interseminal  scale  is  markedly 

deformed  and  its  cells  are  small-sized,  parenchymatous  and 
loosely  arranged.  These  cells  correspond  to  the  tubular 

cells  of  the  seminiferous  scales.  Layer  of  these  small-sized 
cells  surrounds  the  tubular  cell  layer  of  the  seminiferous 

scale  (Figure  6-6, 7, 8).  Large-sized  resin  cells  with  dark 
contents  are  also  present.  Such  resin  cells  are  not  found  in 
the  seminiferous  scale. 

The  so-called  'boss',  arising  on  the  center  of  an  inter- 
seminal scale  head  (Harris,  1932)  is  not  observed,  and  so  also 

stomata  said  to  be  located  around  the  boss  are  not  observed 

in  our  interseminal  scale  head.  Our  scale  heads  are  slightly 

convex  as  seen  in  the  longitudinal  section  (Figure  3-4). 

Discussion  and  comparison 

The  specimen  described  here  is  a  fragment  of  a  perminer- 
alized  gynoecium,  consisting  of  a  receptacle  bearing  numer- 

ous interseminal  and  seminiferous  scales.  Except  for  the 

receptacle,  the  fossil  is  well  preserved,  allowing  the  prepara- 
tion of  numerous  serial  peel  sections  along  longitudinal  and 

transverse  surfaces.  Figure  1A  shows  the  entire  structure  of 
seminiferous  and  interseminal  scales  and  Figure  1B  shows 
the  enlarged  upper  half  of  the  scales  mainly  on  the  basis  of 
longitudinally  cut  section. 

The  terminology  for  the  tissues  in  bennettitalean 
gynoecium  varies  according  to  the  authors,  except  for  the 
micropylar  canal,  nucellar  beak  and  pollen  chamber, 
because  the  function  of  other  tissues  is  still  uncertain. 

The  present  structure  is  characterized  by  its  rather  large- 
sized  scales  (24  mm  long  and  up  to  1.5  mm  in  diameter) 
similar  to  those  of  Cycadeoidea  morierei  (Saporta  and  Marion) 

Seward  (30-45  mm  long  and  up  to  1.5  mm  in  diameter)  (e.g. 
Seward,  1917).  Another  characteristic  feature  of  the  present 
gynoecium  described  here  is  the  presence  of  a  thick  radial 
cell  layer  at  the  shoulder  region  above  the  seed  space 

(Figure  3-1, 2, 3),  similar  to  those  recorded  for  Cycadeoidea 
dartoni  Wieland  (Wieland,  1916,  fig.  46),  C.  dacotensis  (Mac- 
Bride)  Ward  (Wieland,  1916,  fig.  47),  C.  morierei  (Saporta  and 
Marion)  Seward  (in  Seward,  1917)  and  C.  wielandi  Ward 

(Wieland,  1906,  fig.  63-1). 
This  tissue  was  called  prismatic  layer  for  Cycadeoidea 

morierei  (Wieland,  1906),  radial  and  tubular  layers  (Seward, 

1917),  and  a  slightly  palisaded  layer  of  heavily  walled  cells  for 
C  wielandi  (Wieland,  1906).  A  thick  radial  layer  appears  to 
be  restricted  to  some  Cycadeoidea  species  and  has  not  yet 
been  found  in  Williamsonia  species  and  its  allies. 

However,  as  said  earlier  regarding  terminology  of  tissues, 
in  Cycadeoidea  morierei,  the  parenchymatous  tubular  cell 
layer  is  called  tubular  envelope  (Wieland,  1906  ;  Seward, 

1917)  and  in  C.  wielandi,  this  layer  is  said  to  be  the  continua- 
tion of  the  heavy-walled  tubular  cells  (Wieland,  1906). 

According  to  Stewart  and  Rothwell  (1993),  the  integument 
of  Cycadeoidea  morierei  corresponds  to  the  fibrous  layer,  an 
extension  of  the  nucellar  stalk.  This  layer  may  correspond 
to  our  layer  of  dark  elongate  cells.  However,  we  believe 
that  the  radial  layer  is  real  integument,  because  it  envelopes 
the  internal  tissues  throughout. 

Sharma  (1977, 1990)  made  some  ontogenic  studies  on  the 
Williamsonia  ovules  and  mentioned  that  ovule  development 
was  basipetal.  But  in  our  gynoecium,  such  a  trend  is  not 
observed.  The  developmental  stage  of  our  gynoecium  is 
still  uncertain. 

Nishida  (1994)  redescribed  Cycadeoidella  japonica  Ogura 
from  the  Turanian  Middle  Yezo  Group,  Hokkaido.  In  this 

species  the  vascular  bundle  does  not  enter  the  outer  margin 
of  nucellar  remains.  In  his  interseminal  scale  head,  cells 

appear  to  be  not  radially  arranged  and  nearly  isodiametric. 
These  features  are  different  from  those  of  our  interseminal 

Figure  3.  Bennetticarpus  yezoites  sp.  nov.  Thick  and  thin  scale-bars  indicate  2  mm  and  200// m  respectively.  1: 
Radial  longitudinal  section  of  an  upper  part  of  the  ovule,  composed  of  micropylar  canal  filled  by  nucellar  beak  (nb),  pollen 
chamber  (pc),  archegonium  ?  (ar),  and  outer  radial  layer  (rl)  in  two  rows  at  the  shoulder  region.  Along  the  micropylar  region, 
swollen  interseminal  scales  are  close  to  the  micropylar  canal.  Thin  structureless  fleshy  layer  (fl)  is  present  inside  the  radial 
layer.  2  :  At  the  shoulder  region  cut  at  level  d  (Figure  1B),  pentagonal  radial  layers  are  present,  composed  of  two  rows  of  thick 

walled  cells  radially  arranged.  Each  angle  is  separated  by  narrow  wing-like  tissue.  In  other  part,  the  radial  layer  is  a  single 
row.  3  :  Pentagonal  radial  layer  enlarged  from  Figure  3-2.  Broken  nucellar  beak  (nb)  is  seen.  4  :  Radial  longitudinal 
section  of  distal  part  of  two  interseminal  scales.  An  arrow  shows  the  position  of  boundary  between  two  scales.  Each  scale 
is  penetrated  by  a  rather  thick  median  vascular  bundle  (vb).  The  scale  head  is  slightly  convex  and  is  composed  of  heavily 
cutinized  epidermal  and  thick-walled  hypodermal  cell  layers.  The  ground  tissue  is  composed  of  rectangular  cells  and  looks 
like  a  stack  of  bricks.  5  :  Vascular  bundle  in  longitudinal  section  of  an  interseminal  scale,  and  the  presence  of  intercellular 

spaces  (is).  6  :  Longitudinal  section  of  scalariform  tracheids  at  the  proximal  portion  of  an  interseminal  scale.  Note  that  the 

surrounding  cells  are  longitudinally  elongated,  instead  of  rectangular  cells  at  the  apical  portion  of  scale.  Some  elongate  cells 
are  thought  to  be  phloem  elements  (ph). 
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scales.  Further,  he  showed  outer  structureless  membranes 

which  respectively  did  envelope  the  seminiferous  and  the 

interseminal  scales  throughout.  However,  such  a  mem- 

braneous structure  is    not  observed  in  our  gynoecium. 
The  structure  of  the  bennettitalean  scales  at  the  base  has 

been  illustrated  in  various  ways  as,  for  example,  in  William- 
sonia  sp.  (Sharma,  1970,  1974),  W.  sewardiana  Sahni  (Sahni, 

1932),  l/V.  scotica  Seward  (Seward,  1912)  and  Cycadeoidea  sp. 

(Crepet,  1974).  Unfortunately,  the  basal  details  of  our  scales 

are  not  clear  (Figure  2-1, 3). 
At  present,  it  is  difficult  to  establish  the  generic  affinity  of 

our  gynoecium,  which  is  represented  only  by  a  receptacle 

and  a  thick  layer  of  seminiferous  and  interseminal  scales. 

Nevertheless,  it  is  clear  that  the  present  gynoecium  is 

bennettitalean.  Numerous  permineralized  bennettitalean 

reproductive  organs  have  been  recorded  from  Mesozoic 

plant  sites,  but  the  internal  features  of  their  gynoecia  are 

different  from  the  present  specimen.  Under  the  circum- 

stances we  assign  the  specimen  to  the  bennettitalean  form- 
genus  Bennetticarpus  with  the  specific  name  Bennetticarpus 
yezoites  untill  additional  information  is  available. 
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Figure  5.  Bennetticarpus  yezoites  sp.  nov.  Thick  and  thin  scale-bars  indicate  2  mm  and  200// m  respectively.  1: 
Nearly  radial  longitudinal  section  of  an  orthotropous  ovule.  Neighboring  interseminal  scales  are  curved  as  a  result  of  the 

corpulence  of  the  seed  space.  Peripheral  layers  are  darkish  because  of  thick-walled  and  heavily  cutinized  cells.  2  : 
Transverse  section  of  seed  spaces.  Each  space  is  surrounded,  from  inside  to  outside,  by  remains  of  nucellus  (nt),  dark 

elongate  cells,  radial  and  parenchymatous  tubular  cell  layers,  cut  at  level  e  (Figure  1B).  Both  dark  elongate  cells  and  radial 

cell  layers  are  darkish.  Among  these  seed  spaces  many  interseminal  scales  are  seen.  Dark  dots  show  the  transverse 
section  of  the  vascular  bundles.  3  :  Longitudinal  section  of  scalariform  tracheids  in  nucellar  stalk.  They  are  often  pinned 

against  the  wall  of  fleshy  cylinder  (cf.  Figure  6-5,  6).  4  :  Longitudinal  section  of  poorly  preserved  tracheids  in  the  nucellar 

stalk.  5  :  Longitudinal  section  of  two  ovules.  Both  nucellar  stalks  are  surrounded  by  radial  layers  inside  and  paren- 

chymatous tubular  cell  layers  (ptc)  outside.  6  :  Enlarged  from  the  boxed  area  in  Figure  5-5.  A  fibrous  vascular  strand  (vs) 
enters  into  and  merges  with  remains  of  the  nucellar  tissue  (nt). 



118 Tamiko  Ohana  et  a/. 



Bennetticarpus  yezoites  sp.  nov.  119 

Figure  6.  Bennetticarpus  yezoites  sp.  nov.  Thick  and  thin  scale-bars  indicate  2  mm  and  200 /zm  respectively.  1: 
Transverse  section  cut  at  level  f  (Figure  1B).  Concentric  tissues,  from  outside  to  inside,  are:  darkish  radial  layer  (one  cell 

thick  and  single  row)  (rl),  layer  of  dark  elongate  cells  (dec),  structureless  fleshy  layer  (fl),  saucer-like  tissue  (sit)  and  bottom  of 
the  seed  space  (ss).  These  tissues  (or  layers)  are  enveloped  by  parenchymatous  tubular  cells  layer  (ptc).  Layers  of  small 
cells  seen  at  three  corners  belong  to  the  neighboring  interseminal  scales.  2  :  Transverse  section  cut  at  level  g  (Figure  1B). 

Concentric  tissues,  from  outside  to  inside,  are  :  radial  layer  (one  cell  thick)  (rl),  layer  of  dark  elongate  cells  (dec),  structureless 

fleshy  layer  (fl)  and  saucer-like  tissue  (sit).  They  are  enveloped  by  a  layer  of  parenchymatous  tubular  cells  (ptc).  3  : 
Transverse  section  cut  at  level  h  (Figure  1B).  Three  concentric  tissues  are  seen  ;  they  are  in  turn,  radial  layer  (one  cell  thick) 
(rl),  dark  elongate  cells  layer  (dec)  and  structureless  fleshy  layer  (fl).  Vascular  bundle  is  seen  in  the  fleshy  cylinder.  4  : 

Transverse  section  cut  at  level  i  (Figure  1B).  Darkish  ring  consists  of  thin  radial  layer  and  dark  elongate  cells  layer. 

Parenchymatous  tubular  cells  layer  (ptc)  is  usually  oval-shaped.  5  :  One-sided  location  of  the  vascular  bundle  (arrow)  in  the 
fleshy  cylinder.  6  :  The  same.  Small-sized  cells  belong  to  the  neighboring  interseminal  scales  (int).  7  :  Transverse 
section  of  deformed  interseminal  scales  cut  at  level  j  (Figure  1B),  showing  vascular  bundle  (vb)  and  many  scattered  resin  cells 

(rsc).    8  :  A  vascular  bundle  enlarged  from  Figure  6-7.    It  is  difficult  to  distinguish  the  phloem  elements. 
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Abstract.  Lower  Triassic  coniform  conodonts  Aduncodina  unicosta  Ding  and  Neostrachanognathus 

tahoensis  gen.  et  sp.  nov.  from  the  pelagic  limestone  of  the  Taho  Formation  in  Ehime  Prefecture, 
Southwest  Japan  are  newly  reconstructed  as  quadrimembrate  apparatuses  with  the  M,  Sa,  Sb,  and  Sc 
elements.  A  unicosta  Ding,  originally  described  as  a  form  species,  is  the  Sb  element  of  the  skeletal 

apparatus  of  A.  unicosta,  newly  conceived.  Furthermore,  the  form  species  Cornudina  anterodentata  Ding 
and  C.  angularis  Wang  and  Cao  are  referable  to  the  Sa  and  Sc  elements  of  A.  unicosta,  respectively.  The 
elements  of  A  unicosta  and  N.  tahoensis  are  all  coniform  types.  The  M  elements  of  the  two  species  are 
adenticulated  and  the  Sa,  Sb,  and  Sc  elements  are  denticulated  with  one  to  four  denticles  on  the 

anterobasal  margin  of  the  base.  The  morphologic  similarity  between  Triassic  A  unicosta  and  N.  tahoen- 
sis and  the  Early  to  Middle  Paleozoic  coniform-type  conodonts  probably  represents  an  adaptive  conver- 

gence of  the  feeding  apparatuses.    A  unicosta  and  N.  tahoensis  indicate  the  early  Spathian. 

Key  words  :  Aduncodina  unicosta  Ding,  coniform  conodonts,  Neostrachanognathus  tahoensis  gen.  et  sp. 
nov.,  quadrimembrate  apparatus,  Taho  Formation,  Triassic. 

Introduction 

A  form  species  of  conodont,  Aduncodina  unicosta  Ding, 
was  recovered  by  Ding  (1983)  from  the  Lower  Triassic 
Helongshan  Formation  of  Mt.  Majiashan  of  Chaoxian,  Anhui 
Province,  South  China.  This  species  is  a  coniform  element 
characterized  by  a  nongeniculate,  slender,  and  suberect 

cusp  and  the  presence  of  one  to  three  hook-like  denticles 
on  the  anterobasal  margin  of  the  base. 

This  uniquely  shaped  conodont  also  occurs  abundantly  in 
the  pelagic  limestone  of  the  Triassic  Taho  Formation 

exposed  at  Tahokamigumi,  Shirokawa-cho,  Higashiuwa 
gun,  Ehime  Prefecture,  Southwest  Japan  (Figure  1).  As  a 
result  of  statistical  analysis  of  the  conodont  fauna,  including 
the  form  species  A.  unicosta,  it  has  been  made  clear  that  this 
form  species  is  one  of  the  elements  of  a  quadrimembrate 
skeletal  apparatus  composed  of  the  M,  Sa,  Sb,  and  Sc 
elements.  The  M  element  is  an  adenticulated  and  the  Sa, 
Sb,  and  Sc  elements  are  denticulated  nongeniculate 
coniform  types  with  one  to  four  denticles  on  the  anterobasal 
margin  of  the  base.  The  form  species  A.  unicosta  of  Ding 
(1983)  is  the  Sb  element  of  the  apparatus.  Furthermore,  the 

form  species  Cornudina  anterodentata  Ding  and  C.  cf.  oez- 
demirae  Gedik  described  by  Ding  (1983)  from  the  same 
sample  yielding  A.  unicosta  can  be  regarded  as  the  Sa  and 
Sc  elements  of  the  apparatus,  respectively.  The  form 
species  C.  angularis  Wang  and  Cao  (1993)  from  the  Upper 

Chinglung  Formation  of  the  Early  Triassic  at  Jiangning  in 
Nanjing  can  be  also  referred  to  the  Sc  element  of  the 
skeletal  apparatus. 

I  propose  herein  Aduncodina  unicosta  Ding  for  this  quad- 
rimembrate skeletal  apparatus  composed  of  four  coniform 

type  elements.  Aduncodina  unicosta  is  an  index  of  the  early 

Spathian. 
In  the  Taho  Formation  there  occurs  another  quadrimem- 

brate coniform  species.  The  elements  are  basically  com- 
mon in  morphology  with  those  of  A.  unicosta.  The  M  ele- 
ment is  an  adenticulated  and  the  Sa,  Sb,  and  Sc  elements 

are  denticulated  nongeniculate  coniform  types  with  one 
denticle  on  the  anterobasal  margin  of  the  base. 

I  also  propose  herein  Neostrachanognathus  tahoensis  gen. 
et  sp.  nov.  for  the  quadrimembrate  conodont  species. 

Cratognathodus  sp.  reported  by  Buryi  (1989)  from  the  Spath- 
ian in  the  Dalnegorsk  region,  Sikhote-Alin  is  the  Sb  element 

of  this  new  species.  Neostrachanognathus  tahoensis  indi- 
cates the  early  Spathian. 

Coniform  elements  are  considerably  dominant  compo- 
nents in  apparatuses  of  conodonts  diversified  during  the 

Late  Cambrian  to  Devonian  but  quite  rare  or  almost  absent 

in  the  post-Devonian  Paleozoic.  The  reconstruction  of 
coniform  conodont  apparatuses  is,  therefore,  very  important 
for  the  study  of  evolution  of  the  Conodonta.  I  describe  the 
skeletal  apparatuses  of  A.  unicosta  and  N.  tahoensis  and 
consider  the  phylogeny  of  these  genera  comparing  with 
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Figure!  Index  map  showing  the  location  of  the  study 

section.  1a.  Index  map.  Th  :  Tahokamigumi.  1b.  Solid  cir- 
cle shows  the  outcrop  section  of  Taho  Formation  at  Taho- 

kamigumi, Shirokawa-cho,  Higashiuwa-gun,  Ehime  Prefec- 
ture, Southwest  Japan. 

Comudina  in  the  Triassic  and  some  coniform  apparatuses  in 
the  Paleozoic. 

All  of  the  described  specimens  are  kept  in  the  Department 
of  Science  Education,  Faculty  of  Education  and  Human 
Sciences,  Yokohama  National  University. 

Biostratigraphic  setting 

Aduncodina  unicosta  and  N.  tahoensis  are  resticted 

respectively  within  the  basal  2  and  4  m  of  the  Spathian 

Neospathodus  triangularis-N.  homeri  Zone  (8  m  thick)  in  the 
Triassic  Taho  Formation  (Figure  2).  The  Spathian  limestone 

is  composed  of  dark  gray,  thin-  to  medium-bedded  bio- 
micrite  including  abundant  thin-shelled  bivalves  and 
radiolarians  and  subordinate  echinoderm  crusts,  small  gas- 

tropods, and  foraminifers.  This  lithologie  feature  indicates 

that  the  limestone  is  pelagic  in  origin.  An  estimated  sedi- 

mentation rate  is  about  0.5-0.8  g/cm2/1.000  yr  (Koike,  1994). 
In  the  Taho  Formation,  A.  unicosta  and  N.  tahoensis  occur 
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Figure  2.  Stratigraphie  section  and  vertical  distribution 
of  Aduncodina  unicosta  Ding,  Neostrachanognathus  tahoensis 
gen.  et  sp.  nov.,  and  important  pectiniform  conodonts. 

with  Neospathodus  triangularis  (Bender),  N.  homeri  (Bender), 

Icriospathodus  collinsoni  (Solien),  Comudina  igoi  Koike,  £/- 
lisonia  triassica  Müller,  E.  dinodoides  (Tatge),  and  many 
unidentified  coniform  and  ramiform  elements.  Among  them, 
the  first  four  species  are  restricted  to  the  Spathian. 

The  form  species  A.  unicosta  proposed  by  Ding  (1983)  for 
the  Sb  element  of  the  A.  unicosta  apparatus  is  associated 

with  N.  triangularis,  N.  homeri,  and  /.  collinsoni  in  the  Helong- 
shan  Formation  in  Anhui  Province,  South  China.  The  form 

species  Comudina  angularis  proposed  by  Wang  and  Cao 
(1993)  for  the  Sc  element  of  the  A.  unicosta  apparatus  occurs 
in  the  Upper  Chinglung  Formation  in  Nanjing  which  yields  N. 
triangularis  and  N.  homeri.  Consequently,  the  occurrence  of 
the  A.  unicosta  apparatus  in  South  China  well  accords  with 
that  of  Japan  in  age. 

Cratognathodus  sp.,  described  by  Buryi  (1989)  from  the 

Spathian  of  Sikhote-Alin  can  be  assigned  to  the  Sb  element 
of  the  N.  tahoensis  apparatus.  The  biostratigraphic  range  of 
N.  tahoensis  also  accords  with  that  established  in  Japan. 

The  apparatus  of  Aduncodina  unicosta  Ding 

Aduncodina  unicosta  is  reconstructed  as  a  quadrimem- 
brate  skeletal  apparatus  in  this  study  (Figure  3).  The  ele- 

ments are  composed  of  an  adenticulated,  a  denticulated 
bilaterally  subsymmetric,  and  two  denticulated  asymmetric 
nongeniculate  coniform  types.  The  denticulated  coniform 
elements  carry  one  to  four  anterobasal  denticles.    I  assign 
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Sc 

Sb 

Sa 

Table!  Occurrence  of  M,  Sa,  Sb,  and  Sc  elements  of 

Aduncodina  unicosta  Ding  obtained  from  5  to  10  kg  of  lime- 
stone. 

M 

Figure  3.  A  hypothetical^  reconstructed  apparatus  of 
Aduncodina  unicosta  Ding.  All  elements  are  arranged  in 
symmetric  pairs. 

the  adenticulated  subsymmetric  coniform  element  to  the  M, 
the  denticulated  subsymmetric  one  to  the  Sa,  and  the 
asymmetric  denticulated  ones  to  the  Sb  and  Sc  positions, 
respectively. 

The  frequency  of  the  M,  Sa,  Sb,  and  Sc  elements  in  four 
samples  is  20,  84,  58,  and  181  and  an  approximate  ratio  of 

the  elements  is  0.3  : 1.5 : 1 :  3.1,  respectively  (Table  1).  Trias- 
sic  Ellisonia  dinodoides  (Tatge)  statistically  reconstructed  by 

Koike  (1994)  comprises  the  M  (breviform  digyrate),  Sa  (bilater- 
ally symmetric  alate),  Sb  (extensiform  digyrate),  Sc  (bipen- 

nate)  elements  whose  inferred  ratio  is  2:1:2:4  or  6. 
Paleozoic  ozarkodinid  apparatuses  reconstructed  based  on 
natural  assemblages  are  composed  of  the  M  (breviform 
digyrate),  Sa  (alate),  Sb,  (bipennate),  Sb2  (bipennate),  Sc, 
(bipennate),  Sc2  (bipennate),  Pa  (carminiscaphate),  and  Pb 
(angulate)  elements,  the  ratio  among  which  is  2  :  1 :  2  :  2  : 2  : 
2:2:2  (Purnell  and  Donoghue,  1998,  etc.).  The  composition 

of  the  apparatus  of  the  Pennsylvanian  prioniodinid  Gondolel- 
la  is  almost  the  same  as  for  the  ozarkodinids  (von  Bitter  and 
Merrill,  1998).  Aduncodina  unicosta  has,  therefore,  relatively 
rare  M  elements  and  abundant  Sa  elements  compared  with 
those  previously  confirmed  multielement  apparatuses  with 

ramiform  (M  and  S  series)  and  pectiniform  (P  series)  ele- 
ments. 

According  to  Dzik  and  Drygant  (1986),  the  Sa  (tr)  element 

Loo M Sa Sb Sc 

1119-1 

2 3 4 

19 

1185 1 9 2 15 

1415 

16 

63 

45 

111 
1186 

1 9 7 36 

total 
20 

84 

58 181 

ratio 0.3 1.5 :         1 3.1 

is  bilaterally  subsymmetric  and  considered  to  be  paired  in 
most  coniform  apparatuses  in  the  Ordovician.  The  relative 
abundance  of  the  Sa  element  in  the  A.  unicosta  apparatus 

may  be  comparable  to  the  above-mentioned  feature  of  the 
Ordovician  coniform  apparatuses. 

It  is,  however,  difficult  to  explain  why  the  occurrence  of  the 
M  element  is  rare  compared  with  that  of  the  Sa  and  Sb 
elements  in  the  A.  unicosta  apparatus.  Further  study  is 
necessary  to  confirm  the  positions  and  proportions  of  the 
elements  in  A.  unicosta  based  on  more  abundant  specimens. 

The  four  elements  considered  to  be  of  the  A.  unicosta 

apparatus  have  common  morphologic  characteristics  such 
as  thin  wall,  suberect  cusp,  moderately  deep  basal  cavity, 

and  hook- like  anterobasal  denticles  in  the  S  series.  The 
morphologic  characteristics  of  each  element  are  as  follows. 

The  M  element  is  a  bilaterally  subsymmetric  adenticulated 
coniform  type. 

The  Sa  element  is  a  bilaterally  subsymmetric  coniform 
type  with  one  proclined  denticle  on  the  anterobasal  margin. 

The  Sb  element  is  a  bilaterally  asymmetric  coniform  type 
with  the  triangular  basal  margin  and  one  to  three  laterally 
curved  hook-like  anterobasal  denticles. 

The  Sc  element  is  a  bilaterally  asymmetric  coniform  type 
with  the  lenticular  basal  margin  and  one  to  four  laterally 
curved  hook-like  anterobasal  denticles. 

The  apparatus  of  Neostrachanognathus  tahoensis 

gen.  et  sp.  nov. 

The  skeletal  apparatus  of  N.  tahoensis  is  quadrimembrate 

and  consists  of  an  adenticulated,  a  denticulated  subsym- 
metric, and  two  denticulated  asymmetric  nongeniculate 

coniform  elements  (Figure  4).  The  denticulated  asymmetric 
elements  bear  one  or  two  anterobasal  denticles.  I  regard 
the  subsymmetric  adenticulated  element  as  the  M,  the 

subsymmetric  denticulated  one  as  in  the  Sa,  and  the  asym- 
metric denticulated  ones  as  in  the  Sb  and  Sc  positions, 

respectively. 
The  total  number  of  the  M,  Sa,  Sb,  and  Sc  elements  from 

six  samples  is  18,  39,  41,  and  85  and  an  approximate  ratio  of 
the  elements  is  0.4 : 1 : 1 :  2,  respectively  (Table  2).  The 
relative  small  number  of  the  M  and  large  number  of  the  Sa 
elements  in  this  skeletal  apparatus  show  the  same  tendency 
with  the  A.  unicosta  apparatus. 

The  four  elements  possess  common  characteristics  such 
as  thick  wall,  suberect  to  proclined  and  tapering  cusp. 
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Figure  4.  A  hypothetical  ly  reconstructed  apparatus  of 
Neostrachanognathus  tahoensis  gen.  et  sp.  nov.  All  elements 
are  arranged  in  symmetric  pairs. 

Table  2.  Occurrence  of  M,  Sa,  Sb,  and  Sc  elements  of 
Neostrachanognathus  tahoensis  gen.  et  sp.  nov.  obtained 
from  3  to  5  kg  of  limestone. 

Loo M Sa 
Sb Sc 1185 1 3 4 8 

1415 3 6 7 8 

1120 9 29 
28 

67 

1186 3 1 1 1 

1188 1 0 1 0 

1122 1 0 0 1 

total 18 39 41 85 

ratio 0.4 :          1 :          1 :          2 

shallow  basal  cavity,  and  one  or  two  small  to  large  antero- 
basal  denticles  in  the  S  series.  The  morphologic  character- 

istics of  each  element  are  as  follows. 

The  M  element  is  a  bilaterally  subsymmetric  adenticulated 
coniform  type. 

The  Sa  element  is  a  bilaterally  subsymmetric  coniform 
type  with  one  denticle  on  the  anterobasal  margin. 

The  Sb  element  is  a  bilaterally  asymmetric  coniform  type 
with  one  or  two  anterobasal  denticles  bending  inwardly. 

The  Sc  element  is  a  bilaterally  asymmetric  coniform  type 

with  the  posteriorly  extending  base  and  one  or  two  antero- 
basal denticles  bending  inwardly.  A  small  denticle  may  be 

present  on  the  posterior  portion  of  the  base. 

Coniform  conodonts  in  the  Triassic 

As  mentioned  above,  coniform  elements  are  dominant 

components  in  the  apparatuses  of  most  conodont  genera 
and  species  in  the  Late  Cambrian  to  Devonian  but  are  quite 
rare  or  almost  absent  in  the  Carboniferous  and  Permian.  In 

the  Triassic,  coniform  conodont  elements  are  also  rare  but 
more  common  than  in  the  Carboniferous  and  Permian. 

In  addition  to  A.  unicosta,  Zieglericonus  rhaeticus  Kozur 
and  Mock  was  previously  proposed  as  a  coniform  type  and 
some  coniform  conodonts  were  assigned  to  Cornudina  or 
allocated  as  an  unidentified  genus. 

Zieglericonus  rhaeticus  proposed  by  Kozur  and  Mock 
(1991)  for  the  coniform  element  occurred  in  the  upper 
Rhaetian  of  Hungary.  This  species  is  characterized  by  a 
proclined  to  erect  cusp  with  fine  striations  and  a  deeply 
excavated  basal  cavity. 

Genus  A  reported  by  Hatleberg  and  Clark  (1984)  from  the 
upper  Spathian  of  Nepal  consists  of  three  nongeniculate 
coniform  elements  of  the  alate  (Sa),  digyrate  (M  or  Sb),  and 

bipennate  (Sc)  types.  They  did  not  describe  whether  the 
three  elements  are  of  one  or  more  apparatuses.  It  is 
probable  that  the  alate  type  (PI.  4,  fig.  14  of  Hatleberg  and 
Clark,  1984)  is  of  a  multielement  species,  the  digyrate  (PI.  4, 
fig.  15)  and  bipennate  (PI.  4,  figs.  11,  12)  types  are  of  another 
multielement  species  judging  from  the  same  type  elements 
occurring  in  the  Spathian  of  the  Taho  Formation. 

The  form  genus  Cornudina  was  recently  reconstructed  as 
a  unimembrate  or  bimembrate  apparatus  on  the  basis  of 
samples  from  the  Taho  Formation  and  two  species  were 
proposed  for  the  Cornudina  apparatuses  by  Koike  (1996). 
The  bimembrate  Cornudina  apparatus,  C.  breviramulis 

(Tatge)  is  the  type  species  of  Cornudina  and  consists  of  the 
segminate  pectiniform  Pa  and  angulate  pectiniform  Pb 
elements.  The  Pa  element  is  composed  of  a  long  cusp  and 
short  anteroposterior  processes  with  one  to  four  denticles. 
The  Pb  element  consists  of  a  large  cusp,  a  short  anterior 
process  with  one  to  five  denticles,  and  a  relatively  long 
twisted  posterior  process  with  four  to  seven  denticles  (Figure 5). 

Pa 

Pb 

Figures.    A    reconstructed    apparatus    of    Cornudina 
breviramulis  (Tatge). 
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Pa 

Figure  6.    A  reconstructed  apparatus  of  Cornudina  igoi 
Koike. 

The  pectiniform  Pa  and  Pb  elements  of  C.  breviramulis 

reveal  evolutionary  trends  of  decrease  in  size  of  the  process- 
es and  in  number  of  denticles  on  the  processes  during  Early 

to  Late  Triassic  times  and  some  of  the  Pa  elements  in  the 

Middle  and  Late  Triassic  appear  to  be  coniform. 
The  unimembrate  Cornudina  apparatus,  C.  igoi  enacted  by 

Koike  (1996),  is  composed  of  the  segminate  pectiniform  Pa 
elements  with  a  long  cusp  and  a  very  short  anterior  process 
carrying  one  to  three  denticles  (Figure  6).  Cornudina  igoi  is 
restricted  within  the  early  Spathian.  The  elements  of  C  igoi 
with  one  anterior  denticle  look  like  a  coniform  type  and  fairly 
resemble  the  Sa  element  of  N.  tahoensis. 

Cornudina  was  allocated  to  the  genus  Chirodella  of  the 

family  Xaniognathidae  by  Sweet  (1981).  Koike  (1996)  sepa- 
rated Cornudina  from  Chirodella  because  the  elements  of 

their  apparatuses  are  completely  different.  It  is  very  difficult 
to  determine  the  phylogenic  position  of  C  breviramulis  and 

C  igoi  in  the  family-group  category  because  both  species 
are  different  in  combination  and  morphology  of  apparatus 
elements  from  the  previously  proposed  conodont  groups  in 
the  Triassic.  I  regard  Cornudina,  however,  as  belonging  to 

the  family  Gondolellidae  because  the  segminate  Pa  ele- 
ments of  C.  breviramulis  and  C  igoi  and  the  angulate  Pb 

elements  of  C.  breviramulis  indicate  some  morphologic  simi- 
larities with  the  Pa  and  Pb  elements  of  the  family  Gondolel- 

lidae proposed  by  Sweet  (1988),  respectively. 
Early  Anisian  Cornudina  oezdemirae  proposed  by  Geidik 

(1975)  and  late  Anisian  C.  unidentata  proposed  by  Kozur  and 
Mostler  (1972)  are  coniform  types  whose  generic  names 
should  be  reexamined. 

The  Taho  Formation  yields  more  than  eight  types  of 
coniform  elements  besides  those  in  A.  unicosta  and  N.  ta- 

hoensis. I  have  not  reconstructed  yet  any  apparatuses 
based  on  the  elements  because  they  are  not  abundant  in 

number.  They  are,  however,  referable  to  3  or  4  multiele- 
ment species  judging  from  their  occurrence  in  the  strata. 

More  than  five  coniform  multielement  species  are,  therefore, 
present  in  the  Taho  Formation. 

Phylogeny  of  Aduncodina  and  Neostrachanognathus 

Most  Early  Triassic  conodonts  previously  described  belong 
to  the  family  Sweetgnathidae  and  Spathognathodontidae  of 

the  order  Ozarkodinida,  the  family  Ellisoniidae  and  Gondolel- 
lidae of  the  order  Prioniodinida  (Sweet,  1988).  The  appa- 

ratuses of  these  families  in  the  late  Paleozoic  are  composed 
of  six  to  eight  types  of  elements  with  the  pectiniform  P 

elements  in  the  P  position  and  ramiform  elements  in  the  M 
and  S  positions  but  some  lineages  lost  elements  in  the 
Triassic,  becoming  quinquimembrate  with  ramiform  elements 
in  the  M  and  S  positions  or  unimembrate  with  a  pectiniform 
element  in  the  Pa  position  (Sweet,  1988,  etc.).  Skeletal 

apparatuses  with  coniform  elements  are  uncommon  in  the 
Ozarkodinida  and  Prioniodinida  which  ranged  from  the  Early 
or  Middle  Ordovician  through  the  Triassic. 

On  the  other  hand,  the  Early  to  Middle  Paleozoic  conodont 

orders  (e.g.,  Belodellida,  Protopanderodontida,  and 
Prioniodontida)  include  many  species  and  genera  with 
multimembrate  apparatuses  composed  of  coniform  elements 
(Sweet,  1988  ;  Dzik,  1989,  1991,  etc.). 

Among  the  species  and  genera  in  these  orders,  Ordovician 
Strachanognathus  parvus  enacted  by  Rhodes  (1955)  is  closely 
similar  to  Neostrachanognathus  tahoensis  proposed  herein, 

being  composed  of  nongeniculate  coniform  elements  with  a 
distinct  anterobasal  denticle.  Strachanognathus  parvus  was 
identified  as  a  unimembrate  apparatus  by  Bergström  (1981). 

Dzik  (1989)  distinguished,  however,  six  types  of  coniform 
elements  with  an  anterobasal  denticle  in  the  S.  parvus 

apparatus. The  S  elements  of  Dapsilodus  and  Walliserodus  of  the 
Belodellida  are  similar  to  the  elements  of  Aduncodina 

unicosta  in  shape  of  the  base  and  cusp,  although  they  have 
no  anterobasal  denticles.  The  Belodellida  became  extinct 

by  the  end  of  the  Devonian. 
The  Icriodontidae  of  the  Prioniodontida  is  one  of  the 

youngest  families  including  coniform  elements  in  the  M  and 
S  positions  of  the  apparatuses.  The  coniform  elements  in 

the  S  positions  of  Pelekysgnathus  of  the  Icriodontidae  some- 
what resemble  N.  tahoensis,  although  they  do  not  possess 

any  anterobasal  denticles.  The  family  is  regarded  to  dis- 
appear by  the  end  of  the  Devonian. 

The  coniform  elements  from  the  Carboniferous  are  quite 
rare.  Among  less  than  five  coniform  type  species  described 

(Cooper,  1939,  etc.),  Pennsylvanian  Neoprioniodus  ?  expan- 
dofundus  Webster  reported  by  Rabe  (1977)  from  the  Eastern 
Andes  of  Colombia  is  somewhat  similar  to  the  Sa  element  of 

N.  tahoensis.  I  am  unaware  of  any  reports  of  Permian  or 
Early  Triassic  Induan  coniform  conodonts. 

It  is  quite  interesting  that  more  than  five  coniform  multiele- 
ment species  including  A.  unicosta  and  N.  tahoensis  appear- 

ed in  the  Spathian  120  to  50  million  years  after  the  extinction 

of  Devonian  or  Carboniferous  coniform  conodonts.  I  con- 
sider that  the  Triassic  coniform  types  evolved  from  the 

ramiform  types  and  the  morphologic  similartiy  (homeomorphy) 
between  the  Triassic  coniform  types  and  the  Early  to  Middle 
Paleozoic  ones  may  be  a  result  of  adaptive  convergence  of 
the  elements  as  the  feeding  apparatuses.  It  is  difficult  to 
show  in  detail  the  differences  in  function  between  coniform 

and  ramiform  types  and  those  among  coniform  elements  in 
an  apparatus.  It  is  thought,  however,  that  conodont  animals 
were  predators  and  coniform  and  ramiform  types  functioned 
in  grasping  and  or  cutting  food  (Jeppsson,  1979  ;  Dzik.  1991  : 
Purnell,  1995). 

A  probable  evolution  from  ramiform  to  coniform  elements 
in  the  Early  Triassic  may  represent  the  divergence  of  feeding 
mechanisms  in  the  conodont  apparatuses.    The  Triassic 
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Figure  7.  The  morphology  of  the  Sc  elements  of  Adun- 
codina  unicosta  Ding  (left)  and  Neostrachanognathus  tahoensis 
gen.  et  sp.  nov.  (right).  Lc  :  length  of  cusp,  Lu  :  length  of 
upper  margin  of  base,  Lb  :  length  of  basal  margin 

coniform  elements  probably  evolved  from  the  lineage  of  the 
Gondolellidae  or  Ellisonidae,  which  survived  the  Permian  and 

diversified  in  the  Early  Triassic.  Much  more  paleontological 
information  on  the  Early  Triassic  conodont  apparatuses  is 
necessary  to  discuss  this  problem  in  more  detail. 

Systematic  paleontology 

Genus  Aduncodina  Ding,  1983 

Type  species.— Aduncodina  unicosta  Ding,  1983 
Diagnosis.— Aduncodina  a  quadrimembrate  apparatus 

composed  of  an  adenticulated  and  three  denticulated  non- 
geniculate  coniform  elements.  Base  of  coniform  unit  rela- 

tively large  and  long.  Basal  cavity  moderately  deep.  Cusp 
suberect.  Denticles  of  denticulated  elements  situated  at 

the  anterobasal  portion  and  relatively  long,  proclined  or 
curved  inwardly  (Figures  7,  8).  Quadrimembrate  elements 
are  of  the  M,  Sa,  Sb,  and  Sc  positions.  M  element  bilaterally 
subsymmetric  and  adenticulated.  Sa  element  bilaterally 
subsymmetric  and  denticulated  with  a  proclined  denticle.  Sb 
element  characterized  by  a  conspicuous  outward  basal 

expansion  and  one  to  three  hook-like  anterobasal  denticles 
curved  inwardly.  Sc  element  has  lenticular  basal  margin 

and  carries  one  to  four  hook-like  anterobasal  denticles 
curved  inwardly. 

Aduncodina  unicosta  Ding,  1983 

Figure  8 

Sa  element 

Cornudina  anterodentata  Ding,  1983.    p.  41,  pi.  6,  figs.  18  (?)-19, 
23-24. 

Sb  element 

Aduncodina    unicosta    Ding,    1983.    p.  41,    pi.  6,    figs.  10-14, 
20  (?)-21. 

Sc  element 

Cornudina  cf.  oezdemirae  (Gedik),  Ding,  1983.    p.  42,  pi.  7,  figs. 
25-26. 

Cornudina  angularis  Wang  and  Cao,  1993.    p.  249,  pi.  60,  figs. 
2,15. 

Description.—  M,  Sa,  Sb,  and  Sc  elements  have  common 
morphologic  characteristics  such  as  small  unit,  thin  wall, 
relatively  large  and  long  base,  suberect  slender  cusp  with 

subcircular  cross  section,  and  moderately  deep  basal  cavity. 

M  element  bilaterally  subsymmetric  adenticulated  coni- 
form. Base  lenticular  in  cross  section  (Figure  3).  Basal 

margin  very  weakly  convex  toward  anterior  and  180  to  240 

^m  in  diameter.  Upper  margin  of  base  140  to  180  //m  in 
length.    Cusp  attains  230  to  400// m  in  length. 

Sa  element  bilaterally  subsymmertic  denticulated  coni- 
form. Base  lenticular  in  cross  section.  Basal  margin 

weakly  convex  toward  anterior  and  110  to  210// m  in  diame- 
ter. Upper  margin  of  base  100  to  180  //m  in  length.  Cusp 

attains  150  to  300  //m  in  length.  Anterobasal  margin  carries 
one  proclined  denticle,  about  one  third  to  one  half  of  length 
of  cusp,  and  subcircular  in  cross  section.  Apex  of  basal 

cavity  extends  near  junction  of  cusp  and  anterobasal  denti- 
cle. 

Sb  element  bilaterally  asymmetric  denticulated  coniform. 
Base  conspicuously  expands  outwardly  and  triangular  in 
cross  section.  Basal  margin  weakly  to  strongly  convex 

anteriorly  and  130  to  200// m  in  diameter.  *  Upper  margin  of 
base  100  to  200  jum  in  length.  Cusp  attains  130  to  300  //m 

in  length.  Anterobasal  margin  carries  one  to  three  hook- 
like denticles,  which  are  discrete,  subequal  in  size  and  about 

one  fifth  of  length  of  cusp,  and  extended  inwardly  and 

curved  upwardly.  Apex  of  basal  cavity  situated  near  junc- 
tion of  cusp  and  anteriormost  denticle. 

Sc  element  bilaterally  asymmetric  denticulated  coniform. 
Base  lenticular  in  cross  section.  Basal  margin  weakly  to 

strongly  convex  anteriorly  and  110  to  180// m  in  diameter. 
Upper  margin  of  base  110  to  200  //m  in  length.  Cusp  attains 

140  to  280  //m.  Anterobasal  margin  bears  one  to  four  hook- 
like denticles,  which  exhibit  the  same  features  as  those  of  Sb 

element.  Basal  cavity  also  shows  the  same  characteristics 
as  that  of  Sb  element. 

Remarks.— The  form  species  Cornudina  anterodentata 

proposed  by  Ding  (1983)  is  bilaterally  subsymmetric  non- 
geniculate  coniform  with  one  or  two  proclined  denticles  on 
the  anterobasal  margin.  The  morphologic  characteristics  of 
the  form  species  well  accord  with  those  of  the  Sa  element  of 
the  A.  unicosta  apparatus.  The  Sa  element  from  the  Taho 

Formation,  however,  does  not  have  two  anterobasal  denti- 
cles but  only  one  denticle  as  far  as  observed. 

The  form  species  Cornudina  angularis  proposed  by  Wang 

and  Cao  (1993)  and  Cornudina  cf.  oezdemirae  (Gedik)  de- 
scribed by  Ding  (1983)  are  identical  with  the  Sc  element  of  A. 

unicosta  in  having  lenticular  cross  section  of  the  basal 

margin  and  carrying  one  inwardly  flexing  anterobasal  denti- cle. 

The  Sa,  Sb,  and  Sc  elements  of  the  A.  unicosta  and  N. 
tahoensis  apparatuses  are  common  in  arrangement  of  the 
anterobasal  denticles,  respectively.  They  are  different, 
however,  in  outline  of  the  unit,  relative  size  of  the  base, 

shape  of  the  basal  cavity,  cross  section  of  the  basal  margin, 
and  shape  of  the  cusp  and  anterobasal  denticles. 

Repository—  YNUC15832-15857. 

Genus  Neostrachanognathus  gen.  nov. 

Type  species.— Neostrachanognathus  tahoensis  sp.  nov. 
Diagnosis.— Diagnosis    of    Neostrachanognathus     newly 
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Figure  8.  Elements  of  Aduncodina  unicosta  Ding  from  the  Taho  Formation,  alt  X100.  1-3.  M  elements. 
YNUC15832-15834  from  Loc.  1415.  4-8.  Sa  elements,  4  :  YNUC  15835  from  Loc.  1415,  5  :  YNUC  15836  from  Loc. 
1119-1,  6:  YNUC  15837  from  Loc.  1415,  7-8:  YNUC1 5838-1 5839  from  Loc.  1185.  9-16.  Sb  elements.  9:  outer 
lateral  view,  YNUC15840  from  Loc.  1415,  10-12  :  inner  lateral  views,  YNUC15841-15843  from  Loc.  1415,  13  :  outer 
lateral  view,  YNUC15844  from  Loc.  1186,  14-15  :  inner  lateral  views,  YNUC15845-15846  from  Loc.  1415,  16  :  outer 
lateral  view,  YNUC15847.  17-26.  Inner  lateral  views  of  Sc  elements,  17-20  :  YNUC1 5848-1 5851  from  Loc.  1415,  21- 
24:  YNUC15852-15855  from  Loc.  1119-1,  25-26:  YNUC15856-15857  from  Loc.  1185. 

proposed  is  based  on  N.  tahoensis  sp.  nov.  Neostra- 
chanognathus  is  characterized  by  a  quadrimembrate  appara- 

tus composed  of  an  adenticulated  and  three  denticulated 

nongeniculate  coniform  elements.  Base  of  elements  rela- 
tively small  and  short  and  the  basal  cavity  shallow.  Cusp 

proclined  and  tapered.  Denticles  of  denticulated  elements 
situated    at    anterobasal    portion    (Figures  7, 9).    Coniform 

elements  referable  to  M,  Sa,  Sb,  and  Sc.  M  element 

bilaterally  subsymmetric  adenticulated  coniform.  Sa  ele- 
ment bilaterally  subsymmetric  denticulated  coniform  and 

carries  one  small  proclined  anterobasal  denticle.  Sb  ele- 
ment has  inwardly  bending  one  or  two  small  to  large  antero- 
basal denticles.  Sc  element  possesses  long  upper  basal 

margin  and  carries  inwardly  flexing  one  or  two  small  to  large 
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Figure  9.  Elements  of  Neostrachanognathus  tahoensis  gen.  et  sp.  nov.,  all  X100.  1-4.  M  elements, 
YNUC15858-15861  from  Loc  1120.  5-9.  Sa  elements,  5-8  :  YNUC1 5862-1 5865  from  Loc.  1120,  9  :  YNUC15866 
from  Loc.  1185.  10-15.  Inner  lateral  views  of  Sb  elements,  YNUC15867-15872  from  Loc.  1120.  16-23.  Inner  lateral 
views  of  Sc  elemests,  16-17  :  YNUC1 5873-1 5874  from  Loc.  1185,  18  :  YNUC15875  from  Loc.  1120,  19  :  holotype, 
YNUC15876  from  Loc.  1120,  20-23  :  YNUC15877-15880  from  Loc.  1120. 

anterobasal  denticles.    One  posterior  denticle  may  be  pres- 
ent on  the  base. 

Neostrachanognathus  tahoensis  sp.  nov. 

Figure  9 

Sb  element 
Cratognathodus  sp.  Buryi,  1989,  pi.  2,  fig.  6. 
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Holotype— Sc  element  YNUC  15876  ;  Figure 9-19  ;  Taho 
Limestone,  Tahokamigumi,  Shirokawa-cho,  Ehime  Prefec- 
ture. 

Description.— Four  elements  of  this  apparatus  exhibit 
common  characteristics  such  as  thick  wall,  relatively  small 
and  short  base,  and  proclined  and  tapered  cusp. 

M  element  bilaterally  subsymmetric  adenticulated  coni- 
form. Lower  view  of  basal  margin  lenticular  shape  with 

broadly  or  narrowly  rounded  posterobasal  corner  and  bluntly 
pointed  anterobasal  corner.  Basal  margin  150  to  230  //m  in 
diameter  and  upper  margin  of  base  50  to  100  //m  in  length. 
Cusp  stout,  ellipsoidal  in  cross  section,  and  250  to  300  //m  in 
length. 

Sa  element  bilaterally  subsymmetric  denticulated  coni- 
form. Basal  margin  lenticular  in  shape,  rounded  and  bluntly 

pointed  at  posterobasal  and  anterobasal  corners,  respective- 
ly in  cross  section,  and  150  to  200  //m  in  diameter.  Upper 

margin  of  base  30  to  80// m  in  length.  Cusp  attains  240  to 
300// m  in  length.  Anterobasal  margin  carries  one  short 
proclined  denticle,  which  ranges  from  20  to  50  //m  in  length 
and  is  ellipsoidal  to  subcircular  in  cross  section. 

Sb  element  bilaterally  asymmetric  denticulated  coniform. 
Lower  view  of  basal  margin  lenticular  in  shape  with  broadly 
rounded  or  bluntly  pointed  posterobasal  corner  and  bluntly  or 
sharply  pointed  anterobasal  corner.  Basal  margin  180  to 
230// m  in  diameter  and  upper  margin  of  base  40  to  80// m 
in  length.  Cusp  250  to  350  //m  in  length.  Anterobasal 
margin  possesses  inwardly  bending  one  or  two  denticles. 
Longer  denticle  50  to  150 //m  in  length. 

Sc  element  bilaterally  asymmetric  denticulated  coniform. 
Basal  outer  surface  expanded  and  basal  margin  shows 
laterally  compressed  triangular  shape  in  cross  section. 
Basal  margin  180  to  340 //m  in  length.  Upper  margin  of 
base  long  and  80  to  140// m  in  length.  Cusp  proclined  to 
suberect  and  270  to  500  //m  in  length.  Anterobasal  margin 

carries  one  or  two  inwardly  flexing  denticles.  Longer  denti- 
cle 80  to  250 //m  in  length. 

Remarks.— The  form  species  Cornudina  oezdemirae 
proposed  by  Gedik  (1975)  was  based  on  16  specimens  from 
the  lower  Anisian  of  the  Kocaeli  Peninsula,  Turkey  and  its 
morphologic  characteristics  correspond  to  the  subsymmetric 
Sa  element  of  N.  tahoensis.  The  holotype  of  C.  oezdemirae 

illustrated  by  Gedik  (PI.  7,  Fig.  24),  however,  lacks  the  antero- 
basal part.  In  that  case,  it  is  difficult  to  compare  the 

specimen  with  N.  tahoensis  because  incomplete  specimens 
of  Cornudina  igoi  lacking  anterior  denticles  are  also  quite 

similar  to  N.  tahoensis.  There  is  a  possibility  that  N.  tahoen- 
sis or  C.  igoi  is  a  synonym  of  C.  oezdemirae.  The  informa- 
tion about  C.  oezdemirae  by  Gedik  (1975),  however,  is  insuffi- 

cient to  clearly  distinguish  it  from  these  Japanese  species. 
The  Sa  element  of  N.  tahoensis  with  a  relatively  large 

denticle  is  quite  similar  to  C.  igoi  carrying  only  one  anterior 
denticle,  and  N.  tahoensis  occurs  together  with  C.  igoi. 
Hence,  there  is  a  probability  that  C.  igoi  represents  the  Pa 
element  of  the  N.  tahoensis  apparatus.  The  occurrence  of 
C.  igoi,  however,  is  very  common  compared  with  that  of  N. 
tahoensis.  For  example,  the  frequency  of  the  M,  Sa,  Sb,  and 
Sc  elements  in  N.  tahoensis  is  9,  29,  28,  and  67,  respectively 
but  the  specimens  referable  to  C.   igoi  attain  318  in  the 

sample  from  the  locality  number  1120  in  which  both  N. 
tahoensis  and  C.  igoi  occur  abundantly.  Thus,  Cornudina 
igoi  occurs  more  than  ten  times  more  commonly  than  the  Sa 
and  Sb  elements  of  N.  tahoensis,  although  robustness  of  the 
elements  is  almost  the  same.  I  regard  here  that  C.  igoi 
should  not  be  considered  the  Pa  element  of  N.  tahoensis. 

Buryi  (1989)  illustrated  one  specimen  of  the  form  species 
Cratognathodus  sp.  but  did  not  offer  any  description.  It  is 
probably  referable  to  the  Sb  element  of  the  N.  tahoensis 
apparatus,  judging  from  the  arrangement  of  the  anterobasal 
denticles. 

Repository.— YNUC1 5858-1 5880. 
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Abstract.  A  row  of  oval  unpaired,  ventral  body  attachment  scars,  accompanied  by  pseudosutures  and 
drag  bands,  is  preserved  on  surfaces  of  steinkerns  of  a  lower  Chesterian  (Mississippian)  goniatitid 
ammonoid,  Goniatites  multiliratus,  from  Oklahoma.  Many  smaller  oval  and  crescentic  attachment  scars 
are  present  in  the  interspaces  between  these  ventral  attachment  scars  and  between  pseudosutures. 
Comparison  with  the  muscle  scars  of  other  extant  and  fossil  shelled  cephalopods  suggests  that  the 
unpaired  ventral  scars  of  this  species  represent  the  attachment  sites  of  the  muscle  or  ligament  at  the 
posterior  end  of  the  body.  The  smaller  oval  and  crescentic  scars  on  the  ventral  and  lateral  sides  of  each 
chamber  appear  to  indicate  weaker  and  less  permanent  attachments  of  muscular  tissue  to  the  shell  wall. 
These  are  presumed  to  have  been  formed  during  gradual  forward  movement  of  the  body. 

Key  words  :  Ammonoidea,  Carboniferous,  goniatites,  mantle  growth,  muscle  scar 

Introduction 

Various  kinds  of  body  attachment  scars  and  impressions 
have  been  recognized  on  the  inside  shell  surfaces  and 
steinkerns  of  ammonoids  (see  Doguzhaeva  and  Mutvei,  1996, 
for  a  recent  review).  Two  of  the  most  common  are  :  1) 

suture- like  impressions  ("Pseudoloben"  or  pseudosutures) 
usually  associated  with  spiral  traces  ("Schleppstreifen"  or 
drag  bands)  (John,  1909;  Bayer,  1977;  Zaborski,  1986; 
Hewitt  et  al.,  1991  ;  Lominadze  ef  a/.,  1993  ;  Checa  and 

Garcia- Ruiz,  1996)  ;  and  2)  unpaired  attachment  scars  on 
the  mid-venter  at  the  base  of  the  body  chamber  (Crick, 
1898  ;  Jordan,  1968  ;  Sarikadze  ef  a/.,  1990  ;  Weitschat  and 
Bändel,  1991  ;  Doguzhaeva  and  Mutvei,  1996). 
Pseudosutures  and  drag  bands  are  currently  interpreted  as 
impressions  made  by  the  rear  part  of  the  mantle  as  it 
gradually  moved  forward  (Hewitt  et  al.,  1991  ;  Checa  and 

Garcia- Ruiz,  1996),  while  the  mid-ventral  attachment  scar 
was  probably  the  attachment  site  of  the  muscle  or  ligament 

that  supported  the  circumsiphonal  invagination  at  the  poste- 

rior end  of  the  body  (Jordan,  1968  ;  Doguzhaeva  and  Mutvei, 
1996).  These  closely  related  types  of  scars  and  impressions 
are  important  in  understanding  the  development  of  the 

growing  mantle.  However,  they  rarely  co-occur  in  a  single 
specimen,  so  previous  studies  of  the  growth  of  the  am- 

monoid body  in  relation  to  new  chamber  formation  have 
been  based  mainly  on  observations  of  pseudosutures  and 

drag  bands. 
Here,  two  specimens  of  a  Carboniferous  goniatite  in  which 

both  types  of  body  attachment  scars  occur  are  described 
and  their  paleobiological  implications  are  discussed. 

Material  and  methods 

Two  immature  specimens  of  Goniatites  multiliratus  Gordon 
(Goniatitina  :  Goniatitidae),  both  about  15  mm  diameter,  were 

examined.  They  were  discovered  in  a  calcareous  concre- 
tion from  the  lower  Chesterian  (Mississippian)  Caney  Shale, 

exposed  in  Jack  Fork  Creek,  Pontotoc  County,  Oklahoma 

(=Loc.  M-1  of  Mapes,  1979,  fig.  2).    We  have  previously 

Figure  1.  SEM  micrographs  showing  muscle  attachment  scars  and  impressions  on  a  specimen  of  the  Mississippian 

ammonoid  Goniatites  multiliratus  Gordon  (UMUT.  PM  19020-3).  Arrows  in  1  and  2  indicate  the  adorai  direction.  1.  Unpaired 
ventral  attachment  scars  (vm)  on  the  adorai  side  of  each  mineralized  septum  (s).  A  pair  of  longitudinal  drag  bands  (db)  runs 
along  the  lateral  margins  of  these  scars.  A  sequence  of  pseudosutures  (ps)  and  a  cluster  of  small  irregularly  shaped 
attachment  scars  (m)  are  visible  just  adorai  of  the  ventral  lobe  on  the  left  side.  2.  Close-up  of  the  adapical  side  of  the  first 
lateral  saddle  showing  a  cluster  of  small  irregularly  shaped  attachment  scars  (m).  3.  Close-up  of  2,  showing  a  small 
irregularly  shaped  attachment  scar  adapical  of  the  lateral  saddle.  4.  Small  attachment  scar  (m)  just  adapical  of  the  first 
lateral  saddle. 
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Figure  3.  Diagrammatic  drawing  of  a  specimen  of  Goniatites  multiliratus  (UMUT.  PM  19020-3),  with  unpaired 
ventral  muscle  attachment  scars  (vm)  on  the  adorai  side  of  each  mineralized  septum  (s),  that  are  accompanied  by 

pseudosutures  (ps)  and  darg  bands  (db).  1.  Frontal  view.  2.  Close-up  of  the  first  lateral  saddle  portion,  showing 
many  smaller  oval  and  crescentric  attachment  scars  (m)  in  the  interspaces  between  pseudosutures.  3.  Close-up 
of  the  mid-venter,  showing  the  unpaired  ventral  muscle  attachment  scars  (vm)  and  associated  smaller  attachment 
scars  on  the  adorai  side  of  each  mineralized  septum  (s).    The  arrow  indicate  the  adorai  direction. 

reported  several  specimens  of  the  same  species  with 
pseudosutures  and  drag  bands  from  this  locality  (Landman  et 
al.,  1993).  The  two  specimens  were  coated  with  platinum 
and  then  observed  with  a  Hitachi  Model  S  2,400  scanning 
electron  microscope. 

For  comparison,  SEM  observations  were  also  made  on  the 

following  extant  and  extinct  cephalopods  :  1)  a  specimen  of 
Spirula  spirula  (Linnaeus)  (Coleoidea  :  Spirulidae),  with 
unpaired  ventral  attachment  scars,  which  was  caught  alive  in 
the  waters  off  Surinam  (810  m  depth)  ;  2)  a  specimen  of  the 
Callovian  (Middle  Jurassic)  ammonite  Quenstedtoceras  sp. 
from  Lukôw,  Poland  ;  3)  a  specimen  of  the  Desmoinesian 
(Pennsylvanian)  orthocerid  Pseudorthoceras  knoxense 

(McChesney)  from  the  Buckhorn  Asphalt,  Arbuckle  Moun- 
tains, Oklahoma;  and  4)  a  specimen  of  an  indeterminate 

Late  Mississippian  member  of  the  Aulacocerida  from  Dur- 
ham, Arkansas.  The  specimens  observed  are  housed  in  the 

American  Museum  of  Natural  History  (AMNH)  (aulacocerid 
specimen),  Institut  für  Paläontologie,  Universität  Bonn  (GPIBo) 
(orthocerid  specimen),  and  the  University  Museum,  University 

of  Tokyo  (UMUT)  (remaining  specimens). 

Observations 

In  both  specimens  of  Goniatites  multiliratus  examined,  the 
body  attachment  scars,  pseudosutures,  and  drag  bands  are 

preserved  on  the  surfaces  of  the  steinkerns.  The  attach- 
ment scars  on  the  mid-venter  are  represented  by  a  row  of 

oval  swellings  on  the  adorai  side  of  each  ventral  saddle  (vm, 

Figures  1-1, 2-1, 3).  In  close-up,  these  scars  are  character- 
ized by  many  small,  round  depressions  with  flat  bottoms, 

each  about  20-30  //m  in  diameter  (Figure  2-2).  This  implies 
the  presence  of  many  small  mounds  on  the  surfaces  of  scars 
on  the  external  shell  (not  preserved). 

A  pair  of  linear  drag  bands  (db,  Figures  1-1, 2-1, 3)  runs 
longitudinally  along  the  lateral  margins  of  each  scar. 
Rounded,  oval,  or  more  commonly  irregularly  shaped  smaller 
attachment  scars  are  visible  in  the  interspace  between 

paired  drag  bands,  extending  from  the  adorai  side  of  one 

mid-ventral  scar  to  the  adapical  side  of  the  next  (Figures  1- 

Figure  2.  1.  SEM  micrographs  of  unpaired  ventral  muscle  attachment  scars  (vm)  on  a  specimen  of  Goniatites  multiliratus 

(UMUT.  PM  19018-4)  ;  the  lateral  margins  are  marked  by  a  pair  of  drag  bands  (db).  The  large  oval  scar  just  adorai  of  each 
mineralized  septum  (s)  indicates  a  firm  attachment  of  the  muscle  to  the  shell,  while  the  cluster  of  smaller  scars  within  each 

chamber  suggests  weaker  and  less  permanent  muscular  attachment.  The  arrow  indicates  the  adorai  direction.  db  =  drag 
band,  s=septum,  ps= pseudosuture.  2.  Close-up  of  the  unpaired  ventral  muscle  attachment  scar,  showing  many  small, 
round  depressions  with  flat  bottoms. 
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Figure  4.  SEM  micrographs  of  muscle  attachment  scars  (asterisk)  in  selected  shelled  cephalopods.  The 

arrows  indicate  the  adorai  direction,  s:  septum.  1a,  b.  Unpaired  ventral  muscle  scar  and  close-up  on  a  steinkem 
of  Pseudorthoceras  knoxense  (McChesney)  (Orthocerida).  GPIBo-Ri  90  from  the  Desmoinesian  (Pennsylvanian) 
Buckhom  Asphalt,  Arbuckle  Mountains,  Oklahoma  (same  specimen  as  that  figured  by  Ristedt,  1971,  pi.  34,  fig.  2). 
2.  Unpaired  dorsal  muscle  scars  on  the  inside  shell  surface  of  a  specimen  of  Quenstedtoceras  sp.  (Ammonoidea  : 
Ammonitina).  UMUT.  MM  19876  from  the  Callovian  of  Luköw,  Poland.  3.  Unpaired  ventral  muscle  scar  on  the 
inside  shell  surface  of  a  member  of  the  Aulacocerida,  gen.  et  sp.  indet.  (Coleoidea  :  Aulaocerida).  AMNH  45338 

from  the  middle  Chesterian  (Upper  Mississippian),  White  River,  Durham,  Arkansas.  4a,  b.  Unpaired  ventral  muscle 
scar  on  the  inside  shell  surface  of  Spirula  spirula  (Linnaeus)  (Coleoidea  :  Spirulidae).  UMUT.  RM  19874,  Surinam  (810 
m  depth). 
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1, 2-1, 3).  A  small  attachment  scar  also  occurs  on  the 
adapical  side  of  the  first  lateral  saddle  in  one  of  the  two 

figured  specimens  (Figure  1-4).  Many  similar  small  oval  and 
crescentic  scars  are  present  in  the  interspaces  between 

pseudosutures  (Figures  1  2, 1-3).  All  these  attachment 
scars  were  originally  expressed  as  shallow  depressions  or 
pores  on  the  inside  surface  of  the  shell  wall.  There  are  no 

traces  of  organic  remains  (cameral  membranes  and/or  gels) 
around  the  oval  and  crescentic  scars. 

Comparison  and  discussion 

Preservation  of  muscle  attachment  scars  is  extremely  rare 
in  the  Goniatitina  and  has  only  been  documented  in 
Goniatites  and  Muensteroceras  (Crick,  1898  ;  Jordan,  1968). 
The  muscle  scars  of  the  two  genera  described  by  these 
authors  differ  from  the  unpaired  ventral  attachment  scars  of 

Goniatites  multiliratus  described  herein  and  are  both  re- 
presented by  dorsal  paired  attachment  scars  that  occur  on 

the  anterolateral  side  of  the  steinkerns  of  the  body  cham- 

bers. In  their  shape  and  mid-ventral  position  within  each 
chamber,  the  unpaired  ventral  attachment  scars  of  G. 
multiliratus  are  comparable  to  those  known  from  various 
Mesozoic  ammonites  (Crick,  1898  ;  Jordan,  1968  ;  Sarikadze 
et  al.,  1990  ;  see  also  Doguzhaeva  and  Mutvei,  1996,  table  1 
for  a  complete  list  of  genera  with  this  kind  of  attachment 

scar),  members  of  the  Orthocerida  (Ristedt,  1971  ;  Figure  4- 
1a,  b)  and  Aulacocerida  (Figure  4-3),  and  Spirula  (Figure  4-4a, 
b).  In  extant  Nautilus,  the  attachment  site  for  the  paired 
retractor  muscles  is  located  in  the  posterior  region  of  the 
body  chamber,  where  it  is  demarcated  by  the  conspicuous 
ridge  of  the  myoadhesive  epithelial  zone.  Mutvei  and 
Doguzhaeva  (1997)  demonstrated  that  the  myoadhesive 

epithelium  secretes  a  thick  prismatic  myostracal  layer,  con- 
sisting of  bundles  of  vertically  oriented  acicular  crystallites,  at 

the  attachment  site  to  which  the  muscle  is  firmly  attached. 
In  Spirula,  the  myoadhesive  epithelial  zone  is  situated  near 

the  shell  aperture  (mz,  Figure  4-4a).  The  myostracal  layer  at 
its  muscle  attachment  site  likewise  consists  of  bundles  of 

crystallites  (Figure  4-4b).  Bundles  of  crystallites  are  also 
observed  on  the  unpaired  ventral  muscle  scar  in  the 

aulacocerid  specimen  from  Arkansas  (Figure  4-3). 
Although  the  prismatic  myostracal  layer  is  not  preserved  in 
the  two  goniatite  specimens  examined  here,  the  small,  round 

depressions  on  the  mid-ventral  scars  were  presumably  sites 
for  attachment  of  bundles  of  crystallites  secreted  by  the 
myoadhesive  epithelium,  as  in  Nautilus,  Spirula  and  the 
Aulacocerida. 

The  unpaired  mid-ventral  muscle  scars  of  Goniatites 
multiliratus  (Figures  1, 2)  are  remarkably  similar  in  their  overall 
shape  to  unpaired  dorsal  attachment  scars  known  from 

some  Mesozoic  Ceratitina  (e.g.  Amphipopanoceras,  Leh- 
mann, 1990,  fig.  4.38)  and  Ammonitina  (e.g.  Quenstedtoceras 

and  Kosmoceras,  Bändel,  1982,  pi.  13,  figs.  3-5  ;  Euhoplites, 
Landman  and  Bändel,  1985,  fig.  31).  In  close-up,  many 
small  mounds  of  crystallites  are  developed  on  the  inner 

surface  of  the  dorsal  scars  in  these  genera  (Figure  4-2). 
Our  observations  strongly  suggest  that  in  Goniatites 

multiliratus,  the  unpaired  ventral  muscle  was  attached  to  the 

shell  wall  at  the  base  of  the  body  chamber  for  some  time 
before  formation  of  the  next  chamber.  A  similar  condition  is 

postulated  for  the  unpaired  dorsal  muscle  in  some  Mesozoic 
ammonites.  In  contrast,  the  round,  oval,  or  irregularly 
shaped  smaller  pits  observed  on  the  ventral  and  lateral  sides 

of  each  chamber  (m,  Figures  1-1, 1-2, 1-4)  appear  to  indicate 
a  weaker  and  less  permanent  attachment  of  muscular  or 
ligamental  tissue  to  the  shell  wall.  These  latter  scars  were 
presumably  formed  during  the  slow  and  stepwise  forward 
movement  of  the  body  during  growth. 

As  our  data  indicate,  there  are  still  many  questions  regard- 
ing the  attachment  of  the  soft  body  to  the  shell.  A  variety 

of  models  have  been  proposed  to  explain  septal  mor- 
phogenesis and  the  forward  movement  of  the  body  (e.g., 

Checa  and  Garcia-Ruiz,  1996),  but  most  of  them  lack  com- 
parative anatomical  background.  Are  all  the  pseudosutures 

we  observed  related  to  pseudosepta  and/or  to  the  presence 

of  so  called  cameral  gel  ?  Are  the  small  oval  and  cres- 
centic scars  between  pseudosutures  present  in  other  aim- 

monoids  ?  How  do  all  these  different  kinds  of  attachment 

scars  fit  in  with  the  tie  point  model  of  septal  formation  (e.g. 
Seilacher,  1988)  and  with  the  more  recent  model  of  the 

"Cartesian  Diver"  (Seilacher  and  LaBarbera,  1995)?  Future 
studies  of  well-preserved  material  and  comparison  with  the 
anatomy  of  extant  cephalopods  may  yield  solutions  to  these 

problems. 
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Abstract.  Specimens  of  the  Recent  species  Ophiura  sarsii  sarsii  Lütken,  collected  from  the  Late  Pliocene 
Hachioji  Formation  in  Kashiwazaki  City,  Niigata  Prefecture,  central  Japan,  represent  the  first  record  of  this 

species  from  the  Pliocene,  although  this  species  has  been  found  from  the  Middle- Late  Miocene.  The 
fossil  specimens  have  been  compared  and  contrasted  with  related  species  using  morphometric  character- 

istics of  the  disk,  basal  arm  portions  and  radial  shields. 

Key  words  :  Hachioji  Formation,  Late  Pliocene,  Ophiura  sarsii  sarsii,  Ophiuroidea 

Introduction 

Ophiura  sarsii  sarsii  is  an  extant,  circumpolar  species  in  the 

Northern  Hemisphere,  occurring  in  high-density  populations 
in  the  upper  bathyal  zone  surrounding  northern  Japan  (Fujita 
and  Ohta,  1989).  Fossil  ophiuroids  assigned  to  Ophiura  s. 
sarsii  have  been  found  in  the  Pleistocene  from  off  northern 

Norway  (Jensen  and  Thomsen,  1987),  from  southern  Norway 

(Bj0rlykke,  1898),  from  the  Middle  Pleistocene  Ichijuku  For- 
mation (Kazusa  Group)  in  Chiba  Prefecture  (Ishida  and  Inoue, 

1993, 1995),  from  the  PI io- Pleistocene  Hijikata  Formation  in 
Shizuoka  Prefecture  (Ishida  et  al.,  1996),  from  the  Late 
Miocene  Ogawa  Formation  in  Nagano  Prefecture  (Ishida, 
Kurita  et  al.,  1997  ;  Ishida  et  al.,  1998),  from  the  Late  Miocene 
Hongo  Formation  in  Yamagata  Prefecture  (Ishida,  Tokairin  et 

al.,  1997),  and  from  the  Middle-Late  Miocene  Wakkanai 
Formation  in  Hokkaido  (Ishida  and  Fujita,  1998). 
We  have  recently  discovered  fossil  ophiuroids  in  the  Late 

Pliocene  Hachioji  Formation,  Kashiwazaki  City  (Ishida,  Kurita 
et  al.,  1997),  which  proved  to  be  assignable  to  Ophiura  s. 
sarsii,  based  on  a  detailed  morphological  analysis.  This 
paper  describes  Ophiura  s.  sarsii  from  the  Pliocene  in  detail 
and  discusses  the  comparison  of  the  fossils  with  related 
species,  which  are  important  for  its  identification. 

Locality  and  age 

Thirty-five  individuals  were  collected  from  a  cliff  outcrop  of 
the  Hachikoku  Oil  Field,  about  two  kilometers  southeast  of 

Nagatori  Station  on  the  Japan  Railways  Shin-etsu  Line  in  the 
district  of  Kashiwazaki  City,  Niigata  Prefecture  in  May  1995 

(Figure  1).  The  Pliocene  and  Pleistocene  in  this  area  com- 
prise, in  ascending  order,  the  Hododaira  Formation,  the 

Hachikokusan  Formation,  the  Suganuma  Formation,  the 
Hachioji  Formation  and  the  Uonuma  Formation  (Yasui  er  al., 
1983  ;  Kobayashi  er  al.,  1989).    The  strata  in  this  cliff  are 

Figure!  Sampling  locality  in  the  Hachikoku  Oil  Field. 

Part  of  the  "Kashiwazaki"  1 :  50,000  topographic  map  by  the 
Geographical  Survey  Institute,     x  :  Sampling  locality. 
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composed  of  massive  sandy  siltstone  assigned  to  the  middle 
part  of  the  Hachioji  Formation  (Yasui  ef  al.,  1983  ;  Kobayashi 
er  al.,  1989). 

The  age  of  the  Hachioji  Formation  is  inferred  to  be  Late 
Pliocene  from  the  following  studies.  The  formation  was 
correlated  with  the  Pliocene  Nishiyama  Formation  of  the 
standard  succession  in  the  Niigata  area  on  the  basis  of 

tephra-stratigraphy  and  foraminiferal  biostratigraphical  data 
(Kobayashi  ef  a/.,  1989).  From  an  analysis  of  the  stratigra- 

phie sequence  of  the  Niigata  sedimentary  basin,  the  Hachioji 
Formation  falls  into  the  Late  Pliocene  (Arato,  1997).  The 
Hachioji  Formation  was  correlated  lithologically  with  the 
Asojima  Formation  in  the  Yoneyama  area  (Kobayashi  ef  al., 
1989).  Fission  track  ages  of  3.24  and  2.91  Ma  have  been 
obtained  for  the  Asojima  Formation  (Unpublished  data  of 
Muramatsu,  in  Kobayashi  ef  a/.,  1989). 

Fossil  specimens  of  Ophiura  s.  sarsii  have  been  described 

from  the  Middle  Pleistocene,  the  Plio-Pleistocene  boundary 
and  the  Late  Miocene  (Ishida  and  Inoue,  1993  ;  Ishida  et  al., 

1996, 1998),  and  also  from  the  Middle-Late  Miocene  (Ishida 
and  Fujita,  1998),  but  this  is  the  first  report  of  the  species  from 
the  Pliocene. 

Systematic  description 

Family  Ophiuridae  Lyman,  1865 
Subfamily  Ophiurinae  Lyman,  1865 

Genus  Ophiura  Lamarck,  1816 

Ophiura  sarsii  sarsii  Lütken,  1855 

Figures  2,  3 

Ophiura  sarsii  Lütken,  1855,  p.  101;  Clark,  1911,  p.  37 
Matsumoto,  1917,  p.  272,  fig.  74;  Mortensen,  1927,  p.  238 

figs.  128-1,  2;  Berry,  1934,  p.  98,  pis.  5,  6;  D'yakonov,  1954 
p.  98,  fig.  35  ;  Irimura,  1990,  p.  98  ;  Ishida  and  Inoue,  1993,  p 

104,  pis.  1-3  ;  Ishida  ef  a/.,  1996,  p.  67-69,  fig.  3  ;  Ishida  ef  al. 

Figure  2.  Camera  lucida  drawings  of  the  figured  specimens  of  Ophiura  sarsii  sarsii  Lütken.  1855  from  the 
Hachioji  Formation.  A.  Dorsal  view  of  disk  and  proximal  arm  ;  B.  Ventral  view,  proximal  to  mid  arm  ;  C.  Dorsal 

view,  proximal  to  mid  arm  ;  D.  Latero-ventral  view,  proximal  to  mid  arm  ;  E.  Partial  ventral  view  of  disk  :  F.  Lateral 
view  of  lateral  arm  plate  (inside)  ;  G.  Entire  animal,  showing  ventral  side  (vertebral  ossicles  showing  dorsal  side). 
Abbreviation  :  1,  Lateral  arm  plate  (ventral  view)  ;  2,  Arm  spine  ;  3,  Ventral  arm  plate  ;  4,  Lateral  arm  plate  (lateral 
side)  ;  5,  Vertebral  ossicle  (dorsal  side)  ;  6,  A  part  of  genital  plate  ;  7,  Oral  plate  :  8.  Adorai  plate  :  9.  Oral  shield  : 
10,  Disk  scale  ;  11,  Primary  scale  ;  12,  Radial  shield  ;  13,  First  dorsal  arm  plate  ;  14.  Dorsal  arm  plate  ;  15.  First  ventral 
arm  plate  ;  16,  Arm  comb  plate  ;  17,  Socket  of  arm  spine.     Scale  bars  equal  1  mm. 
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Figure  3.  Fossil  Ophiura  sarsii  sarsii  Lütken,  1855  from  the  Hachioji  Formation.  A.  Dense  occurrence  of 
fossils  ;  B.  Small  individuals  ;  C.  Dorsal  view  of  a  complete  specimen  ;  D.  Free  arm,  proximal  part  showing  inside 
of  ventral  arm  plates  and  lateral  arm  plates,  distal  part  showing  dorsal  side  of  vertebral  ossicles  ;  E.  Free  arm, 

latero-ventral  view  ;  F.  Ventral  view  of  disk  and  proximal  arms  ;  G.  Dorsal  view  of  disk  and  proximal  arm. 
Morphological  explanation  :  1,  Inside  of  ventral  arm  plate  ;  2,  Inner  ventral  side  of  lateral  arm  plate  ;  3,  Dorsal  view 
of  vertebral  ossicle  ;  4,  Lateral  side  of  lateral  arm  plate  ;  5,  Arm  spine  ;  6,  Ventral  view  of  vertebral  ossicle  ;  7,  A 
part  of  radial  shield  ;  8,  Central  plate  ;  9,  Scale  ;  10,  Lateral  side  of  lateral  arm  plate  ;  11,  Dorsal  arm  plate  ;  12,  Disk 
margin. 

1998,  p.  10-12,  figs.  3, 4. 
Materials.— Thirty-five  specimens  from  the  Hachioji  Forma- 

tion, three  of  which  are  illustrated  here,  are  housed  at  the 
Municipal  Nagaoka  Science  Museum,  Niigata  Prefecture 

(Gf8-10). 
Measurements.— Measurements  are  based  on  31  speci- 

mens ;  disk  diameter  ranges  from  6.0-14.1  mm  ;  mean,  9.7 
mm  ;  median,  9.9  mm. 
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Description.— Disk  circular  in  outline,  low  and  flat,  covered 
with  small,  flat  and  imbricated  scales.  Primary  scales  fairly 
large  and  circular.  Radial  shields  oval,  about  twice  as  long 
as  wide,  separated  from  each  other  and  about  half  as  long 
as  disk  radius.  Comb  plates  elliptical.  Oral  shields  about 
one  third  of  disk  radius,  pentagonal  with  rounded  distal 
borders,  with  a  pointed  corner  proximally  and  slightly  longer 
than  wide.  Adorai  plates  slender,  rectangular,  in  contact 
with  each  other  at  adorai  margin.  Oral  plates  fairly  long, 
rectangular  with  a  pointed  corner  proximally,  in  contact  with 
each  other  at  adorai  side.  Genital  plates  slender  and  long. 
First  4  or  5  arm  segments  insert  laterally  into  disk.    Arms 

bent  gradually  on  bedding  plane,  more  than  three  times  as 
long  as  disk  diameter.  Arms  flattened,  much  wider  than 
high,  rather  wide  at  base,  tapering  gradually.  Dorsal  arm 
plates  well  developed,  rectangular,  wider  than  long,  with 
median  keel,  successive  plates  broadly  in  contact.  First 
dorsal  arm  plates  triangular.  Ventral  arm  plates  triangular, 

about  2-3  times  as  wide  as  long.  First  ventral  arm  plates 
trapezoidal.  Lateral  arm  plates  well  developed,  separated 
by  dorsal  arm  plates,  but  in  contact  ventrally.  Arm  spines 
long  and  tapering,  about  twice  as  long  as  arm  segment 
proximally  and  almost  equal  to  length  of  arm  segment  at 

mid-arm,  three  in  number,  adpressed  or  often  somewhat 
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Figure  4.  Size  frequency  distribution  of  Recent  Ophiura  sarsii  sarsii,  Ophiura  leptoctenia,  Ophiura  kinbergi  (A) 
and  fossil  Ophiura  sarsii  sarsii  from  the  Hachioji  Formation  (B).  Data  for  these  Recent  specimens  are  from  the 

specimens  stored  at  the  National  Science  Museum,  Tokyo  (Ophiura  s.  sarsii,  NSMT-E  1608.  Wakasa  Bay.  Fukui 
Prefecture,  270  m  depth  ;  1414,  Toyama  Bay,  Toyama  Prefecture,  ca.  200  m  depth  ;  Ophiura  leptoctenia,  NSMT-E 
1987,  Off  Otsuchi,  Iwate  Prefecture,  1,038-1,055  m  depth;  Ophiura  kinbergi,  NSMT-E  0670,  Amakusa  Isis.. 
Kumamoto  Prefecture,  ca.  30  m  depth). 
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Figure  5.  The  relationship  between  disk  diameter  and  basal  arm  width  of  Recent  Ophiura  sarsii  sarsii,  Ophiura 

leptoctenia  and  fossil  Ophiura  sarsii  sarsii  from  the  Hachioji  Formation.  Solid  lines  show  linear  regression  and 

broken  lines  show  95%  confidence  limits.  Each  regression  line  is  statistically  significant  {r=0.99,  p<0.05  for 

living  O.  s.  sarsii  (Oss),  r  =  0.95,  p<0.05  for  O.  leptoctenia  (01)  and  r=0.97,  p<0.05  for  fossil  specimens  of  0.  s. 
sarsii  from  the  Hachioji  Formation  (H)}.  There  is  a  statistically  significant  difference  on  intercept  (p<0.05)  and 

regression  coefficient  (p<0.05)  between  the  two  regression  lines  (Oss,  01).  The  fossil  specimens  safely  fall  into 
the  confidence  interval  of  Recent  O.  s.  sarsii,  but  not  into  that  of  O.  leptoctenia.  Data  for  Recent  O.  s.  sarsii  and 

O.  leptoctenia  are  from  specimens  stored  at  the  National  Science  Museum,  Tokyo  (  O.  s.  sarsii  NSMT-E  0568, 

Wakasa  Bay,  275  m  depth  ;  1414, 1608, 1609,  Wakasa  Bay,  240  m  depth  ;  0.  leptoctenia  NSMT-E  1987) . 
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detached.    Vertebral   ossicles,   triangular  dorsally,   with   a 
pointed  distal  corner. 

Remarks.— Morphologically  the  Hachioji  specimens  have 
much  in  common  with  Recent  O.  s.  sarsii,  which  is  related  to 

Ophiura  s.  vadicola,  Ophiura  kinbergi  and  Ophiura  leptoctenia. 
These  four  (sub)species  can  be  distinguished  mainly  on  the 
basis  of  the  shape  of  arm  comb  papillae.  Although  the  arm 
comb  papillae  were  not  discernible  in  the  Hachioji  fossils, 
they  have  been  identified  as  Ophiura  s.  sarsii  for  the  following 
reasons.  Recent  O.  s.  sarsii  is  larger  than  O.  kinbergi,  while 
the  Hachioji  specimens  are  similar  to  O.  s.  sarsii  in  size 
(Figure  4).    Recent  O.  s.  sarsii  has  a  larger  ratio  of  basal  arm 
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Figure  6.  The  relationship  between  width  and  length  of 
radial  shields  in  Recent  Ophiura  sarsii  vadicola,  Ophiura  sarsii 
sarsii  and  a  fossil  specimen  from  the  Hachioji  Formation.  The 
value  at  each  point  for  O.  s.  vadicola  and  O.  s.  sarsii  indicates 
the  mean  value  measured  from  five  radial  shields  in  the 
specimen.  The  value  for  the  fossil  specimen  indicates  the 

mean  value  measured  from  three  radial  shields  in  the  speci- 
men. Solid  lines  show  linear  regression  and  broken  lines 

show  95%  confidence  limits.  Each  regression  line  is  statisti- 
cally significant  (r=0.97,  p<0.05  for  living  O.  s.  vadicola,  r= 

0.95,  p<0.05  for  O.  s.  sarsii).  There  is  a  statistically  signifi- 
cant difference  on  intercept  (p<0.05)  and  regression  coeffi- 
cient (p<0.05)  between  the  two  regression  lines.  The  fossil 

specimen  safely  falls  into  the  confidence  interval  of  Recent  O. 
s.  sarsii,  but  not  into  that  of  O.  s.  vadicola.  Data  for  Recent 
specimens  of  O.  s.  vadicola  and  O.  s.  sarsii  are  from  the 
specimens  stored  at  the  National  Science  Museum,  Tokyo  (O. 

s.  vadicola  NSMT-E1821,  O.  s.  sarsii  NSMT-E1609,  0568). 

width  to  disk  diameter  than  has  O.  leptoctenia,  while  the 
Hachioji  specimens  are  close  to  O.  s.  sarsii  in  this  ratio  :  the 
values  are  0.24  for  O.  s.  sarsii,  0.12  for  O.  leptoctenia  and  0.22 
for  the  Hachioji  specimens  (Figure  5).  Recent  specimens  of 
O.  s.  sarsii  possess  a  smaller  width  to  length  ratio  for  radial 
shields  than  O.  s.  vadicola  (the  ratio  is  0.75  for  O.  s.  vadicola 
and  0.54  for  O.  s.  sarsii),  while  the  Hachioji  specimens  are 
similar  to  O.  s.  sarsii  (the  ratio  is  0.58)  (Figure  6).  Recent  O. 
s.  sarsii  has  longer  radial  shields  than  those  of  Recent  O.  s. 
vadicola  (the  length  is  0.5  times  disk  radius  in  O.  s.  sars/7,  and 
0.4  times  disk  radius  in  O.  s.  vadicola  based  on  the  same 

samples  as  Figure  6),  while  the  Hachioji  specimens  are 

similar  to  O.  s.  sarsii.  The  body  size  of  the  Hachioji  speci- 
mens is  similar  to  that  of  specimens  from  the  Lower  Pleis- 

tocene Ichijuku  Formation  (mean  disk  diameter  9.6  mm) 
(Ishida  and  Inoue,  1993),  but  is  larger  than  that  of  specimens 

from  the  Plio-Pleistocene  Hijikata  Formation  (mean  disk 
diameter  8.2  mm)  (Ishida  et  a/.,  1996). 

Mode  of  occurrence  and  paieoenvironment 

Dense  aggregations  of  fossilized  ophiuroids  were  found  in 
sandy  siltstone  layers.  Many  of  their  arms  and  disks  are  still 
attached,  and  most  individuals  (85%)  lie  dorsal  side  up  on  the 
bedding  plane  (Figure  7).    This  suggests  the  assemblage  is 

Dorsal  \  ie%\ 

Ventral  view 

Figure  7.  Sketch  illustrating  the  dense  occurrence  of 
fossil  Ophiura  sarsii  sarsii  in  sandy  siltstone  matrix  from  the 
Hachioji  Formation. 
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Table  1.    List  of  molluscan  fossils  associated  with  fossil  ophiuroids.     N  ;  Numbers.    For  Recent  species,  depth  and 
latitudinal  range  are  given,  according  to  Habe  (1977),  Higo  (1973)  and  Kuroda  and  Habe  (1952). 

Species 
Pelecypoda 

Saccela  confusa  (Hanley) 
Nuculana  (Thestyleda)  yokoyamai  (Kuroda) 
Acila  sp. 

Yoldia  (Cnesterium)  notabilis  Yokoyama 
Portlandia  (Megayoldia)  thraciaeformis  (Storer) 
Limopsis  (Empleconia)  cumingi  A.  Adams 
Anadata  (Scapharca)  ommaensis  Otuka 
dementia  vatheleti  Mebille 

Solamen  spectabilis  (A.  Adams) 
Nemocardium  (Keenaea)  cf.  samarangae  (Makiyama) 
Felaniella  usta  (Gould) 

Megacardia  ferruginosa  (A.  Adams  and  Reeve) 
Macoma  calcarea  (Gmelin) 
Thracia  cf.  kakumana  Yokoyama 

Gastropoda 
Turritella  (Neohaustator)  saishuensis  Yokoyama 
Neverita  {Glassaulax)  reiniana  (Dunker) 
Cryptonatica  janthostomoides  (Kuroda  and  Habe) 
Siphonalia  cf.  fusoides  (Reeve) 
Fusinus  perplexus  (A.  Adams) 
Mitra  sp. 

Fulgoraria  cf.  masudae  Hayasaka 
Turbonilla  sp. 

Scaphopoda 
Dentalium  (Antalis)  weinkauffi  (Dunker) 

N 
Depth  (m) 

Latitude  (°N) 

4 10-60 

-35 

3 
1 
4 

50-450 32-43 

50-100 
32-48 

5 
25-550 

37-70 
4 30-300 31-36 

3 
5 

0-140 

33-41 
3 30-300 

307-42 3 
50-300 

30-42 5 
10-150 

33-45 
4 10-120 

31-42 2 
1 

0-1000 

33-72 

44 
1 10-50 31-37 

10 20-300 
31-43 

1 
10-100 

32-41 
1 
1 

10-100 
31-42 

1 
4 

25 
15-550 

30-42 

autochthonous  or  semiautochthonous.  The  number  of 

specimens  observed  on  the  surface  area  of  the  block  illus- 

trated in  Figure  7  is  13/222  cm2,  which  is  equivalent  to  a 
density  of  585  ind./m2.  This  value  is  nearly  the  same  as 
that  reported  for  Recent  faunas  (Fujita,  1992). 

Together  with  ophiuroids,  we  found  23  molluscan  species 
at  this  locality  (Table  1).  Species  typical  mainly  of  the  lower 
sublittoral  zone,  such  as  Limopsis  (Empleconia)  cumingi  and 
Cryptonatica  janthostomoides,  are  common  in  the  Hachioji 
Formation.  The  mode  of  occurrence  of  ophiuroids  and 
molluscs  suggests  that  the  ophiuroids  lived  on  a  lower 

sublittoral,  sandy  silt  bottom.  Recent  O.  s.  sarsii  is  distribut- 
ed mainly  on  the  uppermost  continental  slope  around  Japan 

(Fujita  and  Ohta,  1990).  The  Hachioji  specimens  lived  in  a 
slightly  shallower  setting  than  their  extant  counterparts. 
Some  molluscs,  e.g.  Anadara  (Scapharca)  ommaensis,  Yoldia 

(Cnesterium)  notabilis  and  Turritella  (Neohaustator)  saishuen- 
sis have  been  recognized  as  typical  of  the  Omma-Manganji 

fauna  (Ogasawara,  1994),  which  suggests  the  sedimentary 
environment  of  the  Hachioji  Formation  to  have  been  one  of 
a  mild  to  cool  temperate  marine  climate. 
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First  discosorid  cephalopod  from  Japan 
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Abstract.  Ukhtoceras  hidense  sp.  nov.  is  described  from  the  Lochkovian  (Early  Devonian)  shale  of  the 
Fukuji  Formation,  Gifu  Prefecture  as  the  first  find  of  a  discosorid  cephalopod  in  Japan.  This  species  also 
extends  the  geographic  range  of  the  ukhtoceratids  into  East  Asia. 

Key  words  :  Discosorid  cephalopod,  Fukuji  Formation,  Gifu,  Lochkovian,  Ukhtoceras  hidense 

A  new  species  of  ukhtoceratid  discosorid  cephalopod, 
Ukhtoceras  hidense,  is  described  from  the  Early  Devonian 
(Lochkovian)  calcareous  shale  of  the  Fukuji  Formation. 

This  species  occurs  at  locality  FH-1  of  Niko  (1996)  in  the 
Fukuji  area  of  Kamitakara  Village,  Yoshiki-gun,  Gifu  Prefec- 

ture, Central  Japan.  Although  locality  FH-1  is  exceptionally 
prolific  for  cephalopods  among  Paleozoic  strata  in  Japan, 
only  a  single  and  somewhat  deformed  specimen  of  this 
species  is  usable  for  study,  despite  intensive  collecting 

efforts  during  1985-1991.  This  discovery  provides  new  infor- 
mation on  the  distribution  of  ukhtoceratid  cephalopods. 

UMUT  stands  for  the  University  Museum  of  the  University  of 
Tokyo. 

Systematic  paleontology 

Order  Discosorida  Flower  in  Flower  and  Kümmel,  1950 
Family  Ukhtoceratidae  Zhuravleva,  1972 
Genus  Ukhtoceras  Zhuravleva,  1972 

Type  species— Gomphoceras  uchtense  Holzapfel,  1899. 

Ukhtoceras  hidense  sp.  nov. 

Diagnosis.— Relatively  small,  dorsoventrally  depressed 
shell  with  aperture  weakly  constricted  by  shell  thickening  ; 
sutures  form  shallow  lateral  lobes  ;  siphuncle  close  to  ventral 
margin,  adorai  siphuncle  in  contact  with  ventral  shell  wall  ; 

septal  necks  loxochoanitic  ventrally,  cyrtochoanitic  to  subor- 
thochoanitic  dorsally  ;  connecting  rings  corpulent,  differ- 

entiated, subtrapezoidal  profile. 

Description.— Shell  relatively  small  for  ukhtoceratid,  nearly 
orthoconic  longicone  with  slightly  curved  exogastric  juvenile 

portion,  apical  angle  approximately  8°  ;  shell  cross  section 
dorsoventrally  depressed  ;  holotype  (only  known  specimen) 
70  mm  in  length,  of  which  adorai  28  mm  represents  body 
chamber  ;  apertural  modification  not  observed  in  external 
shell,  but  shell  thickening  forms  a  weak  constriction  at 

aperture  ;  approximately  18  mm  in  lateral  diameter  and  14 
mm  (slightly  deformed)  in  dorsoventral  diameter  at  adorai 
end  ;  sutures  transverse  with  shallow  but  broad  lateral 

lobes  ;  camerae  short,  its  reconstructed  ratio  (diameter/ 

length)  in  dorsoventral  plane  approximately  5-7  ;  siphuncular 
position  close  to  ventral  margin,  but  apical  siphuncle  only 
short  distance  from  ventral  shell  wall,  adorai  siphuncle  in 
contact  with  ventral  shell  wall  ;  septal  neck  attains  0.25  mm 
in  length  at  lateral  shell  diameter  of  approximately  14  mm, 
loxochoanitic  ventral  septal  necks  and  cyrtochoanitic  dorsal 
septal  necks  in  apical  shell  shifting  into  loxochoanitic  ventral 
septal  necks  and  suborthochoanitic  dorsal  septal  necks, 
respectively,  with  shell  growth  ;  connecting  rings  corpulent, 
with  subtrapezoidal  profile  in  dorsoventral  section  ;  structural 
differentiation  of  ventral  wall  of  connecting  rings  obscure,  but 

weak  banded  condition  partly  present  ;  dorsal  wall  of  con- 
necting rings  composed  of  inner  thin,  dense  layer  and  outer 

thick,  more  transparent  layer,  in  addition  to  partly  preserved 
vinculum- like  structure. 

Discussion.— The  shell  shape  of  the  nearly  orthoconic 
longicone  and  the  differentiated  connecting  rings  of  this 

material  are  undoubtedly  those  of  an  ukhtoceratid  discosor- 
id, and  this  species  may  belong  to  the  genus  Ukhtoceras. 

However,  the  aperture  is  not  well  preserved,  and  it  cannot  be 
determined  whether  this  species  has  the  trilobate  peristome 
that  is  a  diagnostic  feature  of  Ukhtoceras.  Therefore 
generic  assignment  of  the  species  is  tentative  at  present. 
Among  the  known  species  of  Ukhtoceras,  this  species  is 
most  similar  in  outer  shell  morphology  to  U  angustiangulare 

Zhuravleva  (1972,  pi.  10,  figs.  4, 5)  and  U.  quietum  Zhuravleva 
(1972,  pi.  10,  figs.  6,  7)  from  the  Upper  Devonian  of  southern 
Timan,  but  is  easily  distinguished  from  both  Upper  Devonian 
species  by  its  smaller  shell  and  the  siphuncular  shifting  to 
contact  with  the  ventral  margin  in  the  adorai  shell. 
The  oncocerid?  cephalopod  Shuranoceras  dolmatovi 

Barskov  (1959,  pi.  5,  figs.  4a,  b  ;  monotype  of  the  genus)  from 
the  Middle  Silurian  of  southern  Ferghana,  Kazakhstan,  at  first 

glance  looks  similar  to  Ukhtoceras  hidense.    It  differs  from 
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Figure!  Ukhtoceras  hidense  sp.  nov.,  holotype,  UMUT  PM  27325  from  the  Fukuji  Formation.  1.  ventral 
view,  arrow  indicates  position  of  cross  section  given  in  7,  x1.  2.  lateral  view  of  internal  mold  of  body  chamber 

and  last  two  camerae,  venter  on  right,  shell  dissolved  with  hydrochloric  acid,  showing  sutures,  \2.  3. 
dorsoventral  polished  section,  slightly  apart  from  siphuncle,  venter  on  right,  note  exogastric  curvature  of 
juvenile  shell,  x2.  4.  dorsoventral  thin  section,  venter  on  left,  \4.  5.  dorsoventral  thin  section,  showing 

details  of  adorai  siphuncular  structure,  x15.  6.  dorsoventral  thin  section,  showing  shell  thickening  at 
aperture,  x5.  7.  cross  polished  section,  venter  down,  dorsal  shell  slightly  deformed,  x2.  8.  dorsoventral 
thin  section,  details  of  siphuncular  structure  of  apical  shell,  \15.  9.  dorsoventral  thin  section,  showing 
differentiated  nature  of  dorsal  wall  of  connecting  rings,  x30.    1,  2,  coated  with  ammonium  chloride. 

U.  hidense  in  having  a  laterally  compressed  shell  and  a 

ventral  lobe  in  the  suture  line.    There  is  a  possibility  that 
Shuranoceras  is  referable  to  the  Discosorida  rather  than  to 

the  Oncocerida,  based  on  its  siphuncular  structure. 

This  species  extends  the  geographic  distribution  of  the 

ukhtoceratids  into  East  Asia,  and  represents  the  first  dis- 
cosorid  cephalopod  from  Japan. 

Etymology. — The  specific  name  is  derived  from  Hida. 
which  is  the  medieval  provincial  name  of  the  type  locality. 

Material. —UMUT  PM  27325. 
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Abstract.    Haplophragmoides  yoshidai  Hanagata  nom.  nov.  is  proposed  as  a  replacement  for  Haplophrag- 
moides kushiroensis  Yoshida,  1963. 

Key  words  :  Foraminifera,  Haplophragmoides  yoshidai,  homonym 

Introduction 

The  species  name  Haplophragmoides  kushiroensis  Yo- 
shida, 1963,  is  preoccupied  by  H.  kushiroensis  Asano,  1962 

(Asano,  1962,  p.  30,  pi.  1,  figs.  8a,  b,  9a,  b).  Both  H.  kushir- 
oensis Yoshida  and  H.  kushiroensis  Asano  have  an  agg- 

lutinated planispiral  involute  test  with  interiomarginal  aper- 
ture. Therefore,  according  to  Loeblich  and  Tappan  (1987) 

and  Jones  et  al.  (1993),  both  of  them  belong  to  the  genus 

"Haplophragmoides."  However,  at  the  species  level,  they 
are  differ  in  character  of  periphery,  umbilical  area,  sutures 
and  test  size  as  shown  in  Tablet 

Systematic  taxonomy 

For  suprageneric  classification,  Loeblich  and  Tappan 
(1987, 1992)  is  applied. 

Class  Foraminifera  Lee,  1990 
Order  Lituolida  Lankester,  1885 

Superfamily  Lituolacea  de  Blainville,  1827 
Family  Haplophragmoididae  Maync,  1952 

Genus  Haplophragmoides  Cushman,  1910 

Haplophragmoides  kushiroensis  Asano 

Haplophragmoides  kushiroensis  Asano,  1962,  p.  30,  pi.  1,  figs.  8a, 
b,  9a,  b. 

Remarks  :  This  species  is  described  from  the  Charo  Forma- 

tion distributed  in  eastern  Hokkaido.  The  geologic  age  of 
the  Charo  Formation  is  Oligocène  (Okada  and  Kaiho,  1992). 

Haplophragmoides  yoshidai  nom.  nov. 

Haplophragmoides  kushiroensis  Yoshida,  1963,  p.  220,  pi.  II,  figs. 
1a,  b,  c,  2a,  b,  c. 

Remarks  :  This  species  is  a  junior  homonym  of  H.  kushiroen- 
sis Asano.  Haplophragmoides  kushiroensis  Yoshida  was 

described  from  the  Nemuro  Group  distributed  in  eastern 
Hokkaido,  Japan.  This  species  occurs  throughout  the 
Nemuro  Group.  According  to  the  systematic  description, 
the  holotype  was  obtained  from  the  Semposhi  Formation, 
whose  geologic  age  is  late  Maastrichtian  (Okada  ef  a/.,  1987). 
However,  Yoshida  writes  in  the  plate  explanation  that  the 
holotype  is  from  the  Akkeshi  Formation,  Nemuro  Group, 
whose  geologic  age  is  Paleocene  (Okada  et  al.,  1987).  It 

has  not  been  clarified  which  is  the  true  holotype.  Compari- 
son of  this  species  with  similar  ones  is  shown  in  Table  1.  No 

other  species  is  identical  to  H.  kushiroensis  Yoshida.  Yasuda 

(1986)  assigned  the  paratype  (sic)  of  H.  kushiroensis  Yoshida 
(Yoshida,  1963,  pi.  II,  figs.  1a,  b,  c,  not  2a,  b,  c)  to  H.  obesus 

Takayanagi  (Takayanagi,  1960,  p.  63,  pi.  2,  figs.  5a-6b). 
However,  the  paratype  and  holotype  of  H.  kushiroensis 
Yoshida  are  obviously  the  same  species,  and  as  described 

by  Yoshida  (1963)  himself,  the  species  ". . .  differs  from  H. 
obesus  Takayanagi  in  having  a  greater  number  of  cham- 

bers." Consequently,  H.  obesus  Takayanagi  is  mor- 

phologically different  from  the  "paratype"  and  "holotype"  of H.  kushiroensis  Yoshida. 
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Abstract.  Taxonomic  and  phylogenetic  investigations  were  carried  out  on  the  Eocene  and  Oligocène 
radiolarians  assignable  to  the  genus  Theocorys  from  submarine  sections  of  the  Southern  Indian  and 

Southern  Atlantic  Oceans.  Several  well-preserved  theoperid  species  previously  described  under  the 
genera  Calocyclas,  Cyrtocapsella  or  Theocorys  are  now  grouped  into  Theocorys,  and  their  phylogenetic 
relationships  are  discussed.  Five  species  are  described,  of  which  three  are  proposed  as  new.  They  are  : 
7  kerguelensis  sp.  nov.,  T.  minuta  sp.  nov.,  7.  saginata  sp.  nov.,  7.  robusta  comb.  nov.  and  7.  semipolita 
comb.  nov.    In  addition,  another  new  species,  Calocyclas  (?)  nakasekoi,  is  described. 

Key  words  :  Antarctic,  Eocene,  Nassellaria,  Oligocène,  Radiolaria,  taxonomy 

Introduction 

As  with  other  microfossils,  knowledge  on  Cenozoic 
radiolarians  in  the  Antarctic  Ocean  has  improved  remarkably 
during  the  last  two  decades.  The  Deep  Sea  Drilling  Project 
(DSDP)  cruises,  Legs  28, 29, 35  and  36,  clearly  established  a 
Neogene  radiolarian  biostratigraphy,  while  leaving  Paleogene 
sections  untouched.  The  addition  of  a  Paleogene  and 
Neogene  biostratigraphic  framework  after  the  cruises  of  the 
Ocean  Drilling  Program  (ODP),  Legs  113  and  114  in  the  South 
Atlantic  Ocean,  and  Legs  119  and  120  in  the  Southern  Indian 
Ocean,  nearly  completed  the  entire  Cenozoic  sequence 
(Abelmann,  1990, 1992  ;  Lazarus,  1990, 1992  ;  Caulet,  1991  ; 
Takemura,  1992  ;  Takemura  and  Ling,  1997). 

The  biostratigraphic  framework  established  from  the  high- 
latitude  regions  is  quite  different  from  that  of  the  currently 

generally  accepted  one  for  low- latitude  areas  (Riedel  and 
Sanfilippo,  1978;  Sanfilippo,  et  al.,  1985),  because  of  the 
nearly  complete  absence  of  zonal  marker  species.  In  other 
words,  the  Antarctic  radiolarian  biozonation  must  be 

proposed  based  on  paleobiogeographically  limited  endemic 
species. 

Among  Paleogene  Antarctic  radiolarians,  species  previ- 
ously assigned  to  the  genera  Calocyclas,  Cyrtocapsella  or 

Theocorys  by  several  authors  (e.g.,  Petrushevskaya,  1975  ; 
Chen,  1975  ;  Abelmann,  1990)  are  generally  observed  in 

submarine  sediments.  They  usually  consist  of  three  seg- 
ments ;  a  small,  poreless  cephalis,  an  inflated  thorax  and  a 

cylindrical  abdomen.    The  pores  of  the  thorax  and  abdomen 

are  usually  arranged  in  longitudinal  rows.  Although  some  of 

them  were  reported  from  the  low- latitude  areas,  they  differ 
from  those  of  high-latitude  areas  at  the  species  level. 
We  investigated  the  taxonomy  and  phylogeny  of  these 

radiolarians  because  of  their  biostratigraphic  potential  in 
Antarctic  Paleogene  sections,  and  because  of  the  paucity  of 
studies  on  these  taxa  until  now. 

Studied  materials  and  methods  of  analysis 

Deep-sea  sediments  examined  for  the  present  study  were 
collected  during  ODP  cruises,  Leg  120  from  the  Southern 
Indian  and  Leg  114  from  the  South  Atlantic  Oceans  (Figure  1). 
We  used  mostly  Leg  120  samples  for  the  taxonomic  study, 
and  Leg  114  samples  to  verify  the  stratigraphie  ranges  of 
each  species.  The  biostratigraphic  correlation  using 
radiolarians  between  Paleogene  sequences  of  these  two 
legs  was  made  by  Takemura  and  Ling  (1997). 

Leg  120  explored  the  Kerguelen  Plateau  in  the  Southern 
Indian  Ocean  and  drilled  five  sites,  Sites  747  to  751  (Schlich, 

et  al.,  1989).  Among  them,  only  Sites  748  and  749  from  the 
Southern  Kerguelen  Plateau  yielded  well  preserved 
Paleogene  radiolarians  (Takemura,  1992).  We  selected 
samples  from  Site  748  for  the  present  study  because  the 
sedimentation  rate  at  Site  749  was  too  low  in  the  Upper 

Eocene  to  Oligocène  section  (Schlich,  er  al.,  1989). 

Site  748  (58°26.45'S,  78°58.89'E  ;  water  depth,  1,290  m)  is 
located  on  the  Southern  Kerguelen  Plateau  in  the  western 

Part  of  the  Raggatt  Basin,  east  of  the  Banzare  Bank,  approx- 
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imately  900  km  south  of  the  present-day  Antarctic  Conver- 
gence (Schlich,  et  al.,  1989).  At  this  site,  samples  from 

Cores  9H  to  20H  (66.6  to  180.6  mbsf  =  meters  below  sea  floor) 
of  Hole  748B  yielded  well-preserved  Paleogene  radiolarians. 
The  sediments  are  nannofossil  ooze  (Unit  HA)  and  are  rich  in 
other  planktic  microfossils,  e.g.,  calcareous  nannofossils, 

foraminifers,  diatoms  and  silicoflagellates.  Their  biostrati- 
graphic  distributions  have  already  been  presented  (Aubry, 
1992;  Wei,  et  al.,  1992;  Berggren,  1992;  Harwood  and 
Maruyama,  1992  ;  McCartney  and  Harwood,  1992).  Based 
on  the  results  of  foraminiferal  and  magnetostratigraphic 
analyses  (Berggren,  1992  ;  Inokuchi  and  Heider,  1992),  the 
Oligocène/ Miocene  boundary,  which  is  correlated  with 

Chron  C6CN2,  is  located  between  748B-8H,  CC  and  748B 
9H-1,  40-44  cm,  (66.6-67.0  mbsf),  while  the  Eocene/ 
Oligocène  boundary  is  drawn  between  748B-14H-5,  40-44 
cm  and  748B-14H-6,  80-84  cm  (120.5-122.4  mbsf).  The 
oldest  sediments  containing  well  preserved  Cenozoic 
radiolarians  from  the  hole  are  Middle  Eocene  in  age.  Thus, 
the  age  of  this  interval  spans  Middle  Eocene  to  Late 
Oligocène  (about  45  Ma  to  23.6  Ma,  Berggren,  er  al.,  1985). 
Takemura  (1992)  proposed  three  new  radiolarian  zones 

from  this  Paleogene  interval.  They  are  in  ascending  order 
the  Eucyridium  spinosum,  Axoprunum  (?)  irregularis,  and 
Lychnocanoma  conica  Zones,  which  approximate  the  Upper 
Eocene,  Lower  Oligocène  and  Upper  Oligocène  intervals 
respectively. 

During  ODP  Leg  114,  seven  sites  were  drilled  from  the 

South  Atlantic  Ocean  (Ciesielski,  ef  a/.,  1988).  Well  pre- 
served Eocene  to  Oligocène  radiolarians  were  observed  from 

Sites  699, 702  and  703.  Biostratigraphy  for  the  contained 
microfossils  was  presented  by  Nocchi,  et  al.  (1991),  Crux 
(1991),  Madile  and  Monechi  (1991),  and  Ciesielski  (1991). 

Site  699  is  on  the  northeastern  slope  of  the  Northeast 

Georgia  Rise  in  the  western  South  Atlantic  Ocean  (51° 32.537' 

S,  30°40.619'W;  water  depth,  3,705.5  m).  The  Oligocène 
sequence  at  this  site  (Hole  699A,  Cores  10H  to  33X,  approx. 

90-310  mbsf)  is  composed  of  siliceous  nannofossil  ooze, 
nannofossil  siliceous  ooze,  nannofossil  diatom  ooze  and 

mud,  in  ascending  order.  Site  702  is  located  on  the  central 
part  of  the  Islas  Orcadas  Rise  in  the  western  South  Atlantic 

Ocean  (50°56.786'S,  26°22.117'W  ;  water  depth,  3,083.4  m). 
Middle  to  late  Eocene  nannofossil  chalk  (Hole  702B,  Cores 

4X  to  22X,  32.8-202.45  mbsf)  containing  radiolarians  under- 
lies the  Miocene  nannofossil  ooze  with  a  hiatus.  Site  703  is 

located  on  the  Meteor  Rise  in  the  Indo-Atlantic  Basin 

(47°03.042'S,  07°53.679'E;  water  depth,  1,796  m).  At  this 
site,  Late  Eocene  to  Late  Oligocène  sediments  (Hole  703A, 

Cores  5H  to  18X,  approx.  40-160  mbsf)  are  composed  of 
calcareous  ooze  which  yielded  radiolarians  (Ciesielski,  et  al., 1988). 

Treatment  methods  for  extracting  radiolaian  shells  from 
the  samples  have  been  previously  described  (Takemura, 
1992).  The  samples  were  processed  with  HCl  (about  3%), 
followed  by  H202  and  sodium  pyrophosphate  (or  Calgon). 

Residues  were  sieved  through  a  250-mesh  (63  jum)  screen, 
dried  and  kept  in  vials.  Slides  for  transmitted  light  micro- 

scope and  specimens  for  SEM  (scanning  electron  micro- 
scope) were  then  made  from  these  residues. 

Microslides  were  prepared  by  the  method  described  by 
Sakai  (1980)  and  Takemura  (1992).  Dried  residues  were 
scattered  on  slides  which  were  coated  with  thin  gum 
tragacanth.  After  blowing  lightly  on  each  slide,  radiolarian 
shells  that  did  not  adhere  were  allowed  to  fall  off  and  were 
removed  with  a  brush.  Canada  balsam  was  used  as  a 

mounting  medium.  For  observation  and  photomicrography 
under  SEM,  selected  specimens  were  picked  with  a  thin 
brush  from  the  dried  residues  under  a  binocular  microscope, 
mounted  on  an  aluminum  stab.  We  observed  both  the  outer 

shell  structure  and  the  internal  cephalic  skeletons  of  the 
specimens  used  in  this  study. 

On  the  generic  assignment  of  "Calocyclas"  and 
"Cyrtocapsella"  group  in  the  Antarctic  Paleogene 

Several  species  of  theoperids  (Riedel,  1967  ;  1971)  of  three 
segments,  which  were  previously  assigned  to  the  genus 
Theocorys,  Calocyclas  and  Cyrtocapsella,  occur  in  Eocene  to 
Oligocène  sediments  in  the  Antarctic  Ocean.  All  have  an 
identical  cephalic  skeletal  structure  (see  Figure  5),  small 
poreless  cephalis  and  nearly  cylindrical  shell  form.  The 
pores  on  the  thorax  and  abdomen  are  arranged  longitudinally 
and  diagonally,  but  are  often  partly  irregular.  Takemura 
(1992)  described  these  species  under  the  name  Calocyclas  cf. 
semipolita  Clark  and  Campbell,  Calocyclas  sp.  A,  Calocyclas 
sp.  B,  Calocyclas  sp.  C  and  Cyrtocapsella  robusta  Abelmann. 
In  this  paper,  we  include  these  species  in  the  genus 
Theocorys. 

The  genus  Calocyclas  Ehrenberg  is  a  theoperid  of  three 
segments,  which  has  a  small  poreless  cephalis  and  a  large 
inflated  thorax.  Campbell  (1954)  designated  Calocyclas  turris 
Ehrenberg  as  the  type  species  of  the  genus.  Though  Riedel 
and  Sanfilippo  (1970)  had  assigned  C.  turris  and  C.  hispida  to 
the   genus   Cycladophora,    Foreman   (1973)   corrected   the 
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Figure  2.  Ranges  and  phylogeny  of  the  species  of  the  genus  Theocorys,  Calocyclas  and  Cyrtocapsella.  In 
addition  to  our  present  study,  data  included  are  :  Abelmann  (1990,  92),  Blueford  (1988),  Foreman  (1973),  Kling  (1971, 
73),  Nigrini  and  Lombari  (1984),  Riedel  and  Sanfilippo  (1971,1978),  Sanfilippo  and  Riedel  (1970)  and  Sanfilippo, 

Westberg-Smith  and  Riedel  (1985).  a  :  species  described  as  Theocorys  in  previous  studies,  b  :  species  de- 
scribed as  Calocyclas  in  previous  studies,    c  :  species  described  as  Cyrtocapsella  in  previous  studies. 

generic  assignment  to  this  genus.  The  type  species, 
Calocyclas  turris,  possesses  a  long  apical  horn  on  its 
cephalis,  a  large  subspherical  thorax  and  a  conical  abdomen 
which  consists  of  lamellar  feet  and  bars  joining  the  feet. 
The  thoracic  pores  are  aligned  longitudinally  and  diagonally, 
whereas  the  abdominal  pores  are  in  both  longitudinal  and 
transverse  rows.  Sanfilippo,  et  al.  (1985)  stated  that  this 
species  evolved  from  Calocyclas  hispida,  which  possesses 
only  lamellar  feet  as  abdomen,  and  left  no  descendants. 
On  the  other  hand,  Saunders  et  al.  (1984)  included  Calocyclas 
bandyca  as  a  descendant  species  of  C.  turris  (Figure  2). 

Although  all  the  species  of  the  "Calocyclas"  group  in  the 
Antarctic  region  show  a  similar  structure  in  both  abdominal 
and  thoracic  segments,  the  shell  structures  of  thorax  and 
abdomen  are  completely  different  from  those  of  Calocyclas 
turris,  C.  hispida  and  C.  bandyca.  This  fact  suggests  the 

evolutionary  lineage  of  this  "Calocyclas"  group  is  different 
from  that  of  Calocyclas  hispida-C.  turris-C.  bandyca. 

As  for  the  genus  Cyrtocapsella,  Sanfilippo  and  Riedel  (1970) 

defined  it  as  follows  :  "Cenozoic,  three-  or  four-segmented 
theoperids  with  a  very  constricted  mouth  resembling  a  large 
terminal  pore  surrounded  by  a  differentiated  ring.  A  small 
apical  horn  is  commonly  present,  and  some  specimens  have 
additional,  usually  more  delicate,  generally  closed  conical 

segment  below  the  constricted  one."    The  geological  occur- 

rence of  the  genus  Cyrtocapsella  is  mostly  within  the 
Miocene  and  C.  tetrapera,  the  oldest  species  of  this  genus  in 

low  latitudes,  evolved  from  some  form  of  "Eucyrtidium"  in  the 
earliest  Miocene  time.  They  described  four  species  under 

the  genus,  four-segmented  C.  tetrapera  Haeckel  and  C. 
cornuta  Haeckel,  and  three-segmented  C.  elongata  (Naka- 
seko)  and  C.  japonica  (Nakaseko). 

From  the  southern  oceans,  Petrushevskaya  (1975)  de- 
scribed Theocorys  longithorax,  which  is  the  same  species  as 

Cyrtocapsella  isopera  described  by  Chen  (1975).  Abelmann 
(1990)  reported  this  species  as  Cyrtocapsella  longithorax 
(Petrushevskaya).  She  also  proposed  a  new  species,  C. 

robusta,  which  is  a  three-segmented  form,  and  stated  that 
this  species  was  probably  the  ancestral  form  of  C.  longitho- 

rax. In  one  of  her  illustrated  Oligocène  specimens,  the 

aperture  of  Oligocène  C.  robusta  is  neither  closed  nor  con- 
stricted. Takemura  (1992)  also  included  these  forms  with 

the  genus  Cyrtocapsella  because  he  could  not  differentiate 
them  from  the  forms  with  small  apertures. 

The  genus  Cyrtocapsella  becomes  a  polyphyletic  taxon  if 
these  Antarctic  forms  are  included.  While  Cyrtocapsella 

tetrapera  evolved  from  "Eucyrtidium"  spp.  in  low  latitudes,  it 
seems  reasonable  that  Antarctic  "Cyrtocapsella"  robusta 
evolved  from  "Calocyclas"  semipolita,  as  discussed  in  the 
next  section.    Because  the  evolutionary  lineage  of  the  high- 
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latitude  three-segmented  "Calocyclas"  and  "Cyrtocapsella" 
group  differs  from  those  of  Calocyclas  and  Cyrtocapsella  in 
low  latitudes,  in  this  paper,  we  include  these  Antarctic  forms 
under  the  genus  Theocorys. 

Regarding  the  genus  Theocorys,  various  authors  severally 
designated  type  species  of  the  genus,  e.g.,  Eucyrtidium 
turgidulum  Ehrenberg  by  Frizzell  and  Middour,  1951  ; 
Theocorys  morchellula  Rüst  by  Campbell,  1954  ;  Theocorys 
veneris  Haeckel  by  Strelkov  and  Lipman,  1959.  Riedel  and 
Sanfilippo  (1970)  discussed  this  problem,  and  accepted 
Theocorys  morchellula  Rüst  designated  by  Campbell  (1954) 
as  the  type  species  of  this  genus  because  it  is  the  first 
species  described  under  this  genus.  They  (1970)  proposed 
two  new  species,  T.  anaclasta  and  T.  anapographa,  for  the 

genus,  and  stated  that  this  generic  assignment  was  provi- 
sional. Indeed,  the  shell  shapes  of  these  two  species  are 

quite  different  from  that  of  the  type  species,  T.  morchellula 

(Rüst,  1885,  p.  308,  pi.  37  (12),  fig.  6).  Foreman  (1973)  de- 
scribed T  acroria,  and  considered  all  three  forms,  T  acroria, 

T.  anaclasta  and  T.  anapographa,  to  be  related  to  each  other. 
All  species  of  Theocorys  described  in  this  paper  share  very 

few  similarities  in  their  shell  shape  to  T.  morchellula.  T. 
morchellula  has  a  large,  inflated  and  subspherical  thorax  with 
large  pores  arranged  in  transverse  rows  and  also  diagonally. 

On  the  other  hand,  the  shapes  of  the  cephalo-thorax  and  the 
abdominal  pores  of  Theocorys  described  in  this  paper  are 
similar  to  those  of  Theocorys  anapographa  or  T.  acroria, 
indicating  some  phylogenetic  relationship  between  these  two 
groups.  Therefore,  we  include  the  Antarctic  forms,  which 
were  previously  classified  under  the  genus  Calocyclas  or 
Cyrtocapsella,  in  the  genus  Theocorys. 

Taxonomy  and  phylogeny  of  the  genus  Theocorys 
in  the  Antarctic  region 

From  the  Antarctic  Ocean,  Petrushevskaya  (1975),  Chen 
(1975),  Abelmann  (1990),  Caulet  (1991)  and  Takemura  (1992) 
reported  species  belonging  to  the  genus  Theocorys. 
Among  them  Theocorys  semipolita  (Clark  and  Campbell)  is 

the  most  common  species  in  Eocene  to  Oligocène  sedi- 
ments. The  species  was  originally  described  by  Clark  and 

Campbell  (1942)  from  the  Eocene  in  California,  and  was  re- 
examined by  Blueford  (1988)  recently  with  photomicrographs 

from  the  same  region  of  Clark  and  Campbell  (1942). 
According  to  these  studies,  Calocyclas  semipolita  from 

California  is  a  moderate-sized  form  with  a  relatively  long 
apical  horn,  and  thoracic  and  abdominal  pores  arranged 
longitudinally  or  irregularly. 

In  the  Antarctic  region,  although  some  Eocene  forms  of 
this  species  seem  to  be  identical  to  those  from  California,  the 
size  and  length  of  the  abdomen  and  thickness  of  the  shell 
become  larger  and  thicker  in  the  Early  Oligocène,  and 
smaller  and  thinner  again  in  most  Late  Oligocène  specimens 

(Figures  4-15—21).  The  maximum  length  of  shell  among  the 
Late  Eocene  and  Earliest  Oligocène  specimens  of  T. 
semipolita  is  less  than  200  fim,  while  the  largest  specimen  in 
Early  Oligocène  has  nearly  300 /^m  of  total  length  of  shell. 
The  distinctive  earliest  Oligocène  cooling  event  in  the 
Antarctic  Ocean  (Wei,  ef  a/.,  1992)  probably  caused  this 

inflation  of  size  and  thickness  of  the  shell.  The  Antarctic 

forms  may  or  may  not  have  a  small  apical  horn.  While  they 
vary  particularly  widely  in  their  forms  and  sizes  overall  as  well 
as  in  the  abdominal  segment  among  the  specimens,  we 
consider  these  phenomena  as  intraspecific  variations  within 
a  single  species  because  such  variation  is  continuous. 
We  propose  three  new  species  of  the  genus  Theocorys. 

They  are  T.  saginata  sp.  nov.  (Figures  4-7—14,  Figures  5-9, 
10),  T.  kerguelensis  sp.  nov.  (Figures  3-8—15,  Figures  5-3, 4) 
and  T.  minuta  sp.  nov.  (Figures  3-16—21,  Figures  5-5,  6).  All 
of  these  species  generally  have  a  large  and  inflated  thorax 
with  basically  longitudinally  aligned  pores,  and  an  abdomen 
of  similar  structure,  except  for  T.  minuta.  The  detailed 
biostratigraphic  studies  on  the  species  of  the  genus 

Theocorys  in  the  Antarctic  region  reveal  the  following  geo- 
logical range  and  phylogenetic  relationships  (Figure  2). 

Among  these  species,  Theocorys  semipolita  ranges  from 
Middle  Eocene  through  Late  Oligocène  and  shows  the 
largest  variations  in  their  shell  shapes.  The  ancestral  form 
from  which  T.  semipolita  evolved  is  unknown.  The 

cephalo-thorax  of  Eocene  T.  semipolita  is  quite  similar  to 
that  of  Theocorys  anapographa  Riedel  and  Sanfilippo, 
although  the  latter  species  has  not  been  reported  from  the 
Antarctic  region  yet.  Theocorys  kerguelensis  also  has 

some  resemblance  in  shell  shape  to  T.  semipolita.  How- 
ever, there  is  a  time  gap  in  late  Middle  Eocene  when  both  7. 

kerguelensis  and  7.  semipolita  were  absent,  and  we  have  not 
observed  any  intermediate  forms  between  these  two 

species. 
7.  semipolita  shows  wider  variation  in  Early  Oligocène. 

Many  thick-walled  and  sometimes  large  forms  have  various 
types  of  abdomen  (Figures  4-19, 20).  The  shape  of  the 
abdominal  segments  varies  :  cylindrical  or  truncate -conical  ; 
long  or  short  ;  with  open,  closed  or  fenestrated  to  tube-like 

aperture. 
Admittedly,  the  distinction  between  7.  semipolita  and  T. 

robusta  is  somewhat  artificial.  The  cephalo-thorax  of 
smaller  forms  of  7.  semipolita  (Figures  4-15,  21)  and  7.  robus- 

ta is  very  similar  in  shape  and  shell  structure.  These  two 
species  can  be  differentiated  based  on  the  facts  that  7. 
robusta  has  an  abdomen  shorter  than  about  twice  of  thoracic 

length,  a  thinner  shell  wall,  and  usually  a  smaller-sized 
thorax.  7.  semipolita,  on  the  other  hand,  possesses  a  longer 
abdomen,  thicker  shell  wall  and  or  larger  thorax. 
Takemura  (1992)  described  two  species  of  the  genus 

Cyrtocapsella,  C  robusta  and  C.  sp.  aff.  C.  japonica,  based  on 
the  length  of  the  abdomen,  but  also  stated  that  the  variation 
of  the  length  of  the  abdomen  is  continuous  between  the  two 
species.  Moreover,  the  ranges  of  these  two  forms  are 
similar,  therefore,  we  combine  them  into  one  species  as 
Theocorys  robusta. 

Theocorys  robusta  (Figures  4-1— 6,  Figures  5-7,  8)  could 
be  the  ancestral  form  of  7.  longithorax,  as  Abelmann  (1990) 
already  discussed.  We  believe  this  transition  occurred  in 
the  Early  Miocene  through  increase  of  the  number  of  pores 
at  the  expense  of  a  reduction  in  size  of  the  thoracic  and 
abdominal  pores. 

Caulet  (1991)  discussed  the  evolutionary  lineage  of  this 

group  (op.  cit.,  p.  529-530,  fig.  4).    His  observations  on  this 
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group  are  very  similar  to  our  conclusion.  However,  his 
classification  is  somewhat  different  from  those  of  Takemura 

(1992)  or  Abelmann  (1990).  He  did  not  describe  the  differ- 
ences or  the  definition  of  the  species  of  this  group.  For 

example,  Cyrtocapsella  longithorax  shown  in  fig.  4  of  Caulet 

(1991)  includes  the  forms  with  larger  and  fewer  pores  (Speci- 
men 7  of  fig.  4).  We  assign  such  form  to  Theocorys  robusta 

(Abelmann)  following  the  species  concept  of  Abelmann 
(1990). 
We  also  observed  a  transitional  form  from  Theocorys 

semipolita  to  7.  saginata  in  the  late  Early  Oligocène  (Figure 

4-17).  7.  saginata  has  a  larger  thorax,  shorter  abdomen  with 
open  aperture  and  more  distinct  lumbar  stricture  than  7. 
semipolita.  The  intermediate  form  has  a  large  thorax  and 

distinct  lumbar  stricture,  but  has  a  long  abdomen.  There- 
fore, we  believe  7.  saginata  evolved  from  7.  semipolita  in  the 

late  Early  Oligocène  at  approximately  the  time  of  the  first 
appearance  of  Lychnocanoma  conica  (Takemura,  1992). 

The  phylogenetic  relationship  between  Theocorys  minuta 
and  other  species  of  Theocorys  is  unclear,  because  we  have 
not  observed  any  species  which  suggests  any  relationship  or 
similarity  in  shell  shape  to  7.  minuta  from  the  Antarctic 
Eocene  sediments.  A  species  which  is  most  similar  in  shell 
morphology  to  7.  minuta  is  7.  spongoconus  Kling,  although 
the  latter  species  has  a  distinct  spongy  abdomen.  The  first 

appearance  of  7.  spongoconus  occurs  the  near  Eocene- 
Oligocene  boundary  in  low  latitudes  (Riedel  and  Sanfilippo, 
1978),  while  in  the  Antarctic  region  7.  minuta  disappeared 
just  before  the  boundary  and  after  the  occurrence  of 

Theocyrtis  tuberosa.  It  may  be  possible  that  7.  spongo- 
conus in  low-latitudes  evolved  from  7.  minuta. 

Sanfilippo  and  Riedel  (1970)  discussed  the  evolutionary 
relationships  among  the  species  of  the  genus  Cyrtocapsella, 
and  considered  that  Cyrtocapsella  japonica  and  C.  elongata 
might  have  originated  from  C.  tetrapera  by  narrowing  of  the 
third  stricture.  However,  some  forms  of  Theocorys  robusta 
in  the  Antarctic  region  possess  a  short  abdomen,  and  the 
shell  shape  is  similar  to  that  of  C.  japonica.  Although  the 

apertures  of  these  Antarctic  forms  are  usually  not  constrict- 
ed, the  three-segmented  Cyrtocapsella  species  may  have 

evolved  from  7.  robusta. 

In  addition  to  these  species  belonging  to  the  genus 

Theocorys,  we  propose  a  new  species,  Calocyclas  (?)  nakase- 
koi, which  commonly  occurs  in  Middle  Eocene  sediments  in 

the  Antarctic  region.  We  tentatively  have  included  C.  (?) 
nakasekoi  in  the  genus  Calocyclas,  because  it  has  a  large 

inflated  thorax  with  pores  aligned  longitudinally  and  diago- 
nally. Furthermore,  there  is  no  genus  in  which  this  species 

can  be  reasonably  assigned.  This  species  probably  has  no 

phylogenetic  relationship  with  the  other  species  of  Calo- 
cyclas or  Theocorys.  Rather,  it  may  have  some  relationship 

with  Lychnocanoma  amphitrite  Foreman,  because  the  shell 

structures  of  their  cephalo-thorax  with  a  long  and  stout 
apical  horn  are  somewhat  similar,  and  the  three  feet  of  L. 
amphitrite  actually  have  no  connection  to  the  cephalic 
skeletal  elements. 

Systematic  description 

The  type  specimens  are  deposited  in  Geoscience  Institute, 
Hyogo  University  of  Teacher  Education,  Hyogo,  Japan 

(HUTE). 

Subclass  Radiolaria  Müller,  1858 

Order  Polycystina  Ehrenberg,  1838,  emend.  Riedel,  1967 
Suborder  Nassellaria  Ehrenberg,  1875 

Family  Theoperidae  Haeckel,  1881,  emend.  Riedel,  1967 

Remarks.— All  species  described  below  have  the  same 
cephalic  skeletal  structure  (Figures  5-2, 4, 6, 8, 10  and  12). 
They  have  a  median  bar  (MB),  two  lateral  spines  (L)  and  a 
vertical  spine  (V)  at  the  base  of  the  cephalis,  and  four  collar 
pores.  The  two  lateral  spines  and  a  dorsal  spine  (D)  are 
prolonged  onto  the  inner  surface  of  the  thoracic  wall.  An 
apical  spine  (A)  arises  at  the  end  of  MB  opposite  to  V,  lying 
on  the  inner  side  of  the  cephalic  wall  to  the  apical  horn. 

This  structure  is  same  as  the  Arcanicapsa-type  structure  of 
Takemura  (1986). 

Nishimura  (1990)  made  detailed  SEM  observations  on 

cephalic  skeletal  structures  of  Cenozoic  radiolarians  includ- 
ing Cyrtocapsella  tetrapera.  She  identified  some  rays  or  part 

of  rays  (= spines  of  various  authors)  within  the  cephalic  shell 
wall  of  C.  tetrapera.  However,  it  is  difficult  to  distinguish 
whether  these  rays  are  actually  the  prolongations  of  the 
basic  cephalic  structure  or  other  accessory  elements 
attached  to  the  main  elements.  The  cephalic  structure  of 
C.  (?)  nakasekoi  and  Theocorys  described  below  is  regarded 
as  the  same  as  that  of  Cyrtocapsella  tetrapera. 
We  have  assigned  the  genera  Calocyclas  and  Theocorys 

to  the  Family  Theoperidae  of  Riedel  (1967)  in  this  paper, 
because  the  classification  of  Nassellaria  is  still  incomplete, 
and  because  his  classification  has  been  widely  accepted  for 
Cenozoic  nassellarians. 

Genus  Calocyclas  Ehrenberg,  1847 

Calocyclas  Ehrenberg,  1847b,  p.  54  ;  Haeckel,  1887,  p.  1381  ; 
Campbell,  1954,  p.  D132  ;  Foreman,  1973,  p.  433,  434. 

Cycladophora  Ehrenberg,  1847a,  p.  385  ;  Riedel  and  Sanfilippo, 
1970,  p.  529. 

7ype  species. —Calocyclas  turris  Ehrenberg  (subsequent  desig- 
nation by  Campbell,  1954,  p.  D132,  Foreman,  1973,  p.  433) 

Remarks.— In  this  paper,  we  provisionally  assign  a  new 
species,  C.  (?)  nakasekoi,  to  this  genus  because  the  shape  of 

its  cephalo-thorax,  and  thoracic  pore  arrangements  are 
somewhat  similar  to  species  of  the  genus.  However,  the 

phylogenetic  relationship  between  this  new  species  and 

Calocyclas  turris,  the  type  species  of  this  genus,  is  question- 
able. Both  Calocyclas  talwanii  described  by  Bj0rklund  and 

Kellogg  (1972)  and  Calocyclas  extensa  described  by  Clark 

and  Campbell  (1942),  in  which  the  thoracic  pores  are  ar- 
ranged in  transverse  rows,  should  be  excluded  from  Calocy- 

clas. 
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Calocyclas  (?)  nakasekoi  sp.  nov. 

Figures  3-1—7;  5-1,2 

Sethocyrtis  sp.  Chen,  1975,  p.  459,  pi.  1,  figs.  4,  5  ;  Takemura, 
1992,  p.  747,  pi.  7,  figs.  14, 15  ;  Takemura  and  Ling,  1997,  p. 
114,  pi.  1,  fig.  11. 

Description.— Large  conical  or  cylindrical  shell  with  two 
segments.  Cephalis  small,  subspherical  and  poreless  with  a 
stout  and  long  apical  horn,  which  tapers  distally.  Collar 

stricture  distinct.  Thorax  large,  usually  thick-walled,  inflated 
and  barrel-  or  egg-shaped.  Thoracic  pores  large,  mostly 
uniform  in  size  throughout,  and  usually  arranged  longitudi- 

nally and  diagonally.  Twelve  to  15  longitudinal  rows  of 
thoracic  pores  visible  on  one  side  of  the  shell.  Circular 
thoracic  aperture  slightly  constricted  with  distinct  peristome. 

Measurements.— Length  of  apical  horn,  62-85  jum; 
Length  and  width  of  cephalis,  37-46/* m  ;  Length  and  width 
of  thorax,  138-178  /zm,  measured  in  19  specimens. 

Types.— Holotype,  HUTE-R-4007,  Sample  120-748B- 
19H-4,  45-47  cm,  Middle  Eocene.  Paratypes,  HUTE-R- 
4008,  Sample  120-748B-19H-4,  45-47  cm,  Middle  Eocene, 
HUTE-R-4009,  Sample  120-748B-19H-4,  45-47  cm,  Middle 
Eocene,  HUTE-R-4010,  Sample  120-748B-19H-4, 45-47  cm, 
Middle  Eocene. 

Remarks.— This  species  is  easily  distinguished  from  other 
species  of  the  genus  by  its  two-segmented  form,  large  size 
and  characteristic  shape  of  the  thorax,  and  stout,  long  apical 

horn.  The  shell  structure  of  the  cephalo-thorax  including 
the  apical  horn  is  similar  to  that  of  Lychnocanoma  amphitrite 
Foreman,  although  this  species  has  no  feet  at  the  base  of 
thorax. 

Etymology.— This  new  species  was  named  after  Dr.  Kojiro 
Nakaseko  in  honor  of  his  significant  contributions  to 
Japanese  radiolarian  research. 

Occurrence—  Leg  120,  Hole  748B:  Sample  120-748B- 
19H-7  cm  (bottom  of  the  examined  samples)  to  Sample  120- 
748B-17H-7,  45-47  cm.    Middle  Eocene. 

Leg  114,  Site  702  :  Sample  114-702B-11X-1,  60-62  cm  to 
Sample  114-702B-8X-2,  20-22  cm.     Middle  Eocene. 

This  species  is  commonly  observed  in  Middle  Eocene 
sediments  in  the  Antarctic  region.  Its  sporadic  occurrence 

in  Oligocène  sediments  in  Hole  748B  is  considered  rework- 
ed, based  on  the  poor  state  of  preservation  (broken),  and  the 

presence  of  Eocene  species  of  Lychnocanoma  amphitrite, 
Eucyrtidium  spinosum  and/or  Lophocyrtis  biaurita   in  the 

same  samples. 

Genus  Theocorys  Haeckel,  1881 

Theocorys  Haeckel,  1881,  p.  434;  Haeckel,  1887,  p.  1414,  5; 
Campbell,  1954,  p.  D134  ;  Riedel  and  Sanfilippo,  1970,  p. 
530;  Kling,  1971,  p.  1087;  Foreman,  1973,  p.  439. 

Type  species.— Theocorys  morchellula  Rust,  1885,  p.  308, 
pi.  37  (12),  fig.  6  (subsequent  designation  by  Campbell,  1954). 

Remarks.— We  have  described  five  Paleogene  species  in 
the  Antarctic  region,  T.  kerguelensis  sp.  nov.,  T.  minuta  sp. 
nov.,  T.  robusta  (Abelmann),  T.  saginata  sp.  nov.  and  T. 
semipolita  (Clark  and  Campbell),  under  this  genus,  because 
of  their  possible  phylogenetic  relationship  to  such  Early  to 
Middle  Eocene  low  latitude  species  as  Theocorys  anaclasta 
and  T.  anapographa  described  by  Riedel  and  Sanfilippo 
(1970)  and  T  acroria  described  by  Foreman  (1973).  However, 
the  relationship  of  all  these  species  to  the  type  species  of 

this  genus,  T  morchellula,  is  questionable. 
Petrushevskaya  (1975)  described  Theocorys  longithorax, 

which  was  later  renamed  Cyrtocapsella  longithorax  by  Abel- 
mann (1990).  Petrushevskaya  (1975)  differentiated  Theo- 

corys from  the  genus  Calocyclas  by  its  smaller  shell  dimen- 
sions, thinner  wall  and  smaller  pores,  but  in  some  species, 

the  thorax  is  inflated  and  large.  Herein  we  assign  T.  longitho- 
rax to  the  genus  Theocorys  because  this  species  evolved 

from  T.  robusta  (Abelmann,  1990). 

T  semipolita  T.  saginata  T.  robusta  and  T.  longithorax 
must  be  included  in  a  single  genus  because  of  their  apparent 

phylogenetic  relationship.  However,  assignment  of  two 
other  species,  7.  kerguelensis  and  T.  minuta,  to  this  genus  is 
provisional  and  based  only  on  the  similarity  of  their  shell 
shapes  to  other  Theocorys.  Among  Cenozoic  radiolarians 
from  the  low  latitude  Northern  Hemisphere,  T  spongoconus 
Kling  and  T.  redondoensis  (Campbell  and  Clark)  are  included 
within  this  genus.  The  genus  may  include  Cyrtocapsella 
japonica  (Nakaseko)  and  C.  elongata  (Nakaseko),  because 
these  two  species  may  have  evolved  from  T.  robusta. 

Theocorys  kerguelensis  sp.  nov. 

Figures  3-8—15;  5-3,4 

Calocyclas  sp.  C,  Takemura,  1992,  p.  745,  pi.  7,  fig.  3,  4  ;  Ta- 
kemura and  Ling,  1997,  p.  111,  pi.  1,  fig.  17. 

Description.— Shell  conical  to  cylindrical  with  three  seg- 

Figure  3.  Eocene  nassellarians  from  the  Antarctic  region.  1,  2.  Calocyclas  (?)  nakasekoi  sp.  nov.,  Holotype,  HUTE-R- 
4007,  Sample  120-748B-19H-4,  45-47  cm,  Location  in  slide  by  England  Finder,  M41  2.  Middle  Eocene.  3,4.  Calocyclas 
(?)  nakasekoi  sp.  nov.,  Paratype,  HUTE-R-4008,  Sample  120-748B-19H-4,  45-47  cm,  X47/0.  Middle  Eocene.  5.  Calocy- 

clas (?)  nakasekoi  sp.  nov.,  Paratype,  HUTE-R-4009,  Sample  120-748B-19H-4,  45-47  cm,  J37  0.  Middle  Eocene.  6,  7. 
Calocyclas  (?)  nakasekoi  sp.  nov.,  Paratype,  HUTE-R-4010,  Sample  120-748B-19H-4, 45-47  cm,  L22/4.  Middle  Eocene.  8, 
9.  Theocorys  kerguelensis  sp.  nov.,  Holotype,  HUTE-R-4011,  Sample  120-748B-19H-4,  45-47  cm,  Y42  0.  Middle  Eocene. 
10,11.  Theocorys  kerguelensis  sp.  nov.,  Paratype,  HUTE-R-4012,  Sample  120-748B-19H-4,  45-47  cm,  J20  2.  Middle 
Eocene.  12,13.  Theocorys  kerguelensis  sp.  nov.,  Paratype,  HUTE-R-4013,  Sample  120-748B-20H-1,  45-47  cm,  P27  1. 
Middle  Eocene.  14,15.  Theocorys  kerguelensis  sp.  nov.,  Sample  120-748B-19H-4,  45-47  cm,  J28  0.  Middle  Eocene.  16, 
17.  Theocorys  minuta  sp.  nov.,  Holotype,  HUTE-R-4014,  Sample  120-748B-16H-1,  45-47  cm,  G29  2.  Late  Eocene.  18, 19. 
Theocorys  minuta  sp.  nov.,  Paratype,  HUTE-R-4015,  Sample  120-748B-16H-1,  45-47  cm,  M29  0.  Late  Eocene.  20,21. 
Theocorys  minuta  sp.  nov.,  Paratype,  HUTE-R-4016,  Sample  120-748B-16H-1,  45-47  cm,  G45  3.  Late  Eocene,  (scale 
bar=100//m) 
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ments.  Cephalis  small,  subspherical  and  poreless,  with  a 

long  and  stout  apical  horn.  Apical  horn  conical  or  cylindri- 
cal, tapered  distally  and  pointed  at  its  apex,  sometimes  with 

some  small  appendages  or  thorns  on  its  upper  part.  Thorax 
large,  inflated  and  conical  to  hemispherical,  with  distinct 
collar  stricture.  Thoracic  pores  spherical  or  elliptical,  nearly 
equal  in  size,  and  aligned  diagonally  in  longitudinal  rows  or 
sometimes  irregularly  distributed.  Eight  to  ten  longitudinal 
rows  of  pores  visible  on  the  thoracic  surface.  In  some 
specimens,  the  thoracic  and  abdominal  walls  became  thick 
by  the  secondary  growth  of  the  shell  wall,  and  by  the  upper 

part  of  the  thoracic  wall  covering  the  cephalic  wall.  Abdo- 
men slightly  wider  than  thorax  in  general,  usually  cylindrical, 

and  the  length  varies  from  nearly  equal  to  twice  that  of  the 
thorax.  Abdominal  pores  generally  irregular  in  their  shapes, 
sizes  and  arrangement,  but  in  some  specimens,  they  are 
aligned  longitudinally  and  diagonally.  Abdominal  aperture 
open  without  distinct  peristome.  In  some  specimens,  three 
short  feet  or  appendages  arise  from  the  surface  of  the 
abdomen,  and  the  distal  part  of  abdomen  approaches  a 

triangle  in  cross  section  (Figure  5-4). 
Measurements.— Length  of  the  shell  excluding  the  apical 

horn,  151-222 /zm;  Length  of  apical  horn,  52-85 /um; 
Length  and  width  of  cephalis,  29-36  and  31-40  /um  ;  Length 
and  width  of  thorax,  65-78  and  98-123/*  m  ;  Length  and 
width  of  abdomen,  61-137  and  100-139 /^m,  measured  in  8 
specimens. 

Types.— Holotype,  HUTE-R-4011,  Sample  120-748B-19H- 
4,  45-47  cm,  Middle  Eocene.  Paratypes,  HUTE-R-4012, 
Sample  120-748B-19H-4,  45-47  cm,  Middle  Eocene,  HUTE- 
R-4013,  Sample  120-748B-20H-1,  45-47  cm,  Middle 
Eocene. 

Remarks.— Theocorys  kerguelensis,  sp.  nov.  differs  from 
the  other  species  of  Theocorys  in  its  stout  and  long  apical 
horn,  and  the  shape  and  size  of  its  thorax  and  abdomen. 
Although  the  phylogenetic  relationship  between  this  species 
and  other  Theocorys  is  not  clear,  we  assigned  this  species  to 
the  present  genus  because  of  the  similarity  of  shell  shape. 

Etymology.— The  species,  kerguelensis,  is  named  after  the 
Kerguelen  Plateau,  where  the  samples  of  ODP  Leg  120  were 
collected. 

Occurrence—  Leg  120,  Hole  748B  :  Sample  120-748B- 
19H-7,  45-47  cm  (bottom  of  the  examined  samples)  to  120- 
748B-19H-2,  45-47  cm,  Middle  Eocene. 

Leg  114,  Site  702  :  Sample  114-702B-9X-2,  50-52  cm  to 
Sample  114-702B-8X-2,  20-22  cm.    Middle  Eocene. 

Theocorys  minuta  sp.  nov. 

Figures  3-16—21  ;  5-5,  6 

Calocyclas  sp.  B,  Takemura  1992,  p.  745,  pi.  5,  fig.  13  ;  Takemura 
and  Ling,  1997,  p.  111,  pi.  1,  fig.  14 

?  Theocyrtis  (Theocorypha)  diabloensis  (Clark  and  Campbell). 

Chen,  1975,  p.  459,  pi.  5,  figs.  4-7. 

Description.— Shell  oval  to  cylindrical  with  three  segments. 
Cephalis  small,  spherical  or  subspherical  and  poreless, 
usually  with  small  and  thin  apical  horn.  Thorax  inflated, 

thick-walled  and  hemispherical  to  subspherical,  with  rough 
surface  and  distinct  collar  stricture.  Thoracic  pores  spheri- 

cal or  elliptical  and  irregularly  distributed,  but  sometimes 
arranged  in  longitudinal  rows.  The  size  of  the  thoracic 

pores  is  variable  within  a  single  specimen.  Abdomen  cylin- 
drical or  barrel-shaped,  usually  with  a  thinner  shell  wall  than 

that  of  thorax,  and  tapering  distally.  Length  of  abdomen 
usually  shorter  than  or  nearly  the  same  as  the  length  of  the 
thorax.  Pores  on  abdominal  surface  irregular  in  both  size 

and  arrangement.  Abdominal  aperture  open  without  peri- 
stome or  feet.     Lumbar  stricture  visible. 

Measurements.— Length  of  the  shell  exclusive  of  apical 

horn,  105-145  //m  ;  Length  and  width  of  cephalis,  21-30  and 
28-35  jum;  Length  and  width  of  thorax,  51-80  and  72-101 
prr\  ;  Length  and  width  of  abdomen,  32-63  and  70-91  /xm, 
measured  in  22  specimens. 

Types.— Holotype,  HUTE-R-4014,  Sample  120-748B-16H- 
1,  45-47  cm,  Late  Eocene.  Paratypes,  HUTE-R-4015,  Sam- 

ple 120-748B-16H-1,  45-47  cm,  Late  Eocene,  HUTE-R- 
4016,  Sample  120-748B-16H-1,  45-47  cm,  Late  Eocene. 

Remarks.— This  species  can  be  distinguished  from  the 
other  species  by  its  subspherical  thorax  usually  with  irregu- 

larly distributed  pores,  and  by  the  shape  of  the  abdomen, 
although  the  distal  part  of  the  abdomen  is  often  broken. 

Figure  4.  Theocorys  species  from  Eocene  to  Oligocène.  1.  Theocorys  robusta  (Abelmann),  Sample  120-748B-9H-1, 
45-47  cm,  L27/0.  Late  Oligocène.  2.  Theocorys  robusta  (Abelmann),  Sample  120-748B-9H-1,  45-47  cm,  M25  0.  Late 
Oligocène.  3.  Theocorys  robusta  (Abelmann),  Sample  120-748B-9H-2,  45-47  cm,  E20,  4.  Late  Oligocène.  4.  Theocorys 
robusta  (Abelmann),  Sample  120-748B-11H-4,  45-47  cm,  K54/3.  Early  Oligocène.  5.  Theocorys  robusta  (Abelmann), 
Sample  120-748B-11H-4,  45-47  cm,  K19/1.  Early  Oligocène.  6.  Theocorys  robusta  (Abelmann),  Sample  120-748B-12H-1, 
45-47  cm,  J40/0.  Early  Oligocène.  7,8.  Theocorys  saginata  sp.  nov.,  Holotype,  HUTE-R-4017,  Sample  120-748B-9H-1, 
45-47  cm,  M44/0.  Late  Oligocène.  9, 10.  Theocorys  saginata  sp.  nov.,  Paratype,  HUTE-R-4018,  Sample  120-748B-9H-4, 
45-47  cm,  J45/3.  Late  Oligocène.  Î1, 12.  Theocorys  saginata  sp.  nov.,  Paratype,  HUTE-R-4019,  Sample  120-748B-10H-1, 
45-47  cm,  L23/1.  Late  Oligocène.  13,14.  Theocorys  saginata  sp.  nov.,  Paratype,  HUTE  R-4020,  Sample  120-748B-10H- 
4,  45-47  cm,  M28/2.  Late  Oligocène.  15.  Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-10H-1,  45-47  cm, 
H46/3.  Late  Oligocène.  16.  Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-11H-1,  45-47  cm,  K24  4. 
Early  Oligocène.  17.  Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-11H-4,  45-47  cm,  P53  2.  Early 
Oligocène.  18.  Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-13H-1,  45-47  cm,  L39  4.  Early  Oligocène. 
19.  Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-13H-1,  45-47  cm,  M21  0.  Early  Oligocène.  20. 
Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-14H-1,  45-47  cm,  J33/1.  Early  Oligocène.  21.  Theocorys 
semipolita  (Clark  and  Campbell),  Sample  120-748B-15H-4,  45-47  cm,  J45/2.    Late  Eocene,    (scale  bar=100//m) 
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The  shape  and  size  of  the  cephalo-thorax  of  this  species  is 
quite  similar  to  that  of  Theocorys  spongoconus  Kling.  While 
the  abdomen  of  T.  minuta  is  always  latticed  with  irregular 
pores,  that  of  7.  spongoconus  is  an  inverted  conical  shape 
and  spongy.  These  species  might  be  related 
phylogenetically  as  discussed  previously. 

Although  the  phylogenetic  relationship  between  the  pre- 
sent T.  minuta  and  the  most  other  species  of  Theocorys  is 

uncertain,  we  assigned  this  species  to  the  genus  because  of 

the  similarity  in  shape  of  the  cephalo-thorax  to  that  of  the 
other  species  in  the  genus. 

Etymology.— The  species  name,  minuta,  derived  from 
Latin,  minutus,  refers  to  the  relatively  small  size  of  the 

specimens. 

Occurrence.— Leg  120,  Hole  748B  :  This  species  occurs 
continuously  in  samples  from  120-748B-17H-7,  45-47  cm 
(bottom  of  the  examined  samples)  to  120-748B-15H-7,  45- 
47  cm,  late  Middle  Eocene  to  Late  Eocene. 

Leg  120,  Hole  749B  :  Sample  120-749B-3H-7,  45-47  cm 
(bottom  of  the  examined  samples)  to  Sample  120-749B-3H- 
4,  45-47  cm,  Late  Eocene. 

Leg  114,  Hole  699A:  Sample  114-699A-37X-2,  41-43  cm 
(bottom  of  the  examined  samples)  to  Sample  114-699A-36X- 
4,  88-90  cm.    Late  Eocene. 

Leg  114,  Site  702  :  Sample  114-702B-6X-2,  48-50  cm  to 
Sample  114-702A-4H-2,  50-52  cm.     Late  Eocene. 

Leg  114,  Hole  703A  :  Sample  114-703A-18X-3,  50-52  cm 
to  Sample  114-703A-16X-1,  50-52  cm.    Late  Eocene. 

Theocorys  robusta  (Abelmann)  comb.  nov. 

Figures  4-1—6;  5-7,8 

Cyrtocapsella  robusta  Abelmann,  1990,  p.  696,  pi.  5,  fig.  11  (not  10)  ; 

Caulet,  1991,  p.  538,  Specimens  5(?)  and  6  of  fig.  4;  Ta- 
kemura, 1992,  p.  746,  pi.  1,  figs.  5,  6  ;  Abelmann,  1992,  p.  776, 

pi.  5,  fig.  7  ;  Takemura  and  Ling,  1997,  p.  111,  pi.  1,  fig.  18. 
Cyrtocapsella  aff.  japonica  (Nakaseko).  Takemura,  1992,  p.  746, 

pi.  1,  figs.  11, 12. 

Cyrtocapsella  longithorax  (Petrushevskaya).  Caulet,  1991,  Speci- 
men 7  of  fig.  4. 

Theocorys  longithorax  Petrushevskaya,  1975,  pi.  8,  fig.  17,  pi.  22, 
fig.  2. 

Remarks.— Abelmann  (1990)  considered  Cyrtocapsella 
isopera  Chen  (1975,  p.  460,  pi.  11,  figs.  7-9)  to  be  a  junior 
synonym  of  Theocorys  longithorax  Petrushevskaya  (1975,  p. 
580),  and  described  a  new  species,  Cyrtocapsella  robusta,  for 
the  forms  which  have  larger  but  fewer  pores.  However, 

some  of  Petrushevskaya's  specimens  (op.  cit.,  pi.  8,  fig.  17  ; 
pi.  22,  fig.  2)  apparently  have  larger  but  fewer  pores  on  the 

thorax  than  those  of  C.  isopera  Chen. 

Goll  and  Bj0rklund  (1989)  described  Cyrtocapsella  ampul- 
lacea  from  Middle  Miocene  sediments  from  the  Norwegian 

Sea  (p.  732,  pi.  5,  figs.  10-13, 19,  20).  The  shell  structure  and 
its  shape  are  quite  similar  to  those  of  7.  robusta,  and  it  may 

be  possible  that  those  two  species  are  conspecific.  How- 
ever, the  geological  occurrence  of  C.  ampullacea  is  younger 

than  that  of  7.  robusta,  (Middle  Miocene  vs.  Latest  Eocene  to 
Earliest  Miocene),  and  they  were  paleobiogeographically 

separated. 
One  form  of  Cyrtocapsella  longithorax  illustrated  by  Caulet 

(1991)  (Specimen  7  of  fig.  4)  has  larger  but  fewer  pores.  We 

assign  this  form  to  7.  robusta  based  on  Abelmann's  (1990) 
definition  of  this  species. 

Further,  we  differentiate  the  present  species  from  7. 
semipolita  mainly  by  the  abdomen  length.  7.  semipolita 
usually  has  a  longer  and  wider  abdomen,  and  often  a  thicker 
shell  wall.  However,  the  distinction  between  the  thin  and 
small  forms  of  7.  semipolita  and  7.  robusta  may  be  difficult. 
7.  robusta  has  a  small  thorax,  thin  shell  wall,  and  the  length 
of  the  abdomen  is  somewhat  less  than  twice  that  of  its 
thorax. 

Occurrence.— Leg  120,  Hole  748B  :  This  species  occurs 
sporadically  but  continuously  in  the  Eocene  samples  120- 
748B-14H-1,  45-47  cm  to  Early  Oligocène  Sample  120- 
748B-8H-4,  45-47  cm,  and  to  earliest  Miocene  sediments 
according  to  Abelmann  (1992). 

Leg  120,  Hole  749B  :  Sample  120-749B-2H-5,  45-47  cm 
to  120-749B-1H-1,  45-47  cm  (top  of  the  examined  samples). 

Oligocène. 
Leg  114,  Hole  699A  :  Sample  114-699A-35X-4,  50-52  cm 

to  114-699A-10H-2,  50-52  cm  (top  of  the  examined  sam- 
ples).   Late  Eocene  to  Late  Oligocène. 

Leg  114,  Site  702  :  Sample  114-702B-6X-2,  50-52  cm  to 
114-702B  5X-2,  48-50  cm,  Middle  to  Late  Eocene. 

Leg  114,  Hole  703A  :  Sample  114-703A-10H-1, 10-12  cm  to 
114-703A-5H-6,  55-57  cm  (top  of  the  examined  samples), 
Early  to  Late  Oligocène. 

Theocorys  saginata  sp.  nov. 

Figures  4-7—14;  5-9,10 

Calocyclas    sp.    A,    Takemura,    1992,    p.  745,    pi.  1,    figs.  3, 4  ; 
Takemura  and  Ling,  1997,  p.  111,  pi.  1,  fig.  15. 

Cyrtocapsella  robusta  (?)  Abelmann,  1990,  pi.  5,  fig.  10. 
Theocotyle    robusta    (Clark    and    Campbell).    Petrushevskaya, 

1975,  p.  580,  pi.  8,  fig.  9,  pi.  22,  fig.  1. 

Description.— Shell     cylindrical    with    three     segments. 

Figure  5.  SEM  photographs  of  Antarctic  nassellarians.  Each  pair  of  these  photographs  shows  both  the  external  shell 
structure  and  the  internal  structure  including  cephalic  skeletons  through  the  aperture,  of  a  single  specimen.  MB  =  median 
bar,  V=vertical  spine,  D=dorsal  spine,  L=  lateral  spine.  1,2.  Calocyclas  (?)  nakasekoi  sp.  nov.,  Sample  120-748B-19H-4, 
45-47  cm,  Middle  Eocene.  3, 4.  Theocorys  kerguelensis  sp.  nov.,  Sample  120-748B-19H-5,  45-47  cm,  Middle  Eocene.  5, 
6.  Theocorys  minuta  sp.  nov.,  Sample  120-748B-16H-1,  45-47  cm,  Late  Eocene.  7, 8.  Theocorys  robusta  (Abelmann). 
Sample  120-748B-9H-4,  45-47  cm,  Late  Oligocène.  9, 10.  Theocorys  saginata  sp.  nov.,  Sample  120-748B-9H-4,  45-47  cm, 
Late  Oligocène.  11,12.  Theocorys  semipolita  (Clark  and  Campbell),  Sample  120-748B-13H-4,  45-47  cm,  Early  Oligocène, 
(scale  bar=50/im) 
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Cephalis  small,  spherical  and  poreless,  with  or  without  apical 
horn.  Apical  horn,  when  present,  usually  small  and  conical. 
Thorax  large,  inflated  and  hemispherical  or  conical,  with 
distinct  collar  stricture.  Thoracic  pores  usually  spherical  or 

elliptical,  and  generally  arranged  longitudinally  and  diago- 
nally, but  sometimes  irregularly.  When  they  are  aligned 

longitudinally,  8  to  12  rows  of  pores  are  visible  on  the  thoracic 

surface.  Abdomen  cylindrical  or  barrel-shaped  with  distinct 
lumbar  stricture.  Abdominal  aperture  open  and  large,  with- 

out peristome  or  feet.  Abdomen  shorter  than  or  nearly 

equal  in  length  to  cephalo-thorax.  Pores  on  abdominal 
surface  similar  to  those  on  thorax  both  in  size  and  shape, 
and  usually  arranged  in  longitudinal  rows  or  sometimes 
irregularly  distributed. 

Measurements.— Length  of  the  shell  exclusive  of  apical 
horn,  122-198  ̂ m  ;  Length  and  width  of  cephalis,  22-30  and 
26-34// m  ;  Length  and  width  of  thorax,  58-78  and  85-103 
jum  ;  Length  and  width  of  abdomen,  33-100  and  83-104  //m, 
measured  in  23  specimens. 

Types.— Holotype,  HUTE-R-4017,  Sample  120-748B-9H- 
1,  45-47  cm,  Late  Oligocène.  Paratypes,  HUTE-R-4018, 
Sample  120-748B-9H-4,  45-47  cm,  Late  Oligocène,  HUTE- 
R-4019,  Sample  120-748B-10H-1,  45-47  cm,  Late 
Oligocène,  HUTE-R-4020,  Sample  120-748B-10H-4,  45-47 
cm,  Late  Oligocène. 

Remarks.— Theocorys  saginata  evolved  from  T.  semipolita 
in  the  Early  Oligocène  in  the  Southern  Ocean,  and  can  be 

70         80  90 
Width  of  thorax 

100 110 

(urn) ▲     Theocorys  robusta  (Abelmann) 

•     Theocorys  saginata  sp.  nov. 

Figure  6.  Comparison  of  thoracic  sizes  between  T. 
robusta  and  7.  saginata  in  the  Late  Oligocène  from  Site  748. 

Samples  120-748B-9H-1,  45-47  cm,  120-748B-9H-4,  45-47 
cm,  120-748B-10H-1,  45-47  cm,  and  120-748B-10H-4,  45-47 
cm  are  used. 

differentiated  from  its  ancestor  by  its  larger  and  more  inflated 

thorax,  shorter  abdomen  and/or  more  distinct  lumber  stric- 
ture. The  species  is  also  distinguished  from  T.  robusta 

(Abelmann)  by  the  larger  overall  size.  The  measurements  of 
the  thorax  of  these  two  species  clearly  differentiate  them 
during  the  Late  Oligocène  (Figure  6).  On  the  other  hand, 
Cyrtocapsella  robusta  (?)  shown  by  Abelmann  (1990,  pi.  5,  fig. 
10  only)  has  a  larger  conical  thorax  and  larger  shell  size  than 
that  of  her  T.  robusta  (Abelmann),  and  should  be  included  in 
this  new  species.  While  Theocotyle  robusta  (Clark  and 

Campbell)  described  from  the  Southeast  Pacific  by  Petru- 
shevskaya  (1975)  is  considered  as  conspecific  with  this  new 
species,  the  California  specimens  of  Calocyclas  semipolita 
robusta  Clark  and  Campbell  (1942,  pi.  8,  fig.  21)  have  a  longer 
apical  horn  and  a  more  spherical  thorax  than  those  of  the 

present  species. 

Etymology— The  species  name,  saginata,  derives  from 
Latin,  sagina,  fattening,  reflecting  their  overall  appearance. 

Occurrence—  Leg  120,  Hole  748B:  Sample  120-748B- 
12H-3,  45-47  cm  to  Sample  120-748B-9H-1,  45-47  cm  (top 
of  the  examined  samples),  late  Early  Oligocène  to  Late 

Oligocène 
Leg  120,  Hole  749B  :  Sample  120-749B-2H-2,  45-47  cm 

to  Sample  120-749B-1H-2,  45-47  cm.    Oligocène. 

Leg  114,  Hole  699A  :  Sample  114-699A-20H-2,  50-52  cm 
to  Sample  114-699A-10H-2,  50-52  cm  (top  of  the  examined 
samples),    late  Early  Oligocène  to  Late  Oligocène. 

Leg  114,  Hole  703A  :  This  species  sporadically  occurs  in 

Sample  114-703A-8H-2,  70-72  cm  and  Sample  114-703A- 
6H-4,  60-62  cm.    Late  Oligocène. 

The  last  occurrence  of  this  species  should  fall  in  the  Early 
Miocene. 

Theocorys  semipolita  (Clark  and  Campbell)  comb.  nov. 

Figures  4-15—21  ;  5-11, 12 

Calocyclas  semipolita  Clark  and  Campbell,  1942,  p.  83,  pi.  8,  figs. 

12, 14, 17-19,  21-23  ;  Blueford,  1988,  p.  246,  pi.  2,  figs.  4-6 
Calocyclas  semipolita  (?)  Clark  and  Campbell.    Chen,  1975,  p. 

459,  pi.  6,  figs.  3-6. Calocyclas  semipolita  group  Clark  and  Campbell.    Caulet,  1991, 
p.  537,  1  and  2  of  fig.  4. 

Calocyclas  (?)  semipolita  Clark  and  Campbell  group- Petrushevs- 
kaya,  1975,  p.  580,  pi.  8,  fig.  8,  pi.  41,  figs.  6,  7. 

Calocyclas  cf.  semipolita  Clark  and  Campbell.    Abelmann,  1990, 
p.  697,  pi.  7,  fig.  4  ;  Takemura,  1992,  p.  745,  pi.  4,  figs.  5,  6  ; 
Takemura  and  Ling,  1997,  p.  111,  pi.  1,  fig.  16. 

Calocyclas  asperum  (Ehrenberg).    Caulet,  1991,  p.  537,  3  and  4  of 

fig.  4. Calocyclas  (?)  fragilis  (Carnevale)  group.    Petrushevskaya,  1975, 
p.  580,  pi.  8,  figs.  6,  7. 

?  Theocapsomma  ?  sp.    Petrushevskaya  and  Kozlova,  1972,  pi. 
22,  fig.  5. 

?  Species,  similar  to  Eucyrtidiidae  gen.  sp.  "rocket"  Petrushevs- kaya and  Kozlova,  1972,  pi.  28,  figs.  4,  5. 
?  Eucyrtidiidae  gen.  et  sp.  indet.  Petrushevskaya  and  Kozlova, 

1972,  pi.  28,  fig.  8. 
?  Theocorys  ?    spp.  indet.  Petrushevskaya  and  Kozlova  1972, 

pi.  28,  figs.  9, 10. 
not  Calocyclas  cf.  semipolita  Clark  and  Campbell.    Abelmann. 
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1992,  pi.  5,  fig.  8. Oligocène. 

Remarks.— This  species  varies  widely  in  its  shell  shape. 
In  the  Eocene,  the  species  have  a  smaller  shell  size  and 

often  a  short  apical  horn,  similar  to  those  described  by  Clark 
and  Campbell  (1942).  In  the  Early  Oligocène,  most  of  the 
specimens  have  a  larger  shell  size  and  a  variable  abdominal 

shape  ;  abdomen  is  from  very  long  and  cylindrical  or  trun- 

cate-conical to  short.  The  aperture  also  varies  from  large 
(wide  open)  without  peristome  to  somewhat  constricted,  or 
constricted  to  a  small  tube.  Many  Oligocène  forms  have 

larger  pores  on  the  thorax  than  those  from  Eocene  sedi- 
ments, and  the  shapes  and  sizes  of  abdominal  pores  are 

quite  variable.  However,  the  basic  pattern  of  the  arrange- 
ment of  pores  is  longitudinal.  This  species  may  be  divided 

into  two  or  three  species  in  the  future.  T.  saginata  evolved 
from  this  species  in  the  Early  Oligocène.  The  distinction 
between  T.  semipolita  and  T.  robusta  is  sometimes  difficult, 
but  7.  semipolita  usually  has  a  longer  abdomen,  thicker  shell 
wall  and/or  larger  thorax. 

We  include  Calocyclas  (?)  fragilis  (Carnevale)  group  in  the 
present  species.  Many  forms  described  by  Petrushevskaya 
and  Kozlova  (1972)  could  be  related  to  this  species.  Caulet 
(1991)  assigned  the  Oligocène  forms  of  this  species  to 

Calocyclas  asperum  (Ehrenberg)  (= Eucyrtidium  asperum 
Ehrenberg  of  previous  authors).  However,  according  to 

previous  illustrations  (Ehrenberg,  1875,  pi.  8,  fig.  15  ;  Petrus- 

hevskaya and  Kozlova,  1972,  pi.  28,  figs.  16-18),  E.  asperum 
possesses  a  short,  cylindrical  abdomen,  which  is  less  wide 
than  the  thorax.  One  specimen  figured  by  Abelmann  (1992, 
pi.  5,  fig.  8)  as  Calocyclas  cf.  semipolita  has  thoracic  and 
abdominal  pores  aligned  in  diagonal  and  transverse  rows. 
Because  the  pores  of  T.  semipolita  are  basically  aligned  in 
longitudinal  rows,  this  form  is  excluded  from  T.  semipolita. 

Wei  et  al.  (1992)  proposed  a  distinct  cooling  at  the  earliest 

Oligocène  (upper  part  of  Core  748B-14H,  around  115.5  mbsf) 
in  the  southern  Indian  Ocean  based  on  the  samples  from  the 
same  ODP  Hole  748B.  They  based  their  conclusions  on  the 

abrupt  increase  in  abundance  of  cool-water  nannofossil 
taxa,  the  occurrence  of  ice-rafted  debris  and  a  distinctive 

ôiaO  excursion.  This  cooling  event  could  have  brought 
about  the  changes  in  shape,  size  and  thickness  of  shell  wall 
for  this  species. 

Occurrences— Leg  120,  Hole  748B  :  Sample  120-748B- 
17H-4,  45-47  cm  Middle  Eocene,  and  Samples  120-748B- 
16H-5,  45-47  cm  to  120-748B-9H-4,  45-47  cm,  Late 
Eocene  to  Late  Oligocène. 

Leg  120,  Hole  749B  :  Samples  120-749B-3H-7,  45-47  cm 
to  120-748B-2H-2,  45-47  cm,  Late  Eocene  and  Early 
Oligocène. 

Leg  114,  Hole  699A  :  Sample  114-699A-36X-4,  88-90  cm 
(almost  bottom  of  the  examined  samples)  to  114-699A-10H- 
2, 50-52  cm  (top  of  the  examined  samples).  Late  Eocene  to 
Late  Oligocène. 

Leg  114,  Site  702  :  Sample  114-702B-6X-2,  50-52  cm  to 
114-702B-4H-2,  48-50  cm,  Middle  to  Late  Eocene. 

Leg  114,  Hole  703A  :  Sample  114-703A-18X-3,  50-52  cm 
(bottom  of  the  examined  samples)  to  114-703A-5H-6,  55-57 
cm  (top  of  the  examined  samples),  Late  Eocene  to  Late 
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Abstract.  Two  ammonite  species  of  the  genus  Mortoniceras  have  been  recently  obtained  from  two 
stratigraphie  units,  Member  Ld  of  the  Lower  Yezo  Subgroup  and  Member  Mb  of  the  Middle  Yezo  Subgroup 

on  the  Tengu-zawa  route  of  the  Yubari  Mountains,  central  Hokkaido.  They  are  identified  respectively  with 
Mortoniceras  (Mortoniceras)  cf.  geometricum  Spath  and  Mortoniceras  (Mortoniceras)  rostratum  (J.  Sower- 
by).  M.  (M.)  geometricum,  which  is  taken  here  as  allied  to  M.  (M.)  pricei  (Spath),  probably  includes  some 
specimens  described  as  Pervinguieria  arietiformis  by  Haas  (1942b)  from  Angola  and  as  M.  (M.)  arietiforme 
by  Renz  (1971)  from  Venezuela.  Our  study  of  Mortoniceras  (Mortoniceras)  rostratum  suggests  that 
Ammonites  rostratus  J.  Sowerby  should  be  systematically  assigned  to  Mortoniceras  (Mortoniceras)  rather 
than  to  M.  (Subschloenbachia).  On  the  evidence  of  the  two  ammonite  species,  Member  Ld  is  correlated 
with  the  middle  part  (probably  the  Hysteroceras  varicosum  Subzone)  of  the  Upper  Albian  and  Member  Mb 
with  the  upper  part  (probably  the  M.  (M.)  rostratum  Subzone)  of  the  same  substage.  Therefore,  no 
significant  time  gap  exists  at  the  boundary  of  the  Lower  and  Middle  Yezo  Subgroups. 

Key  words  :  Correlation,  Mortoniceras  (Mortoniceras)  geometricum,  Mortoniceras  (Mortoniceras)  rost- 
ratum, Upper  Albian,  Yezo  Group,  Yubari  Mountains 

Introduction 

The  Albian  part  of  the  Cretaceous  Yezo  Group  in  the 
forearc  basin  of  Hokkaido  and  Sakhalin  is  not  so  prolific  in 
ammonoids  as  the  same  stage  in  the  well  studied  regions  of 
western  Europe.  In  Europe  and  adjacent  regions  of  the 
Boreal  Province,  the  hoplitid  ammonites  occur  abundantly 

and  are  very  useful  for  biostratigraphic  zonation  and  correla- 
tion (Owen,  1979).  For  palaeobiogeographic  reasons  they 

are  almost  absent  in  Japan  and  adjacent  areas.  There  the 

acanthocerataceans,  including  Brancoceratidae  (or  Moj- 
sisovicziidae  by  some  authors),  are  found  from  time  to  time 
and  helpful  for  the  interregional  correlation,  for  they  include 
worldwide  species. 

In  this  paper  we  report  the  find  of  two  Albian  species  of 
Mortoniceras  in  our  recent  field  work.  They  are  interesting 
in  the  systematics  of  the  genus  and  also  useful  for  a 
particular  stratigraphie  problem. 

The  repositories  of  the  described  specimens  are  ab- 
breviated as  follows  : 

GK  :  Type  Room,  Department  of  Earth  and  Planetary 

Sciences,   Kyushu   University,   Fukuoka  812-8581, 
Japan 

GS  :  Institute  of  Earth  Science,  Saga  Univertity,  Saga 
840-8502,  Japan 

WE:  Institute  of  Earth  Science,  School  of  Education, 

Waseda  University,  Tokyo  169-8050,  Japan 

Stratigraphie  setting 

The  specimens  described  in  this  paper  were  obtained  from 
the  Cretaceous  Yezo  Group  of  the  Yubari  Mountains  in 
central  Hokkaido  (see  index  map  in  Figure  1). 

The  Cretaceous  stratigraphy  in  the  Yubari  Mountains  has 
been  investigated  by  a  number  of  geologists.  The  paper  by 
Matsumoto  (1942)  is  one  of  the  results  and  partly  cited  in  this 
paper.  We  depend,  however,  mainly  on  the  recent  work  by 

Kawabe  et  al.  (1996).  Hence,  we  omit  to  describe  repeated- 
ly the  details  of  the  stratigraphy.  The  important  points  to  be 

noted  for  the  subject  of  this  paper  are  as  follows  : 
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Figure  1.    Geological  route  map  along  the  Tengu-zawa  (part)  of  the  Yubari  Mountains.    Stratigraphie  divisions 
and  the  number  of  outcrops  by  Matsumoto  (1942  :  above)  and  Kawabe  et  al.  (1996  :  below)  are  shown. 

(1)  The  ammonites  described  below  were  obtained  from 

the  two  units  in  the  continuous  outcrops  along  the  upper 

course  of  the  Tengu-zawa  [  =  Tengu-sawa  by  some 
authors],  a  branch  stream  of  the  River  Shuparo 

[ = Shuyubari  or  Siyubari  by  some  authors] .  For  the  general 
geological  map  of  the  Shuparo  Valley  readers  may  refer  to 

Kawabe  et  al.  (1996,  fig.  2)  and  the  columnar  sections  of  the 

Cretaceous  deposits  along  the  selected  six  routes  (including 

the  Tengu-zawa  route)  are  shown  in  fig.  3  of  the  same  paper. 
(2)  In  this  paper  we  follow  Matsumoto  (1995,  p.  6)  and 

Nishida  et  al.  (1996,  p.  67, 93)  and  use  the  Subgroup  category 

for  each  of  the  major  lithostratigraphic  divisions  of  the  thick 

deposits  of  the  Yezo  Group.  Local  formational  names  are 

omitted  for  brevity.    Members  are  designated  by  letters. 

(3)  Details  of  the  relevant  part  of  the  Tengu-zawa  route 
are  shown  in  Figure  1,  in  which  the  stratigraphie  subdivisions 

(i.e.,  Members)  and  the  outcrop  numbers  of  Matsumoto  (1942) 

[above]  and  also  Kawabe  et  al.  (1996)  [below]  are  both 

shown.  As  to  the  stratigraphie  subdivisions  there  is  discrep- 
ancy, though  partially,  between  the  two  schemes.  We  now 

agree  to  regard  the  scheme  of  Kawabe  et  al.  (1996)  as  more 

reasonable  and  natural  than  that  of  Matsumoto  (1942). 

(4)  The  main  lithologie  constituents  and  thickness  of  the 
successive  members  are  shown  in  the  columnar  sections  of 

Figure  2.    The  locality  numbers  and  horizons  of  the  two 

ammonite  species  are  also  indicated  in  the  same  figure. 

(5)  The  ammonite  from  the  Member  Ld  was  embedded 

directly  in  the  dark  grey  mudstone,  without  forming  a  nodule. 

(6)  The  ammonites  from  the  dark  grey  mudstones  of  the 
Member  Mb  were  in  calcareous  nodules.  In  addition  to  the 

described  species,  Anagaudryceras  sacya  (Forbes),  undeter- 

mined heteromorph  ammonoids  and  a  new  kind  of  inocera- 
mid  bivalve  have  been  obtained  from  the  same  outcrops. 

Plant  drifts,  including  fragmentary  pieces  of  wood,  are  fre- 

quently embedded. 
(7)  Aside  from  the  ammonites  from  the  Members  Ld  and 

Mb,  the  mudstones  of  the  Member  Me  have  yielded  more 

ammonoids,  such  as  Desmoceras  (Desmoceras)  kossmati 

Matsumoto,  Desmoceras  (Pseudouhligella)  japonicum  Yabe 

etc.  Graysonites  wooldridgei  Young  and  Parajaubertella 

kawakitana  Matsumoto,  among  others,  indicate  that  the  lower 

part  of  the  Member  Me  [  =  lld]  is  referable  to  the  lower 
Cenomanian. 
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Figure  2.    Schematic  columnar  section  along  the  Tengu- 
zawa  route  (part)  of  the  Yubari  Mountains. 

Palaeontological  descriptions 

Superfamily  Acanthocerataceae  Grossouvre,  1894 

Family  Brancoceratidae  Spath,  1900 

Subfamily  Mortoniceratinae  H.  Douvillé,  1912 

Genus  Mortoniceras  Meek,  1876 

Type  species.— Ammonites  vespertinus  Morton,  1834,  by 
original  designation  of  Meek  (1876,  p.  448). 

Subgenus  Mortoniceras  (Mortoniceras)  Meek,  1876 

Remarks.— Subfamily  Mortoniceratinae  is  allocated  in  the 
family  Mojsisovicziidae  Hyatt  by  Kennedy  (in  Gale  et  al., 

1996,  p.  557),  but  we  follow  Wright  (1996,  p.  134-140)  in 
placing  the  subfamilies  Brancoceratinae,  Mojsisovicziinae 

and  Mortoniceratinae  in  the  family  Brancoceratidae  Spath. 

Ammonites  vespertinus  Morton,  1834  was  disregarded  by 

several  authors  as  invalid,  but  Morton's  original  specimen 
(holotype)  and  other  specimens  subsequently  collected  show 

the  diagnostic  character,  as  one  of  us  has  described  briefly 

(Matsumoto,  1960,  p.  37,  fig.  1).  As  to  the  definition  of  the 

genus  Mortoniceras  we  agree  with  Wright  (1996,   p.  141). 

Classification  of  the  subgenus  Mortoniceras  seems  to  be 

somewhat  confusing,  but  we  follow  Wright  (1996)  for  the  time being. 

Mortoniceras  (Mortoniceras)  cf.  geometricum 

Spath,  1932 

Figure  3 

Compared  — Mortoniceras  (Pervinquieria)  geometricum  Spath,  1932,  p.  395  ; 
Spath,  1933,  pi.  44,  fig.  1. 

Pervinquieria  arietiformis  (Spath).    Haas,  1942b,  pi.  19,  fig.  2  ;  pi. 

20,  fig.  4. 
Mortoniceras  (Mortoniceras)  arietiforme  (Spath).    Renz,  1971,  p. 

598,  pi.  4,  fig.  1,  text-fig.  5b  ;  Renz,  1982,  p.  53,  pi.  13,  figs.  1a, 
1b. 

non.  Elobiceras  arietiforme  Spath,  1922,  p.  137,  pi.  2,  figs.  6a,  6b. 

Material.— WE.A211Y,  obtained  by  F.K.  on  10  September 

1993  at  IOC.Y271001  [  =  Y577],  from  the  Member  Ld  along 

the  Tengu-zawa  route,  Yubari  Mountains. 

Description.— The  specimen  is  a  secondarily  distorted  and 
compressed  internal  mould  (Figure  3).  It  was  embedded 

directly  in  mudstone  without  forming  a  nodule. 

The  shell  is  fairly  large  and  loosely  coiled.  The  whorl 

expands  with  a  low  ratio,  enlarging  rather  slowly.  Conse- 
quently the  umbilicus  is  very  wide.  The  whorl  is  fairly  higher 

than  broad,  but  the  original  proportion  of  B/H  cannot  be 

accurately  measured. 

The  keel  is  moderately  high  on  the  inner  whorl.  On  the 

outer  whorl  the  keel  is  broken  or  unpreserved  for  the  most 

part,  but  it  seems  to  have  been  fairly  high  as  can  be  inferred 

from  its  broken  base.     It  may  increase  its  height  with  growth. 
The  ornament  is  characteristic.  On  the  outer  whorl,  that 

consists  of  the  adult  body  chamber  and  the  last  part  of  the 

phragmocone,  ribs  are  mostly  long,  single  and  uniformly 
disposed.  Only  a  few  are  slightly  shorter,  without  reaching 

the  umbilical  edge.  They  are  mostly  rectiradiate  and  a  few 

ribs  on  the  last  portion  tend  to  curve  gently  forward.  This 

might  suggest  the  presence  of  a  rostrum,  which  itself  is 

regrettably  unpreserved.  On  the  body  chamber  every  rib  is 
swollen  at  the  ventrolateral  shoulder  and  bent  there  more  or 

less  forward.  The  long  rib  has  a  blunt  bulla  at  the  umbilical 

edge.  A  mid-lateral  tubercle  is  almost  imperceptible  on  the 
body  chamber. 

In  the  preceding  stage  for  a  little  more  than  one  full  whorl, 

the  ribs  are  alternatingly  long  and  short  or  sometimes  bifur- 
cated (Figure  3).  Most  of  the  ribs  are  roughly  rectiradiate, 

but  a  few  of  them  are  slightly  flexiradiate.  At  this  stage  the 

bullate  umbilical  tubercles  at  the  end  of  the  long  rids  are 

often  more  distinct  than  those  of  the  last  growth  stage.  The 
inner  ventrolateral  tubercles  are  likewise  more  distinct  than 

those  of  the  late  stage.  Namely,  they  form  distinct  tuber- 
cles. At  least  some  of  these  inner  ventrolateral  tubercles 

are  accompanied  by  feeble  outer  ventrolateral  clavi.  Also  at 

this  growth  stage  lateral  tubercles  are  weakly  developed  on 
some  ribs. 

The  ornament  of  the  still  earlier  part  (less  than  40  mm  in 
diameter)  is  not  well  shown. 
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M 

Figure  3.    Mortoniceras  (Mortoniceras)  cf.  geometricum  (Spath).    Lateral  view  of  WE.  A211Y  from  Member  Ld  at 
loc.  Y271001,  x1  (photo  by  F.K.  with  whitening).     M,  m  :  measured  points  (see  Table  1)  ;  arrow  :  last  septum. 
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As  this  specimen  is  an  internal  mould,  the  spiral  notches 
are  hardly  discernible.  However,  some  of  them  are  faintly 
impressed  on  several  ribs  on  the  outer  half  of  the  flank  at 
about  the  beginning  of  the  body  chamber  (see  Figure  3). 

The  suture  is  partly  exposed,  but  it  cannot  be  fully  traced. 
The  last  septum  seems  to  be  located  at  about  the  damaged 
point  that  is  indicated  by  an  arrow  mark  in  Figure  3.  The 
body  chamber  is  hence  at  least  half  a  whorl. 

Dimensions.— See  Tablet 

Comparison— The  specimen  was  indicated,  without 
description,  as  Mortoniceras  (Mortoniceras)  cf.  inflatum 
(Sowerby)  by  Kawabe  et  al.  (1996,  p.  448,  pi.  2,  fig.  6).  That 
tentative  identification  should  be  revised.  Mortoniceras 

(Mortoniceras)  inflatum  in  a  correct  sense  (see  Spath,  1931,  pi. 
35,  fig.  9  ;  1932,  p.  384,  pi.  37,  fig.  1  ;  pi.  39,  fig.  2  ;  pi.  42,  fig. 

6  ;  text-figs.  125-129,  130a,  130b  ;  1933,  pi.  43,  fig.  1)  has  a 
distinct  median  row  of  tubercles  on  the  flank  in  early  to 
middle  growth  stages  and  the  umbilical  tubercles  are  strong, 
whereas  in  our  specimen  such  distinct  flank  tubercles  are 
not  developed  and  the  ribs  are  bullate  and  blunt  at  the 
umbilical  end.  In  Mortoniceras  (Mortoniceras)  inflatum  the 
bifurcated  or  alternated  ribs  persist  to  later  growth  stages, 
but  in  our  specimen  single  ribs  predominate  on  the  late 
septate  whorl  to  the  body  chamber. 

In  many  respects  the  Hokkaido  specimen  is  similar  to 
Mortoniceras  (Mortoniceras)  geometricum  Spath  (1932,  p. 
395  ;  1933,  pi.  44,  fig.  1)  from  the  varicosum  Subzone  (Bed  10) 

of  the  Upper  Gault.  The  holotype  of  that  species  is  some- 
what, but  not  much,  larger  than  the  specimen  from  Hokkaido 

(see  Table  1)  and  preserves  a  high  keel.  In  our  specimen 
the  keel  is  destroyed  for  the  major  part  of  the  outer  whorl. 
However,  a  moderately  high  keel  runs  continuously  on  the 
inner  whorl.  Because  the  basal  section  of  the  destroyed 

keel  is  traced  here  and  there  along  the  abraded  mid-venter 
of  the  outer  whorl  (Figure  3),  the  keel  must  have  existed 
originally. 

Our  specimen  closely  resembles  one  of  the  specimens 
from  the  Upper  Albian  of  Venezuela  illustrated  by  Renz  (1971, 

pi.  4,  fig.  1,  text-fig.  5b  ;  also  Renz,  1982,  p.  53,  pi.  13,  figs.  1a, 
1b).  That  specimen  was  described  as  Mortoniceras  (Mor- 

toniceras) arietiforme  (Spath),  although  Renz  (1968a,  p.  625) 
himself  once  compared  it  with  Mortoniceras  (Mortoniceras) 

geometricum.  Likewise,  our  specimen  is  quite  similar  to 
some  of  the  specinens  illustrated  by  Haas  (1942b,  pi.  19,  fig. 

2  ;  pi.  20,  fig.  4)  under  the  specific  name  of  Pervinquieria 
arietiformis  (Spath). 

Occurrence. — As  for  material. 

Discussion— Elobiceras,  a  genus  of  the  Morton iceratinae 
in  our  present  knowledge,  was  established  by  Spath  (1921,  p. 

306)  on  the  basis  of  "Schloenbachia  elobiensis  Szajnocha, 
1885"  as  the  type  species.  Spath  (1922,  p.  137)  also 

designated  "Schloenbachia  cf.  lenzi  Szajnocha"  of  Choffat 
(1888,  p.  65,  pi.  1,  fig.  6)  as  the  holotype  of  another  species  of 
this  genus,  Elobiceras  arietiforme  Spath.  That  specimen 
and  also  the  subsequent  material  of  Spath  (1922,  p.  137,  pi.  2, 

figs.  6a,  6b)  are  fragmentary  segments  of  body  chambers  and 
the  whorl  section  was  drawn  by  Spath  diagrammatically. 
This  species  is,  thus,  based  on  incomplete  material,  but  it 
has  spiral  notches  on  the  long  ribs  like  those  of  other  species 
of  Elobiceras. 

In  spite  of  this  situation,  Haas  (1942a,  p.  647,  pi.  93,  fig.  19  ; 

1942b,  p.  90-95,  pis.  18-20)  described  a  number  of  speci- 
mens from  the  Upper  Albian  of  Angola  as  Pervinquieria 

arietiformis  (Spath),  in  which  several  varieties  were  included 

in  addition  to  "forma  typica".  He  did  not  state  a  satisfactory 
reason  why  he  identified  the  Angola  specimens  with  the 
insufficiently  defined  species  of  Spath.  Also  the  reason  why 
Elobiceras  arietiforme  should  be  transferred  to  Pervinquieria 
of  his  sense  is  not  clear.  Haas  (1942b,  p.  99  ;  fig.  18  in  p.  40) 

mentioned,  however,  that  there  is  "a  broad  transitional  zone" 
from  Pervinquieria  to  Elobiceras  and  regarded  Pervinquieria 
arietiformis  as  a  species  closely  approaching  Elobiceras. 

Renz  (1971,  1982)  transferred  the  generic  name  from 
Pervinquieria  to  Mortoniceras  (Mortoniceras)  and  reported 
some  examples  of  Mortoniceras  (Mortoniceras)  arietiforme 

from  Venezuela,  since  he  compared  them  with  Haas'  speci- mens from  Angola. 

In  our  view  none  of  the  specimens  illustrated  under  the 

specific  name  of  Pervinquieria  arietiformis  by  Haas  or  Mor- 
toniceras (Mortoniceras)  arietiforme  by  Renz  seems  to  be 

identical  with  the  holotype  and  Spath's  specimens  of 
Elobiceras  arietiforme  Spath. 

On  the  other  hand,  as  we  have  described  above  (see 

Comparison),  the  illustrated  specimen  of  Renz'  "Mortoniceras 

Tablet    Measurements  of  Mortoniceras  (Mortoniceras)  cf.  geometricum  and  relevant  specimens. 

Specimen D U U/D H HD B 
BD 

B  H H  h 

Ribs 

WE.  A211Y  (at  M) 
188 

92 0.40 53 0.28 — — — 1.23 43 

WE.  A211Y  (at  m) 
136 65 0.48 42 

0.31 
— — — 1.45 39 

Spath  (1933,  pi.  44,  fig.  1) 230 106 0.46 

73 

0.32 
— — — 

1.43 

40 

Haas   (1942b,  pi.  18,  fig.  4) 135 

51 

0.38 

45 
0.33 

30 0.22 0.67 
1.15 

44 

Renz   (1971,  pi.  4,  fig.  1) 185 

78 

0.42 62 
0.34 

43 

0.23 0.69 1.3 

40 

Spath  (1922,  pi.  2,  fig.  6) 
— — — 72 — 44 - 

0.61 

— — 

The  deformed  specimen  of  WE.  A211Y  is  measured  as  it  is  ;  at  M  along  the  elongated  axis  and  at  m  along  the 

shortened  axis  of  the  elliptically  deformed  specimen.  Spath  (1933,  pi.  44,  fig.  1)  :  holotype  of  Mortoniceras  (Mor- 

toniceras) geometricum;  Haas  (1942b,  pi.  18,  fig. 4):  "Pervinquieria  arietiformis";  Renz  (1971,  pi. 4,  fig.  1);  "Mor- 
toniceras (Mortoniceras)  arietiforme";  Spath  (1922,  pi. 2,  fig. 6):  Elobiceras  arietiforme.  D  =  diameter,  U= width  of 

umbilicus,  H = whorl  height,  B= whorl  breadth,  h = whorl  height  half  adapical  from  H,  c  =  costal,  ic  =  intercostal  ; 
Ribs = number  of  ribs  to  a  whorl.    Linear  dimensions  in  mm. 
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Figure  4.  Mortoniceras  (Mortoniceras)  rostratum  (J.  Sowerby).  Lateral  view  of  GK.  H8491  from  Member  Mb  at 
loc.  544,  x1  (photo  by  N.  Egashira  without  whitening).  M  :  middle  part  of  the  adult  body  chamber  ;  L  :  late  part  of 
the  phragmocone  ;  arrow  :  beginning  of  the  body  chamber. 



176 Tatsuro  Matsumoto  et  al. 

(Mortoniœras)  arietiforme"  and  also  some  of  Haas'  "Pervin- 
quieria  arietiformis"  morphologically  resemble  the  Hokkaido 
specimen  in  many  respects.  These  specimens,  as  well  as 
our  specimen,  are  quite  similar  to  Mortoniœras  (Mortoniœras) 
geometricum  Spath.  Hence,  at  least  provisionally  we  should 
call  our  specimen  Mortoniceras  (Mortoniceras)  cf. 
geometricum  Spath. 

Spath  (1932,  p.  395)  regarded  Mortoniceras  (Mortoniceras) 
geometricum  as  distinct  from  but  more  allied  to  Mortoniceras 

(Mortoniceras)  pricei  (Spath,  1922)  than  to  Mortoniceras  (Mor- 
toniceras) inflatum.  This  is  favorable  for  the  systematic 

allocation  of  Mortoniceras  (Mortoniceras)  geometricum.  In 

fact  Kennedy  and  Hancock  (1978,  p.  v-9)  ranked  this  species 
as  Mortoniceras  (Mortoniceras)  pricei  geometricum,  as  a 
member  of  the  Hysteroceras  varicosum  Subzone,  although 
they  did  not  give  reasons  for  the  subspecific  treatment.  So 
far  as  the  typical  forms  are  concerned,  ribs  are  somewhat 
flexuous  and  their  alternating  long  and  short  feature  persists 
to  a  later  growth  stage  in  Mortoniceras  (Mortoniceras)  pricei, 
whereas  ribs  are  nearly  rectiradiate,  becoming  single  and 

more  widely  spaced  at  an  earlier  growth  stage  in  Mortoni- 
ceras (Mortoniceras)  geometricum. 

To  sum  up,  the  Hokkaido  specimen  described  above 
should  be  called  Mortoniceras  (Mortoniceras)  cf. 
geometricum.    This  is  provisional  but  taxonomically  best. 

Mortoniceras  (Mortoniceras)  rostratum 
(Sowerby,  1817) 

Figures  4-7 
Ammonites  rostratus  J.  Sowerby,  1817,  p.  163,  pi.  173. 
Mortoniceras  (Pervinquieria)  rostratum  (Sowerby).  Spath,  1932,  p. 

400,  text-fig.  136. 
Pervinquieria  (Subschloenbachia)  rostrata  (Sowerby).  Scholz, 

1979a,  p.  111,  pi.  26,  figs.  1,  2,  pi.  27,  figs.  1,  2  ;  Scholz,  1979b, 

p.  600,  pi.  2,  figs.  1,  2,  pi.  4,  fig.  5,  pi.  5,  fig.  1,  text-figs.  2,  3. 

Material—  GK.H8491,  obtained  by  Y.K.  on  17  August  1994 
at  loo  Y544  [  =  Y270139],  and  GS.G160,  also  by  Y.K.  on  26 
May  1996  at  loo  Y546R1  [  =  Y272041]  ;  both  from  Member 
Mb  of  the  Tengu-zawa  route,  Yubari  Mountains. 

Description.— The  two  specimens  are  spectacular  in 
showing  the  adult  shell  up  to  the  peristome  with  a  recurved 
rostrum.  They  are,  however,  incompletely  preserved  ; 
namely  the  first  specimen  (Figure  4)  shows  only  the  right  side, 
with  its  left  side  dissolved  in  the  rock  matrix  to  the  mid- 

venter  (=  half-ammonite  preservation:  Maeda,  1987).  The 
second  specimen  (Figures  6,  7)  is  much  distorted,  although 
its  venter  is  partly  exposed.  Even  in  side  view  the  younger 
part  less  than  40  mm  or  30  mm  in  diameter  is  not  well 
exposed  in  both  specimens.  In  spits  of  these  drawbacks, 
the  two  specimens  exhibit  some  characteristic  features  of 
the  species  as  described  below. 

The  shell  is  fairly  large,  about  160  mm  in  diameter  at  the 
point  slightly  back  from  the  rostrate  peristome  in  the  less 
deformed  specimen  (Figure  4).  This  is  nearly  similar  to  the 

restored  outline  of  the  holotype  (Spath,  1932,  text-fig.  136). 
The  distorted  specimen  (Figures  6,  7)  may  have  been  origi- 

nally somewhat  larger  than  the  less  deformed  one.     In  both 

specimens  the  shell  is  rather  evolute,  with  a  little  overlapping 
of  whorls. 

The  whorl  expands  with  rather  moderate  to  slightly  high 
ratios.  The  width  of  the  umbilicus  is  generally  moderate, 

showing  U/D  0.36-0.38.  Near  the  last  stage  immediately 
behind  the  rostrate  marginal  part  the  increase  of  whorl- 
height  is  lowered,  resulting  in  a  somewhat  broadened  um- 

bilicus with  an  increased  ratio  of  U/D  (0.41)  (Table  2).  A 
similar  tendency  is  observable  in  the  holotype  from  England. 

As  the  specimens  preserve  only  one  side,  the  proportion  of 
B/H  is  hardly  estimated  with  precision.  The  values  shown 
in  Table  2  may  be  affected  to  some  extent  by  secondary 

compression.  The  change  of  B/H  with  growth  is  not  cor- 
rectly known  in  our  material.    It  is,  however,  noted  that  the 

Figure  5.  Mortoniceras  (Mortoniceras)  rostratum  (J. 
Sowerby).  Restored  whorl  sections.  M  :  at  the  middle  of  the 
adult  body  chamber  ;  L  :  late  part  of  the  phragmocone  (drawn 
by  T.M.  based  on  the  two  specimens  from  Member  Mb  of  the 

Tengu-zawa  route).     Bar  scale  :  10  mm. 
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inner  whorls  are  rather  flat-sided  and  that  the  adult  body 
chamber  is  thickly  oval  or  subelliptical  in  the  intercostal 
section  (Figure  5). 

The  main  part  of  the  body  chamber  occupies  half  a  whorl 
(Figure  4).  In  addition  to  it  there  is  a  marginal  part  which 
shows  a  broadly  convex  curve  along  the  peristome  and 
extends  to  a  recurved  rostrum.  Although  the  apical  part  of 

the  rostrum  was  broken  away  in  our  specimens,  the  observ- 
able part  is  similar  to  that  of  the  holotype  (Sowerby,  1817,  pi. 

173). 
The  ornament  is  very  characteristic.  In  the  main  part  of 

the  body  chamber  there  are  seven  robust  ribs  which  are 
distantly  separated.  They  are  weakly  prorsiradiate  or  very 
gently  concave  forward,  with  or  without  a  slight  bending  at 

about  the  mid-flank.  Each  rib  has  a  bullate  umbilical  tuber- 
cle, a  lateral  node,  which  may  have  a  bullate  extension  along 

the  rib,  and  a  ventrolateral  horn  developed  from  the  united 
inner  and  outer  ventrolateral  tubercle  of  the  preceding  stage 
(Figure  5).  The  median  ventral  keel  is  lower  than  the  top  of 
the  ventrolateral  horns  of  the  most  robust  ribs  in  the  middle 

part  of  the  body  chamber  (Figure  5).  There  is  an  additional 
rib  in  the  basal  part  of  the  rostrum.  It  is  narrower  and  lower 
than  the  ribs  of  the  main  part  and  extends  to  the  axial  part 

of  the  recurved  rostrum  (Figures  4, 7).  Its  mid-lateral  and 
ventrolateral  tubercles  are  narrowly  bullate,  showing  a  rather 
sharp  summit.  In  addition  to  it  there  are  two  still  narrower 
and  lower  riblets  on  the  marginal  part. 

In  the  last  part  of  the  phragmocone,  for  about  one  third  of 
the  whorl,  the  ribs  are  mostly  single,  rectiradiate  and  coarse 
(Figure  4).  Their  interspace  is  somewhat  broader  than  the 
rib  in  the  late  part  of  the  segment  and  nearly  as  broad  as  the 

rib  in  the  early  part.  Each  rib  has  a  bullate  umbilical  tuber- 
cle, a  mid-lateral  node  and  a  doubled  ventrolateral  tubercle, 

althought  the  ventrolateral  part  of  some  ribs  is  incompletely 
preserved  at  this  substage.  There  is  an  exceptionally  short 
rib  at  the  end  of  the  phragmocone  (Figure  4). 

The  ribs  in  the  earlier  part  of  the  septate  whorls  are  denser 
and  narrower  than  those  in  the  later  part.  They  consist  of 
longer  ones  and  bifurcated  or  intercalated  shorter  ones. 
The  umbilical  and  lateral  tubercles  are  observable  ;  the 

ventrolateral  part  is  concealed  by  the  overlapping  outer 
whorl. 

The  external  suture  is  partly  exposed  on  GK.H8491.  It 
shows  comparatively  broad  stems  of  E/L,  L  and  L/U2  and 
their  minor  incisions. 

Dimensions.— See  Table  2. 

Comparison.— The  two  specimens  described  above  are 
comparable  with  the  holotype  of  Mortoniceras  (Mortoniceras) 

rostratum  (J.  Sowerby)  (see  Spath,  1932,  text  fig.  136),  from 
the  Upper  Albian  Malmstone  of  Oxfordshire  (England),  and 
the  four  adult  specimens  of  the  same  species  illustrated  by 
Scholz  (1979a,  pi.  26,  fig.  1  and  pi.  27,  fig.  2  ;  1979b,  text  figs. 

2, 3),  from  the  "Vraconian"  of  the  Bakony  Mountains  (West 

Hungary),  the  "Upper  Vraconian"  of  France  and  the 
"Vraconian"  of  Germany.  As  the  available  specimens  are 
not  numerous,  we  have  to  compare  particular  individuals. 
For  example,  the  ribs  on  the  main  part  of  the  adult  body 

chamber  are  more  robust  and  separated  by  wider  inter- 
spaces in  the  Hokkaido  specimens  than  those  of  the 

holotype,  but  they  are  nearly  similar  to  those  of  the  French 
specimen.  The  lateral  tubercles  are  disposed  at  about  the 
middle  of  the  flank  in  our  specimens,  but  they  are  shifted 
outward  in  the  five  specimens  from  Europe.  This  may  be 

merely  an  intraspecific  variation.  Even  «  if  this  difference 
occurred  in  many  individuals  between  the  two  separate 
provinces,  it  could  be  interpreted  as  suggesting  a  geographic 

subspecies. 
With  respect  to  the  characteristic  ornament  of  the  adult 

body  chamber  our  material  appears  to  resemble  Mortonice- 
ras (Mortoniceras)  stoliczkai  (Spath,  1921).  The  latter  is 

represented  by  "Ammonites  inflatus  var.  I"  of  Stoliczka  (1863, 
p.  49,  pi.  27,  fig.  1  ;  pi.  29,  fig.  2),  from  the  Utatur  Group  of 

southern  India,  and  also  by  "Subschloenbachia  stoliczkai"  of 
Spath  (1922,  p.  119,  text-figs,  d,  c2),  from  the  Albian  of 
Angola.  Spath  (1932,  p.  404)  discussed  at  length  the  dis- 

tinction between  Mortoniceras  (Mortoniceras)  stoliczkai  and 
Mortoniceras  (Mortoniceras)  rostratum,  but  such  characters 
as  bending  of  ribs  and  stage  of  appearance  of  simple  ribbing 
are  not  tenable  because  of  variability.  The  only  criterion  is 
the  more  depressed  whorl  of  the  former  than  of  the  latter.  In 
this  respect  our  specimens  are  not  referable  to  Mortoniceras 
(Mortoniceras)  stoliczkai. 

Occurrence.— As  for  material. 

Discussion.— Scholz  (1979a,  b)  has  upheld  the  quadrituber- 
culate  ornament  as  the  most  reliable  criterion  by  which  to 

distinguish  Ammonites  rostratus  from  the  trituberculate 

Mortoniceras  (Mortoniceras)  stoliczkai.  A  well-preserved 
specimen  from  the  Upper  Albian  of  Madagascar  illustrated 
by  Collignon  (1963,  p.  156,  pi.  304,  fig.  1308)  as  Mortoniceras 

rostratum  has  been  revised  by  Scholz  to  Mortoniceras  (Mor- 

Table  2.    Measuremens  of  Mortoniceras  (Mortoniceras)  rostratum. 

Specimen D U U/D H H/D B B/D 
B/H H/h 

Ribs 

Holotype  (E-60°,  ic) 
160 

61 
0.38 

55 
0.34 

—40 

0.25 
0.73 

1.25 
13+10 

Holotype  (E-90°,  ic) 
140 50 0.36 52 0.37 

—39 

0.28 0.75 
1.37 

11+14 

GK.  H8491  (E-45°,  ic) 
147 

61 
0.41 50 

0.34 

—36 

0.24 
0.72 1.39 13+11 

GK.  H8491  (E-60°,  c) 
157 

60 
0.38 56 0.37 

—  8 

0.31 
0.86 1.37 13+13 

GS.  G160  (E-45°,  ic) 
165 63 0.38 56 

0.34 

—42 

0.25 0.75 1.22 14+11 

GS.  G160  (E-90°,  c) 
156 59 0.38 55 0.35 

—50 

0.32 0.91 
1.31 13+14 

As  specimens  are  all  secondarily  compressed  and  distorted,  B  is  estimated  from  the  measured  dimension  of  a  less  deformed 

half  side.  Ribs  :  number  of  ribs  to  a  whorl  (later  single  ribs + earlier  bifurcating  or  intercalating  ribs).  Holotype  is  measured 

on  a  cast.  E  :  preserved  end  of  the  whorl,  E-60°  :  at  the  point  60°  adapically  from  E,  —  :  approximate.  Other  abbreviations same  as  in  Tablet 
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toniœras)  stoliczkai  [=Pervinquieria  (Pervinquierià)  stoliczkai 
of  Scholz,  1979a,  p.  106] .  Collignon  (1963),  however,  made 
mention  of  the  variability  of  ornament  in  the  Madagascar 
material.  Without  examining  the  actual  specimens,  we 

hesitate  to  comment  further.  In  connection  with  this  ques- 
tion, it  is  noted  that  one  of  the  specimens  from  the  Utatur 

Group  described  under  the  name  of  "Ammonites  inflatus  var. 
Ill"  by  Stoliczka  (1863,  pi.  29,  figs.  4, 4a)  shows  a  double 
ventrolateral  tubercle  in  his  schematic  whorl  section. 

Subgeneric  assignment  of  Mortoniceras  rostratum  is 
indeed  debatable.  Spath  (1932,  p.  400)  described  this 

species  under  Mortoniceras  (Pervinquierià),  that  is  Mortonice- 
ras (Mortoniceras)  of  the  present  nomenclature.  Scholz 

(1979a,  b)  evaluated  Subschloenbachia  Spath,  1921  [with  type 
species  Ammonites  rostratus  J.  Sowerby,  1817]  as  a  senior 
synonym  of  Durnovarites  Spath,  1932  [with  type  species 
Subschloenbachia  perinflata  Spath,  1921].  Cooper  and 
Kennedy  (1979,  p.  269)  listed  a  number  of  species  which  they 
refer  to  the  subgenus  Durnovarites  and  added  Mortoniceras 
(Durnovarites)  collignoni  Cooper  and  Kennedy,  1979  (p.  276, 

figs.  65E-F,  66-67,  68B-D,  69)  from  Angola.  For  some 
reason  they  did  not  include  Ammonites  rostratus  in  the  list  of 
Mortoniceras  (Durnovarites),  but  Cooper  and  Kennedy  (1979, 

p.  280)  mentioned  that  "the  ribs  of  the  body  chamber  of 
Mortoniceras  rostratum  retain  four  rows  of  tubercles  almost  to 

the  peristome".  This  is  probably  a  misobservation  stemming 
from  the  unfavorable  preservation.  At  present  Kennedy  (in 

reply  to  T.M.'s  inquiry,  24  April,  1997)  believes  Subschloenba- 
chia and  Durnovarites  to  be  synonyms  and  is  going  to 

describe,  together  with  co-authors,  Mortoniceras  (Subsch- 
loenbachia) rostratum  from  the  Weno  Formation  (Albian)  in 

northeast  Texas. 

Thanks  to  W.J.  Kennedy,  we  are  now  looking  at  the  cast 
of  the  holotype  of  Ammonites  rostratus.  Up  to  90  mm  or  so 

in  diameter  (with  H =43  mm),  the  ribs  are  fairly  crowded  and 
the  inner  and  outer  ventrolateral  tubercles  are  not  well 

differentiated  and  covered  with  spiral  striations.  This  fea- 
ture is  essentially  similar  to  that  of  middle-aged  Mortoniceras 

(Mortoniceras)  inflatum  (Sowerby),  as  illustrated  by  Spath 

(1931,  pi.  35,  fig.  9  ;  1932,  text-fig.  127).  For  about  a  quarter 
whorl  in  the  last  part  of  the  phragmocone  the  ribs  are  thicker 
and  become  gradually  distant,  the  inner  and  outer 
ventrolateral  tubercles  are  somewhat  separated,  and  thus  a 
quadrituberculate  state  is  manifested.  However,  the  inner 
node  and  the  outer  clavus  are  never  widely  separated  and 
seem  to  rest  on  a  common  base  of  the  thickened  outer  end 
of  a  rib.  In  a  little  while  the  two  ventrolateral  tubercles  are 

closely  set  and  become  a  double  ventrolateral  tubercle. 
Then  on  the  body  chamber  the  paired  tubercle  is  completely 
united  to  become  a  single  prominent  tubercle.  Thus  the 
body  chamber  is  apparently  trituberculate  (Figure  5).  These 
are  essentially  similar  to  the  features  in  the  holotype  of 
Mortoniceras  (Mortoniceras)  vespertinum  (see  Wright,  1996, 

figs.  109a,  b),  although  the  ventrolateral  nodes  are  not  horn- 
like in  that  holotype. 

On  the  other  hand,  Mortoniceras  (Durnovarites)  perinflatum 

Figure  6.  Mortoniceras  (Mortoniceras)  rostratum  (J. 
Sowerby).  Ventral  view  of  GS.  G160  from  Member  Mb  at  loc. 
Y546R1,  x1  (photo  by  N.  Egashira  without  whitening). 

Figure  7.    Mortoniceras  (Mortoniceras)  rostratum  (J.  Sowerby). 
(photo  by  N.  Egashira,  without  whitening). 

Lateral  view  of  GS.  G160  from  Member  Mb  at  loc.  Y546R1.   \1 
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is  regarded  as  quadrituberculate  even  on  the  body  chamber. 
In  fact,  Mortoniceras  (Durnovarites)  collignoni  has  four  rows  of 
tubercles  on  one  side  of  the  body  chamber,  without  forming 

ventrolateral  horns.  In  Mortoniceras  (Durnovarites)  subqua- 
dratum  Spath,  1933  (p.  435  ;  1932,  pi.  37,  fig.  6  ;  pi.  42,  figs.  5, 

9  ;  1933,  pi.  43,  fig.  7  ;  pi.  44,  fig.  6  ;  pi.  47,  figs.  2-4  ;  pi.  48, 
figs.  2,  4)  the  quadrituberculate  state  appears  earlier  than  in 
other  species,  although  the  adult  body  chamber  of  this 
species  has  not  been  described. 

Strictly  speaking,  the  holotype  of  Mortoniceras  (Durnovar- 
ites) perinflatum,  as  reillustrated  by  Renz  (1968b,  pi.  9.  figs.  1a, 

b),  is  wholly  septate,  although  its  quadrituberculate  state  is 
well  shown  in  its  preserved  last  part.  A  specimen  figured  by 

Scholz  (1979a,  pi.  28,  figs.  2a,  b),  which  is  explained  as  "typi- 
cal example  with  body  chamber"  dose  not  seem  to  preserve 

completely  the  adult  body  chamber.  Should  this  species 
retain  the  quadrituberculation  up  to  the  last  part  of  the  adult 
body  chamber,  then  Mortoniceras  (Durnovarites)  would  not 
necessarily  be  regarded  as  subgenerically  identical  with 
Mortoniceras  rostratum,  because  the  latter  is  trituberculate 
throughout  the  whole  stage  of  the  adult  body  chamber. 

In  connection  with  the  above  question,  "Mortoniceras 
(Styphloceras)  lowrii  McLearn"  (1972,  p.  72,  pi.  30,  figs.  1-3; 
pi.  39,  fig.  4),  from  the  Haida  Formation  of  British  Columbia, 
shows  a  similar  mode  of  tuberculation.  Thanks  to  the  late 

J.A.  Jeletzky's  kindness,  a  plaster  cast  of  the  holotype  of  this 
species  is  in  Kyushu  University.  It  resembles  Mortoniceras 

rostratum  in  important  points,  namely  (1)  the  quadrituber- 
culate ornament  appears  for  a  short  while  on  the  last  quarter 

of  the  septate  whorl,  (2)  the  two  ventrolateral  tubercles  in 
the  above  substage  are  paired  as  was  written  in  detail  by 
McLearn,  and  (3)  the  paired  tubercles  are  united  into  a 
prominent  ventrolateral  tubercle  and  the  trituberculate  state 
characterized  almost  the  whorl  period  of  the  adult  body 
chamber,  although  the  prominent  ventrolateral  tubercles  are 
mostly  broken  in  that  specimen,  with  only  a  few  remains 
without  damage.  The  difference  of  this  species  from 
Mortoniceras  rostratum  is  the  much  depressed  shape  of  the 
phragmocone  with  a  broadly  rounded  venter  and  in  the 
details  of  the  ornament  in  the  adult  stage. 

Our  material,  including  the  Hokkaido  specimens  described 
above  and  also  a  previously  reported  one  from  Kyushu 

(Matsumoto  and  Tashiro,  1975,  p.  232,  pi.  25,  fig.  1  ;  text-fig.  2 
under  Mortoniceras  aff.  rostratum),  shows  generally  the  same 
pattern  of  ornament  as  that  of  the  holotypes  of  Mortoniceras 
rostratum  and  Mortoniceras  lowrii.  Scholz  (1979a,  p.  111) 
mentioned  that  the  quadrituberculate  state  appears  in  small 
immature  examples  of  Mortoniceras  rostratum.  This  cannot 
be  examined  either  in  our  specimens  or  in  the  holotype  of 
Mortoniceras  rostratum  or  that  of  Mortoniceras  lowrii. 

At  any  rate,  the  quadrituberculate  character  which 
appears  in  a  quite  limited  substage  of  ontogeny  in  the  two 
species  (i.e.  Mortoniceras  rostratum  and  Mortoniceras  lowrii) 
can  be  regarded  as  incipient,  foretelling  the  more  typically 
quadrituberculate  characters  of  Mortoniceras  (Durnovarites). 
On  the  other  hand,  in  having  widely  separated  ribs  with 
ventrolateral  horns  as  well  as  lateral  and  umbilical  tubercles 

on  the  body  chamber,  Mortoniceras  rostratum  resembles 
Mortoniceras  (Mortoniceras)  stoliczkai.     In  other  words,  with 

respect  to  the  ornament  Mortoniceras  rostratum  is  so  to 

speak  intermediate  between  typical  Mortoniceras  (Mor- 
toniceras) and  Mortoniceras  (Durnovarites).  It  might  be  pos- 

sible to  define  the  subgenus  Mortoniceras  (Subschloenba- 
chia)  for  such  an  intermediate  subgroup  as  represented  by 

Mortoniceras  rostratum.  This  may  be  also  biostrati- 
graphically  convenient.  However,  our  knowledge  is  still 
insufficient  in  various  respects  and  especially  in  regard  to  the 

characters  of  the  full-grown  Mortoniceras  perinflatum.  For 
the  time  being  it  is  better  to  follow  Wright  (1996,  p.  141)  to  use 

the  subgenus  Mortoniceras  (Mortoniceras)  even  for  the  sub- 
group of  Mortoniceras  rostratum,  although  Mortoniceras  (Mor- 

toniceras) may  be  considered  as  being  defined  more  com- 
prehensively than  other  subgenera. 

Geological  implications 

Mortoniceras  (Mortoniceras)  cf.  geometricum  (Spath)  and 
Mortoniceras  (Mortoniceras)  rostratum  (J.  Sowerby)  described 
in  this  paper  are  the  first  record  of  these  two  species  from 

Hokkaido.  This  supports  the  general  point  that  the  ammo- 
nite species  of  the  Brancoceratidae  often  show  worldwide 

distribution  and  that  they  are  useful  for  interregional  correla- 
tion irrespective  of  the  provincial  difference  of  the  faunas. 

Furthermore,  the  described  species  give  a  substantial  line  of 
evidence  for  the  stratigraphie  relationship  between  the 
Lower  Yezo  Subgroup  and  the  Middle  Yezo  Subgroup  in 
Hokkaido. 

Mortoniceras  (Mortoniceras)  geometricum  is  an  element  of 
the  Assemblage  Subzone  of  Hysteroceras  varicosum  in  the 
middle  part  of  the  Upper  Albian  in  England.  The  species 
identified  with  Mortoniceras  (Mortoniceras)  geometricum  in 
our  definition  has  been  reported  to  occur,  together  with 
Mortoniceras  (Mortoniceras)  pricei,  from  the  correlative  of  the 
same  subzone  in  Venezuela  (Renz,  1971)  and  probably  in 
Angola  (Haas,  1942b),  although  it  was  inadequately  called 
Mortoniceras  (Mortoniceras)  arietiformis. 

Although  the  subgeneric  assignment  is  debatable,  what 
we  provisionally  call  Mortoniceras  (Mortoniceras)  rostratum 

[= Mortoniceras  (Subschloenbachia)  rostratum  by  some 
authors]  is  a  characteristic  element  of  the  Assemblage 
Subzone  of  Arrhaphoceras  substuderi  in  the  lower  part  of  the 
tripartite  upper  part  of  the  Upper  Albian  in  Europe. 

In  the  Tengu-zawa  route  Mortoniceras  (Mortoniceras)  cf. 
geometricum  occurs  in  Member  Ld  and  Mortoniceras  (Mor- 

toniceras) rostratum  at  the  middle  horizon  of  Member  Mb. 
These  two  stratigraphie  levels  are  quite  adequate,  provided 

that  the  Subzones  of  the  Upper  Albian  in  Europe  be  correlat- 
ed with  the  subdivisions  in  Japan.  It  can  be  also  stated  that 

the  boundary  of  the  Lower  Yezo  Subgroup  and  the  Middle 
Yezo  Subgroup  is  located  within  the  Upper  Albian  and  that 
the  boundary  plane  dose  not  represent  a  significant  time 

gap. 

It  should  be  noted  that  Nishida  et  al.  (1996,  1997)  came 
recently  to  a  similar  conclusion  concerning  the  stratigraphie 
relationship  between  the  Lower  Yezo  and  Middle  Yezo 
Subgroups  in  the  Soeushinai  area  of  the  Teshio  Mountains, 
northwestern  Hokkaido.  In  that  area,  however,  the  level  of 

the  boundary  is  between  the  Hysteroceras  orbinyi  Subzone 
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and  the  Hysteroceras  varicosum  Subzone. 

Acknowledgements 

We  thank  C.W.  Wright  (Beaminster)  for  a  helpful  reply  to 

the  inquiry  from  one  of  us  (T.M.),  W.J.  Kennedy  (Oxford)  for  a 

gift  of  a  cast  together  with  his  opinion  and  a  part  of  the 

unpublished  manuscript,  Hiromichi  Hirano  (Waseda  Univer- 

sity) and  Tamio  Nishida  (Saga  University)  for  valuable  discus- 
sions, and  further  Seiichi  Toshimitsu  (GSJ,  Tsukuba)  and 

Naoko  Egashira  (Saga)  for  kind  help  in  technical  aspects. 

References  cited 

Choffat,  P.,  1888  :  Matériaux  pour  l'étude  stratigraphique  et 
paléontologique  de  la  Province  d'Angola.  Mémoires 
de  la  Société  de  Physique  et  d'Histoire  Naturelle  de 
Genève,  vol.  30,  p.  1-116,  pis.  1-8. 

Collignon,  M.,  1963  :  Atlas  des  fossiles  caractéristiques  de 

Madagascar  (Ammonites).  Fascicle  10  (Albien),  184  p, 
pis.  241  317.    Service  Géologique,  Tananarive. 

Cooper,  M.R.  and  Kennedy,  W.J.,  1979  :  Upper  Albian 

{Stoliczkaia  dispar  Zone)  ammonites  from  Angola  Litto- 
ral. Annals  of  the  South  African  Museum,  vol.  77,  p. 

175-308. 
Gale,  A.S.,  Kennedy  W.ü.,  Burnett,  J.A.,  Caron,  M.  and  Kidd, 

B.E.,  1996  :  The  Late  Albian  to  Early  Cenomanian  suc- 
cession at  Mont  Risou  near  Rosans  (Drôme,  SE 

France)  :  an  integrated  study  (ammonites,  inoceramids, 

planktonic  foraminifera,  nannofossils,  oxygen  and  car- 

bon isotopes).  Cretaceous  Research,  vol.  17,  p.  515- 
606. 

Haas,  O.,  1942a:  Recurrence  of  morphologic  types  and 

evolutionary  cycles  in  Mesozoic  ammonites.  Journal 

of  Paleontology,  vol.  16,  p.  643-650,  pis.  73-74. 
Haas,  O.,  1942b  :  The  Vernay  Collection  of  Cretaceous  (Al- 

bian) ammonites  from  Angola.  Bulletin  of  the  American 

Museum  of  Natural  History,  vol.  81,  p.  1-224,  pis.  1-47. 
Kawabe,  F.,  Hirano,  H.  and  Takagi,  K,  1996  :  Biostratigraphy 

of  the  Cretaceous  System  in  the  northern  Oyubari  area, 

Hokkaido.  Journal  of  the  Geological  Society  of  Japan, 

vol.  102,  p.  440-459,  pis.  1-3.  (in  Japanese  with  English 
abstract) 

Kennedy,  W.J.  and  Hancock,  J.M.,  1978:  The  Mid- 
Cretaceous  of  the  United  Kingdom.  Annales  du 

Museum  d'Histoire  Naturelle  de  Nice,  vol.  4  (for  1976),  p. 
v.l-v.72  (including  30  pis.). 

Maeda,  H.,  1987  :  Taphonomy  of  ammonites  from  the 

Cretaceous  Yezo  Group  in  the  Tappu  area,  northwest- 
ern Hokkaido,  Japan.  Transactions  and  Proceedings 

of  the  Palaeontological  Society  of  Japan,  New  Series, 

no.  148,  p.  285-305. 
Matsumoto  [Matumoto],  T.,  1942:  Fundamentals  in  the 

Cretaceous  stratigraphy  of  Japan.  Part  I.  Memoirs  of 

Faculty  of  Science,  Kyushu  Imperial  University,  Series 

D,  Geology,  vol.1,  p.  129-280,  pis.  5-20. 
Matsumoto,  T.,  1960  :  On  some  type  ammonites  from  the 

Gulf  Coast  Cretaceous.  Science  Reports  of  the  Faculty 

of  Science,  Kyushu  University,  Geology,  vol.  3,  p.  36-49. 
(in  Japanese  with  English  abstract) 

Matsumoto,  T.,  1995  :  Notes  on  gaudryceratid  ammonites 
from  Hokkaido  and  Sakhalin.    Palaeontological  Society 

of  Japan,  Special  Papers,  no.  35,  p.  i  vi  M  152. 

Matsumoto,  T.  and  Tashiro,  M.,  1975  :  A  record  of  Mor- 
toniceras (Cretaceous  ammonite)  from  Goshonoura 

Island,  Kyushu.  Transactions  and  Proceedings  of  the 
Palaeontological  Society  of  Japan,  New  series,  no.  100, 

p.  230  238,  pi.  25. 
McLearn,  F.H.,  1972  :  Ammonoids  of  the  Lower  Cretaceous 

Sandstone  Member  of  the  Haida  Formation,  Skidegate 
Inlet,  Queen  Charlotte  Islands,  western  British  Columbia. 

Geological  Survey  of  Canada,  Bulletin,  vol.  188,  p.  1-78, 

pis.  1-45. Meek,  F.B.,  1876  :  A  report  on  the  invertebrate  Cretaceous 
and  Tertiary  fossils  of  the  Upper  Missouri  Country.  F.  V. 

Hayden,  Report  of  the  United  States  Geological  and 
Geographical  Surveys  of  the  Territories,  vol.9,  lxiv  + 
629  p.,  84  figs.,  45  pis. 

Morton,  S.G.,  1834  :  Synopsis  of  the  organic  remains  of  the 
Cretaceous  Group  of  the  United  States,  88  p,  19  pis.  Key 
and  Biddle,  Philadelphia. 

Nishida,  T.,  Matsumoto,  T.,  Kawashita,  Y.,  Egashira,  N., 

Aizawa,  J.  and  Ikuji,  Y.,  1997  :  Biostratigraphy  of  the 
middle  part  of  the  Cretaceous  Yezo  Group  in  the 

Soeushinai  area  of  Hokkaido  —  with  special  reference 
to  the  transitional  part  from  Lower  to  Upper  Cretaceous  : 

supplement — .  Journal  of  the  Faculty  of  Culture  and 

Education,  Saga  University,  vol.  1,  p.  295-337  (including 
15  pis.),  (in  Japanese  with  English  abstract) 

Nishida,  T,  Matsumoto,  T.,  Yokoi,  K,  Kawashita,  Y.,  Kyuma, 

Y.,  Egashira,  N.,  Aizawa,  J.,  Maiya,  S.,  Ikuji,  Y.  and  Yao, 

A.,  1996  :  Biostratigraphy  of  the  Cretaceous  Middle 

Yezo  Group  in  the  Soeushinai  area  of  Hokkaido  —  with 
special  reference  to  the  transitional  part  from  Lower  to 

Upper  Cretaceous  — .  Journal  of  the  Faculty  of  Educa- 

tion, Saga  University,  vol.  44,  p.  65-149  (including  40 
pis.),  (in  Japanese  with  English  abstract) 

Owen,  H.G,  1979  :  Ammonite  zonal  stratigraphy  in  the 

Albian  of  North  Germany  and  its  setting  in  the  hoplitinid 

faunal  province.  In,  Wiedmann,  J.  ed.,  Aspekte  der 

Kreide  Europas,  p.  563-588.  Schweizerbart'sche 
Verlagsbuchhandlung,  Stuttgart. 

Renz,  O.,  1968a:  Über  die  Untergattungen  Venezoliceras 
Spath  und  Laraiceras  n.  subgen.  der  Gattung 

Oxytropidoceras  Stieler  (Ammonoidea)  aus  den  vene- 
zolanischen Anden.  Eclogae  Geologicae  Helvetiae, 

vol.  61,  p.  615-655,  pis.  1-13. 
Renz,  O.,  1968b  :  Die  Ammonoidea  im  Stratotyp  des 

Vraconien  bei  Sainte  Croix  (Kanton  Waadt). 

Schweizerische  Paläontologische  Abhandlungen,  vol. 

87,  p.1-97,  pis.  1-18. 
Renz,  O.,  1971  :  Die  Gattugen  Hysteroceras  Spath  und 

Mortoniceras  Meek  (Ammonoidea)  aus  den  Anden 

Venezuelas.  Eclogae  Geologicae  Helvetiae,  vol.  64,  p. 

569-609,  pis.  1-12. 
Renz,  O.,  1982  :  The  Cretaceous  ammonites  of  Venezuela, 

132  p.,  40  pis.,  Maraven,  Caracas. 
Scholz,  G.,  1979a:  Die  Ammoniten  des  Vracon  (Oberalb, 

dispar-Zone)  des  Bakony-Gebirges  (Westungarn)  und 

eine  Revision  der  wichtigsten  Vracon-Arten  der  West- 
Mediterranen  Faunenprovinz.  Palaeontographica,  Abt. 

A,  vol.165,  p.  1-136,  pis.  1-30. 
Scholz,  G.,  1979b:  Vracon-Ammoniten  (Oberalb,  dispar- 

Zone)  aus  dem  Flammenmergel  von  Salzgitter.  In, 

Wiedmann,  J.  ed.,  Aspekte  der  Kreide  Europas,  p.  589- 



182 Tatsuro  Matsumoto  et  al. 

606,  pis.  1-5.  Schweizerbart'sche  Verlagsbuch- 
handlung, Stuttgart. 

Sowerby,  J.,  1817  :  The  Mineral  Conchology  of  Great  Britain, 

part  30,  p.  155-166,  pis.  169-174.    Meredith,  London. 
Spath,  L.F.,  1921  :  On  Cretaceous  Cephalopoda  from 

Zululand.  Annals  of  the  South  African  Museum,  vol. 

12,  p.  217-321,  pis.  19-26. 
Spath,  L.F.,  1922  :  On  Cretaceous  Ammonoidea  from  Angola, 

collected  by  Prof.  J.W.Gregory,  D.Sc,  F.R.S..  Trans- 

actions of  the  Royal  Society  of  Edinburgh,  vol.  53,  p.  91- 

160,  pis.  1-4. 
Spath,  L.F.,  1931  :  A  monograph  of  the  Ammonoidea  of  the 

Gault,  part  8.  Palaeontographical  Society,  Monograph, 

vol.  83,  no.  379,  p.  313-378,  pis.  31-36. 
Spath,  L.F.,  1932  :  A  monograph  of  the  Ammonoidea  of  the 

Gault,  part  9.  Palaeontographical  Society,  Monograph, 

vol.  84,  no.  384,  p.  379-410,  pis.  37-42. 
Spath,  L.F.,  1933  :  A  monograph  of  the  Ammonoidea  of  the 

Gault,  part  10.    Palaeontographical  Society,  Monograph, 

vol.  85,  no.  387,  p.  411-442,  pis.  43-48. 
Stoliczka,  F.,  1863:  Ammonitidae,  with  revision  of  the 

Nautilidae.  In,  Blanford,  H.F.  and  Stoliczka,  F.  eds., 

The  fossil  Cephalopoda  of  the  Cretaceous  rocks  of 
southern  India.  Memoirs  of  the  Geological  Survey  of 

India,  Palaeontologia  Indica,  series  3,  vol.  1,  p.  41-56,  pis. 
26-31. 

Szajnocha,  L,  1885  :  Zur  Kenntniss  der  mittelcretacischen 

Cephalopoden-Fauna  der  Inseln  Elobi  an  der  West- 
küste Afrika's.  Denkschriften  der  Kaiserlichen 

Akademie  der  Wissenschaften  Wien,  Mathematisch- 
Naturwissenschaftliche  Klasse,  vol.  49,  p.  231-238,  pis. 
1-4. 

Wright,  C.W.,  1996  :  Cretaceous  Ammonoidea.  In,  Wright, 
C.W.,  Callomon,  J.H.  and  Howarth,  M.K.,  Treatise  on 
Invertebrate  Paleontology,  Part  L  Mollusca  4,  revised, 

vol.  4,  p.  9-362.  Geological  Society  of  America,  Boul- 
der, and  University  of  Kansas,  Lawrence. 

Fukuoka  ?g|Si,  Hokkaido  itMM,  Kyushu  A'M,  Mikasa  HS,  Oyubari  ̂ ü,  Saga  feg, 
Shuparo  J/ a.— An,  Shuyubari  [Siyubari]  3£^3fi,  Soeushinai  ^H^fà,  Tengu-zawa  ^ïéjiR, 

Teshio  Mountains  59^|l|ife,  Tokyo  M~5(,  Tomatsu  Chiyoda  JuffôTftŒI,  Tsukuba  o  <  (J*. 
Yubari  Mountains  ^^SlilitË 



Paleontological  Research,  vol.  2,  no.  3,  pp.  183-192,  8  Figs.,  September  30,  1998 
©  by  the  Palaeontological  Society  of  Japan 

Is  the  archeopyle  of  Tuberculodinium  vancampoae  (Rossignol) 

(Gonyaulacales,  Dinophyceae)  on  the  hypocyst  ? 

KAZUMI  MATSUOKA1,  PORNSILP  PHOLPUNTHIN2  and  YASUWO  FUKUYO3 

department  of  Marine  Biology,  Faculty  of  Fisheries,  Nagasaki  University,  1-14,  Bunkyo-machi,  Nagasaki  852-8521,  Japan. 

department  of  Biology,  Faculty  of  Science,  Prince  of  Sognkhla  University,  Hat-Yai  90112,  Thailand. 

3Asian  Natural  Environmental  Science  Center,  University  of  Tokyo,  1-1-1,   Yayoi,  Bunkyo-ku,  Tokyo  113-8657,  Japan. 

Received  14  February  1998  ;  Revised  manuscript  accepted  22  June  1998 

Abstract.  The  archeopyle  type  in  modern  dinoflagellate  cysts  is  classified  into  the  following  saphopylic, 

theropylic  and  cryptopylic  types.  Within  the  saphopylic  type,  Tuberculodinium  vancampoae  (=cyst  of 
Pyrophacus  steinii)  is  the  only  species  generally  accepted  as  having  an  archeopyle  developed  on  the 
hypocyst.  However,  the  archeopyle  type  of  this  species  has  been  alternatively  explained  as  being 
precingular  rather  than  hypocystal.  New  observations  have  led  us  to  conclude  that  the  archeopyle  of  T. 
vancampoae  is  neither  hypocystal  nor  precingular,  but  epicystal  in  type.  Specimens  of  the  hypnozygote 
of  P.  steinii  recovered  in  a  plankton  sample  from  Omura  Bay,  West  Japan  show  archeopyle  sutures  formed 
neither  on  antapical  nor  precingular  sides  but  on  the  apical  side  where  they  are  topologically  related  to  the 

distribution  of  large  and  barrel-shaped  processes  and  remaining  thecal  plates  that  overlap  the 
hypnozygote.  The  hypnozygotes  of  P.  steinii,  wrapped  in  their  planozygotic  thecae,  were  carefully 
observed  at  germination  during  an  incubation  experiment.  One  of  the  living  hypnozygotes  was  still 
enveloped  by  the  thecae  of  the  planozygote.  Then,  several  weeks  after  the  encystment,  a  motile  cell 

germinated  from  the  hypnozygote  through  one  opening  (= archeopyle)  formed  on  one  flat  side.  Since  the 
thecae  of  the  planozygote  was  still  attached  to  the  surface  of  the  hypnozygote,  the  position  of  the 
germination  site  was  easily  determined  with  relation  to  the  thecal  plates.  Above  the  archeopyle  consisting 
of  two  paraplates,  the  apical  pore  plate  with  two  furrows  was  observed.  It  is  clear  that  the  archeopyle  was 
formed  not  on  the  antapical  but  on  the  apical  side. 

Key  words  :  Archeopyle,  dinoflagellate  cyst,  Dinophyceae,  hypnozygote,  planozygote,  Pyrophacus,  Tuber- 
culodinium 

Introduction 

For  the  identification  of  both  modern  and  fossil  dinoflagel- 
late cysts,  the  archeopyle  is  one  of  the  important  character- 

istics (e.g.,  Evitt,  1963, 1985).  The  archeopyle  type  in  modern 
dinoflagellate  cysts  is  classified  into  saphopylic,  theropylic 
and  cryptopylic  types  in  the  relation  to  the  plate  series  for  the 
armored  group  and  position  for  the  unarmored  group 

(Matsuoka,  1988).  The  saphopylic  archeopyle  type  is  devel- 
oped in  most  gonyaulacoid  and  protoperidinioid  cysts  except 

for  an  unclear  type  observed  in  the  cysts  of  Alexandrium 
species  and  Gonyaulax  verlor.  The  other  modern  cysts  in 
these  groups  are  apical,  intercalary,  precingular,  epicystal  or 
some  combinations  thereof.  Only  one  example  of  a 
hypocystal  archeopyle  has  been  generally  accepted,  this 

being  Tuberculodinium  vancampoae  (Rossignol)  (=cyst  of 
Pyrophacus  steinii  steinii  and  P.  steinii  vancampoae)  by  Wall 
and  Dale  (1971)  and  followed  by  Matsuoka  (1985). 

A  hypocystal  archeopyle  in  fossil  dinoflagellates  has  been 

proposed  in  the  cyst  genus  Caligodinium  by  Manum  and 
Williams  (1995)  based  on  the  careful  observation  and  more 
rational  interpretation  of  the  topological  relation  of  each 
paraplate.  Another  example  of  a  hypocystal  archeopyle 

(probably  involving  loss  of  postcingular  paraplates)  ar- 
cheopyle was  introduced  for  siliceous  fossils  of  some 

species  of  Peridinites  (=a  synonym  of  Lithoperidinium 

according  to  Lentin  and  Williams,  1993),  Peridinites  oamaru- 
ensis  and  P.  parvalus,  with  semidiagramatic  illustrations  by 
Dale  (1978).  However,  Harding  and  Lewis  (1994)  concluded 
that  fossil  Peridinites  is  not  a  cyst  but  a  silicified  theca  and 
therefore  the  opening  observed  on  the  hypotheca  is  not  a 

real  germination  apparatus  (= archeopyle).  For  the  moment, 
the  hypocystal  archeopyle  seems  to  be  only  a  hypothetical 
interpretation  for  Peridinites. 

Following  Wall  and  Dale's  (1971)  proposal  for  a  hypocystal 
archeopyle  in  P.  stenii  cysts,  there  have  been  no  effective 
and  persuasive  studies  on  the  hypocystal  archeopyle  type  in 
modern  dinoflagellates.    We  will  prove  that  the  archeopyle 
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of  T.  vancampoae  is  not  hypocystal  but  epicystal  on  the  basis 
of  observations  for  plankton  and  incubated  specimens  of  P. 
steinii. 

Previous  study  on  the  archeopyle  type  of 
Tuberculodinium  vancampoae 

The  fossil  cyst  of  Pyrophacus  steinii  (=Tuberculodinium 
vancampoae)  was  first  described  from  the  Pleistocene  of 

Israel  as  a  new  species  questionably  assigned  to  Pterosper- 

mopsis,  P.  ?  vancampoae  by  Rossignol  (1962).  Later  this 
species  was  transferred  to  Tuberculodinium,  then  a  newly 
erected  dinophycean  genus  by  Wall  (1967).  In  the  emended 
diagnosis  for  Tuberculodinium  vancampoae,  Wall  (1967) 
mentioned  that  the  archeopyle  of  this  species  is  a  large 

compound  type  consisting  of  precingular  and  anterior  inter- 
calary paraplates.  Drugg  (1970)  also  interpreted  the  ar- 

cheopyle of  fossil  Tuberculodinium  as  precingular. 
Then  in  1971,  Wall  and  Dale  concluded  that  the  archeopyle 

of  this  cyst  is  not  compound  precingular  but  hypocystal 

Table  1. 

Wall 

(1967) 

Drugg 

(1970) 

Wall  &  Dale 

(1971) 
Stover  &  Evitt 

(1978) 
Wrenn  &  Damassa 

(1989) 

This  study 

Material fossil  cysts fossil  cysts 

living 

hypnozygotes 
incubated 

literature fossil  cysts living  vegetative  cells, 

planozygotes  and 

hypnozygotes 
Compression 
direction  in 

cysts 

dorso-  ventral  ly 

dorso- 

ventrally 

anterio- 
posterior 

anterio- posterior dorso-ventral  cyst 
rotated  90  degree 

within  the 

planozygose 

anterio- posterior 

Archeopyle  type compound  ; 

precingular + 
anterior 

intercalary 

precingular hypocystal 
compound  ; 

antapical 
precingular                 compound  ; 

epicystal 

Wall  features not  mentioned not  intratabular not  mentioned intratabular             not  mentioned                      ? 
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Figure  1.  Plate  tabulation  in  vegetative  cell,  a;  apical  plate  series,  b;  precingular  plate  series,  c;  apical 

pore  complex  (ape)  and  1',  d  ;  postcingular  plate  series,  e  ;  posterior  intercalary  and  antapical  plate  series,  f  and  g  : 
sulcal  plates,  as  :  anterior  sulcal  plate,  ra  :  right  accessary  sulcal  plate,  la  :  left  accessary  sulcal  plate,  aas  : 
anterior  accessary  sulcal  plate,  rs  :  right  sulcal  plate,  Is  :  left  sulcal  plate,  ps  :  posterior  sulcal  plate,  fp  :  flagellar 

pore. 
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based  on  the  result  of  cyst  incubation  experiments  on  P. 
steinii.  This  explanation  was  followed  by  Matsuoka  (1985) 
based  also  on  the  incubation  method.  Stover  and  Evitt 

(1978)  suggested  that  Tuberculodinium  has  an  antapical 
rather  than  hypocystal  archeopyle.  However,  the  possibility 

that  the  archeopyle  type  of  Tuberculodinium  is  not  hypo- 
cystal but  precingular  was  raised  by  Wrenn  and  Damassa 

(1989). 
Thus,  the  archeopyle  type  of  7.  vancampoae  remains 

unclear  and  the  subject  of  discussion  (see  Table  1). 

Material  and  method 

A  plankton  sample  was  collected  with  a  net  haul  in  June 
of  1983  from  Omura  Bay,  West  Japan,  and  preserved  with  5% 
formalin.    Several  specimens  of  the  hypnozygote  of  P.  steinii 

were  picked  up  with  a  micropipette  and  then  mounted  on  a 
slide  glass  with  glycerine  jelly.  These  hypnozygotes  were 
examined  under  the  interference  optics  of  a  Zeiss  Axiphoto 
microscope. 

Surface  sediments  containing  living  cysts  of  P.  steinii  were 
collected  from  Omura  Bay  and  Tokyo  Bay  with  a  TFO  gravity 
corer  in  1990.  The  top  2  cm  of  the  sediments  was  cut  and 

removed  to  a  refrigerator  below  4  0  until  starting  the  incuba- 
tion experiment.  The  material  was  sonified  and  sieved  with 

stainless  screens  of  120  ̂ m  and  20  pim  in  pore  size,  and  the 
living  cysts  of  P.  steinii  were  picked  up  to  in  oculate  in  a 
culture  dish  with  SWII  medium.  The  living  cysts  were 

cultured  under  20°C,  about  100  ̂ mol  photons  •  rrr2  •  s_1  and 
12  hours  —12  hours  cycle.  The  culture  was  continued  until 
one  whole  life  cycle  of  this  species  from  vegetative  cells  to 
planomeiocytes  via  planozygotes  and  hypnozygotes,  was 

*S 
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Figure  2.  Hypnozygote  involved  by  thecae  of  planozygote  of  Pyrophacus  steinii  in  plankton  sample  collected 

from  Omura  Bay  on  June  of  1990.  A  serial  photographs  from  apical  surface  (a)  to  antapical  surface  (i).  a  ;  apical 

pore  complex  (black  arrow)  and  1'  of  the  planozygote.  b  and  c;  three  paraplates  (?)  corresponding  to  the 

archeopyle  which  has  already  appeared  before  germination  on  the  surface  of  hypnozygote  (white  arrows),  and 

precingular  processes  (black  arrows),  d  ;  enlargement  of  the  archeopyle.  e  ;  optical  cross  section,  f  ;  hypo- 
theca  of  planozygote  (black  arrow)  and  ectophragm  of  hypnozygote.  g  ;  sulcus  of  planozygote  (black  arrow)  and 

postcingular  processes  of  hypnozygote  (white  arrow),  h  ;  antapical  processes  distributing  circularly  (white  arrows) 

and  sulcus  of  planozygote  (black  arrow),    i  ;  antapical  surface  of  planozygote. 



186 Kazumi  Matsuoka  et  al. 

Epicyst Hypocyst 
Apical  pore 

Sulcus 

"Archeopyle 

Epitheta 
Hypotheca Figure  3.  Illustration  of  a  planozygote  containing  a  hypnozygote,  collected  from  Omura  Bay,  west  Japan,  June 

1990.  A  ;  Epitheca  and  epicyst  showing  archeopyle  sutures,  B  ;  Hypotheca  and  hypocyst,  the  same  specimen  of 

Figure  2. 

VI 

,  '  >  ' V 
H . f 

. 

50um 
Figure  4.  Hypnozygote  involved  by  thecae  of  planozygote  of  Pyrophacus  steinii  in  plankton  sample  collected 

from  Omura  Bay  on  June  of  1990.  Serial  photographs  from  apical  surface  (a)  to  antapical  surface  (i).  a  ;  apical 

pore  plate  (black  arrow),  b  ;  epitheca  of  planozygote  and  1'  plate  (black  arrows),  c  ;  apical  processes  with  linear 
distribution  (white  arrows),  d  ;  precingular  processes  (white  arrows),  e  ;  cingular  plates  of  planozygote  (black 
arrow)  and  ectophragm  of  hypnozygote  (white  arrow),  f  ;  postcingular  processes  (white  arrows),  g  ;  sulcus  of 

planozygote  and  hypotheca  (black  arrows),  h  ;  3""  (black  arrow)  and  antapical  processes  distributing  circularly 
(white  arrows),    i  ;  posterior  intercalary  of  plate  planozygote  (black  arrow). 
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completely  observed.  In  particular,  one  specimen  which 
had  a  well  preserved  archeopyle  structure  was  carefully 
examined  under  interference  optics  of  a  Nikon  Biophoto 
microscope. 

Since  the  number  of  plates  in  P.  steinii  is  (Figure  1)  very 
variable,  there  have  been  several  different  interpretations  of 
its  expression.  In  this  paper,  we  follow  the  interpretation  of 
Matsuoka  (1985). 

Results 

Plankton  specimens  of  hypnozygotes  (Figures  2, 3, 4) 
A  few  immature  resting  cysts  were  collected  in  plankton 

samples  from  Omura  Bay.  These  cysts  were  filled  with 
fresh  protoplasm  and  surrounded  the  planozygotic  theca, 
clearly  demonstrating  a  morphological  relation  between  the 

planozygote  and  resting  cyst.  It  is  therefore  easy  to  estab- 
lish the  orientation  of  the  thecal  plate  and  process  distribu- 
tion on  the  cyst. 

The  epitheca  of  the  planozygote  could  easily  be  confirmed 
by  the  presence  of  the  apical  pore  plate,  seven  apical,  and 
eleven  precingular  plates  (Figures  2, 3a).  Beneth  the  apical 

pore  plate,  three  large,  barrel-shaped  processes  and  a 
certain  space  were  noticed  on  the  cyst  surface  (Figures  2b, 
d).  A  polygonal  outline  similar  to  some  plate  boundaries 
confined  this  space.  One  row  consisting  of  ten  large  and 

barrel-shaped  processes  ran  along  the  shoulder  (Figures  2b, 
4d). 

The  opposite  side  of  the  hypnozygote  contained  the 
sulcus,  and  thirteen  postcingular,  three  posterior  intercalary, 
and  three  antapical  plates  were  observed  (Figures  2f,  3b). 

Beneth  this  hypotheca,  eleven  large  barrel-shaped 
processes  were  formed  on  the  shoulder  of  the  cyst.  Eight 

large  barrel-shaped  processes  were  circularly  distributed  on 
this  cyst  surface  (Figures  2g,  h). 

The  plate  formula  of  the  planozygote  shown  in  Figure  2 

was  demonstrated  as  7',  11",  13c,  13'",  3p,  3""  and  5s,  while 
the  process  formula  on  the  cyst  would  be  described  as  3'+ 
3@,  10",  0c,  10'"  and  8""  (@  :  paraplates  consisting  of  the 
operculum). 

Observation   of  empty   hypnozygote   surrounded   by  the 
planonozygote  (Figures  5, 6) 
Some  hypnozygotes  used  for  our  study  on  the  life  cycle 

remained  within  the  planozygotic  theca  and  its  wall  even 

after  excystment  (Figure  5).  Figure  6  shows  the  mor- 
phological features  of  both  planozygote  and  hypnozygote. 

The  planozygote  had  one  apical  pore  (Figure  5a),  seven 
apical  and  eleven  precingular  plates.  On  the  cyst  surface 
just  beneath  this  epitheca,  there  was  an  archeopyle  probably 
corresponding  to  two  paraplates  (Figure  5c)  and  five  larger 

barrel-shaped  and  three  small,  simple  spherical  processes 
distributed  on  one  shoulder  of  the  peripheral  side  (Figures  5d, 
e). 

The  hypotheca  consisted  of  thirteen  postcingular,  three 
posterior  intercalary,  three  antapical,  thirteen  cingular,  and 
five  sulcal  plates  (Figures  5j,  k,  I).  On  the  cyst  surface  of  this 

side,  eleven  large  and  barrel-shaped  processes  were  locat- 
ed  on   the   shoulder,   and    six   large   and    barrel-shaped 

processes  positioned  circularly  (Figures  5g,  h,  i).  The  plate 

formula  of  this  planozygote  was  7',  11",  13c,  13'",  4p,  lap,  and 
3'",  and  the  process  formula  of  this  cyst  was  5  (3+2s)'-t-2@, 
11",  0c,  10'",  and  3""  + 3s. 

Observation  on  the  transformation  from  planozygote  to 

hypnozygote  during  incubation  (Figure  7) 
Clonal  cultures  of  P.  steinii  were  established  by  a  single 

cell  isolation  from  net-haul  samples  at  Yokohama  Umizuri- 
sambashi  in  innermost  Tokyo  Bay  on  June,  1990.  During 
the  clonal  culture  for  this  specimen,  both  sexual  and  asexual 
reproduction  occurred.  Sexual  reproduction  started  to 
result  in  small  and  round  thecate  cells  (male  gametes). 
Female  gametes  were  not  morphologically  differentiated 
from  normal  vegetative  cells  in  plate  formula  and  size.  By 
sexual  fusion  of  male  and  female  gametes,  a  planozygote 

was  produced  and  was  morphologically  similar  to  vegetative 
cells  except  for  its  larger  cell  size.  After  one  to  two  days 
active  swimming,  the  planozygote  stopped  moving,  and  sunk 
to  the  bottom  of  the  culture  chamber.  The  hypnozygotes 
were  produced  as  a  result  of  protoplasm  contractions  to 
approximately  1/5  of  the  original  volume.  After  development 
of  the  exospore,  many  processes  were  formed  between  the 
exospore  and  the  surface  of  the  protoplast  (mesospore). 

These  processes  were  barrel-shaped  and  identical  to  those 
previously  observed  in  fossil  forms.  This  hypnozygote  was 
contained  within  the  theca  of  the  planozygote  (Figure  7). 

Several  weeks  after  the  encystment,  a  motile  cell  germinated 

from  the  hypnozygote  through  one  opening  (= archeopyle) 
formed  on  one  flat  side.  As  the  theca  of  the  planozygote 
was  still  attached  to  the  surface  of  the  hypnozygote,  the 

position  of  the  germinated  side  was  easily  determined  with 
relation  to  the  thecal  plates.  The  archeopyle  consisted  of 
two  paraplates,  and  above  it,  an  apical  pore  plate  with  two 
furrows  was  observed  (Figure  5c). 

Discussion 

Position  and  type  of  archeopyle 

Wall  (1967)  established  a  new  genus  Tuberculodinium  after 
revising  Pterospermopsis  ?  vancampoae  Rossignol  and 
emending  the  species  diagnosis  so  that  the  archeopyle 
corresponds  to  a  combination  of  precingular  and  intercalary 
paraplates.  Drugg  (1970)  also  considered  the  archeopyle  of 
Tuberculodinium  to  be  precingular  with  the  number  of 
detached  opercular  plates  being  variable  in  different  species. 
Later,  Wall  and  Dale  (1971)  observed  the  cysts  of  P.  steinii 
and  P.  vancampoae,  which  now  Balech  (1979)  and  Matsuoka 
(1985)  consider  to  be  two  subspecies  of  P.  steinii,  and  noted 
that  the  archeopyle  is  hypocystal  and  that  the  number  of 

paraplates  comprising  the  operculum  varies  from  two  to  four. 

However,  this  conclusion  was  not  based  on  direct  observa- 
tion of  germinated  hypnozygotes,  but  on  mostly  theoretical 

grounds.  The  interpretation  given  by  Wall  and  Dale  (1971) 
was  as  follows  :  Four  parallel  rows  consisting  of  large  and 

barrel-shaped  processes  on  the  cysts  were  considered  to 
represent  apical,  precingular,  postcingular  and  antapical 
plate  series  of  the  thecate  form  respectively.  Of  these  four 
rows,  one  contained  two  to  five  rectangular  to  polygonal 
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Figure  6.    Illustration  of  a  planozygote  containing  an  empty  hypnozygote  after  germination  in  culture.    A  ; 
Epitheca  and  epicyst  showing  archeopyle  sutures,  B  ;  Hypotheca  and  hypocyst,  the  same  specimen  of  Figure  4. 

paraplates  forming  the  archeopyle  which  resembled  posterior 
intercalary  and  sometimes  additional  posterior  plates  of  the 
thecate  cell.  The  processes  opposite  to  this  row  were 
circularly  distributed  and  apparently  similar  to  the  distribution 

of  apical  plate  series  of  the  vegetative  cell.  These  observa- 
tions led  them  to  conclude  that  the  cysts  of  P.  steinii  and  P. 

vancampoae  have  a  hypocystal  archeopyle. 
Matsuoka  (1985)  found  hypnozygotes  surrounded  by  the 

thecae  of  planozygotes  in  a  plankton  sample  collected  from 
Omura  Bay.  However,  as  the  hypnozygotes  were  filled  with 
protoplasm,  he  schematically  illustrated  the  general  outline 
of  one  specimen  of  the  planozygote  and  hypnozygote  using 
the  same  interpretation  as  Wall  and  Dale  (1971). 

Wrenn  and  Damassa  (1989)  examined  hundreds  of  fossil 
specimens  of  T.  vancampoae  from  latest  middle  Eocene  to 
Holocene  in  detail,  and  concluded  that  the  cyst  morphology 
did  not  correspond  to  that  of  the  theca  ;  that  the  cyst  was 

dorso- ventral ly  compressed  and  that  the  archeopyle  was 
precingular  rather  than  hypocystal.  In  order  to  rationalize 
this  intepretation,  Wrenn  and  Damassa  (1989)  proposed  that 

during  maturation  of  the  planozygote,  the  hypnozygote  rotat- 

ed 90°  with  respect  to  the  planozygote.  A  full  description  of 
this  interpretation  has  yet  to  be  published,  and  unfortunately 
we  are  therefore  unable  to  evaluate  their  observations  in 

detail.  However,  we  never  observed  the  hypnozygote  to 
rotate  from  early  to  matured  stage  in  the  planozygote  (Figure 
7).  According  to  our  observations,  we  can  also  conclude 
that  this  is  unlikely  as  suggested  by  Manum  and  Williams 

(1995). 
The  specimens  recovered  from  the  net  samples  of  Omura 

Bay  also  demonstrated  archeopyle  formation.  These  cysts, 
collected  while  still  floating  in  surface  waters  before  sinking, 
showed  archeopyle  structure  on  the  hypnozygote  surface 
even  though  these  cells  were  filled  with  protoplasm.  These 
archeopyles  were  not  yet  functional  and  the  opercula  were 
still  in  place,  but  the  archeopyle  suture  could  nevertheless  be 
traced  on  the  surface.  The  archeopyle  was  formed  beneth 
the  apical  pore  and  apical  plates  of  the  planozygote. 
According  to  the  outline  of  the  sutures,  the  opercula  seemed 
to  be  composed  of  three  or  four  paraplates.  However,  none 
of  the  paraplates  morphologically  resembled  any  apical  or 
precingular  plates  of  the  attached  planozygote. 

The  incubated  specimens  clearly  showed  the  position  of 
an  archeopyle,  which  was  also  formed  beneth  the  apical 
pore  plate  and  the  apical  plate  series.  In  these  specimens, 
although  the  opercula  were  completely  detached  leaving 
only  their  outline  on  the  surface,  the  outline  did  not  resemble 
either  apical  or  precingular  plates  of  the  overlying 

planozygote.  This  observation  agrees  with  the  plankton 
specimens  from  Omura  Bay. 

Under  these  circumstances,  the  archeopyle  of  T.  van- 
campoae (= hypnozygote  of  P.  steinii)  is  formed  on  the 

epicyst,  but  it  is  very  difficult  to  determine  the  type  exactly. 
It  should  be  called  epicystal  and  compound  rather  than 

hypocystal  or  antapical. 

Figures.  Theca  of  planozygote  and  hypnozygote  after  germination.  Serial  photographs  from  apical  view  (a)  to 

antapical  view  (I),  a  :  apical  pore  plate  and  apical  plates  (3',  4',  and  5'  ;  black  arrow),  b  :  precingular  plates  (black  arrows), 
c  :  large  apical  process  (small  white  arrows)  and  archeopyle  (large  white  arrow)  formed  on  the  surface  of  hypnozygote.  d  : 
large  apical  processes  (white  arrows)  and  endospore  remaining  in  the  cavity  of  the  hypnozygote  (black  arrow),  e  :  large 
precingular  processes  (black  arrows),  f  :  optical  cross  section  of  hypnozygote.  g  :  cingular  plates,  h  :  large  postcingular 

processes,  i:  1""  (black  arrow)  and  antapical  processes  distributied  circularly  (white  arrows),  j:  3""  (black  arrow),  k: 
posterior  intercalary  plates  (black  arrow).    I  :  additional  posterior  intercalary  plates  (black  arrow). 
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Lateral  view 

Figure  7.  Hypnozygote  produced  within  a  planozygote  of  Pyrophacus  steinii  during  the  incubation  experiment. 
APS  :  anterior  flattened  polar  surface,  UC  :  upper  corner  of  flattened  polar  surface,  LC  :  lower  corner  of  flattened 
poar  surface,  PPS  :  posterior  corner  of  flattened  polar  surface. 

Intratabular  structure  on  the  hypnozygote 
Stover  and  Evitt  (1978)  mentioned  that  intratabular  features 

in  T.  vancampoae  are  arranged  in  longitudinal  rows  of  barrel - 
shaped  processes  and  are  absent  in  the  equatorial  area. 
Drugg  (1970)  considered  intratabular  features  to  be  absent  in 
in  two  fossil  species,  T.  vancampoae  and  T.  rossignoliae,  and 
that  except  for  the  archeopyle,  no  parasutural  features  were 

observed.  However,  Wrenn  and  Damassa  (1989)  demon- 
strated an  intratabular  distribution  as  suggested  by  one 

barrel-shaped,  large  process  placed  in  the  center  of  one 
paraplate  clearly  bounded  by  parasutural  features  in  fossil 

Tuberculodinium  vancampoae.  The  outline  of  these  para- 
plates  closely  resembles  each  opercular  piece. 

According  to  Wall  and  Dale  (1971)  and  Matsuoka  (1985),  the 

modern  cysts  of  Pyrophacus  steinii,  including  P.  steinii  van- 
campoae, do  not  show  any  paraplate  features  like  those  in 

fossil  specimens.    Futhermore,  there  were  no  parasutures 

on  the  cyst  and  no  paraplates  except  for  archeopyle  sutures 
which  sometimes  showed  a  polygonal  outline.  As  with 

other  gonyaulacoid  cysts,  the  number  of  large,  barrel-shaped 
processes  is  always  fewer  than  that  of  thecal  plates  on  both 
vegetative  cells  and  planozygotes.  There  was  no  reflection 
of  the  cingulum,  which  was  always  shown  by  the  space 

between  two  rows  of  large,  barrel-shaped  processes  cor- 
responding to  pre-  and  postcingular  plate  series.  The 

operculum  detached  from  the  cyst  does  not  correspond  with 
any  apical  and  precingular  plates  of  vegetative  cells  and 
planozygotes  in  shape  and  position. 

For  clear  understanding  how  the  processes  are  developed 
during  maturation  from  the  planozygote  to  hypnozygote,  this 
progress  should  be  continuously  observed  during  incubation 
as  was  done  on  Lingulodinium  polyedrum  by  Kokinos  and 
Anderson  (1995). 
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Figure  8.    Archeopyle  types  developed  in  modern  dinoflagellate  cysts  after  modification  of  Matsuoka  et  al. 

(1989)  based  on  the  new  observation. 
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Abstract.  A  trogosine  tillodont,  represented  by  seven  fragmentary  teeth,  is  described  from  the  upper  part 
of  the  Akasaki  Formation,  early  Middle  Eocene  of  Japan.  The  stratigraphie  horizon  of  the  new  material 
is  almost  the  same  as  that  of  the  holotype  of  Higotherium  hypsodon,  which  is  the  most  recently  described 
tillodont  from  Japan.  In  spite  of  poor  preservation,  the  dental  characters  of  the  new  specimens  are 
distinguishable  from  those  of  the  Asian  trogosine  genera  including  Higotherium,  and  they  may  be  referable 

to  Trogosus,  which  has  been  recorded  only  from  the  Bridgerian  of  North  America.  This  Trogosus-  like 
tillodont  inhabited  East  Asia  together  with  more  advanced  Higotherium  during  the  early  Middle  Eocene. 

Key  words  :  Akasaki  Formation,  early  Middle  Eocene,  Higotherium,  Tillodontia,  Trogosinae,  Trogosus 

Introduction 

Recently,  several  new  tillodonts  have  been  found  in  Asia 

(e.g.,  Ting  and  Zheng,  1989  ;  Chow  et  al.,  1996  ;  Miyata  and 
Tomida,  1998),  and  tillodont  origin  and  dispersal  have  been 

discussed  repeatedly  based  on  various  phylogenetic  hypoth- 
eses (Stucky  and  Krishtalka,  1983;  Baudry,  1992;  Lucas, 

1993  ;  Chow  et  al.,  1996  ;  Miyata  and  Tomida,  1998).  The 
subfamily  Trogosinae  Gazin,  1953  is  generally  believed  to  be 
a  monophyletic  group,  and  includes  five  derived  genera  of 
Tillodontia:  Trogosus  Leidy,  1871,  Tillodon  Gazin,  1953, 
Kuanchuanius  Chow,  1963a,  Chungchienia  Chow,  1963b  (see 
also  Chow  et  al.,  1996),  and  the  recently  erected  genus 
Higotherium  (Miyata  and  Tomida,  1998).  Trogosine  material 

from  Asia  is  rare  but  provides  significant  records  for  under- 
standing tillodont  diversity  during  the  Middle  Eocene.  North 

American  trogosines,  Trogosus  and  Tillodon,  have  been 
recorded  only  from  the  Bridgerian  land  mammal  age  (latest 

Early  to  early  Middle  Eocene  ;  Prothero,  1995).  Kuan- 
chuanius and  Higotherium  are  known  from  the  early  Middle 

Eocene  of  China  and  Japan,  respectively,  and  Chungchienia 
is  known  from  slightly  younger  Middle  Eocene  strata  of  China 
(Chow  et  al.,  1996).  Considering  the  monophyly  of 
Trogosinae,  the  appearances  of  these  genera  indicate  that 
their  divergence  had  already  occurred  prior  to  the  Middle 
Eocene  and  continued  well  into  the  Middle  Eocene. 

Although  our  knowledge  of  Asian  trogosines  is  limited  to 
rare  and  incomplete  material,  the  three  Asian  genera 
mentioned  above  are  easily  distinguishable  from  North 

American  genera  in  having  several  derived  dental  charac- 

ters. In  comparison  with  North  American  taxa,  trogosine 
diversity  at  the  generic  level  is  likely  more  advanced  in  Asia, 
and  to  date  no  genus  has  been  recorded  from  both  North 
America  and  Asia.  Kuanchuanius  shantunensis  Chow, 

1963a  was  regarded  as  the  most  closely  related  taxon  to  the 
North  American  genus  Trogosus  (Stucky  and  Krishtalka, 
1983;  Lucas,  1993),  but  this  Asian  species  is  distinct  in 
having  a  peculiar  I/2  morphology  (Chow,  1963a  ;  Miyata  and 
Tomida,  1998). 

Seven  fragmentary  teeth  of  the  tillodont  described  here 
were  found  in  the  red  siltstone  belonging  to  the  upper  part  of 
the  Akasaki  Formation,  at  Iwajima  within  Ohyanomachi, 
Kumamoto  Prefecture,  Japan  (Figure  1).  The  stratigraphie 
horizon  is  placed  approximately  2  m  below  the  base  of  the 
Shiratake  Formation,  which  conformably  overlies  the  Akasaki 
Formation  and  bears  marine  molluscan  fossiliferous  horizons, 
namely  Lower  Orthaulax  Zone  of  Nagao  (1926),  in  the  basal 
part.  On  the  basis  of  our  field  investigation,  the  tillodont 
horizon  is  almost  equal  to  that  of  the  holotype  of  Higotherium 

hypsodon,  thus  the  geological  age  is  most  likely  the  early 
Middle  Eocene  (see  geological  setting  in  Miyata  and  Tomida, 
1998).  Although  a  precise  generic  assignment  of  the  new 
tillodont  material  is  difficult  because  of  the  poor  preservation, 

it  apparently  belongs  to  Trogosinae  judging  from  the  dental 
characters.  Moreover,  the  tooth  remains  described  here 
closely  resemble  those  of  Trogosus  in  morphology,  but 

apparently  differ  from  those  of  the  three  Asian  genera 
mentioned  above.  In  this  paper,  we  provide  evidence  that  a 

Trogosus- like  tillodont  inhabited  East  Asia  during  the  early 
Middle  Eocene. 
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Figure  1.  Map  showing  the  fossil  locality  (allow),  Iwajima 
in  Ohyanomachi,  western  part  of  Kyushu,  Japan,  and  the 
distribution  of  the  Akasaki  Formation  (black  area). 

The  following  institutional  abbreviations  are  used  in  this 
paper:  AMNH,  American  Museum  of  Natural  History,  New 
York,  New  York,  USA;  IVPP,  Institute  of  Vertebrate 
Paleontology  and  Paleoanthropology,  Academia  Sinica, 

Beijing,  People's  Republic  of  China  ;  NSM,  Department  of 
Geology,  National  Science  Museum,  Shinjuku,  Tokyo, 
Japan  ;  USNM,  National  Museum  of  Natural  History, 
Washington,  D.C.,  USA  ;  YPM,  Peabody  Museum  of  Natural 
History,  Yale  University,  New  Haven,  Connecticut,  USA. 

Systematic  paleontology 

Order  Tillodontia  Marsh,  1875 
Family  Esthonychidae  Cope,  1883 
Subfamily  Trogosinae  Gazin,  1953 

Genus  Trogosus  Leidy,  1871 

Type  species.— Trogosus  castoridens  Leidy,  1871 

Cf.  Trogosus  sp. 

Figures  2, 3 

Material. —Seven  fragmentary  teeth,  NSM-PV  20121  :  part- 
ly damaged  right  1/2  (Figures  2A,  B),  fragmentary  left  1/2 

(Figure  2C),  enamel  remains  of  right  and  left  12/?  (Figures  2D, 

E),  cracked  right  P/4  (Figure  2F),  trigonid  portion  of  a  right 
lower  molar  (Figure  2G),  and  broken  talonid  portion  of  right 

M/3  (Figures  2H-J). 
Locality.— Western  coast  at  Iwajima,  Ohyanomachi,  west- 

ern part  of  Kumamoto  Prefecture,  Japan  (Figure  1). 

Horizon  and  Age.— Upper  part  of  the  Akasaki  Formation, 
most  likely  early  Middle  Eocene  (see  also  Miyata  and 
Tomida,  1998). 

Occurrence.— Seven  fragmentary  teeth  (NSM-PV  20121) 
described  below  were  found  in  two  adjoined  concretions 
from  the  red  siltstone  belonging  to  the  Akasaki  Formation. 
The  cracked  right  P/4  and  a  trigonid  portion  of  a  right  lower 
molar  (Figures  2F,  G)  were  found  from  the  small  concretion 
(approximately  12  cm  in  diameter),  the  other  five  fragmentary 
teeth  were  found  from  the  large  concretion  (approximately  25 
cm  in  diameter).  These  teeth  are  probably  of  a  single 
individual  judging  from  the  massed  occurrence. 

Description.— All  the  teeth  described  below  are  poorly 
preserved,  and  in  a  few  instances  all  that  remains  is  enamel. 
However,  based  on  our  examination,  they  are  identifiable  as 
fragments  of  four  elongated  rootless  teeth  with  enamel 
bands  restricted  to  the  anterior  surfaces  (second  incisors, 

Figures  2A-E)  and  three  rooted  hypsodont  teeth  with  colum- 
nar-shaped enamel  walls  (lower  cheek  teeth,  Figures  2F-J). 

Illustrations  of  the  reconstructed  right  I/2,  P/4,  and  M/3 

talonid  are  shown  in  Figure  3,  and  measurements  of  NSM- 
PV  20121  are  presented  in  Tablet 

Second  incisors  :  The  four  elongated  fragments  (Figures 

2A-E)  are  remains  of  rootless  teeth  with  restricted  enamel 

covering  ;  the  enamel  layer  is  distributed  on  the  labial  sur- 
face and  the  anterior  part  of  the  mesial  and  distal  surfaces. 

In  these  fragmentary  teeth  their  mesial  and  distal  sides  are 
distinguishable  ;  the  extension  of  enamel  covering  on  the 
distal  side  is  greater  than  on  the  mesial  side,  as  seen  in 

rodent  incisors.  Only  one  tooth  (Figures  2A,  B  ;  3A-C) 
barely  retains  its  natural  shape  among  the  four  elongated 
teeth  and  is  certainly  identifiable  as  the  right  I  2  of  a 
trogosine  tillodont.  The  right  I  2  is  85  mm  in  length  from  its 
tip  to  the  proximal  end  as  preserved.  It  is  curved  in  lateral 

view,  and  the  tip  is  chisel-shaped.  The  labial  and  distal 
enamel  surfaces  of  the  right  12  are  nearly  flattened  and  are 

ornamented  with  weak,  longitudinal  lines  (rugose).  More- 
over, a  growth  line- like  pattern  is  observable  on  the  mesial 

surface  of  the  enamel  and  is  slightly  curved  toward  the  tip  of 
the  crown  (Figure  3C).  Both  the  labiodistal  and  labiomesial 
corners  of  the  1/2  are  rounded  in  cross  section  (Figure  3B). 

The  enamel-free  dentine  of  the  right  I  2  is  partly  disintegrat- 
ed but  apparently  elongated  posteriorly,  and  its  distal  side  is 

in  the  same  plane  as  the  enamel  covering  part.  Three  other 

fragments  lack  dentine  (Figures  2C-E)  but  possess  similar 
enamel  features  to  that  of  the  right  I  2.  However,  the  three 
fragments  are  too  incomplete  to  permit  identification  of  their 
position  in  the  jaw.  Nevertheless,  one  of  them  (Figure  2C)  is 
considered  as  a  fragment  of  left  I  2  because  it  was  found 
close  to  the  right  I  2.  The  two  remaining  fragments  (Figures 
2D,  E)  were  also  found  in  the  same  concretion  but  were 
separated  from  the  lower  incisors  when  collected.  These 

two  enamel  fragments  (Figures  2D,  E)  are  tentatively  inter- 
preted as  parts  of  the  right  and  left  12  ,  respectively,  judging 
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D E G 

Figure  2.  Cf.  Trogosus  sp.,  NSM-PV  20121.  A-B  :  right  I/2  ;  A,  distal  view  ;  B,  mesial  view.  C  :  left  I/2, 
labial  view.  D  :  right  12/?,  labial  view.  E  :  left  12/?,  labial  view.  F  :  right  P/4,  buccal  view.  G  :  trigonid  portion 

of  a  right  lower  molar,  buccal  view.  H-J  :  right  M/3  talonid  ;  H,  buccal  view  ;  I,  occlusal  view  ;  J,  lingual  view. 
Scale  bar  equals  2  cm  long. 

from  the  enamel  development  on  the  lateral  sides  and  the 

curvature  of  the  growth  line-like  pattern  in  the  enamel. 
Lower  cheek  teeth  :  The  lower  cheek  teeth  (Figures  2F-J) 

of  NSM-PV  20121  are  also  incomplete  and  damaged,  and  the 

cusp  pattern  on  the  fragmentary  teeth  is  obscured  because 
of  heavy  wear  and  poor  preservation. 

The  P/4  of  NSM-PV  20121  (Figures  2F,  3D)  is  incompletely 
prepared  ;  it  is  impossible  to  remove  all  of  the  matrix  from 
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Figure  3.  Sketches  of  reconstructed  right  1/2,  P/4,  and  M/3  talonid  of  NSM-PV20121,  cf.  Trogosus  sp.  A-C  : 
right  1/2  ;  A,  distal  view  ;  B,  cross  section  ;  C,  mesial  view.  D  :  right  P/4,  buccal  view.  E-F  :  right  M  3  talonid  ; 
E,  occlusal  view  ;  F,  buccal  view,    wf:  acrescentic  wear  facet  on  the  cristid  obliqua.    Scale  bar  equals  2  cm  long. 

Table  1.    Measurements  (in  mm)  of  NSM-PV  20121,  cf.  Trogosus  sp. 
indicate  measurements  of  portions  with  damage. 

Transverse  width  of  right  1/2 
Anteroposterior  length  of  right  1/2 
Transverse  width  of  left  12/?  (enamel  portion) 
Transverse  width  of  right  P/4  trigonid 
Transverse  width  of  right  M/3  talonid  (second  lobe) 
Transverse  width  of  right  M/3  third  lobe 

Asterisks 

11.4 

23.1 13.3 

15.5* 

16.2* 

13.3 

this  specimen,  but  most  of  the  crown  portion  is  visible. 
Although  the  lingual  portion  of  the  tooth  and  the  cristid 
obliqua  are  damaged,  this  tooth  is  identified  as  a  bilobed 
hypsodont  tooth  ;  the  buccal  wall  of  the  trigonid  is  columnar 

and  is  U-shaped  in  horizontal  section.  It  is  difficult  to 
accurately  measure  the  talonid  owing  to  poor  preservation, 
but  it  is  somewhat  shorter  in  width  and  length  than  the 
trigonid  portion,  judging  from  the  enamel  remains.  The 
buccal  wall  of  the  hypoconid  considerably  inclines  toward 
the  occlusal  surface,  and  the  posterior  wall  of  the  talonid  is 
relatively  flattened.  A  small,  longitudinal  swelling  of  enamel 
occurs  on  the  buccal  wall  anterior  to  the  hypoconid  (Figure 
3D)  ;  a  similar  structure  is  rarely  seen  in  other  trogosine 

specimens. 
The  tooth  fragment  with  the  buccal  enamel  wall  (Figure 

2G)  is  tentatively  considered  the  trigonid  of  a  right  lower 
molar  ;  it  apparently  represents  a  rooted,  hypsodont  tooth, 
although  its  root  and  the  lingual  enamel  wall  are  mostly 

missing.    The  columnar  buccal  wall  is  slightly  convex  in 
vertical  section  at  the  base  of  the  crown. 

The  talonid  portion  of  a  right  M  3  (Figures  2H- J)  is  broken  ; 
the  second  lobe  was  displaced  posterobuccally  relative  to 
the  third  lobe  (Figures  3E,  F),  and  most  of  the  root  is  also 
missing.  The  buccal  enamel  wall  of  the  talonid  is  high  and 

double-columnar,  whereas  the  lingual  enamel  wall,  which 
has  a  trace  of  the  talonid  notch,  is  low  and  almost  flattened 

(Figures  21,  J).  These  enamel  features  of  the  M  3  talonid 
suggest  that  this  tooth  is  hypsodont  on  the  buccal  side,  in 
contrast  to  the  enamel  development  on  the  lingual  side,  as 
in  other  trogosine  molars.  The  buccal  wall  of  the  second 

lobe  is  swollen,  V-shaped  in  horizontal  section  (Figures  21. 
3E)  and  is  externally  convex  in  vertical  section.  Although 
the  cristid  obliqua  is  cracked,  a  crescentic  wear  facet  is 
present  on  the  cristid  obliqua  near  the  occlusal  surface  (wf 
in  Figures  3E,  F)  ;  this  wear  facet  on  the  cristid  obliqua  is 

also  seen  on  other  trogosine  molars.    The  basin -shaped 
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third  lobe  is  extremely  elongated  posteriorly,  with  a  wear 
facet  sloping  to  the  buccal  side,  and  the  posterior  wall  of  the 
third  lobe  is  rounded  in  horizontal  section. 

Discussion 

In  spite  of  poor  preservation,  NSM-PV  20121  certainly 
belongs  to  the  subfamily  Trogosinae  ;  fragments  of  rootless, 
elongated,  gliriform  teeth  and  the  rooted  hypsodont  teeth  are 
referable  to  the  second  incisors  and  lower  cheek  teeth  of  a 

trogosine  tillodont,  respectively.  The  possession  of  gliriform 

12/2  and  an  elongated,  basin-shaped  third  lobe  of  M/3  are 
diagnostic  dental  characters  of  Trogosinae  (Gazin,  1953). 
Schoch  (1986)  noted  morphological  similarities  between 

the  second  incisors  of  trogosine  tillodonts  and  the  canines  of 
stylinodontid  taeniodonts,  especially  those  of  Stylinodon  and 

Ectoganus.  Thus,  taxonomic  assignment  for  such  an  iso- 
lated gliriform  tooth  has  been  confused  in  some  previous 

studies  (Schoch,  1986).  However,  the  gliriform  teeth  de- 
scribed here  are  not  as  laterally  compressed  as  in  canines  of 

stylinodontids  ;  and  as  the  right  I/2  shows,  the  distal  enamel 
surface  is  in  the  same  plane  as  the  posterior  dentine  (Figure 

3B)  ;  these  characters  indicate  that  NSM-PV  20121  belongs 
to  the  Trogosinae.  Moreover,  lower  molars  of  trogosines  are 
readily  distinguished  from  those  of  stylinodontid  taeniodonts  ; 

in  stylinodontid  molars,  trigonids  and  talonids  are  anteropos- 
terior^ compressed  (trigonid  and  talonid  are  no  longer 

divided  in  lower  molars  of  Stylinodon),  plus  the  enamel  layer 
distinctly  extends  into  the  alveolus  on  both  buccal  and 
lingual  sides,  the  buccal  crowns  are  not  so  convex  in  vertical 
section  as  in  Trogosus,  and  the  third  lobe  on  M/3  is  not 
elongated  (Schoch,  1986  ;  Chow  et  al.,  1996).  Although  the 

cheek  teeth  of  NSM-PV  20121  are  incompletely  preserved, 
they  show  no  features  of  stylinodontid  molars. 

In  comparison  with  previously  known  trogosines,  NSM-PV 
20121  closely  resembles  species  of  Trogosus  in  morphology. 
The  right  1/2  is  nearly  equal  in  size  to  those  of  Trogosus 

species,  but  its  enamel  extension  on  the  distal  side  is  rela- 
tively wider  than  that  of  the  holotypes  of  Trogosus  granger! 

(AMNH  17008)  and  Tillodon  fodiens  (YPM  11087).  The  frag- 
mentary lower  cheek  teeth  (Figures  2F-J)  are  relatively  large 

compared  to  those  of  Trogosus  species  ;  they  are  similar  in 
size  to  those  of  the  largest  specimen  of  T.  granger!  (YPM 
16449)  examined  by  Robinson  (1966).  Moreover,  the  degree 
of  hypsodonty  and  the  convexity  of  the  buccal  walls  on  the 
lower  molars  further  are  similarities  to  Trogosus.  Compared 

with  the  best- preserved  lower  molars  of  Tillodon  fodiens 
(USNM  18164,  hypotype),  the  molars  of  NSM-PV  20121  are 
more  hypsodont,  and  their  crowns  are  less  tapering  upward. 

On  the  other  hand,  NSM-PV  20121  described  here  is 
apparently  distinguishable  from  species  of  Kuanchuanius, 
Higotherium,  and  Chungchienia.  All  the  fragmentary  teeth 
are  considerably  larger  than  those  of  the  holotype  of  K. 
shantunensis  (IVPP  V  2764),  in  which  the  1/2  possesses  a 

longitudinal  shallow  groove  on  its  labial  surface  and  antero- 
posteriorly  shortened  enamel-free  dentine  ;  the  unique  1/2 
features  of  K.  shantunensis  are  not  seen  in  either  NSM-PV 
20121  or  other  trogosine  specimens  (Chow,  1963a  ;  Miyata 
and  Tomida,  1998).    Incisors  of  Higotherium   have  been 

unknown  to  date,  but  NSM-PV  20121  apparently  differs  from 
H.  hypsodon  in  having  much  less  hypsodont  lower  molars 
and  posteriorly  elongated  M/3  third  lobe.  Undoubtedly, 

NSM-PV  20121  differs  from  species  of  Chungchienia,  in 
which  all  known  teeth  are  far  more  highly  specialized  ;  the 
lower  cheek  teeth  of  Chungchienia  are  extremely  hypsodont 
and  rootless,  with  unilaterally  distributed  enamel  layer  (see 

figure  2  in  Chow  er  al.,  1996).  Therefore,  NSM-PV  20121  is 
readily  distinguishable  from  the  Asian  taxa  mentioned  above, 
and  it  may  be  referable  to  the  North  American  genus 
Trogosus. 

In  addition  to  K.  shantunensis,  Chow  (1963a)  described  two 

fragmentary  but  significant  I/2  of  trogosines  from  China: 

"Tillodontia,  gen.  indet.  sp.  1"  (IVPP  V  2765)  and  "Tillodontia, 
gen.  indet.  sp.  2"  (IVPP  V  2766).  IVPP  V  2765  and  IVPP  V 
2766  are  recorded  from  the  Heti  Formation  in  Yuanchu  Basin 

and  the  Lushi  Formation  in  Lushi  Basin,  respectively  (Li  and 

Ting,  1983);  both  formations  are  placed  within  the  Middle 
Eocene  (Tong,  1989  ;  Prothero,  1995).  The  latter  specimen 

(IVPP  V  2766)  was  subsequently  referred  to  "?  Stylinodon  sp." 
by  Chow  et  al.  (1973),  but  later  Schoch  (1986,  p.  121) 
reidentified  the  specimen  as  a  fragmentary  1/2  of  a  trogosine 

tillodont.  The  right  1/2  of  NSM-PV  20121  is  slightly  larger 
than  IVPP  V  2765  and  is  apparently  smaller  than  IVPP  V  2766 
judging  from  the  illustrations  of  Chow  (1963a).  However, 
except  for  the  size  differences,  the  morphology  of  these  two 
I/2  from  China  is  basically  similar  to  the  North  American  taxa 
also.  These  two  Chinese  specimens  apparently  cannot  be 
referred  to  species  of  Chungchienia  in  size  and  morphology, 
and  we  have  no  evidence  that  IVPP  V  2765  and/or  IVPP  V 
2766  are  identifiable  as  I/2  of  Higotherium.  Nevertheless, 
the  two  I/2  fragments  described  by  Chow  also  suggest  that 
other  undescribed  or  uncharacterized  trogosines  inhabited 

Asia  during  the  Middle  Eocene.  The  record  of  NSM-PV 
20121  suggests  that  a  Trogosus- like  tillodont  inhabited  East 
Asia  together  with  an  advanced  form  (Higotherium  hypsodon) 
during  the  early  Middle  Eocene.  In  addition,  this  new 
material  strongly  indicates  the  closest  affinity  with  North 
American  trogosines  among  all  known  Asian  material. 
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Abstract.  We  have  examined  the  genus-  and  species-level  taxonomy  and  distribution  of  the  ocenebrine 
muricid  gastropod  genus  Ocinebrellus  Jousseaume,  1880.  The  genus  comprises  two  stocks. ,  The  O. 
inornatus  stock  includes  O.  inornatus  (Recluz,  1851)  and  O.  lumarius  (Yokoyama,  1926).  The  O.  aduncus 
stock  comprises  O.  aduncus  (Sowerby,  1834),  O.  protoaduncus  (Hatai  and  Kotaka,  1959)  and  O. 
ogasawarai  sp.  nov.  Since  its  first  appearance  during  the  middle  Miocene,  Ocinebrellus  has  been  limited 

to  the  warm-  and  cool  temperate  shallow  seas  of  northeastern  Asia. 

Key  words  :  Evolution,  Gastropoda,  Muricidae,  Ocinebrellus,  Taxonomy 

Introduction 

The  genus  Ocinebrellus  is  an  endemic  ocenebrine  muricid 

group  living  in  shallow  warm-  to  cool-temperate  seas  in 
northeastern  Asia  (Figure  1).  It  comprises  three  living 
species,  namely,  Ocinebrellus  inornatus  (Recluz),  O.  lumarius 
(Yokoyama)  and  O.  aduncus  (Sowerby).  Their  larvae  are 

non-planktotrophic  in  development  (Amio,  1963). 
Among  these,  O.  inornatus  is  a  well-known  drilling  preda- 

tor of  bivalves  (Chew  and  Eisler,  1958)  and  is  the  only  species 
in  its  genus  to  have  been  introduced  to  another  part  of  the 
world.  As  reviewed  by  Carlton  (1992),  the  earliest  record  of 
O.  inornatus  on  the  west  coast  of  North  America  dates  from 

1924  in  Puget  Sound,  Washington.  Today,  the  species 
extends  in  the  northeastern  Pacific  locally  in  bays  from 
British  Columbia  to  Morro  Bay,  California  (Carlton,  1992). 

Phenotypic  variation  is  so  great  that  the  genus-  and 
species- level  taxonomy  of  Ocinebrellus  has  remained  con- 

fused. This  confusion  has  made  it  difficult  to  interpret  the 
fossil  record  of  the  group.  As  a  result,  no  comprehensive 
account  of  the  living  and  fossil  species  of  Ocinebrellus 
exists. 

Ocinebrellus  is  one  of  a  number  of  clades  that  originated 

and  diversified  during  the  Neogene  in  warm-  to  cool-temper- 
ate waters  of  the  North  Pacific.  Whereas  the  genus  has 

apparently  remained  confined  to  the  northwestern  Pacific, 
other  ocenebrine  genera  such  as  Nucella  have  spread 
throughout  the  northern  hemisphere  (Amano  et  al.,  1993  ; 
Collins  er  al.,  1996).  It  would  be  instructive  to  know  why  the 

same  ocenebrines  with  a  similar  non-planktotrophic  larval 
stage  have  achieved  such  different  geographical  distribu- 
tions. 

In  this  paper,  we  taxonomically  revise  the  species  of 

Ocinebrellus,  and  outline  the  evolutionary  and  biogeo- 
graphical  history  of  the  group  in  comparison  to  other 

Neogene  warm-  to  cool-temperate  clades. 

Materials  and  Methods 

As  part  of  this  study,  some  fossil  specimens  were  col- 
lected by  hand  from  the  following  formations:  Pliocene, 

Tentokuji  Formation,  Akita  Prefecture,  Locality  3  of  Amano 
er  al.  (1996)  ;  Pliocene,  Kuwae  Formation,  Niigata  Prefecture, 
Locality  2  of  Amano  (1997a)  ;  early  Pleistocene,  Setana 
Formation,  Hokkaido,  Locality  2  of  Amano  (1997b);  early 
Pleistocene,  Omma  Formation,  Ishikawa  Prefecture,  Locality 
5  of  Amano  et  al.  (1996).  These  specimens  are  housed  in 
the  Joetsu  University  of  Education  (JUE). 

In  addition,  we  have  examined  many  fossil  and  Recent 
specimens,  including  types,  at  the  following  institutions  : 
American  Museum  of  Natural  History  (AMNH),  Academy  of 
Natural  Sciences  of  Philadelphia  (ANSP),  Tohoku  University 

(IGPS),  Saito  Ho-on  Kai  Museum  of  Natural  History  (SHM), 
Museum  of  University  of  Tokyo  (UMUT)  and  National  Sci- 

ence Museum  (NSMT).  Konstantin  A.  Lutaenko  (Institute  of 
Marine  Biology,  Russian  Academy  of  Sciences)  and  Anton 
Oleinik  (Purdue  University)  kindly  provided  Recent  specimens 
from  Korea  and  Russia. 

We  have  measured  or  evaluated  the  following  characters  : 

shell  height,  spire  height,  length  of  siphonal  canal,  number 
and  shape  of  axial  ribs  or  varices  on  the  last  whorl,  number 
of  spiral  cords  on  the  last  whorl,  number  of  denticles  on  the 
inner  (adaxial)  side  of  outer  lip,  presence  of  a  labral  tooth  on 
the  abapical  sector  of  the  outer  lip,  condition  (open  or  sealed) 
of  the  siphonal  canal  (see  Figure  2). 
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mOcinebrellus  inornatus  (Recluz) 
♦O.  lumarius  (Yokoyama) 

aO.  aduncus  (Sowerby) 

Figure  1.    Distribution  of  the  Recent  Ocinebrellus  (mainly  after  the  collection  stored  in  National  Science 
Museum,  Tokyo  as  well  as  our  collections). 

Spire  height 

Length  of 

siphonal  canal 

Figure  2.    Measurement  position. 

Systematic» 

Family  Muricidae  Rafinesque,  1815 
Subfamily  Ocenebrinae  Cossmann,  1903 

Remarks.— The  muricid  subfamily  Ocenebrinae  comprises 
a  large  number  of  genera,  which  are  mainly  known  from  the 
Oligocène  to  the  Recent.  One  group,  which  includes 
Ocinebrellus,  is  characterized  by  a  ventrally  (adaperturally) 

sealed  siphonal  canal  in  the  adult  shell,  and  by  the  predomi- 
nance of  axial  over  spiral  sculpture  on  postnuclear  whorls. 

Vermeij  (1998,  in  press)  has  provided  a  key  to  all  ocenebrine 
genera  with  a  sealed  siphonal  canal. 

Genus  Ocinebrellus  Jousseaume.  1880 

Type  species.— Murex  eurypteron  Reeve,  1845  by  original 
designation,  =  Murex  aduncus  Sowerby.  1834. 

Remarks.— Jousseaume  (1880,  p.  335)  introduced  Ocine- 
brellus as  a  new  genus  in  a  list  of  Purpuridae  (= Muricidae). 

In  a  later  paper  (Jousseaume,  1882,  p.  331),  he  provided  a 



Taxonomy  and  evolution  of  Ocinebrellus 201 

brief  diagnosis  for  the  genus,  as  well  as  a  list  of  included 
species.  Jousseaume  (1882)  characterized  Ocinebrellus  as 

having  four  wing-like  varices  extending  abapically  to  the 
middle  of  the  sealed  canal.  Besides  the  type  species,  he 
included  Murex  aduncus  Sowerby,  M.  falcatus  Sowerby,  and 
M.  acanthophorous  (A.  Adams)  in  the  genus.  All  these  taxa 
are  here  considered  synonymous  of  a  single  species  for 
which  the  oldest  available  name  is  Murex  aduncus  Sowerby, 
1834  (see  also  Fulton,  1917).  Curiously,  Jousseaume  (1882) 
assigned  Murex  inornatus  Recluz  here  included  in  the  genus 
Ocinebrellus  and  M.  talienwhanensis  Crosse  (a  synonym  of 
M.  inornatus)  to  Crassilabrum  Jousseaume,  1880,  a  genus 
otherwise  endemic  to  southwestern  South  America.  Based 

on  our  examination  of  all  species  in  the  genus,  we  offer  the 
following  revised  diagnosis  of  Ocinebrellus. 

Revised  diagnosis.— Shell  of  small  to  medium  size,  maxi- 
mum height  approximately  60  mm  ;  protoconch  paucispiral, 

consistent  with  nonplanktotrophic  development  ;  teleoconch 
whorls  strongly  shouldered  ;  four  to  five  in  number  ;  last 
whorl  basally  constricted,  large.  Axial  sculpture  of  last  whorl 
consisting  of  three  to  twelve  varices  or  axial  ribs,  which  are 
strongly  angulated  and  often  spinose  at  the  periphery  and 
which  may  be  adaperturally  reflected  ;  spiral  sculpture  of  last 
whorl  usually  consisting  of  four  principal  cords  which  form 
waves  or  spines  on  the  varices  or  ribs,  and  a  variable  number 
of  intercalated  threads.  Outer  lip  is  planar,  often  with  five  to 
nine  small  denticles  on  its  inner  (adaxial)  side  ;  small  labral 
tooth  occasionally  present  on  edge  of  outer  lip  below  fourth 
principal  spiral  cord  at  upper  end  of  siphonal  canal  ; 
adapical  end  of  inner  lip  without  parietal  tooth  or  rib  ; 
siphonal  canal  usually  ventrally  (adapertually)  sealed. 

Variability.— Several  characters  are  variably  expressed  in 
Ocinebrellus.  Axial  sculpture  may  consist  of  simple  ribs  of 
uniform  size,  or  it  may  be  differentiated  into  large  varices 
extending  onto  the  upper  end  of  the  siphonal  canal  and 
shorter,  long  ribs.  If  varices  are  present,  they  typically  occur 
on  late  growth  stages  of  larger  shells.  Varices  are  more 
typical  of  the  O.  aduncus  group  than  of  the  O.  inornatus 

group  (see  below).  The  outer  lip  of  Ocinebrellus  is  char- 
acterized abapically  by  a  very  short  labral  tooth  in  some 

individuals,  especially  in  larger  specimens  of  O.  aduncus  and 
O.  inornatus  ;  but  in  other  specimens  there  is  no  trace  of  the 
tooth.  The  adapical  sector  of  the  outer  lip  above  the 
shoulder  forms  a  distinct  shallow  sinus  in  O.  inornatus,  but 

not  in  O.  aduncus.  Denticles  may  be  present  in  some  indi- 
viduals of  Ocinebrellus,  but  their  degree  of  expression  varies 

considerably,  and  in  many  specimens  they  are  absent. 

Finally,  although  the  siphonal  canal  is  sealed  in  most  individ- 
uals, it  occasionally  remains  ventrally  open. 

Comparison.— Ocinebrellus  is  most  similar  in  shell  charac- 
ters to  the  genera  Ceratostoma  Herrmannsen,  1846  ;  Ptero- 

purpura  Jousseaume,  1880;  Muregina  Vermeij,  1998  in 
press  ;  and  Pterorytis  Conrad,  1863  (for  additional  discussion 
see  Vermeij,  1998  in  press). 

Ceratostoma  usually  has  three  (rarely  four)  varices  on  the 

last  whorl.  These  are  typically  blade-like  rather  than 
recurved,  and  lack  a  spine-like  projection  at  the  shoulder  as 
is  typical  of  Ocinebrellus.  Adjacent  varices  in  Ceratostoma 
are  separated  by  a  short  axial  node.    The  labral  tooth  of 

Ceratostoma  is  almost  always  well  developed,  and  is  usually 

spine-like. 
Pteropurpura,  like  Ceratostoma,  has  three  varices  on  each 

adult  whorl,  adjacent  ones  being  separated  by  a  short  inter- 
varical  node.  The  varices  are  usually  blade  like,  but  may 
be  strongly  abapertually  reflected,  as  in  P.  festiva  (Hinds). 
The  varices  in  Pteropurpura  are  not  usually  spinose  at  the 
shoulder  or  periphery.  In  Poropteron  Jousseaume,  1880 
(South  Africa)  and  Calcitrapessa  Berry,  1959  (Baja  California, 
Mexico),  two  genera  closely  similar  to  Pteropurpura,  the 
varices  are  adapically  extended  as  adaperturally  and 
adapically  pointing  spines  respectively.  There  is  no  labral 
tooth  in  Pteropurpura,  Poropteron  and  Calcitrapessa. 

The  tropical  eastern  Pacific  genus  Muregina  resembles 
Ocinebrellus  in  having  four  principal  cords  on  the  last  whorl 
and  in  having  a  labral  tooth.  It  differs  from  Ocinebrellus  by 
having  all  axial  elements  of  the  same  size,  and  by  usually 
lacking  a  peripheral  angulation  on  the  axial  sculpture. 

Pterorytis  Conrad,  1863  differs  from  Ocinebrellus  in  having 
only  three  instead  of  four  principal  cords  on  the  last  whorl,  of 
which  the  upper  one  forms  a  strong  keel  connecting  the 

well-developed,  often  abaperturally  reflected  varices.  In 
Pterorytis,  the  varices  are  not  angulated  at  the  periphery  as 

they  are  in  Ocinebrellus.  A  long,  spine-like  labral  tooth  is 
usually  present  in  Pterorytis  (Vermeij  and  Vokes,  1997). 

Finally,  the  genus  Ocenebra  Gray,  1847,  as  restricted  by 
Vermeij  and  Vokes  (1997),  is  an  eastern  Atlantic  group 
characterized  by  eight  or  more  strong  principal  spiral  cords 
and  by  the  absence  of  a  labral  tooth.  Axial  sculpture  of 
Ocenebra  is  variably  developed,  sometimes  consisting  of 
three  varices  on  the  last  whorl  separated  by  a  narrower 
intervarical  rib,  and  sometimes  consisting  of  axial  ribs  of 
similar  size. 

Ocinebrellus  inornatus  (Recluz,  1851) 

Figures  3—4,  5,  7-10, 15 

Murex  inornatus  Recluz,  1851,  p.  207-209,  pi.  6,  fig.  8  ;  Sowerby, 
1879,  fig.  234. 

Murex  crassus  A.  Adams,  1853,  p.  269. 
Murex  japonicus  Dunker,  1860,  p.  4,  pi.  1,  fig.  14. 

Murex  talienwhanensis  Crosse,  1862,  p.  56-57,  pi.  1,  fig.  9. 
Murex  endermonis  Smith,  1875,  p.  420  ;  Sowerby,  1879,  fig.  213. 

Murex  (Ocinebra)  inornatus  Recluz,  Tryon,  1880,  p.  126-127,  pi.  37, 

fig.  444. 
Murex  (Ocinebra)  japonicus  Dunker.    Tryon,  1880,  p.  126,  pi.  37, 

figs.  445-448. Murex  (Ocinebra)  endermonis  Smith.    Tryon,  1880,  p.  128,  pi.  38, 

fig.  454. 
Murex  polygonums  Lamarck.    Yokoyama,  1931,  p.  200-201,  pi. 

12,  figs.  3a,  b. 
Tritonalia  inornata  endermonis  (Smith).    Kinoshita  and  Isahaya, 

1934,  pi.  5,  fig.  36. 
Tritonalia  inornata  (Recluz).    Kuroda,  1931,  p.  86,  pi.  10,  fig.  81; 

Nomura  and  Hatai,  1936,  p.  140-141,  pi.  17,  fig.  5  ;  Egorov, 
1992,  p.  64,  fig.  1-E,  (non  figs.  1C,  D,  F). 

Ocenebra  japonica  endermonis  (Smith).    Kira,  1959,  p.  60,  pi.  24, 

fig.  1- 
Ocenebra  japonica  (Dunker).    Kira,  1959,   p.  60,   pi.  24,  fig.  7; 

Habe,  1958,  p.  19-20,  pi.  3,  figs.  8, 11  ;  Habe,  1961,  pi.  4,  fig. 
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10;  Habe  and  Ito,  1965,  p.  38,  pi.  11,  figs.  6, 7  ;  Iwai  and 
Shiobara,  1968,  pi.  3,  figs.  11a,  b  ;  Yoo,  1976,  p.  72,  pi.  12,  figs. 

8-10  ;  Akamatsu,  1980,  p.  6-7,  pi.  1,  fig.  10  ;  Akamatsu,  1984, 
p.  9,  pi.  1,  fig.  19;  Ogasawara  ef  a/.,  1986,  pi.  68,  fig.  9; 
Baba,  1990,  p.  154-155,  pi.  9,  fig.  9  ;  Noda  et  al.,  1993,  p.  178, 
pi.  26,  figs.  7a,  b,  pi.  27,  figs.  1a-4b  ;  Amano  and  Sato,  1995, 
figs.  5,  6. 

Ocenebra  endermonis  (Smith).  Habe  and  Ito,  1965,  p.  39,  pi.  11, 

fig.  8  ;  Iwai  and  Shiobara,  1968,  pi.  3,  figs.  12a,  b  ;  Oga- 
sawara ef  a/.,  1986,  pi.  69,  fig.  21. 

Ceratostoma  cf.  aduncum  (Sowerby).  Iwai  and  Shiobara,  1968, 
pi.  3,  fig.  10. 

Ocenebra  cf.  japonica  (Dunker).  Iwasaki,  1970,  p.  419-420,  pi.  5, 
figs.  10, 11. 

Ceratostoma  inornatum  (Recluz).  Radwin  and  DAttilio,  1976,  p. 

113,  pi.  18,  figs.  10-12. 
Tritonalia  japonica  (Dunker).  Golikov  and  Kusakin,  1978,  p.  200- 

201,  fig.  138. 
Ceratosoma  {Ocenebra)  japonica  (Dunker).  Tsuchida,  1991,  p.  3, 

pi.  1,  figs.  7, 8. 

Type  Locality.— Korea  (exact  locality  is  unknown). 
Material.— Twenty-eight  Recent  and  fossil  specimens. 
Remarks.— The  shell  of  Ocinebrellus  inornatus  is  medium- 

sized,  maximum  height  47.9  mm,  fusiform,  solid,  and  with  low 

spire  (spire  height: shell  height  =  0.21-0.29).  Protoconch 
whorls  are  small  and  smooth.  There  are  five  teleoconch 

whorls.  The  last  whorl  is  sculptured  with  four  to  twelve 
(commonly  eight  to  nine)  axial  ribs  or  varices,  which  are  often 
slightly  adaperturally  reflected  and  which  are  angulated  at 
periphery  or  shoulder.  Spiral  sculpture  on  the  last  whorl 
consists  of  four  to  seven  cords  with  a  few  intercalated 

threads.  Above  the  first  cords,  there  is  a  narrow  subsutural 
area,  corresponding  on  the  outer  lip  with  shallow  adapical 
sinus.  The  inner  (adaxial)  side  of  outer  lip  usually  bears  five 
small  denticles.  A  short  labral  tooth  occasionally  present 
below  the  fourth  principal  cord.  Siphonal  canal  short  (canal 

length  :  shell  height  =  0.22-0.31)  and  may  occasionally  be 
open. 

Most  Japanese  authors  used  the  specific  name  Ocenebra 
japonica  (Dunker)  for  a  species  known  in  Japanese  by  the 

name  ouu-youraku,  which  lacks  a  labral  tooth  ;  and  the 
name  O.  endermonis  for  the  so-called  ezo-youraku,  char- 

acterized by  the  presence  of  a  labral  tooth.  We  cannot 
discern  any  consistent  differences  between  the  O.  japonica 
and  O.  endermonis  phenotypes  other  than  the  presence  or 
absence  of  the  labral  tooth.  Specimens  with  and  without  a 

labral  tooth  co-occur  at  many  sites,  including  Cape  Arutori 

(Hokkaido),  Muroran  (Hokkaido;  type  locality  for  Murex 
endermonis)  and  Posiet  Bay  (Primorie).  The  same 
phenotypes  can  be  observed  in  the  artificially  introduced 
population  in  Hood  Canal  (Washington)  (AMNH  no.  123802) 
and  Bellingham  Bay  (Washington)  (AMNH  no.  140079). 
Therefore,  as  already  pointed  out  by  Nomura  and  Hatai 
(1935a),  the  O.  japonica  and  O.  endermonis  phenotypes 
belong  to  the  same  species,  for  which  the  oldest  name  is 
Murex  inornatus. 

Radwin  and  D'Attilio  (1976)  placed  Ocenebra  monoptera 
Pilsbry,  1904,  in  synonymy  with  Ocinebrellus  inornatus.  The 
description  and  illustration  of  this  species  (Pilsbry,  1904,  p.  17, 

plate  5,  figs.  32, 32a)  and  our  examination  of  the  type  mate- 
rial (ANSP  86123)  show  that  O.  monoptera  is  not  conspecific 

with  Ocinebrellus  inornatus  and  that  it  is,  in  fact,  not  even  a 
member  of  the  genus  Ocinebrellus.  This  small  species 

(height  12  mm)  is  characterized  by  a  single  very  broad,  blade- 
like terminal  varix,  a  strongly  erect  outer  lip  whose  edge 

extends  distinctly  beyond  the  adapertural  face  of  the  varix, 
and  ten  to  eleven  low,  sharply  rounded  axial  ribs  that  on  the 
last  whorl  extend  neither  to  the  suture  nor  to  the  strongly 
constricted  base.  The  subsutural  area  is  smooth.  From 

the  rounded  shoulder  to  the  tip  of  the  ventrally  sealed  canal, 
there  are  about  eleven  fine  primary  spiral  cords,  of  which 
three  are  visible  on  the  penultimate  whorl.  The  species 

appears  to  belong  to  the  Ocenebrinae,  but  we  do  not  know 
to  which  genus  it  should  be  assigned. 

Comparisons.— Ocinebrellus  inornatus  is  most  similar  to  O. 
lumarius  (Yokoyama)  in  having  a  short  siphonal  canal,  a 
similar  number  of  axial  ribs  on  the  last  whorl  (six  to  eleven), 
and  five  or  six  denticles  on  the  inner  side  of  the  outer  lip.  O. 
inornatus  differs  from  O.  lumarius  by  being  larger,  having  a 

lower  spire,  and  by  occasionally  having  a  labral  tooth. 
Distribution.— Miocene  to  Recent.  Miocene  :  Kubota 

Formation,  Fukushima  Prefecture.  Pliocene  :  Kume  Forma- 
tion, Ibaraki  Prefecture  ;  Nadachi  Formation,  Niigata  Prefec- 

ture ;  Takafu  and  Joshita  Formations,  Nagano  Prefecture. 
Pleistocene  :  Shimonopporo  and  Zaimokuzawa  Formations, 

Hokkaido  ;  Noheji  Formation,  Amomori  Prefecture  ;  Shibi- 
kawa  Formation,  Akita  Prefecture  ;  Kiwada  and  Mandano 
Formations  in  Chiba  Prefecture.  Recent  :  Busse  Lagoon, 

Sakhalin  ;  off  Kunashiri  and  Shikotan,  Kurile  Islands  ;  Hok- 
kaido to  Kyushu  ;  Korea  ;  Posiet  Bay,  Primorie  ;  Bohai  Bay, 

China  ;  British  Columbia  to  Morro  Bay  (artificially  introduced). 

Figure  3.  1-3,6:  Ocinebrellus  lumarius  (Yokoyama).  1a,  b;  x1.2,  JUE  no.  15640,  Setana  Formation.  2a,  b;  \1.2, 
NSMT-Mo  no.  49546,  Asamushi  (Recent).  3a,  b;  x  1.5,  UMUT  CM  no.  23118,  Holotype,  Sawane  Formation.  6a,  b;  x1.2, 
SHM  no.  6146,  Daishaka  Formation.  4-5,7-10,15:  Ocinebrellus  inornatus  (Recluz).  4a,  b  ;  x1,  JUE  no.  15641,  Cape  Erimo 
(Recent).  5;  x1,  JUE  no.  15642,  Akkeshi  (Recent).  7a,  b;  x1,  IGPS  no.  94814,  Koje  Do  Is.,  Korea  (Recent).  8;  x1,UMUT 

CM  no.  9358,  "Ocenebra  cf.  japonica  (Dunker)"  by  Iwasaki  (1970),  Kubota  Formation.  9a,  b  ;  x1.2,  UMUT  CM  no.  25896, 
"Murex  polygonums  Lamarck"  by  Yokoyama  (1931),  Kubota  Formation.  10a,  b;  x1,  SHM  no.  2672,  "Tritonalia  inornata 
(Recluz)"  by  Nomura  and  Hatai  (1936),  Kubota  Formation.  15a,  b;  x1,  NSMT-Mo  no.  49538,  Toba  (Recent).  Ha,  b: 
"Ocenebra"  katayamai  Matsubara  ;  11a,  X1.5, 11b,  x1,  IGPS  no.  102629,  Holotype,  Yotsuyaku  Formation.  12-14  :  Ocinebrellus 
ogasawarai  sp.  nov.  12  ;  X1.2,  JUE  no.  15643,  Kuwae  Formation.  13a,  b  ;  x1,  JUE  no.  15635,  Holotype,  Omma  Formation. 

14a,  b;  x1,  UMUT  CM  no.  12783,  "Tritonalia  (Ocinebrellus)  adunca  (Sowerby)  subsp.  by  Otuka  (1936),  Sasaoka  Formation. 
16a,  b:  Ocinebrellus  protoaduncus  (Hatai  and  Kotaka),  x1,  IGPS  no.  77798,  Holotype,  Ginzan  Formation. 
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Ocinebrellus  lumarius  (Yokoyama,  1926) 

Figures  3— 1-3,  6 

Ocinebra  lumaria  Yokoyama,  1926,  p.  270,  pi.  32,  fig.  21. 
Tritonalia  inornata  lumaria  (Yokoyama).    Kinoshita  and  Isahaya, 

1934,  p.  8,  pi.  5,  fig.  37. 

Tritonalia  lumaria  (Yokoyama).    Nomura  and  Hatai,  1935b,  p.  124- 
125,  pi.  13,  figs.  1a,  b. 

Ocenebra  lumaria  (Yokoyama).    Habe  and  Ito,  1965,  p.  38,  pi.  11, 
fig.  2. 

Ceratostoma  sp.,  Iwai,  1965,  pi.  20,  fig.  15. 
Ceratostoma  (Ocenebra)  japonicum  (Dunker).    Matsuura,  1977,  pi. 

1,  fig.  33. 
Ceratostoma  (Ocenebra)  lumaria  Yokoyama.    Tsuchida,  1991,  p. 

3,  pi.  1,  figs.  5,  6. 

Type  locality—  Sawane  in  Sado  Island  of  Niigata  Prefec- 
ture. 

Type  specimen—  UMUT  CM  no.  23118  (Holotype). 
Material.— Thirty-three  Recent  and  fossil  specimens. 
Remarks  and  comparisons.— This  is  the  smallest  species  of 

Ocinebrellus,  with  a  maximum  shell  height  of  23.1  mm.  The 

shell  is  fusiform,  slender,  and  high-spired,  with  a  spire 
height  :  shell  height  ratio  of  0.27  to  0.33.  Two  small,  smooth 
protoconch  whorls  are  followed  by  six  teleoconch  whorls. 
The  body  whorl  is  sculptured  by  six  to  eleven  (usually  six  to 
eight)  axial  ribs  or  varices,  which  are  pointed  at  the  periphery. 
These  are  crossed  by  twelve  to  twenty  spiral  cords.  The 
terminal  varix  is  extended  to  the  most  basal  portion  of  the 
last  whorl.  A  narrow  subsutural  area  above  the  shoulder  is 

sculptured  by  one  spiral  cord.  The  outer  lip  usually  has  five 
to  six  small  denticles  on  its  inner  side  ;  a  labral  tooth  is 
absent.  The  siphonal  canal  is  short  (canal  length  :  shell 

height  =  0.16  to  0.26)  and  usually  sealed,  but  is  occasionally 

open. 
Kinoshita  and  Isahaya  (1934)  considered  O.  lumarius  a 

subspecies  of  O.  inornatus,  whereas  Radwin  and  D'Attilio 
(1976)  regarded  the  two  taxa  as  synonyms.  Because  O. 
lumarius  differs  consistently  from  O.  inornatus  and  both 
species  have  been  recorded  from  Otuchi  Bay  in  Iwate 
Prefecture  (Tsuchida,  1991),  we  regard  the  two  taxa  as 
separate,  distinct  species.  O.  lumarius  is  smaller  than  O. 
inornatus  with  the  same  number  of  teleoconch  whorls. 

Moreover,  O.  lumarius  has  a  higher  spire  and  more  numerous 
spiral  cords  (twelve  to  twenty  instead  of  four  to  seven)  on  the 
last  whorl.  Habe  and  Ito  (1965)  pointed  out  that  O.  lumarius 
resembles  young  individuals  of  O.  inornatus.  It  is  therefore 
probable  that  O.  lumarius  is  phylogenetically  derived  from  the 
larger  O.  inornatus. 

Distribution.— Pleistocene  to  Recent.  Pleistocene  : 
Sawane  Formation,  Niigata  Prefecture  ;  Setana  Formation, 
Hokkaido  ;  Daishaka    Formation,    Aomori    Prefecture  ;  Uji 

Shell-bed,  Ishikawa  Prefecture.  Recent  :  Wakkanai, 
Oshoro  and  Takashima,  Hokkaido  ;  Asamushi,  Aomori  Pre- 

fecture ;  Otsuchi  Bay,  Iwate  Prefecture  ;  Shinpo,  North 
Korea. 

Ocinebrellus  protoaduncus  (Hatai  and  Kotaka,  1959) 

Figures  3— 16a,  b 

Ocenebra  adunca  protoadunca  Hatai  and  Kotaka,  1959,  p.  10,  figs. 

1,3. 
Type  locality.— Upstream  of  Okama-zawa,  Obanazawa 

City,  Yamagata  Prefecture. 

Type  specimen.— IGPS  no.  77798  (Monotype). 
Remarks  and  comparison.— This  species  is  known  from  a 

single  specimen,  characterized  by  seven  varices  which  are 
less  spinose  at  the  periphery  than  in  most  Ocinebrellus 
aduncus.  There  are  four  strong  spiral  cords  on  the  last 
whorl,  and  seven  denticles  on  the  inner  side  of  the  outer  lip. 
The  siphonal  canal  is  sealed.  A  labral  tooth  is  absent. 
The  varices  are  neither  pointed  nor  reflected,  but  instead  are 

blade- like,  as  in  Ceratostoma.  The  four  cords  are  stronger 
than  those  in  O.  aduncus. 

Measurements  (in  mm).— 

Specimen 

Height 

Spire 
height 

Canal length 

IGPS  no.  77798  (Holotype)        44.6- 
10.1 

10.3- 

Distribution—  Miocene  Ginzan  Formation  in  Yamagata 
Prefecture. 

Ocinebrellus  ogasawarai  sp.  nov. 

Figures  3—12-14  ;  4—1,  4-6,  9, 13 

Tritonalia  (Ocinebrellus)  adunca  (Sowerby)  subsp.  Otuka,  1936,  p. 

733-734,  pi.  42,  figs.  15a,  b  (non  figs.  9, 13). 
Ceratostoma  (Ocenebra)  japonica  (Dunker).  Kaseno  and  Matsu- 

ura, 1965,  pi.  3,  figs.  6-8  ;  Matsuura,  1985,  pi.  38,  fig.  11. 
Ocenebra  aduncum  (Sowerby).  Ogasawara,  1977,  p.  134-135,  pi. 

19,  figs.  8, 11-13, 15, 17. 
Ocenebra  japonica  (Dunker).  Ogasawara  ef  a/.,  1986,  pi.  23,  fig. 

10. 

Type  Locality.— Bank  of  Sai  River,  early  Pleistocene 
Omma  Formation. 

Type  Specimens.— JUE  no.  15635  (Holotype),  15636, 15637, 
15638  (Paratopes). 

Material.— Thirteen  fossil  specimens. 

Diagnosis. —Medium-sized  ocenebrine  shell  characterized 
by  numerous  spiral  cords  (eighteen  to  forty-four  on  last 
whorl),  three  to  ten  axial  ribs  or  varices  on  body  whorl, 

Figure  4.  1,4-6,9,13:  Ocinebrellus  ogasawarai  sp.  nov.  1;  x1.2,  JUE  no.  15644,  Tentokuji  Formation.  4a.  b  ;  \1, 
JUE  no.  15639-1,  Omma  Formation.  5  ;  x1.2,  JUE  no.  15639-2,  Omma  Formation.  6a,  b  ;  \1.25,  JUE  no.  15637,  Paratype, 
Omma  Formation.  9a- c  ;  x1.5,  JUE  no.  15636,  Paratype,  Omma  Formation.  13;  \1.5,  JUE  no.  15638,  Paratype,  Omma 
Formation.  2,  3,  7, 8, 10-12, 14, 15  :  Ocinebrellus  aduncus  (Sowerby).  2a,  b,  8a,  b,  10a,  b  ;  \  1,  NSMT-Mo  no.  60254.  Osho- 

ro (Recent).  3  ;  x1,  SHM  no.  2192,  Tatsunokuchi  Formation.  7a,  b  ;  \1.5,  UMUT  CM  no.12784a.  Semata  Formation.  11  ; 
x1,  JUE  no.  15645,  Pohang,  Korea  (Recent).  12a,  b  ;  x  1,  JUE  no.  15646,  Peter  the  Great  Bay,  Russia  (Recent).  14a.  b  ;  x  1, 

NSMT-Mo  no.  46277,  "Murex  eurypteron  Reeve"  type,  Tosa  (Recent).    15  ;   x1,  JUE  no.  15647,  off  Cape  Erimo  (Recent). 
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denticulated  inner  side  of  outer  lip  and  long  sealed  siphonal 
canal. 

Description.— Shell  of  medium  size,  fusiform,  with  a  low 
spire  ;  protoconch  of  two  smooth  whorls  ;  teleoconch  of  five 
whorls.  Axial  sculpture  consisting  of  six  to  seven  ribs  or 
varices  on  the  penultimate  whorl,  and  three  to  ten  (usually  six 
to  seven)  ribs  or  varices  on  the  body  whorl  ;  axial  elements 
pointed  at  periphery  ;  spiral  sculpture  consisting  of  two  to 
sixteen  cords  on  the  penultimate  whorl,  and  eighteen  to 
forty  four  cords  on  the  body  whorl  ;  cords  mostly  of  equal 
size  except  for  a  strong  keel  just  above  periphery.  Suture 
impressed,  distinct  ;  flattened  subsutural  area  above  keel 
ornamented  with  three  spiral  cords.  Aperture  ovate,  rather 
large  ;  inner  side  of  outer  lip  with  five  to  nine  (commonly 
seven)  denticles  ;  labral  tooth  absent  ;  siphonal  canal  long, 
sealed. 

Remarks  and  comparisons.— The  new  species  Ocinebrel- 
lus  ogasawarai  is  restricted  to  the  Pliocene  and  early 
Pleistocene  of  the  Japan  Sea  borderland.  As  indicated  in 

the  synonymy,  Ocinebrellus  ogasawarai  was  previously  con- 
fused with  O.  aduncus  (Ogasawara,  1977)  and  O.  inornatus 

(as  O.  japonica)  (Kaseno  and  Matsuura,  1965  ;  Matsuura, 
1985  ;  Ogasawara  et  al.,  1986).  Otuka  (1936)  identified  it  as 
an  unnamed  subspecies  of  Ocinebrellus  aduncus. 

Ocinebrellus  ogasawarai  resembles  O.  aduncus  (Sowerby) 

in  its  low  spire  (spire  height  :  shell  height  =  0.20  to  0.30),  long 
siphonal  canal  (canal  length  :  shell  height  =  0.33  to  0.36), 
and  similar  number  of  axial  ribs  (three  to  ten  on  the  body 
whorl).  The  presence  of  denticles  on  the  inner  side  of  the 
outer  lip  distinguishes  O.  ogasawarai  from  O.  aduncus.  A 
few  Recent  specimens  of  O.  aduncus  from  off  Cape  Erimo 
(Hokkaido)  and  Peter  the  Great  Bay  (Primorie)  occasionally 
have  very  weak  denticles.  The  new  species  differs  from  O. 
aduncus  in  addition  by  having  more  numerous  spiral  cords  on 

the  last  whorl  (eighteen  to  forty-four  instead  of  one  to 
twenty),  by  having  the  axial  ribs  usually  not  reflected,  and  in 
the  absence  of  a  labral  tooth. 

O.  protoaduncus  resembles  the  new  species  in  having  a 
similar  number  of  axial  ribs  and  in  possessing  denticles  on 
the  inner  side  of  the  outer  lip,  but  O.  protoaduncus  has  fewer 
cords  and  does  not  have  the  pointed  axial  varices. 

Measurements  (in  mm).— 

Specimens Height Spire height 
Canal 
length 

JUE  no.  15635  (Holotype)  38.7+  9.7  12.6 
JUE  no.  15636  (Paratype)  29.4  8.7  10.4 
JUE  no.  15637  (Paratype)  25.8  6.3  6.4 

JUE  no.  15638  (Paratype)  33.1   7A   11.7 

Distribution.— Pliocene  to  early  Pleistocene.  Pliocene  : 
Tentokuji  and  Sasaoka  Formations,  Akita  Prefecture  ; 
Kuwae  Formation,  Niigata  Prefecture  ;  Zukawa  Formation, 
Toyama  Prefecture.  Early  Pleistocene  :  Omma  Formation, 
Ishikawa  Prefecture. 

Etymology.— This  species  is  named  after  Prof.  Kenshiro 
Ogasawara  of  the  Univeristy  of  Tsukuba,  who  studied  the 

Omma  fauna  in  detail  and  suggested  that  the  Omma  popula- 
tion possesses  a  wide  range  of  variation. 

Ocinebrellus  aduncus  (Sowerby,  1834) 

Figures  4—2,  3,  7,  8, 10-12, 14, 15 

Murex  aduncus  Sowerby,  1834,  pi.  62,  fig.  35  ;  Sowerby,  1879,  p. 

45,  fig.  216. 
Murex  falcatus  Sowerby,  1834,  pi.  62,  fig.  31  ;  Sowerby,  1979,  p. 

44-45,  fig.  149  ;  Tokunaga,  1906,  p.  4,  pi.  1,  fig.  1. 
Murex  eurypteron  Reeve,  1845,  figs.  176a,  b  ;  Sowerby,  1879,  p. 

25,  fig.  106. 
Murex  speciosus  A.Adams,  1855,  p.  121. 
Murex  expansus  Sowerby,  1859,  p.  428,  fig  5. 
Phyllonotus  acanthophorous  A.  Adams,  1862,  p.  372. 
Murex  (Ocinebra)  falcatus  Sowerby.    Tryon,  1880,  p.  127,  pi.  38, 

figs.  457-459. Ocinebra  falcata  (Sowerby).    Yokoyama,  1922,  p.  65,  pi.  3,  fig.  4. 

Ocinebra  spectata  Yokoyama,  1922,  p.  65-66,  pi.  3,  fig.  5. 
Tritonalia  (Ocinebrellus)  adunca  (Sowerby).    Kinoshita  and  Isa- 

haya,  1934,  p.  8,  pi.  5,  fig.  39. 
Tritonalia  (Ocinebrellus)  adunca  (Sowerby)  subsp.    Otuka,  1936, 

pi.  42,  figs.  9a,  b,  13, 14  (non  fig.  15). 
Tritonalia  adunca  (Sowerby).     Nomura,  1938,  p.  269,  pi.  34,  fig.  19  ; 

Kanehara,  1942,  pi.  3,  figs.  8a- b. 
Ocenebra  (Ocinebrellus)  adunca  (Sowerby).    Habe,  1958,  p.  19,  pi. 

3,  fig.  13,  pi.  4,  fig.  13  ;  Kira,  1959,  p.  60-61,  pi.  24,  fig.  16. 
Ocenebra  eurypteron  (Adams  and  Reeve).    Kira,  1959,  p.  61,  pi. 

24,  fig.  16. 
Ceratostoma  (Ocenebra)  aduncum  (Sowerby).      Hatai  ef  a/.,  1961, 

pi.  3,  fig.  6  ;  Tsuchida,  1991,  p.  3,  pi.  1,  figs.  9, 10. 
Ocenebra  adunca  (Sowerby).      Habe  and  Ito,  1965,  p.  38,  pi.  11, 

figs.  3,  4  ;  Baba,  1990,  p.  154,  pi.  9,  figs.  8a-b. 
Ocinebrellus  aduncus  (Sowerby).    Hall,  1959,  p.  432-433,  pi.  2, 

figs.  1-3  ;  Kuroda  ef  a/.,  1971,  p.  147-148,  pi.  40,  figs.  3-5  ;  Ito 
ef  a/.,  1986,  pi.  10,  fig.  4  ;  Ito,  1989,  pi.  6,  fig.  2. 

Ocenebrellus  falcatus  (Sowerby).    Yoo,  1976,  p.  71,  pi.  12,  fig.  5. 
Ocenebrellus  adunca  (Sowerby).    Yoo,  1976,  p.  73,  pi.  13,  figs.  6, 

7. 

Pteropurpura  adunca  (Sowerby).     Radwin  and  D'Attilio,  1976,  p. 
129,  pi.  22,  fig.  10. 

?  Ocenebra  japonica  (Dunker).    Nemoto  and  O'Hara,  1979,  pi.  1, 
fig.  13. Ceratostoma  aduncum  (Sowerby).    Ogasawara  ef  a/.,  1986,  pi.  68, 
figs.  7, 12, 16. 

Ocinebrellus  falcatus  eurypteron  (Adams  and  Reeve).    Ito  ef  a/., 
1986,  pi.  10,  fig.  3. 

?  Ocenebrellus  sp.,  Takahashi,  1986,  pi.  14,  figs.  15a-b. 

Type  Locality.— Japan  (exact  locality  is  unknown). 
Material.— Seventy-five  Recent  and  fossil  specimens. 
Remarks.— This  species  is  characterized  by  a  large  shell 

(maximum  shell  height  58.9  mm)  with  a  low  spire  (spire 

height  :  shell  height  =  0.18  to  0.26)  and  a  long  siphonal  canal 
(canal  length  :  shell  height  =  0.28  to  0.42).  The  protoconch 
is  small  and  smooth,  and  there  are  six  teleoconch  whorls. 
The  last  whorl  is  sculptured  with  three  to  seven  (commonly 
five)  varices,  which  are  usually  pointed  or  spinose  at  the 

periphery,  and  which  are  frequently  adaperturally  reflected. 
Spiral  sculpture  on  the  last  whorl  is  highly  variable,  consisting 
of  one  to  twenty  cords.  The  flat  subsutural  area  above  the 
first  primary  cords  is  smooth.  The  inner  side  of  the  outer  lip 
is  usually  smooth,  but  rarely  bears  very  week  denticles. 
Previous  authors  have  not  mentioned  a  labral  tooth,  but 

several  Recent  populations  from  Hokkaido  and  Kyushu  have 
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a  very  short  labral  tooth  below  the  basalmost  of  the  four 
primary  cords. 

Murex  falcatus  has  sometimes  been  distinguished  from  M. 
aduncus  by  having  the  spiral  sculpture  of  the  last  whorl 
reduced  to  a  single  shoulder  keel.  Murex  eurypteron  was 
differentiated  from  M.  aduncus  by  having  strongly  projecting 

varices.  Radwin  and  D'Attilio  (1976)  pointed  out,  however, 
that  the  number  and  expression  of  spiral  and  axial  sculptural 
elements  vary  greatly  both  within  and  between  populations. 
The  M.  eurypteron  phenotype  may  be  common  in  deep  water 
(Kira,  1959),  but  we  see  no  reason  to  separate  either  the  M 
eurypteron  or  the  M.  falcatus  phenotypes  from  Ocinebrellus 
aduncus. 

Comparison.— Ocinebrellus  aduncus  closely  resembles  O. 
ogasawarai  sp.  nov.  (see  above),  but  differs  from  that  fossil 

species  by  having  fewer  spiral  cords,  usually  lacking  denti- 
cles on  the  inner  side  of  the  outer  lip,  and  occasionally 

having  a  short  labral  tooth.  Ocinebrellus  aduncus  differs 
from  O.  inornatus  by  its  longer  siphonal  canal,  fewer  and 
more  distinct  varices,  usual  absence  of  denticles  on  the 

inner  side  of  the  outer  lip,  and  absence  of  a  distinct  adapical 
sinus  on  the  outer  lip. 

Distribution.— Pliocene  to  Recent.  Pliocene  :  Tatsunoku- 

chi  Formation,  Miyagi  Prefecture  ;  Tomioka  Formation,  Fu- 
kushima  Prefecture  ;  ?Kume  Formation,  Ibaraki  Prefecture. 

Pleistocene  :  Hamada  Formation,  Aomori  Prefecture  ;  Shibi- 

kawa  Formation,  Akita  Prefecture  ;  Higashi-higasa,  Naga- 
hama,  Mandano,  Semata,  Narita  Formations,  Chiba  Prefec- 

ture ;  Koshiba  Formation,  Kanagawa  Prefecture.  Recent  : 
Hokkaido  to  Kyushu,  Korea,  Peter  the  Great  Bay  (Primorie), 
Bohai  Bay  (China). 

Related  or  Doubtful  Species 

In  addition  to  the  above  species  of  the  genus  Ocinebrellus, 
there  are  several  Miocene  species  whose  relationship  with 
Ocinebrellus  remain  uncertain.  We  treat  one  of  these 

species  as  "Ocenebra"  katayamai  from  the  early  Miocene 
Yotsuyaku  Formation,  in  detail,  and  redescribe  this  form. 

In  addition,  eight  species  from  the  Miocene  of  Kamchatka 
described  by  Sinelnikova  in  Gladenkov  and  Sinelnikova 
(1990)  are  based  on  poorly  preserved  material.  We  treat 
these  eight  species  collectively,  and  are  unable  to  resolve 
their  status. 

"Ocenebra"  katayamai  Matsubara,  1996 

Figures  3— 11a,  b 

Type  locality.— Upper  reaches  of  the  Nesori  River  about  3 
km  east  of  Nosokei,  Ichinohe  Town,  Ninohe  County,  Iwate 
Prefecture. 

Type  specimens.— IGPS  no.  102629  (Holotype),  102630, 
102631  (Paratypes). 

Description.— Shell  small,  maximum  height  29.3  mm  ;  shell 
thin,  fusiform,  with  a  low  spire  (spire  height  :  shell  height  = 
0.19  to  0.22);  protoconch  missing,  teleoconch  consisting 
four  whorls.  Last  whorl  sculptured  by  seven  to  eight  axial 
ribs  becoming  obsolete  near  aperture  ;  spiral  sculpture  of 

body  whorl  consisting  of  six  to  nine  low  cords  separated  by 
secondary  and  two  tertiary  threads;  strongest  spiral  cord 
located  at  shoulder.  Small  labral  tooth  formed  at  end  of  fifth 

spiral  cord  counting  from  suture  ;  inner  side  of  outer  lip 
bearing  nine  small  denticles  ;  siphonal  canal  short  (canal 

length  :  shell  height  =  0.21),  open. 

Remarks  and  comparison.— Matsubara  (1996)  assigned  his 
new  species  to  the  genus  Ocenebra  Gray,  1847.  The 
presence  of  a  short  labral  tooth  at  the  apertural  end  of  a 
cord,  a  feature  not  noted  by  Matsubara  (1996)  in  his  original 

description,  clearly  distinguishes  "O."  katayamai  from  typical 
members  of  Ocenebra. 

"Ocenebra"  katayamai  resembles  Ocinebrellus  inornatus  in 
having  a  short  siphonal  canal,  eight  axial  ribs  on  the  last 
whorl,  denticles  on  the  inner  side  of  the  outer  lip,  and  a  small 
labral  tooth.  However,  the  two  species  differ  in  the  position 

of  the  labral  tooth.  In  "O."  katayamai,  the  labral  tooth  is 
formed  at  the  end  of  a  cord  (Figure  3-11a),  whereas  in  O. 
inornatus  and  O.  aduncus,  it  is  formed  at  the  end  of  a  shallow 

groove.  There  is  some  resemblance  between  "Ocenebra" 
katayamai  and  the  monotypic  late  Oligocène  genus 

Fenolignum  Vermeij  and  Vokes,  1997,  from  North  Carolina. 
Both  are  characterized  by  a  blunt  labral  tooth  at  the  end  of 
a  cord,  and  by  the  absence  of  varices.  The  siphonal  canal 

of  Fenolignum  umbilicatum  Vermeij  and  Vokes,  1997,  how- 
ever, is  sealed  instead  of  open. 

From  this  discussion,  it  is  clear  that  "Ocenebra"  katayamai 
does  not  fit  comfortably  into  any  described  ocenebrine 
genus.  It  may  be  necessary  to  establish  yet  another  new 
ocenebrine  genus  for  this  taxon,  but  we  are  reluctant  to  take 

this  step  here.  We  leave  "Ocenebra"  katayamai  in  the  genus 
Ocenebra  as  used  in  the  very  broadest  sense,  but  we 
emphasize  that  this  assignment  in  no  way  implies  a  close 
relationship  to  eastern  Atlantic  members  of  the  genus 
Ocenebra. 

Russian  species  Sinelnikova  (in  Gladenkov  and  Sinel- 
nikova, 1990)  named  eight  species  of  Tritonalia  from  the 

Miocene  of  Kamchatka  on  the  basis  of  poorly  preserved 

material  from  the  Kakert  (early  middle  Miocene)  and  Etolon 

(middle  Miocene)  Formations.  The  descriptions  and  illustra- 
tions are  inadequate  for  robust  taxonomic  conclusions  to  be 

drawn.  Several  species,  such  as  T.  chejsliensis  from  the 
Kakert  Formation,  and  T.  itelmenica  and  T.  palanica  from  the 
Etolon  Formation  appear  to  have  a  much  higher  spire  than 
any  species  of  Ocinebrellus,  and  therefore  probably  do  not 
belong  to  that  genus. 

Other  species  have  a  lower  spire  and  could  belong  to 

Ocinebrellus.  These  includes  T  kamtchatica  (Kakert  Forma- 
tion), with  high  varices  and  low  cords  ;  T.  kavranensis  (Kakert 

Formation),  with  sparse  varices  and  low  cords  ;  T.  kejtsche- 
ensis  (Kakert  Formation),  with  six  to  seven  axial  blades  and 
obsolete  spiral  sculpture  ;  T  ochotika  (Kakert  Formation), 
with  thin  axial  keels  and  low  broad  cords  ;  and  T.  rekinicus 

(Etolon  Formation),  with  more  than  ten  thin  wavy  axial  var- 
ices. 

From  the  figures,  Tritonalia  kamtchatica,  T.  kavranensis  and 
T  ochotika  appears  to  be  shouldered  as  are  species  of 
Ocinebrellus,  whereas   T.  rekinicus   is   not.    The  siphonal 
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Table  1.    Species  characterers  of  Ocinebrellus. 

Species        Characters 
Height 
(mm) SH/H1'        CL/H2 

BAN3 

BSN4»        LP       NC6 

Living 

depth7» 

Geologic range 

O.  inornatus  Stock 

O.  inornatus  (Recluz) 
O.  lumarius  (Yokoyama) 
O.  aduncus  Stock 

O.  protoaduncus 
(Hatai  and  Kotaka) 

O.  ogasawarai  sp.  nov. 
O.  aduncus  (Sowerby) 

47.9 
0.21  -0.29 0.22-0.31 

4-12 
4-  7 

+ 5 

0-20  m 

M.  Mio.-Rec. 
23.1 0.27-0.33 0.16-0.26 

6-11 
12-20 — 5-6 

0-20  m 

E.  Pleist-Rec. 

44.6  + — — 7 

12 

- 7 — M.  Mio. 

44.3 
0.20-0.30 0.33-0.36 

3-10 

18-44 
— 5-9 — Plio.-E.  Pleist. 

58.9 0.18-0.26 0.28-0.42 

3-  7 
1-20 

+ 0 

0-200  m 

Plio.-Rec. 

1)SH  =  spire  height    2)CL= canal  length    3)number  of  axial  varices  or  ribs  on  body  whorl    4)number  of  spiral  cords  on  body 
whorl    5)existence  of  labral  tooth    6)number  of  denticles  on  the  inner  side  of  outer  lip    7)after  Higo  and  Goto  (1993) 

canal  of  T.  kejtscheensis  is  apparently  sealed,  whereas  that 
of  seven  other  species  is  open.  None  of  the  eight  species 
has  a  labral  tooth.  It  is  possible  that  some  of  these  species 
belong  to  Ocinebrellus.  If  so,  their  early  middle  Miocene 
appearance  in  the  Kakert  Formation  would  slightly  precede 
the  oldest  undoubted  species  of  Ocinebrellus  from  the 
middle  Miocene,  O.  protoaduncus  from  the  Ginzan  Formation 
and  O.  inornatus  from  the  Kubota  Formation.  Definite  reso- 

lution of  the  status  and  assignment  of  the  eight  Russian 
species  of  Tritonalia  must  await  the  discovery  of  better 
preserved  material. 

Evolutionary  history 

Table  1  provides  a  summary  of  the  morphology  and  distri- 
bution of  the  species  of  Ocinebrellus.  Morphologically,  the 

genus  is  divisible  into  two  stocks.  In  the  O.  inornatus  stock, 
the  siphonal  canal  is  typically  short  and  occasionally  open, 
the  outer  lip  has  five  small  denticles  on  its  inner  side,  an 
adapical  sinus  on  the  outer  lip  is  present,  and  axial  varices 
are  often  indistinct  or  absent.  It  includes  the  middle 

Miocene  to  Recent  O.  inornatus  (Recluz)  and  the  early 
Pleistocene  to  Recent  O.  lumarius  (Yokoyama). 

The  O.  aduncus  stock  is  characterized  by  a  long  siphonal 
canal,  seven  denticles  on  the  inner  side  of  the  outer  lip  (if 

present),  absence  of  an  adapical  sinus,  and  distinctly  de- 
veloped varices.  This  stock  comprises  the  middle  Miocene 

O.  protoaduncus  (Hatai  and  Kotaka),  the  Pliocene  to  early 
Pleistocene  O.  ogasawarai  sp.  nov.,  and  the  Pliocene  to 
Recent  O.  aduncus  (Sowerby). 

The  genus  Ocinebrellus  probably  originated  in  the  north- 
western Pacific,  although  its  precise  origins  remain  obscure. 

The  early  Miocene  species  "Ocenebra"  katayamai  Matsubara 
may  lie  close  to  the  ancestry  of  Ocinebrellus  inornatus,  but 

as  discussed  above  under  "O."  katayamai,  the  presence  of  a 
labral  tooth  at  the  end  of  a  cord  instead  of  at  the  end  of  a 

groove  together  with  the  open  instead  of  sealed  siphonal 

canal  places  "O."  katayamai  outside  the  genus  Ocinebrellus. 
None  of  the  ocenebrine  muricids  described  from  the 

Miocene  of  the  North  American  side  of  the  Pacific  bears  a 

close  resemblance  to  Ocinebrellus.  Moore  (1963)  compared 
her  new  species  Ocenebra  depoensis  from  the  Astoria 
Formation  (early  middle  Miocene)  of  Oregon  to  Ocinebrellus 
lumarius,  but  she  noted  that  O.  depoensis  lacks  the  shoulder 

spine  characteristic  of  Ocinebrellus.  Moreover,  the  spire  of 
O.  depoensis  is  considerably  higher.  The  holotype  and  only 
known  specimen  of  O.  depoensis  (USNM  no.  563927)  has 
approximately  seven  denticles  on  the  inner  side  of  the  outer 
lip,  approximately  seven  strong  cords  on  the  last  whorl,  and 
a  high  spire.  Two  of  the  axial  ribs,  the  one  at  the  outer  lip 

and  one  ninety  degrees  back  from  the  aperture,  are  differ- 
entiated as  varices.  The  siphonal  canal  is  sealed. 

Although  the  outer  lip  edge  is  somewhat  damaged,  there  is 
no  evidence  of  a  labral  tooth.  This  species  seems  closely 
related  neither  to  Ocinebrellus  nor  to  other  North  America 
ocenebrines. 
The  earliest  occurrences  of  Ocinebrellus  are  in  the 

Miocene  strata  of  northeastern  Honshu,  which  at  that  time 

lay  in  a  zone  of  mild-temperate  climate  (Ogasawara,  1994). 
Miocene  Ocinebrellus  inornatus  is  known  from  the  Kubota 

Formation  in  Fukushima  Prefecture  (Yokoyama,  1931  ; 

Nomura  and  Hatai,  1936  ;  Iwasaki,  1970  ;  Fifures  3-8,  9a,  b, 
10a,  b),  while  O.  protoaduncus  is  recorded  from  the  Ginzan 
Formation  of  Yamagata  Prefecture  (Hatai  and  Kotaka,  1959  ; 
Figure  5).  During  the  Pliocene,  Ocinebrellus  aduncus 

occurred  on  the  Pacific  coast  of  Honshu,  whereas  O.  oga- 
sawarai was  restricted  to,  and  probably  arose  in,  the  Japan 

Sea,  an  enclosed  basin  dominated  by  a  cold-water  fauna 
(see  Ogasawara,  1994).  O.  ogasawarai  was  found  in  some 
mixed  Pliocene  assemblages  of  warm  shallow  and  cold  deep 
faunas,  and  persisted  until  the  end  of  the  early  Pleistocene. 

During  the  early  Pleistocene,  O.  lumarius  was  differentiat- 
ed from  O.  inornatus  in  the  northern  part  of  the  Japan  Sea. 

Following  the  extinction  of  O.  ogasawarai,  O.  aduncus  invad- 
ed the  Japan  Sea,  where  it  colonized  relatively  deep  sub- 

littoral  habitats. 

Recent  work  has  revealed  that  many  gastropods  living  in 
the  Pliocene  and  early  Pleistocene  of  Japan  Sea  suffered 
extinction  at  the  end  of  the  early  Pleistocene.  Ogasawara 

(1986)  listed  twenty-three  shallow-water  gastropods  in  this 
category,  including  Umbonium  akitanum  Suzuki,  Turritella 
saishuensis  (Yokoyama)  group,  Trophonopsis  kagaensis 
Hatai  and  Nisiyama,  Lirabuccinum  japonica  (Yokoyama), 

Fulgoraria  masudae  Hayasaka,  Ophiodermella  ogurana  (Yo- 
koyama). To  this  list  may  be  added  the  teleplanicaly  dis- 

persed ranellid  Fusitriton  izumozakiensis  Amano  and  Ranella 

yasumurai  Amano  (see  Amano,  1997a).  Some  deep-water 
buccinids  such  as  the  Ancistrolepis  group,  Neptunea,  were 
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130° 

Miocene 

oOcinebrelus  inornatus  (Recluz) 

AO.  protoaduncus  (Hatai  and  Kotaka) 

Pliocene-Pleistocene 

•  0.  inornatus  (Recluz) 

♦0.  lumarius  (Yokoyama) 

TO.  ogasawarai  n.  sp. 

aO.  aduncus  (Sowerby) 

'140' 

Figure  5.    Distribution  of  fossil  Ocinebrellus. 

also  Japan  Sea  endemics  that  became  extinct  at  the  end  of 

the  early  Pleistocene  (Amano  et  a/.,  1996  ;  Amano,  1997b). 
These  extinctions  probably  resulted  from  the  fact  that  the 
deep  waters  of  the  Japan  Sea  became  euxinic  while  surface 
waters  became  brackish,  which  in  turn  resulted  from  the 
enclosed  nature  of  the  basin  during  the  middle  and  late 
Pleistocene  glacial  low  stands  of  sea  level  (see  Tada,  1994). 
Some  evolutionary  change  in  Ocinebrellus  may  be  related 

to  prédation.  O.  aduncus  is  unusual  among  species  of 
Ocinebrellus  in  usually  lacking  denticles  on  the  inner  side  of 

the  outer  lip.  Such  denticles  often  have  an  anti-predatory 
function  (Vermeij,  1987).  The  paucity  of  predators  in  the 
deep  sublittoral  habitat  of  O.  aduncus  is  consistent  with  the 

absence  of  denticles  in  this  species. 
From  the  time  of  its  origin,  the  genus  Ocinebrellus  has 

been  confined  to  the  northwestern  Pacific,  except  for  the 
introduction  of  O.  inornatus  by  humans  to  the  west  coast  of 
North  America  during  the  first  quarter  of  the  twentieth 
century.  This  narrow  distribution  contrasts  with  that  of 

Nucella,  another  ocenebrine  genus.  Nucella  originated 

during  the  early  Miocene  in  the  warm-temperate  north- 
eastern Pacific,  and  had  expanded  westward  to  Japan  and 

Russia  by  the  early  middle  Miocene  (Amano  et  al.,  1993  ; 
Collins  er  al.,  1996).  In  the  late  Pliocene,  at  least  one 
lineage  penetrated  into  the  North  Atlantic.  Why  Nucella  but 
not  Ocinebrellus  adapted  to  boreal  water  conditions  and 
spread  throughout  the  North  Pacific  and  North  Atlantic 
remains  unclear.  It  is  interesting  that  intertidal  species  of 
Nucella  can  easily  colonize  newly  available  habitats.  In 
contrast,  introduced  populations  of  Ocinebrellus  inornatus 

have  spread  relatively  little  from  their  original  sites  of  intro- 
duction in  western  North  America  (Carlton,  1992).  We  do  not 

know  what  accounts  for  such  differences  in  dispersability. 

Future  evolutionary  and  comparative  biogeographic  research 
on  contemporaneous  clades  should  emphasize  the  means 
and  extent  of  dispersal  in  order  to  make  clear  why  some 
clades  achieve  a  wide  distribution  while  others  evolving  at 
the  same  time  remain  confined  to  a  relatively  small  region. 
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Two  new  species  of  Decapoda  (Crustacea)  from  the 

Upper  Cretaceous  Izumi  Group,  Japan 

HIROAKI  KARASAWA 

Mizunami  Fossil  Museum,  Yamanouchi,  Akeyo,  Mizunami,  Gifu  509-6132,  Japan 

Received  7  January  1998  ;  Revised  manuscript  accepted  15  October  1998 

Abstract  Two  new  species  of  decapod  crustacean,  Hoploparia  miyamotoi  (Astacidea  :  Nephropidae) 
and  Callianassa  masanorii  (Thalassinidea  :  Callianassidae),  are  described  from  the  Upper  Cretaceous 
Izumi  Group  of  Osaka  and  Hyogo  Prefectures,  Japan.  H.  miyamotoi  represents  the  first  record  for  the 
genus  from  Cretaceous  deposits  of  Japan  and  C.  masanorii  is  the  second  of  a  callianassid  known  from  the 

Japanese  Cretaceous.  The  occurrence  of  H.  miyamotoi  extends  the  known  geographic  range  of 
Hoploparia  to  the  west  side  of  the  North  Pacific. 

Key  words  :  Astacidea,  Crustacea,  Decapoda,  Izumi  Group,  Japan,  Thalassinidea,  Upper  Cretaceous 

Introduction 

The  Upper  Cretaceous  (Campanian-Maastrichtian)  Izumi 
Group  is  distributed  for  about  300  km  from  western  Shikoku 
eastward  to  the  Izumi  mountains  along  the  north  side  of  the 
Median  Tectonic  Line,  SW  Honshu,  Japan.  It  is  a  thick, 
submarine  deposit  mainly  composed  of  alternating  beds  of 
conglomerate,  sandstone  and  mudstone  of  a  turbidite  facies. 
This  group  contains  a  rich  marine  molluscan  fauna  which 

has  been  the  subject  of  several  paleontological  studies,  such 
as  on  pelecypods  (Ichikawa  and  Maeda,  1958a,  b,  1963  etc.), 
gastropods  (Kase,1990)  and  cephalopods  (Matsumoto  and 
Morozumi,  1980;  Morozumi,  1985  etc.).  Besides  these, 

well-preserved  decapod  crustaceans  occur  from  several 
places. 

Imaizumi  (1978)  first  recorded,  but  did  not  figure,  three 
species  of  decapod  crustacean,  Callianassa  ezoensis  Nagao, 
1932  (Callianassidae),  Linuparus  japonicus  Nagao,  1931 

(Palinuridae)  and  Plagiolophus  ezoensis  Nagao,  1941  (Gone- 
placidae),  from  the  Izumi  Group  (Upper  Cretaceous)  of  Osaka 
and  Hyogo  Prefectures,  Japan.  Miyamoto  (1992)  figured  P. 

ezoensis  from  Osaka  Prefecture.  Collins,  Kanie  and  Kara- 
sawa  (1993)  redescribed  P.  ezoensis  from  Osaka  and  Hyogo 

Prefectures,  and  moved  it  from  Plagiolophus  Bell,  1857  to 
Archaeopus  Rathbun,  1908  (Retroplumidae).  The  purpose  of 
this  paper  is  to  describe  two  new  species,  Hoploparia 

miyamotoi  (Nephropidae)  and  Callianassa  masanorii  (Cal- 
lianassidae) from  two  new  localities  of  the  Izumi  Group  in 

Osaka  and  Hyogo  Prefectures. 
The  specimens  are  housed  in  the  Museum  of  Nature  and 

Human  Activities,  Hyogo  (D1-),  6  Yayoigaoka,  Mita,  Hyogo 
669-1546,  Japan,  and  the  Mizunami  Fossil  Museum  (MFM), 
Yamanouchi,  Akeyo,  Mizunami,  Gifu  509-6132,  Japan. 

Systematic  descriptions 

Infraorder  Astacidea  Latreille,  1802 

Superfamily  Nephropoidea  Dana,  1852 
Family  Nephropidae  Dana,  1852 

Subfamily  Homarinae  Huxley,  1879 
Genus  Hoploparia  McCoy,  1849 

Type  species.— Astacus  longimanus  Sowerby,  1826  by 
subsequent  designation  of  Rathbun,  1926. 

Hoploparia  miyamotoi  sp.  nov. 

Figures  1,2 

Diagnosis.— Rostrum  with  small  dorsolateral  spines  on 
distal  half  ;  one  supraorbital,  one  metaorbital  and  one  post- 
antennal  spine  present,  all  small  ;  abdominal  somites  with 

well  developed  lateral  ridge,  somites  3-5  bearing  two  mar- 
ginal spines  on  pleura. 

Description.— Carapace  laterally  compressed  by  deforma- 
tion. Anterior  half  of  carapace  well  preserved.  Surface 

finely  granulated  and  punctuated.  Rostrum  short,  slender, 
slightly  downtumed  proximally  and  slightly  upturned  over 
distal  fourth,  with  four  small,  forwardly  directed  dorsolateral 

spines  on  distal  half  (Figures  1-1, 2-1).  Orbit  small,  rounded, 
bordered  by  narrow,  rounded  ridge  (Figure  1-1).  Postcervical 
groove  well  defined,  deep,  broad,  becoming  shallower  at 

junction  with  hepatic  groove  (Figures  1-2, 2-3).  Cervical 
groove  well  defined,  narrow,  slightly  arcuate,  extending 

ventrally  to  join  antennal  groove  (Figures  1-2, 2-3).  Hepatic 
groove  shallow,  curving  to  join  antennal  and  cervical  grooves 

(Figures  1-2, 2-3).  Antennal  groove  deep,  arcuate,  extend- 

ing to  anterior  margin  (Figures  1-2, 2-3).  Gastro-orbital 
groove    shallow    (Figures  1-2, 2-3).    One    small,    forwardly 
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Figure  1.  Hoploparia  miyamotoi  sp.  nov.  1,  D1-  015001  (holotype),  carapace,  abdomen,  telson  and  uropod,  lateral 
view,  X1.8;  2,  MFM247,004  (paratype),  carapace,  pereiopods,  lateral  view,  x.  1.2;  3,  MFM247,006  (paratype), 
carapace,  abdomen  and  pereiopods,  lateral  view,  x1.5;  4,  MFM247.005  (paratype),  abdomen  and  uropod,  lateral 
view,  x1.5. 

directed  supraorbital  spine  present  (Figures  1-1, 2-1). 
Metaorbital  spine  small,  forwardly  directed,  situated  behind 

deepest  part  of  orbit  (Figures  1-1, 2-1).  Antennal  spine  large, 
directed  forward  (Figures  1-2,  2-3)  ;  postantennal  spine  small 
(Figures  1-1,  2-1).  Cornea  of  eye  small  (Figures  1-1,  2-3). 
Scaphocerite  long,  but  shorter  than  rostrum  (Figures  1-1, 2-1). 
Antennula,  antenna,  and  maxilliped  3  preserved  (Figures  1-1, 
1-2,  2-1,  2-3). 

All  terga  of  abdominal  somites  finely  punctuate  ;  somite  1 

short  ;  somite  2  largest  of  all  terga  ;  somites  3-5  decreasing 

in  size.  Terga  and  pleura  of  somites  2-5  separated  from 
one  another  by  well  developed  ridge  (Figures  1-4, 2-4). 
Anterior  margins  of  pleura  of  somites  2-5,  nearly  straight, 
ventral  margins  gently  convex,  anteroventral  angles  rounded, 
posterolateral  angles  with  a  small,  posteroventrally  directed 

spine,  posterior  margins  of  pleura  of  somites  3-5  gently 
convex  with  small,  posteriorly  directed  spine  on  ventral  third 

(Figures  1-1, 1-4, 2-1,2-4).  Pleuron  of  somite  6  reduced, 
convex  anteriorly  and  ventrally,  but  concave  posteriorly  (Fig- 

ures 1-1, 1-4, 2-1,  2-4).    Surfaces  of  pleura  finely  punctate 
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Figure  2.  Hoploparia  miyamotoi  sp.  nov.  1,  D1 -015001  (holotype),  carapace,  abdomen,  telson  and  uropod,  lateral 
view  ;  2,  MFM247.006  (paratype),  carapace,  abdomen  and  pereiopods,  lateral  view  ;  3,  MFM247.004  (paratype), 
carapace,  pereiopods,  lateral  view  ;  4,  MFM247.005  (paratype),  abdomen  and  uropod,  lateral  view.  Scale  bar=1 
cm. 

with  marginal  furrow. 
Telson  longer  than  wide,  narrowing  posteriorly,  surface 

punctuated  with  a  median  groove  and  a  longitudinal  groove 

diverging  from  mid-line  posteriorly  (Figures  1-1, 2-1). 
Uropodal  exopod  triangular  in  outline,  bearing  median  ridge 
on  dorsal  surface,  with  weakly  convex  lateral  margin  (Figures 

1-1, 2-1).  Surface  covered  with  small  granules  on  outer  half, 
diaeresis  with  11  small  spines  on  anterior  margin  and  with  fine 

radial  ornament  on  posterior  dorsal  surface  (Figures  1-1, 2-1). 
Pereiopods  preserved,  slender  ;  pereiopod  2  chelate  (Fig- 

ures 1-3, 2-2). 
Discussion.— The  present  species  is  the  first  record  of 

Hoploparia  from  Cretaceous  deposits  of  Japan.  H. 
miyamotoi  resembles  Hoploparia  bearpawensis  Feldmann  in 
Feldmann,  Bishop  and  Kammer,  1977  from  the  Bearpaw 
Shale  (Campanian)  of  Montana,  but  differs  by  the  presence 

of  two  marginal  spines  on  the  pleura  of  somites  3-5  and  in 
the  absence  of  the  postcervical  spine  of  the  cardiac  region 

and  the  median  abdominal  ridge.  The  species  also  resem- 
bles Hoploparia  buntingi  (Feldmann  and  Holland,  1971)  from 

the  Cannonball  Formation  (Paleocene)  of  North  Dakota 
(Aguirre  Urreta  er  al.,  1991),  but  differs  in  having  a  short 
rostrum,  having  short  abdominal  pleura  and  lacking  a  pit  on 

pleura  of  somites  2-5.  In  H.  miyamotoi  only  one  postanten- 
nal spine  is  present,  while  H.  buntingi  has  three  spines. 

Previously  known  species  of  Hoploparia  have  been  record- 
ed from  Cretaceous- Palaeogene  deposits  in  Europe,  North 

America,  Argentina,  Australia,  Antarctica  and  Madagascar 
(Aguirre  Urreta,  1989),  and  New  Zealand  (Feldmann  and 
Keyes,  1992).  The  discovery  of  H  miyamotoi  shows  that  the 

genus  had  reached  Japan— the  west  side  of  the  North 
Pacific— by  Maastrichtian  time. 

Etymology.— The  name  is  dedicated  to  Junichi  Miyamoto, 
who  is  now  studying  the  paleontology  of  the  Izumi  Group. 

Material  examined— Holotype  (D1 -015001),  Mitsukawa, 

Sumoto  City,  Hyogo  Prefecture,  mudstone  of  the  Kita-ama 
Formation  of  the  Izumi  Group  (Lower  Maastrichtian  ;  Nos- 
toceras  hetonaiense  Zone  of  Morozumi,  1985)  ;  3  Paratypes, 

MFM247,004,  Sobura,  Kaizuka  City,  Osaka  Prefecture, 

mudstone  of  the  Shindachi  Formation  of  Izumi  Group  (prob- 



220 Hiroaki  Karasawa 

ably  Lower  Maastrichtian  of  Matsumoto  and  Morozumi, 
1980)  ;  MFM247.005,  MFM247.006,  Mitsukawa,  Sumoto  City, 

Hyogo  Prefecture,  mudstone  of  the  Kita-ama  Formation  of 
the  Izumi  Group  (Lower  Maastrichtian). 

Infraorder  Thalassinidea  Latreille,  1831 
Superfamily  Callianassoidea  Dana,  1852 

Family  Callianassidae  Dana,  1852 
Genus  Callianassa  Leach,  1814 

Type  species.— Cancer  (Astacus)  subterraneus  Montagu, 
1808  by  monotypy. 

"Callianassa"  (s.l.)  masanorii  sp.  nov. 

Figure  3 

Diagnosis.— Large-sized  callianassid.  Linea  thalassinica 
present.  Carapace  with  rostral  spine  ;  dorsal  oval  well 
defined,  occupying  about  half  length  of  dorsal  carapace. 
Pereiopods  1  chelate,  subequal,  minor  slightly  smaller  than 
major,  dissimilar  without  meral  hook. 

Description.— Carapace  well  preserved,  laterally  com- 
pressed, height  about  half  of  length  excluding  rostral  spine. 

Frontal  margin  with  short,  broadly  triangular,  downturned 

rostral  spine  and  without  lateral  spines  (Figure  3-5).  Linea 
thalassinica  well  defined  (Figure  3-5).  Dorsal  oval  convex, 
about  half  of  dorsal  length  (Figure  3-5).  Cervical  groove 
deep,  joining  linea  thalassinica  at  posterior  third  of  oval 

(Figure  3-5).  Posterior  margin  evenly  curved  without  lateral 
lobe  (Figure  3-5). 
Abdomen  large  ;  somite  1  short,  trapezoidal  in  dorsal  view, 

bearing  dorsal  transverse  groove  at  anterior  fourth,  with 

divergent  lateral  margins  (Figure  3-6).  Somite  2  about  1.5 
times  as  long  as  1,  lateral  margin  divergent  posteriorly  (Figure 

3-6).  Somites  3-5  diminishing  in  size  posteriorly  (Figure  3- 
6).  Somites  2-5  with  small  setal  pits  posterolaterally  (Figure 
3-6).    Telson  and  uropod  unknown. 

Pereiopods  1  chelate,  subequal,  dissimilar.  Length  of 
propodus  of  major  cheliped  about  twice  the  height  ;  fingers 
about  1/3  of  propodus  length,  with  smooth  opposing  margin  ; 
carpus  short,  about  half  as  long  as  propodus,  slightly  shorter 
than  high,  dorsal  margin  nearly  straight,  ventral  margin 

strongly  curved  ;  merus  about  equal  to  carpus  length,  rhom- 
boidal in  lateral  view,  dorsal  and  ventral  margins  strongly 

convex  without  ventral  spine,  lateral  surface  strongly  vaulted 

with  median  ridge  (Figures  3-1a,  2, 3, 7).  Propodus  of  minor 
cheliped  slightly  smaller  than  major  propodus,  rather  slender 
in  outline  ;  fingers  about  2/5  of  propodus  length  with  smooth 
opposing  margin  ;  carpus  short,  about  1/3  of  propodus 
length,  convergent  proximally,  dorsal  margin  gently  convex, 
ventral  margin  strongly  curved  ;  merus  slightly  longer  than 
carpus,  slightly  convergent  proximally  without  ventral  spine, 
dorsal  and  ventral  margins  slightly  convex,  lateral  surface 

gently  vaulted  (Figures  3-1b,  3). 
Pereiopod  2  with  fingers  not  gaping,  cutting  edges 

straight  ;  dactylus  slender,  but  fixed  finger  wide  ;  palm  about 

as  long  as  high  ;  merus  narrowing  distally  (Figure  3-4). 
Carpi  and  meri  of  pereiopods  3-4  preserved  (Figures  3-1a, 

b,  2,  7). 

Discussion— "C."  masanorii  differs  from  another  Japanese 
Cretaceous  callianassid,  Callianassa  ezoensis  Nagao,  1932 

from  the  "Hakobuchi  Sandstone"  (Campanian  to  Maas- 
trichtian) of  Hokkaido  in  that  pereiopods  1  have  dissimilar 

chelipeds,  smooth  ventral  margins  of  propodi,  and  a  rhom- 
boidal merus  of  the  major  cheliped. 

It  is  noteworthy  that  the  carapace,  abdomen,  and  pe- 

reiopods 1-4  are  preserved,  although  the  fossil  record  of 
callianassids  is  usually  confined  to  pereiopods  1. 

Manning  and  Felder  (1991)  recognized  two  families,  seven 
subfamilies  and  21  genera  for  taxa  previously  assigned  to  the 
extant  Callianassidae.  Since  then,  four  genera,  Gilvossius 
Manning  and  Felder,  1992,  Corallichirus  Manning,  1992,  Poti 
Rodrigues  and  Manning,  1992,  and  Sergio  Manning  and 
Lemaitre,  1993,  have  been  described. 

The  present  species  is  characterized  by  the  carapace  with 
a  rostral  spine,  with  a  dorsal  oval  region,  and  without  a 
cardiac  prominence,  also  by  the  major  cheliped  without  a 
meral  hook.  With  these  features  it  may  be  assigned  to 
Neocallichirus  Sakai,  1988  and  Sergio  Manning  and  Lemaitre, 
1993  in  the  Callichirinae  or  Cheramus  Bate,  1888  in  the 
Cheraminae.  It  also  has  an  affinity  Anacalliax  de  Saint 

Laurent,  1973,  which  Poore  (1994)  moved  to  the  Callianas- 
sidae from  the  Ctenochelidae,  although  it  lacks  a  rostral 

carina  and  cardiac  prominence  of  the  carapace.  The 
generic  placement  of  the  present  species  is  obscure 
because  of  absence  both  of  maxilliped  3  and  the  telson,  until 
knowledge  of  these  characters  is  at  hand,  it  is  considered 
best  to  place  the  species  in  Callianassa  (s.l.). 

"C"  masanorii  differs  from  all  known  species  of  Protocal- 
lianassa  Beurlen,  1930  in  the  extinct  subfamily  Protocal- 
lianassinae  Beurlen,  1930,  in  that  the  articulation  between 
the  carpus  and  propodus  of  the  major  cheliped  lies  at  an 
angle  of  nearly  90  to  the  long  axis  of  the  propodus.  In 

Protocallianassa  the  carpus- propodus  joint  of  the  major 
cheliped  is  inclined  at  about  120  to  the  long  axis  (Mertin, 
1941,  Vega  er  al.,  1995,  Feldmann  er  al.,  1995).  Nevertheless, 
in  the  carapace  character,  the  species  has  a  close  affinity 
with  the  type  Protocallianassa  archiaci  (A.  Milne  Edwards, 
1860)  from  the  Upper  Senonian  of  England.  Although  in 

many  extant  callianassids  the  cervical  groove  of  the  car- 
apace extends  far  back  medially  (Glaessner,  1969  :  R477),  in 

species,  "C" masanorii  and  P.  archiaci,  it  is  situated  at  the 
mid-length  of  the  carapace.  This  character  is  also  obser- 

ved in  the  callianassid  subfamily  Eucallinae  and  the  mem- 
bers of  the  Ctenochelidae. 

Etymology.— The  name  is  dedicated  to  Masanorii  Tani, 
who  collected  the  paratype  specimen. 

Material  examined.— Holotype  (D1 -000495),  5  paratypes 
(D1-000506,  D1-000507,  MFM247,007-247,009),  Mitsukawa 

Sumoto  City,  Hyogo  Prefecture,  Mudstone  of  the  Kita-ama 
Formation  of  the  Izumi  Group  (Lower  Maastrichtian  ;  Nos- 
toceras  hetonaiense  Zone  of  Morozumi,  1985). 
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Abstract.  A  total  of  68  specimens  of  thick-shelled,  peculiarly  shaped  Miocene  mytilids  from  Hokkaido 
and  northern  Honshu  were  examined  from  the  viewpoint  of  constructional  morphology.  They  have  been 
treated  as  members  of  three  species  :  Mytilus  (Plicatomytilus)  ksakurai,  M.  (Tumidimytilus)  tichanovitchi 
and  M.  (T.)  furanuiensis,  with  different  shell  shapes,  muscle  scars  and  surface  sculpture.  M.  ksakurai 
shows  an  abrupt  increase  in  shell  convexity  during  ontogeny,  like  that  in  M.  tichanovitchi.  It  develops  a 
few  conspicuous  plications  just  after  this  allometric  change  in  shell  convexity.  Polished  sections  of  the 
shell  of  M.  ksakurai  reveal  that  just  after  the  abrupt  change  in  shell  convexity,  the  internal  growth 
increments  bend  sharply  toward  the  inside  of  the  shell.  This  is  associated  with  a  remarkable  thickening 
of  the  outer  part  of  the  fibrous  prismatic  layer  of  the  shell.  These  facts  suggest  that  in  M.  ksakurai,  the 
mantle  turned  inward  at  the  stage  of  the  allometric  change  in  shell  convexity.  Consequently,  the  diverging 
plications  were  formed  by  the  wrinkled  mantle  as  a  result  of  the  reduction  in  space  across  which  the 
mantle  extended. 

Key  words  :  allometric  change,  mantle  bending,  Mytilus  ksakurai,  plication,  tablecloth  wrinkle 

Introduction 

The  tempo  and  mode  of  morphological  evolution  in  fossil 
organisms  can  be  inferred  by  analyzing  changes  in  fossilized 
hard  tissue  through  geologic  time.  Realization  of  the  rule  of 

constructional  processes  of  hard  tissue  structures  is  impor- 
tant for  better  understanding  their  morphological  evolution. 

A  number  of  works  deal  with  pattern  formation  in  mollus- 
can  shell  sculpture  from  the  viewpoint  of  constructional 
morphology  (e.g.,  Seilacher,  1972)  and  theoretical  morphology 
(e.g.,  Macomber  and  Macomber,  1983  ;  Hayami  and 
Okamoto,  1986  ;  Gunji,  1991  ;  Ackerly,  1992).  However,  little 
is  known  about  how  shell  sculpture  is  formed,  although 
several  hypotheses  have  been  proposed  by  previous  authors 
(e.g.,  Cox  et  al.,  1969;  Hayami,  1974;  Seilacher,  1985). 
Hayami  and  Okamoto  (1986)  pointed  out  that  the  formation  of 
striae  in  the  shell  of  the  scallop  Camptonectes  may  be 
related  to  the  direction  of  crystal  growth  of  foliated  calcite. 

Divergent  ribs  are  one  of  the  characteristic  features  of 
bivalve  shells.  During  Early  to  Late  Miocene  time,  peculiarly 
shaped  mytilids  flourished  in  the  North  Pacific  region. 
Among  them  were  forms  with  a  plication  or  several  diverging 
plications,  described  under  the  subgenus  Mytilus 

(Plicatomytilus)  by  Allison  and  Addicott  (1976)  (Figure  1-3,  -4, 
and  -5).  During  the  same  time  interval,  several  non-plicat- 

ed but  similarly  thick-shelled  Mytilus  species  (Figure  1-1 

and  -2)  occurred  in  the  same  paleozoogeographic  realm. 
Kafanov  (1984)  proposed  the  subgenus  M.  {Tumidimytilus)  for 

these  forms.  These  plicated  and  non-plicated  mytilids  have 
been  considered  to  be  closely  allied  to  each  other 
phylogenetically  (Noda  and  Hoyanagi,  1993). 

The  process  and  factors  controlling  formation  of  plications 
in  M.  (Plicatomytilus)  are  analyzed  here  on  the  basis  of 

microscopic  observations  of  shell  cross-sections  and 
biométrie  analysis  of  shell  form.  The  paper  focuses  on  how 
the  plication  is  formed  in  relation  to  mantle  behavior. 

Materials 

Lower  and  Middle  Miocene  marine  strata  in  Hokkaido  and 

northern  Honshu  yield  abundant  shallow  cold-water  mollus- 
can  fossils  known  as  the  Asahi  and  Chikubetsu  faunas 

respectively  (Chinzei,  1978).  The  faunas  typically  include 

thick-shelled,  peculiarly  shaped  mytilids  that  have  been 
classified  as  species  of  Mytilus  (Plicatomytilus)  and  M. 

(Tumidimytilus).  The  following  five  species  have  been  de- 
scribed from  Sakhalin,  Hokkaido,  and  northern  Honshu  :  M. 

tichanovitchi  Makiyama,  1934,  M.  furanuiensis  Uozumi  and 
Akamatsu,  1988,  M.  ksakurai  Nomura  and  Hatai,  1936,  M.  (P.) 
hidakensis  Suzuki,  Sakai,  and  Uozumi,  1983,  and  M.  (P.) 
monbetsuensis  Uozumi  and  Akamatsu,  1988.  Related 

species  in  these  two  subgenera  are  also  known  from  the 
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Miocene  of  Kamtchatka,  Alaska,  and  California,  indicating 
that  these  mytilids  were  widely  distributed  throughout  the 
North  Pacific  paleozoogeographic  realm. 

In  this  study,  68  specimens  of  these  Miocene  mytilids  were 
analyzed  from  the  viewpoint  of  constructional  morphology. 

Specimens  of  three  extant  non-plicated  Mytilus  species,  M. 
(Mytilus)  galloprovincialis,  M.  (M.)  californianus  and  M. 
{Crenomytilus)  grayanus  were  also  studied  for  comparison. 
Localities  and  stratigraphie  horizons  from  which  the  samples 
came  are  listed  in  Tablet 

Specimens  of  M.  (Plicatomytilus)  were  collected  from 
outcrops  exposed  in  the  Katsura  River,  Aomori  Prefecture, 

northern  Honshu,  and  in  the  Kishimatsu-zawa  River,  south- 
ern Hokkaido.  The  Katsura  River  is  the  type  locality  of 

Mytilus  ksakurai,  and  the  Kishimatsu-zawa  River  that  of  M. 
monbetsuensis.  According  to  the  original  description  by 
Nomura  and  Hatai  (1936),  M.  ksakurai  is  characterized  by  a 
thick,  extremely  convex  shell  without  plications.  Noda  and 

Motoyama  (1991)  reported  specimens  referable  to  M.  hida- 
kensis  from  the  type  locality  of  M.  ksakurai.  M.  hidakensis 
was  described  on  the  basis  of  specimens  from  Urakawa 

Town,  Hidaka  Province,  southern  Hokkaido.  It  is  character- 

ized by  a  thick,  highly  convex  shell  with  three  strong  plica- 
tions. Noda  and  Hoyanagi  (1993)  suggested  that  the  speci- 

mens described  as  M.  ksakurai  are  juvenile  specimens  of  M. 

hidakensis.  Subsequently,  Noda  (1994)  interpreted  M.  hida- 
kensis as  a  junior  synonym  of  M.  ksakurai  based  on  the 

presence  of  a  plication  preserved  in  relief  on  the  inner  mold 
of  the  holotype  of  M.  ksakurai,  and  assigned  M.  ksakurai  to 
the  subgenus  M.  (Plicatomytilus). 

Uozumi  and  Akamatsu  (1988)  described  M.  monbetsuensis 

from  a  Middle  Miocene  outcrop  in  the  Kishimatsu-zawa,  a 
branch  of  the  Kabari  River,  Monbetsu  Town,  Hidaka  Prov- 

ince, Hokkaido.  This  species  is  similar  to  M.  hidakensis  but 

is  distinguished  from  that  species  by  having  a  single  plica- 
tion, weaker  than  the  three  in  M.  hidakensis,  and  a  slightly 

concave  dorsal  margin.  However,  in  the  same  way  as  does 

M.  (P.)  gratacapi  described  by  Allison  and  Addicott  (1976), 

specimens  collected  at  localities  in  the  Katsura  and  Ki- 
shimatsu-zawa Rivers  exhibit  wide  variation  in  the  number 

and  strength  of  plications  (Figure  1-3, -4,  and  -5,  Figures  2 
and  9),  including  morphotypes  assignable  to  both  M.  hida- 

kensis and  M.  monbetsuensis  (see  Figures  1-3,  -4,  and  -5, 
Figures  2  and  9).  These  specimens  are,  therefore,  regarded 
as  belonging  to  a  single  species  showing  wide  variation  in 
shell  morphology.  They  are  classified  as  M.  ksakurai  in  this 

paper. 
All  the  specimens  utilized  are  housed  in  the  University 

Museum,  University  of  Tokyo  (UMUT). 

Methods 

For  microstructural  observation,  single  valves  of  both 
extant  and  fossil  specimens  were  cut  along  the  maximum 
growth  axis.  The  sectioned  surfaces  were  polished  with 
graded  series  of  carborundum  and  alundum,  coated  with 

clear  nail  vanish,  and  observed  under  à  binocular  micro- 
scope. 

In  all  double  scatter  diagrams,  95%  confidence  intervals  of 
the  data  are  represented  by  horizontal  and  vertical  bars. 

This  study  focuses  on  four  aspects  of  the  shell  of  Mytilus. 
They  are  :  a)  morphological  features  of  the  commissure 

plane  (generating  curve),  b)  whorl  expansion  rate,  c)  secre- 
tion rate  of  the  outer  part  of  the  fibrous  prismatic  layer,  and 

d)  degree  of  plication  development. 
To  realize  aspect  a),  four  variables  were  measured. 

They  are  :  1)  the  shape  of  the  generating  curve  (Raup  and 
Michelson,  1965),  that  is,  lengths  of  major  and  minor  axes  of 

the  commissure  plane  approximated  as  an  ellipse,  2)  posi- 
tion of  the  break  point  on  the  commissure  (explained  below), 

3)  distance  between  the  hinge  axis  and  the  break  point  on 
the  commissure  at  which  plications  begin  to  appear,  or  at  the 

stage  of  the  allometric  change  in  shell  convexity,  and  4) 
curvature  of  each  segment  of  the  commissure.  1)  is  utilized 
to  understand  the  overall  morphological  characters  of  the 
commissure  plane.    3)  and  4)  are  utilized  to  understand  the 

Table  1.  List  of  the  materials  utilized.  The  numbers  in  parentheses  represent  the  numbers  of  specimens 

used  in  measurements  of  all  variables.  Ages  after  Kimura  and  Tsuji  (1992)  for  Takinoue  Formation  and  Noda 

(1994)  for  Furanui  and  Isomatsu  Formations. 

Species  and  related  species 
Number  of 

specimens 

Horizon  and  age 
Locality 

Mytilus  (Mytilus)  galloprovincialis 
Lamarck,  1819 

M.  (M.)  californianus 
Conrad,  1837 

M.  {Crenomytilus)  grayanus 
Dunker,  1853 

M.  (Tumidimytilus)  tichanovitchi 
Makiyama,  1934 

M.  (T.)  furanuiensis 
Uozumi  and  Akamatsu,  1988 

M.  (Plicatomytilus)  ksakurai 
Nomura  and  Hatai,  1936 

M.  (Plicatomytilus)  ksakurai 
Nomura  and  Hatai,  1936 

Crassostrea  gigas 
(Thunberg,  1793) 

7(6) 

Recent 4(3) 

Recent 7(6) 

Recent 
8(7) 

Takinoue  Formation 
lower  Miocene 6(5) 

Furanui  Formation, 
middle  Miocene 22(7) 

Isomatsu  Formation, 
lower  Miocene 

32(9) 

Furanui  Formation, 
middle  Miocene 

1(0) 

Recent 

Nojima  Coast,  Yokohama  City,  Tokyo 

Bay,  central  Japan 
Pismo  Beach,  California  U.S.A. 

Samani  Coast,  Samani  Town,  Hidaka 
Province,  southern  Hokkaido,  Japan 

Asahi  Town,  Iwamizawa  City,  central 
Hokkaido,  Japan 

Hirotomi,  Monbetsu  Town,  Hidaka 
Province,  southern  Hokkaido,  Japan 
Katsura  River,  Shiura  Village 
Tsugaru  Peninsula  Aomori  Pref., 
northern  Honshu,  Japan 

Kishimatsu-zawa  River,  Monbetsu  Town, 
Hidaka  Province,  southern  Hokkaido,  Japan 

Goshiki-hama  Coast,  lyo  City,  Ehime 
Pref.,  western  Japan 
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Number  of 

plications 
1 

Ventral 
view 

Katsura 
River 0 7 1 3 

Kishimatsu- 
zawa  River 7 0 3 

Figure  2.  Variation  in  plication  pattern  viewed  from  the  ventral  side  in  specimens  of  M.  ksakurai  from  localities 

in  the  Katsura  and  Kishimatsu-zawa  Rivers.  The  number  of  specimens  of  each  plication  type  from  the  two 
localities  is  listed  in  the  lower  two  rows. 

detailed  characters.  2)  is  utilized  for  the  base  of  3)  and  4) 
to  show  the  position  on  the  commissure. 

In  this  study,  aspect  b),  the  whorl  expansion  rate,  is 

shown  as  the  relationship  between  the  area  of  the  commis- 
sure plane  (generating  curve)  and  the  revolving  angle  of  the 

commissure  plane  about  the  hinge  axis  (coiling  axis).  This  is 
not  essentially  different  from  the  original  description  of  whorl 
expansion  rate  in  Raup  and  Michelson  (1965).  To  show  this 
parameter,  two  variables  were  measured,  5)  revolving  angle 
of  the  commissure  plane  about  the  hinge  axis,  and  6)  area 
of  the  commissure  plane. 

Miocene  mytilid  species  are  characterized  by  their  thick 
shells.  Investigation  of  the  change  of  shell  thickness  during 
growth  is  important  to  understand  the  process  of  their 
growth.  In  particular,  the  change  of  thickness  of  the  outer 
part  of  the  fibrous  prismatic  layer  is  important,  because  that 
is  formed  following  the  periostracum  and  consolidates  the 
shell  shape.  However,  the  shell  thickness  is  not  useful  for 
precise  investigation,  because  it  consists  of  several  internal 
growth  increments  that  do  not  all  correspond  to  a  single 
growth  stage.  Therefore,  in  this  study,  parameter  c),  the 
index  of  the  secretion  rate  of  the  outer  part  of  the  fibrous 

prismatic  layer  is  introduced.  This  is  defined  as  the  height 
of  a  quadrilateral  that  approximates  an  internal  increment. 
This  index  corresponds  to  the  relative  secretion  rate  of  an 
infinitesimal  area  of  the  mantle  epithelium  per  one  internal 

growth  increment.    This  is  measured  as  variable  7). 
As  mentioned  above,  M.  ksakurai  exhibits  wide  variation  in 

the  number  and  strength  of  plications.  In  this  case,  it  is 
nonsense  to  focus  only  on  the  number  of  plications.  It  is 
necessary  to  introduce  the  index  d)  degree  of  plication 

development.  It  is  natural  that  when  the  allometric  relation- 
ship between  the  area  of  the  commissure  plane  and  the 

outline  length  of  the  commissure  is  expressed  in  a  double 
scatter  diagram,  the  slope  of  regression  abruptly  increases 
after  the  appearance  of  plication.  The  degree  of  plication 
development  is  defined  by  the  angle  between  two  regression 
lines  before  and  after  the  plication  appears.  For  this  index, 

8)  outline  length  of  the  commissure  is  measured,  and  9) 
degree  of  plication  development  is  represented  based  on 
variables  6)  and  8). 

To  make  a  biométrie  analysis,  commarginal  growth  rings 
on  the  shell  at  different  growth  stages  were  marked  by 

attaching  narrow  adhesive  tapes  to  them.    These  commar- 

Figure  1.  Shell  morphology  of  selected  Miocene  (1-5)  and  extant  (6)  mytilids,  and  Crassostrea  (7).  Lateral  (a)  and  ventral 

(b)  views  for  1-6.  All  at  natural  size.  Arrows  point  to  the  allometric  critical  point  for  the  growth  of  shell  convexity.  1. 

Mytilus  {Tumidimytilus)  tichanovitchi  Makiyama.  Lower  Miocene  Takinoue  Formation,  Asahi  Town,  Iwamizawa  City,  central 

Hokkaido.  UMUT  CM  27606a.  2.  Mytilus  (Tumidimytilus)  furanuiensis  Uozumi  and  Akamatsu.  Middle  Miocene  Furanui 

Formation,  Hirotomi,  Monbetsu  Town,  Hidaka  Province,  southern  Hokkaido.  UMUT  CM  27607a.  3, 5.  Mytilus 

(Plicatomytilus)  ksakurai  Nomura  and  Hatai.  Middle  Miocene  Furanui  Formation,  Kishimatsu-zawa  River,  Monbetsu  Town, 

Hidaka  Province,  southern  Hokkaido.  UMUT  CM  27609a  (3)  and  UMUT  CM  27609b  (5).  4.  M.  ksakurai  Nomura  and  Hatai. 

Lower  Miocene  isomatsu  Formation.  Katsura  River,  Shiura  Village,  Tsugaru  Peninsula,  Aomori,  North-East  Japan.  UMUT 

CM  27608a.  6.  Mytilus  (Mytilus)  galloprovincialis  Lamarck.  Recent.  Nojima  Coast,  Tokyo  Bay,  central  Japan.  UMUT 

RM  27603a.  7.  Crassostrea  gigas  (Thunberg).  Lateral  view.  Recent.  Goshiki-hama  Coast,  lyo  City,  Ehime  Prefecture, 
western  Japan.     UMUT  RM  27610. 
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ginal  growth  rings  are  chosen  as  narrowly  as  possible.  The 
most  distant  point  from  the  hinge  axis,  that  is  the  coiling  axis 
in  Raup  and  Michelson  (1965),  was  marked  with  a  pen  for 
each  growth  ring.  Then,  photographs  were  taken  from 
different  directions  for  each  specimen  :  one  from  the  lateral 

side,  perpendicular  to  the  last-formed  commissure  plane, 
one  from  the  ventral  margin,  parallel  to  the  last-formed 
commissure  plane,  and  a  series  of  photographs  from  direc- 

tions perpendicular  to  the  commissure  plane  at  each  growth 
stage. 

Variables  1)  to  9)  mentioned  above  were  measured.  For 
variables  3)  and  4),  measurement  data  are  normalized  so  that 
the  commissure  planes  of  all  specimens  have  the  same  area 

as  the  last-formed  commissure  plane  of  the  specimen  of  M. 
galloprovincialis  (UMUT  RM  27603b). 

Detailed  methods  to  obtain  the  above  variables  are  de- 
scribed below  : 

1)  Lengths  of  major  and  minor  axes  of  the  commissure 

plane  approximated  to  an  ellipse.— These  lengths  were 
measured  in  the  specimens  of  M.  ksakurai  and  M.  tichanovit- 
chi.  First,  photographs  were  taken  perpendicular  to  the 
commissure  plane  at  each  growth  stage.  Images  of 
commissure  planes  were  approximated  to  an  ellipse  using 

the  software  NIH  Image  1.53  (freeware).  They  were  transmit- 
ted to  a  Macintosh  computer  via  an  image  scanner,  and  the 

lengths  of  major  and  minor  axes  were  measured  using  the 
software  NIH  Image  1.53  (freeware). 
2)  The  position  of  the  break  point  on  the  commissure. 

—The  Miocene  mytilids  examined  are  generally  flat  in  the 
juvenile  stage,  but  the  curvature  of  the  shell  increases 
abruptly  during  ontogeny,  which  causes  an  inflated  shell 
form  in  the  middle  to  later  growth  stages.  The  commarginal 
growth  line  at  the  stage  of  the  allometric  change  in  shell 
convexity  was  photographed  for  each  specimen.  On  the 
enlarged  photo,  the  commissure  at  this  stage  was  divided  by 
a  number  of  chords  of  equal  length  (5  mm)  using  a  compass, 

starting  from  the  beak.  The  mid- point  of  each  segment  of 
commissure  is  called  the  break  point  (BP,  Figure  3A).    The 

position  of  the  break  point  on  the  commissure  is  defined  as 

the  angle  ß  between  the  hinge  axis  and  the  straight-line 
segment  connecting  a  break  point  and  the  mid-point  (P)  of 
the  hinge  line  (Figure  3-A).  This  angle  was  measured  using 
a  protractor.  This  variable  is  used  as  a  signpost  on  the 
commissure  in  the  graph  of  variables  3)  and  4).  The  position 

on  the  commissure  is  represented  as  shown  in  Figure  3-B. 
3)  The  distance  between  the  hinge  axis  and  the  break 

point  on  the  commissure— This  is  defined  as  the  perpendic- 
ular distance  from  a  break  point  to  the  hinge  line  (d,  in  Figure 

3-A).  It  is  measured  (using  a  slide  caliper)  from  the  point  at 
which  plications  begin  to  appear,  or  at  the  stage  of  the 
allometric  change  in  shell  convexity. 

4)  Curvature  of  each  segment  of  the  commissure.— 
Curvature,  R  is  generally  defined  as  : 

R=d6/dl 

(1) 

where  /  is  the  arc  length  and  6  is  the  angle  between  two  unit 
normal  vectors.  Measurements  on  actual  specimens  were 

made  in  the  following  manner  (see  Figure  3-A). 
On  the  enlarged  photo  used  in  the  measurement  of 

variable  2),  the  commissure  was  divided  by  a  number  of 
chords  of  equal  length  (5  mm),  using  a  compass,  starting 
from  the  beak.  When  this  chord  is  sufficiently  short,  it 
approximates  a  segment  of  the  commissure.  The  angle  8a 

between  each  pair  of  bisectors  (aY  and  a2,  in  Figure  3-A)  of 
the  angles  between  neighboring  chords  (<*i  and  a2,  in  Figure 

3-A)  was  measured  using  a  protractor.  It  is  regarded  as  6 
in  equation  (1).  Thus,  the  curvature  (R)  of  each  segment  of 

the  commissure  (c,  in  Figure  3-A)  was  approximated  by  : 
R=  6Jb 

where  b  is  the  length  of  a  chord. 

5)  Revolving  angle  of  the  commissure  plane  about  the 

hinge  axis.— This  value  at  a  given  growth  stage  was 
obtained  using  the  following  formula  (see  Figure  3-C)  : <pTO(=arctWyj 

Figure  3.    Diagrams  showing  the  methods  of  measurements. 
A  :  Schematic  figure  showing  the  measurements  of  curvature  for  each  segment  of  the  commissure,  the  distance  from 

the  hinge  axis  to  break  point  on  the  commissure,  and  the  position  on  the  commissure.  See  text  for  details.  This  figure 
shows  the  shell  outline  viewed  from  a  lateral  direction,  b  :  length  of  the  chord,  c  :  length  of  the  segment  of  the  commissure, 
BP  :  break  point  on  the  commissure,  d  :  distance  from  the  hinge  axis  to  BP,  P  :  the  middle  point  of  the  hinge  axis,  a,  and 

a2  '■  angles  between  two  neighboring  chords,  a,  and  a2  :  bisectors  of  c,  and  c2,  ß  :  angle  representing  the  position  of  BP 
on  the  commissure,  J  :  segment  connecting  the  beak  and  P,  K  :  segment  connecting  P  to  MP. 

B  :  Schematic  diagram  showing  the  position  on  the  commissure.  Position  on  the  commissure  is  represented  with  the 

angle  as  shown  in  Figure  3-B.  Shadowed  portion  represents  the  plication  appearance  area  in  the  shell  of  M.  ksakurai  at  the 
allometric  critical  point.    P  :  the  mid-point  of  the  hinge  axis. 

C  :  Schematic  diagram  showing  the  measurement  of  the  revolving  angle  of  the  commissure  plane  and  the  area  of  the 

commissure  plane.  tpmt  '■  the  backward  rotation  angle  from  the  last  formed  commissure  plane,  z  :  the  perpendicular 
distance  between  the  last-formed  commissure  plane  and  the  most  distant  point  (marked  point)  from  the  hinge  axis  in  each 
earlier  commissure  plane,  x  :  the  distance  between  the  projection  of  that  point  to  the  last-formed  commissure  plane  and  the 

hinge  axis,  8™  '■  the  revolving  angle  of  the  commissure  plane,  S  :  the  real  area  of  the  commissure  plane,  S'  :  the  projected 
area  of  the  commissure  plane. 

D  :  Schematic  figures  defining  the  index  of  the  secretion  rate  of  the  outer  part  of  the  fibrous  prismatic  layer.  The  left 
figure  is  a  sectioned  valve  cut  along  the  maximum  growth  axis.  The  right  figure  is  a  closeup  view  of  the  internal  growth 
increments  near  the  ventral  margin.  /,#1  and  /,^2  :  internal  growth  lines,  lss  :  the  length  of  the  side  of  the  shadowed  area 
along  the  shell  surface,  Sinc  :  area  of  the  shadowed  area.  The  index  of  the  secretion  rate  of  the  outer  part  of  the  fibrous 
prismatic  layer  is  defined  as  the  height  of  the  quadrilateral  approximating  the  shadowed  area. 
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where  cprot  is  the  backward  rotation  angle  from  the  last- 
formed  commissure  plane,  z  is  the  perpendicular  distance 

between  the  last-formed  commissure  plane  and  the  most 
distant  point  (marked  point)  from  the  hinge  axis  in  each 
earlier  commissure  plane,  and  x  is  the  distance  between  the 

projection  of  that  point  to  the  plane  of  the  last-formed 
commissure  plane  and  the  hinge  axis.  The  values  of  z  and 
x  were  measured  on  enlarged  photographs  using  a  slide 
caliper  and  then  converted  to  natural  size.  The  backward 
rotation  angle  {<pTOh  is  finally  converted  to  the  revolving  angle 
of  the  commissure  plane  (<9ra)  measured  forward  from  the 
earliest  shell  at  a  shell  length  of  5  mm.  Conversion  from  <pmt 
to  cprv  has  no  biological  significance. 

6)  Area  of  the  commissure  plane. — Each  photographic 
image  of  the  commissure  plane  was  transmitted  to  a 
Macintosh  computer  using  an  image  scanner,  and  the 
projected  area  of  the  commissure  plane  was  calculated 

using  the  software  NIH  Image  1.53  (freeware).  The  projec- 
tive area  was  calibrated  by  the  following  equation  : 

S=- 

S'
 

COSçw 

where  S  is  the  real  area  of  the  commissure  plane,  S'  is  the 
projected  area  of  the  commissure  plane,  and  <prot  is  the 

backward  rotation  angle  (Figure  3-C). 
7)  Index  of  secretion  rate  of  the  outer  part  of  the  fibrous 

prismatic  layer.— The  definition  of  this  parameter  has  already 
been  mentioned  above.    This  is  obtained  as  : 2o  inc 

M+/«2)x/* 
where  Sinc  is  the  area  of  the  hatched  portion  in  Figure  3-D  ; 
ligi\  and  Iigi2  are  the  lengths  of  two  neighboring  internal 
growth  lines;  and  lss  is  the  increment  width  on  the  outer 

shell  surface  (see  Figure  3-D).  Sinc  was  measured  using  the 
software  NIH  Image  1.53  (free  ware).  /lW1,  ligl2,  and  /ss  were 
measured,  using  a  slide  caliper,  on  the  photograph  of  the 
sectioned  surface  of  the  shell. 

8)  Outline  length  of  the  commissure.— The  length  of  an 
adhesive  tape  attached  to  each  major  growth  ring  is  defined 
as  the  outline  length  of  the  commissure.  It  was  measured 
using  a  slide  caliper. 

9)  Degree  of  plication  development.— As  already 
mentioned,  this  is  defined  by  the  angle  between  two  regres- 

sion lines  before  and  after  the  plication  appearance  in  the 
scatter  diagram  which  represents  the  relationship  between 
the  area  of  the  commissure  plane  and  the  outline  length  of 

the  commissure.  These  two  regression  lines  were  calcu- 
lated with  the  reduced  major  axis  method. 

Results 

Morphology  of  the  commissure  plane 
In  M.  tichanovitchi,  M.  furanuiensis,  and  M.  californianus, 

the  outline  shape  of  the  commissure  plane  consists  of  two 
straight  portions  (hinge  axis  and  anterior  half  of  ventral 
margin)  and  two  sharply  curved  ones  (beak  area  and  rounded 
ventral  end).  In  these  species,  the  commissure  plane 
approximates  an  elongated  ellipse.    The  major  axis  of  this 

ellipse  is  nearly  parallel  to  the  hinge  axis.  Therefore,  the 
sharply  pointed  area  with  the  largest  curvature  is  located 

near  the  hinge  axis  (Figures  1-1a  and  -2a,  and  4-B,  C  and  F). 
In  the  later  growth  stage  of  M.  furanuiensis,  the  ventral 
margin  is  curved  and  the  sharply  pointed  area  moves  away 

from  the  hinge  axis  as  the  shell  grows  (Figure  1-2a).  In  M. 
galloprovincialis  and  M.  grayanus,  the  sharply  pointed  area  is 
much  closer  to  the  beak  and  much  more  distant  from  the 

hinge  axis  than  in  M.  tichanovitchi,  M.  furanuiensis,  M.  ksakur- 
ai  and  M  californianus  (Figures  1 -6a,  and  4-D,  E).  However, 
the  curvature  of  each  segment  of  the  commissure  of  M. 

galloprovincialis  and  M.  grayanus  is  smaller  than  in  M.  ti- 
chanovitchi, M.  furanuiensis,  M.  ksakurai,  and  M.  californianus 

(Figures  4D  and  E),  indicating  that  the  commissure  plane  in 
M.  galloprovincialis  and  M.  grayanus  approximates  to  a  short, 
wide  ellipse.  The  outline  shape  of  the  commissure  plane  in 
M.  ksakurai  is  intermediate  between  M.  galloprovincialis  and 

M.  tichanovitchi  (Figures  1 -3a  and  4- A).  The  sharply  pointed 
area  on  the  commissure  plane  in  M.  ksakurai  is  similar  to  but 

slightly  closer  to  the  beak  than  in  M.  tichanovitchi  (Figure  4- 
A  and  B).  The  curvature  of  the  sharply  pointed  area  in  M. 
ksakurai  is  slightly  smaller  than  in  M.  tichanovitchi,  although 
the  range  of  this  area  in  M.  ksakurai  is  wider  than  in  M. 

tichanovitchi  (Figure  4-A  and  B).  Therefore,  the  ellipse  of 
the  commissure  plane  in  M.  ksakurai  is  shorter  and  wider 
than  in  M.  tichanovitchi  (Figure  5).  The  outer  shape  of  the 
commissure  plane  in  M.  tichanovitchi  tends  to  be  markedly 
elongated  along  the  maximum  growth  axis,  whereas  the 
degree  of  shell  elongation  is  weak  throughout  ontogeny  in  M. 
ksakurai  (Figure  5). 

Shell  convexity 

The  Miocene  mytilids  examined  exhibit  diphasic  shell 
growth  (Figures  1  and  6,  Table  2).  In  the  juvenile  stage,  their 

shells  are  thin  and  weakly  convex  (having  high  whorl  expan- 
sion rate)  as  in  most  extant  mytilids.  Juvenile  shells  of  M. 

tichanovitchi  and  M.  furanuiensis  are  more  weakly  convex 
than  adult  shells  of  extant  mytilids  and  juvenile  shells  of  M. 
ksakurai  (Figure  6,  Table  2).  The  juvenile  shell  form  of  M. 
ksakurai  is  as  weakly  convex  as  the  adult  shell  forms  of  M. 
galloprovincialis  and  M.  grayanus. 

In  the  Miocene  mytilids  examined,  shell  convexity  is  low  in 

their  juvenile  stages  but  begins  to  increase  markedly  in  mid- 
ontogeny  (Figures  1  and  6).  This  allometric  change  in  shell 
convexity  causes  an  unusually  inflated  shell  form  in  later 

stage.  This  allometric  change  is  very  similar  to  "genicula- 
tion"  in  the  Late  Cretaceous  inoceramid  Cremnoceramus 
(Crampton,  1996).  This  allometric  change  is  especially 
conspicuous  in  M.  tichanovitchi  and  M.  ksakurai,  but  it  is  only 
weakly  developed  and  not  abrupt  in  M.  furanuiensis  (Figure 

1-2).  The  shell  of  M.  furanuiensis  is  much  less  convex  than 
those  of  M.  tichanovitchi  and  M.  ksakurai  (Table  2).  The 

shell  convexity  of  M.  tichanovitchi  is  similar  to  that  of  M. 
ksakurai  (Table  2).  However,  the  ontogenetic  change  of 
shell  convexity  is  more  conspicuous  in  the  former  species 
than  in  the  latter  (Table  2).  In  both  species,  conspicuous 
commarginal  ribs  resembling  steps  begin  to  develop  soon 

after  the  allometric  change  in  shell  convexity  (Figure  1-1-^5). 



Formation  of  plications  in  Miocene  bivalve 
231 

S 

•-> 

3 

> 

u 

M.    (P.)   ksakurai 
UMUT  CM  27608b 

•  1/radius 

B 

M.    (T.)    tichanovitchi 
UMUT  CM  27606a 

I  /radius 
distance 

0       0 

V     C M.    (T.)  furanuiensis 
UMUT  CM  27607a •  I /radius 

2"
 

0      30     60     90    120   150    180 

3-1    D  r4 
M.    (M.)    galloprovincialis 
UMUT  CM  27603b 

•  I /radius     /  V. 

i     ■ — i — ■ — i — i — i — ■ — r— 
0      30     60     90    120   150    180 

E 

"v  disl  met 

M.    (C.)   grayanus 
UMUT  CM  27605a 

0         0'   10 
0      30     60     90     120    150    180 

3]    F  r4 M.    (M.)    californianus 
UMUT  CM  27604a •  l/radius 

,A 

0   30  60  90  120  150  180    0   30  60  90  120  150  180    0   30  60  90  120  150  180 

Position    on    the    commissure    (degrees) 

Figure  4.  Relationship  of  the  curvature  of  each  segment  of  the  commissure,  and  of  the  distance  from  the 
hinge  axis  to  the  commissure,  compared  with  the  position  on  the  commissure  in  six  species  of  Mytilus.  The  data 
are  based  on  the  measurements  of  a  single  specimen  for  each  species.  Two  vertical  lines  in  the  case  of  M. 
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Mode  of  shell  secretion  and  expansion 
In  order  to  understand  the  relationship  between  increasing 

shell  convexity  and  shell  thickness,  polished  sections  of 
selected  specimens  were  observed  under  a  microscope.  In 
specimens  of  M.  grayanus  and  M.  ksakurai,  each  internal 
growth  increment  in  the  outer  part  of  the  fibrous  prismatic 
layer  is  widest  on  the  outer  shell  surface  and  narrowest  just 

above  the  boundary  with  the  inner  part  of  the  fibrous  pris- 
matic layer  (Figure  7).  M.  grayanus  does  not  exhibit  any 

remarkable  ontogenetic  change  in  the  growth  pattern  of 

internal  growth  increments  (Figure  7-A).  This  is  true  also  for 
M.  galloprovincialis  and  M.  californianus.  In  contrast,  internal 

growth  lines  in  M.  tichanovitchi,  M.  furanuiensis,  and  M.  ksa- 
kurai all  bend  toward  the  inside  of  the  shell  as  if  the  palliai 

line  were  a  fulcrum  at  the  stage  of  the  allometric  change  in 

shell  convexity  (Figure  7- B). 
In  M.  ksakurai,  the  secretion  rate  of  the  outer  part  of  the 

fibrous  prismatic  layer  in  the  stage  before  the  allometric 
change  in  shell  convexity  is  low  (index  of  shell  secretion  rate 

about  0.2,  Figure  8-B).  In  this  stage,  the  shell  expands 
ventrally,  maintaining  low  convexity  (Figure  6-C).  The  index 
increases  to  0.35  near  the  stage  of  allometric  change  in  shell 

convexity  and  attains  a  maximum  (0.55)  at  the  stage  of  the 

allometric  change  (Figure  8-B).  After  the  abrupt  change  in 
shell  convexity,  this  index  fluctuates  between  about  0.2  and 

0.7  (Figure  8-A).  This  causes  the  development  of  steplike 
growth  rings  on  the  shell  of  M.  ksakurai  and  in  all  the  other 

Miocene  mytilids  examined  here  (Figure  1-1—5).  In  general, 
the  index  of  the  secretion  rate  is  small  in  the  juvenile  stage 
but  increases  abruptly  soon  after  the  stage  of  the  allometric 

change  in  shell  convexity  (Figure  8).  The  whorl  expansion 

rate  after  the  stage  of  the  allometric  change  in  shell  convex- 
ity is  much  lower  than  before  this  allometric  change  (Figure 

6,  Table  2).  This  produces  a  thick,  highly  convex  shell.  In 
both  M.  tichanovitchi  and  M.  ksakurai,  the  conspicuous 

ontogenetic  change  in  inclination  of  microincrements  corre- 
sponds to  the  stage  of  the  allometric  change  in  shell  convex- 

ity. In  contrast,  in  M.  furanuiensis,  the  conspicuous  change 
of  inclination  of  microincrements  occurs  in  later  growth  stage 

after  the  allometric  change  in  shell  convexity,  following  the 

initiation  of  the  step-like  commarginal  ribs  in  cross  section. 
Therefore,  in  this  species,  the  allometric  change  in  shell 
convexity  is  not  so  conspicuous  and  the  shell  form  becomes 
markedly  elongated  and  weakly  inflated  later  in  ontogeny 



232 Katsuhiro  Yoshida 

10i 

o 

x 

O 
G 

"   -   
M.  (P.)  ksakurai                        / 

~     M.  (T.)  tichanovitchi           /\ " /   circle 

- 

/              •* 
/          .«   .* 

. 

/                   *&M? 

/jr 
Major    axis    (cm) 

10 

Figure  5.  Ontogenetic  allometric  relationship  between 
major  and  minor  axes  of  the  generating  curve  for  selected 
specimens  of  M.  ksakurai  and  M.  tichanovitchi. 

Table  2.  Average  of  the  slope  of  the  regression  line  in 
double  scatter  diagram  of  the  allometric  relationship  between 
the  square  root  of  the  area  of  the  commissure  plane  and  the 
total  revolving  angle  of  the  commissure  plane. 

species 
stage 

av N SD 

M.  (T.)  tichanovitchi 
juvenile 

24.120 7 7.337 
adult 155.532 7 23.133 

M.  (T.)  furanuiensis 
juvenile 

18.341 1 
adult 101.838 4 42.570 

M.  (P.)  ksakurai 
juvenile 

56.437 7 18.154 
(Katsura  River) adult 114.987 7 35.927 

M.  (P.)  ksakurai 
juvenile 

38.480 7 18.480 

(Kishimatsu-  River) 
adult 157.530 9 

49.623 

M.  (C.)  grayanus 49.525 6 13.223 

M.  (M)  galloprovincialis 
45.285 6 3.526 

M.  (M)  calif ornianus 72.501 3 17.803 

av  :  average  of  slope,  N  : 
SD  :  standard  deviation 

number  of  specimens, 

(Figure  1-2). 

Plication  morphology 
In  M.  ksakurai,  the  stage  of  the  allometric  change  in  shell 

convexity  corresponds  with  the  abrupt  appearance  of  plica- 
tions (Figure  1-3,  -4,  and  -5).  Large  samples  from  localities 

in  the  Katsura  and  Kishimatsu-zawa  Rivers  show  remarkable 
individual  variation  in  the  number  of  plications,  and  the 
pattern  of  undulations  in  the  commissure  is  not  uniform 

among  specimens  with  the  same  number  of  plications  (Fig- 
ure 2).  In  general,  the  variation  in  the  number  of  plications 

is  regarded  as  a  discrete  distribution,  because  the  number  of 
plications  is  not  a  decimal  but  an  integer.  However,  in  view 
of  the  degree  of  plication  development,  plications  show 

continuous  variation  (Figure  9).  Therefore,  continuous  varia- 
tion in  excessive  expansion  of  the  mantle  edge  appears  as 

discrete  variation  in  the  number  and  pattern  of  plications.  In 
spite  of  the  wide  variation  in  their  number,  pattern,  and 
degree  of  development,  plications  in  M.  ksakurai  begin  to 
appear  in  a  restricted  area  on  the  commissure  at  the  stage 
just  before  the  allometric  change  in  shell  convexity  (between 

110°  and  150°  in  the  angle  measured  from  the  standardized 
point  P  in  Figure  3-B  ;  see  Figure  1-3a,  -4a,  and  -5a).  The 
index  of  shell  secretion  rate  at  a  given  shell  size  is  measured 
in  the  portion  of  ridge  and  sulcus.  In  both  portions,  this 

index  fluctuates  between  about  0.2  and  0.7  (Figure  8-A). 
The  range  of  the  fluctuation  of  this  index  in  the  portion  of  the 
ridge  does  not  differ  clearly  from  that  in  the  portion  of  the 
sulcus.  Therefore,  it  can  be  said  that  the  index  of  shell 
secretion  rate  at  a  given  shell  size  does  not  differ  between 

ridge  and  sulcus  (Figure  8-A). 

Discussion 

Several  explanations  have  been  proposed  for  the  forma- 
tion of  patterns  of  radial  and  spiral  sculpture  in  molluscs. 

Cox  er  al.  (1969)  and  Hayami  (1974)  speculated  that  radial 
costae  and  striae  in  bivalves  result  from  the  enhanced 

secretion  of  calcium  carbonate  by  groups  of  cells  perpendic- 
ular to  the  mantle  margin.  According  to  their  hypothesis, 

the  shell  sculpture  would  consist  of  thick  ridges  and  relative- 
ly thin  furrows.  However,  in  the  examined  specimens  of  M. 

ksakurai,  no  significant  difference  in  the  index  of  the  shell 
secretion  rate  occurs  between  ridge  and  sulcus  (Figure  8A). 
This  suggests  the  absence  of  perpendicular  cells  along  the 
mantle  margin. 

Seilacher  (1985)  suggested  that  the  divergent  plications  of 
ostreids,  malleids,  and  anomiids  are  produced  by  excessive 
tangential  growth  of  the  mantle  edge.  The  existence  of 
divergent  plications  on  the  shell  implies  an  excess  of  mantle 
in  relation  to  shell  edge.  However,  the  plication  of  M. 
ksakurai  is  distinguished  from  that  of  ostreids  and  malleids  by 
its  association  with  allometric  changes  in  shell  convexity  and 

a  subsequent  abrupt  shell  thickening  (Figures  1-3, -4,  and 
-5,  and  7-B).  In  M.  ksakurai,  the  development  of  plication  is 

restricted  to  part  of  the  shell  margin  (between  110°  and  150c 
in  the  angle  measured  from  the  standardized  point  P  in 

Figure  3- A,  Figure  1 -3a,  -4a,  and  -5a),  whereas  in  ostreids, 
malleids,  and  anomiids,  plications  are  developed  over  the 

whole  shell  surface  (Figure  1-7).  Moreover,  in  extant 
Bivalvia,  a  relative  increase  of  shell  convexity  is,  in  most 
cases,  caused  by  a  reduction  in  the  mantle  proliferation  rate 
(Seed,  1968;  1980;  Vermeij,  1990).  Therefore,  the  mantle 
proliferation  rate  of  M.  ksakurai  presumably  decreased  after 
the  allometric  change  in  shell  convexity.  In  this  species, 
excessive  tangential  growth  of  the  mantle  edge  might  not 
have  occurred  when  plications  appeared. 

To  generate  the  excess  of  mantle  margin  relative  to  the 
shell  edge  without  acceleration  of  mantle  proliferation,  the 
space  in  which  the  mantle  can  be  accommodated  must  be 
reduced.  Internal  growth  lines  conspicuously  turn  inward 

after  the  allometric  change  in  shell  convexity.  This  sug- 

gests a  bending  of  the  distal  part  of  the  mantle  (Figure  7-B). 
If  a  curved  surface  or  a  plane  with  a  curved  perimeter  is  bent 
inward  along  its  edge,  the  distal  part  of  that  plane  surface 
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Figure  6.  Ontogenetic  allometric  relationship  between  the  area  of  the  commissure  plane  and  the  revolving 

angle  of  the  commissure  plane  in  three  Miocene  mytilids  (AC)  and  one  extant  one  (D).  Each  graph  is  based  on 

a  single  specimen.  Arrows  in  A-C  point  to  the  stage  of  the  allometric  change  in  shell  convexity.  Regression  lines 
a  and  b  were  calculated  by  the  least  squares  method. 

must  be  deformed  and  wrinkled,  because  this  portion,  includ- 
ing the  edge,  is  compressed  into  a  narrower  space.  This 

leads  to  the  prediction  that  the  mantle  edge  will  be  deformed 
and  wrinkled  when  the  distal  part  of  the  mantle  is  bent. 
This  type  of  plication  is  analogous  to  the  wrinkles  of  the  skirt 

of  a  tablecloth  (Figure  10),  so  this  model  is  called  here  "the 
tablecloth  wrinkle  model".  This  explanation  has  already 
been  applied  to  plate  tectonics  under  the  name  spherical 
shell  tectonics  (Bayly,  1982  ;  Yamaoka,  1984, 1988).  In  the 
case  of  tablecloth  wrinkles,  the  bending  force  is  gravity.  In 
the  case  of  the  mantle  of  M.  ksakurai,  it  is  inferred  to  be  the 

adhesive  force  of  the  mantle  to  the  inner  shell  surface.  The 

changed  direction  of  this  force  would  result  from  abrupt  shell 
thickening,  due  to  a  rapid  increase  in  the  rate  of  shell 

precipitation  relative  to  the  whorl  expansion  rate  (Figures  7- 
B  and  8-B). 

In  the  case  of  a  bivalve  mantle,  space  reduction  derived 
from  mantle  bending  is  greatest  when  1)  the  mantle  bending 

angle  is  large,  or  2)  the  curvature  of  the  margin  of  the 
commissure  is  large,  or  3)  the  distance  of  the  area  of 
bending  from  the  mantle  edge  (the  distance  from  the  mantle 
edge  to  the  palliai  line)  is  large  (Yoshida,  1996).    The  mantle 
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prismatic  layer 
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Figure  7.  Photomicrographs  and  sketches  of  the  middle  shell  portion  cut  along  the  maximum  growth  axis  of 
M.  grayanus  (A  :  UMUT  RM  27605c)  and  M.  ksakurai  (B)  UMUT  CM  27608c).  The  stars  in  B  indicate  the  stage  of 
the  allometric  change  in  shell  convexity. 

bending  angle  is  large  where  there  is  a  high  shell  secretion 
rate,  because  here  shell  thickness  is  large,  and  the  mantle 
has  to  be  bent  inward  at  a  large  angle  to  adhere  to  the  inner 
shell  surface.  In  most  bivalves,  the  shell  secretion  rate  has 

to  be  in  proportion  to  the  distance  from  the  hinge  axis, 

because  they  could  not  otherwise  close  their  shell  complete- 
ly. Therefore,  the  mantle  bending  angle  is  in  proportion  to 

the  distance  from  the  hinge  axis.  The  condition  1)  can  also 

be  expressed  in  the  words,  "when  the  distance  from  the 

hinge  axis  is  large". 
As  already  noted,  plications  do  not  appear  in  M.  furanuien- 

sis  and  the  three  extant  mytilids  examined.  In  these 
species,  mantle  bending  may  not  occur  because  of  the 

absence  of  a  conspicuous  allometric  change  in  shell  con- 
vexity. In  M.  ksakurai,  plications  appear  in  the  area  between 

the  point  most  distant  from  the  hinge  axis  and  the  point 

having  the  largest  curvature  (between  110°  and  150'  in  rota- 
tion angle  measured  from  the  standardized  point  P)  (see 

Figures  3-A   and   4-A).    Following   the   tablecloth   wrinkle 

model,  the  mantle  is  pushed  into  a  narrower  space  here  than 

elsewhere.  This  model  may  explain  the  remarkable  varia- 
tion in  the  degree  of  plication  in  M.  ksakurai  (Figure  9),  since 

it  is  determined  mainly  by  the  shape  of  the  commissure  plane 

and  the  degree  of  mantle  bending,  which  may  vary  indepen- 
dently of  one  another.  This  model  may  also  be  applied  to 

the  nature  of  the  variation  of  plication  in  M.  ksakurai.  Fol- 
lowing this  model,  the  pattern  of  plication  is  determined  by 

the  excess  of  mantle  via  the  nonlinear  process  of  buckling  of 
the  mantle.  The  excess  of  mantle  derived  from  mantle 

bending  may  have  a  continuous  variation.  Therefore,  in  M. 

ksakurai,  the  degree  of  plication  exhibits  a  continuous  varia- 
tion, although  the  pattern  of  plication  has  a  descrete  varia- 

tion. 

Under  this  model,  growth  of  M.  tichanovitchi  should  have 
involved  a  higher  degree  of  space  reduction  than  in  M. 
ksakurai,  in  view  of  its  more  conspicuous  allometric  change 
in  shell  convexity  (Figures  1  and  6,  Table  2)  and  larger 
curvature  of  the  ventral  margin  of  the  commissure  (Figure  4). 
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Figure  8.  Index  of  shell  secretion  rate  of  the  outer  part  of  the  fibrous  prismatic  layer  in  two  specimens  of  M 

ksakurai.  A  :  Comparison  between  ridge  and  sulcus.  UMUT  CM  20608d  from  the  lower  Miocene  in  the  Katsura 
River.  B  :  Change  of  the  index  of  secretion  rate  around  the  allometric  critical  point.  UMUT  CM  20608c  (same 
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Figure  9.    Variation  of  the  degree  of  plication  development  in  the  samples  of  M.  ksakurai  from  the  localities  in 

the  Katsura  (A)  and  Kishimatsu-zawa  (B)  Rivers.    The  variations  of  the  two  samples  overlap  each  other. 

In  Yamaoka's  (1984)  experiments  on  transformation  of  a 
cylindrical  elastic  body,  wrinkles  with  a  large  wave  length  are 
stable  under  a  high  degree  of  space  reduction.  A  similar 
phenomenon  appears  to  occur  in  the  bending  of  the  elastic 
bivalve  mantle.  In  M.  tichanovitchi,  with  a  high  degree  of 

space  reduction,  a  single  large  wrinkle  (indicated  by  the  bold 

line  in  Figure  11 -A)  is  more  stable  than  several  small  wrinkles 
(indicated  by  the  dotted  line  in  Figure  11-A).  This  produces 
a  new  force  indicated  by  the  arrow  in  Figure  11.  The  vector 
of  this  force  is  oriented  obliquely  to  the  commissure  plane 
and  roughly  parallel  to  the  hinge  axis  (see  Figure  11B).    The 

vector  has  components  parallel  to  and  perpendicular  to  the 
commissure  plane.  The  perpendicular  component  of  this 
vector  makes  the  shell  shape  of  M.  tichanovitchi  highly 

convex  (Figure  1-1b,  Figure  6,  Table  2),  whereas  the  parallel 
one  makes  it  elongated  and  straight  (Figures  1-1a,  and  4,  and 
5).  Therefore,  the  narrowly  rounded  posteroventral  margin 
of  M.  tichanovitchi  itself  may  represent  a  single  large  plication 
under  the  condition  of  a  very  high  degree  of  space  reduction. 

The  subgenus  M.  (Plicatomytilus)  has  been  distinguished 
from  other  mytilid  subgenera  by  differences  in  the  patterns  of 

retractor  muscle  scars  (Allison  and  Addicott,  1976).    How- 
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Figure  10.  Schematic  figure  showing  tablecloth  bending.  The  tablecloth  is  bent  by  gravity  along  the  table- 
edge.  The  larger  circumference  h  is  pushed  into  the  smaller  circumference  /2,  and  as  a  result,  the  table  cloth  edge 
is  transformed  to  a  wrinkled  state. 
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Figure11.  Schematic,  diagrams  showing  the  effect  of  mantle  bending  in  M.  tichanovitchi .  The  solid  arrows 
represent  directions  of  force  under  the  condition  that  a  large  single  wrinkle  is  stable.  The  diagram  A  shows  a 
posterior  view  of  the  valve.  The  vector  represents  the  new  force  that  occurs  when  the  mantle  shape  undergoes 
a  transition  from  the  unstable  several  wrinkle  state  to  the  more  stable  single  wrinkle  state  via  the  buckling  process. 
As  shown  in  B,  this  vector  is  divided  into  two  directions  that  are  parallel  and  perpendicular  to  the  commissure  plane 

(B). 

ever,  Noda  and  Hoyanagi  (1993)  suggested  that  M. 
(Plicatomytilus)  is  closely  related  to  M.  {Tumidimytilus)  in  the 
shape  of  its  anterior  byssal  retractor  muscle  scars.  If  this  is 
correct,  the  marked  morphological  discontinuity  between  the 

plicated  form  (M.  (Plicatomytilus))  and  nonplicated  form  (M. 
(Tumidimytilus))  appears  to  have  originated  from  a  slight 
change  of  geometric  parameters  during  ontogeny. 

As  already  mentioned,  Seilacher  (1985)  pointed  out  that 
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divergent  plication  in  bivalves  can  be  achieved  by  excessive 
tangential  growth  of  the  mantle  margin.  However,  the  table- 

cloth wrinkle  model  suggests  that  in  M.  ksakurai,  the  excess 
mantle  margin  arose  from  a  reduction  in  space  resulting  from 
mantle  bending.  McGhee  (1978)  investigated  a  hypothetical 
shell  growth  model  and  said  that  changes  in  whorl  expansion 
rate  and  increment  magnitude  along  the  shell  margin  should 
produce  irregularity  along  the  commissure  margin.  In  the 
case  of  M.  ksakurai,  the  irregularity  along  the  commissure 
margin  was  produced  as  a  result  of  the  collapse  of  the 
equilibrium  between  the  whorl  expansion  rate  and  the  shell 
secretion  rate. 

This  study  shows  that  the  development  and  wide  variation 
of  plication  in  the  shell  of  M.  ksakurai  are  constrained  mainly 

by  an  architectural  factor  (Bautechnischer  Aspekt:  Seila- 

cher 1970  ;  structural  factor  :  Raup,  1972  ;  "Can  the 
machine  be  built  ?"  :  Thomas,  1979  ;  fabricational  factor  : 
Seilacher,  1991)  derived  from  mantle  bending.  The  bivalve 
shell  is  built  as  if  by  stacking  of  layers  in  the  revolving 
commissure  plane  (Lison  1949  ;  Raup  and  Michelson,  1965  ; 
Bayer  1978).  Likewise,  plication  in  M.  ksakurai  is  created  by 
stacking  of  layers  in  a  distorted  commissure  plane. 

It  is  important  in  constructing  theoretical  models  of  mor- 
phology to  conceive  of  hard  tissue  construction  in  relation  to 

mantle  behavior  (Savazzi,  1995).  This  paper  proposes  a 
plausible  geometric  model  for  plication  formation  in  Mytilus 
(Plicatomytilus),  without  discussing  physical  properties  of  the 
mantle  such  as  elasticity  or  viscosity.  Study  of  these 
properties  of  the  mantle  during  the  growth  of  living  bivalves 
will  provide  a  reliable  biophysical  basis  on  which  to  consider 
the  morphogenesis  of  molluscan  hard  tissues. 
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Abstract  Two  lyttoniid  brachiopod  species,  Coscinophora  magnifies  Cooper  and  Grant,  1974  and 
Leptodus  nobilis  (Waagen,  1883)  are  described  from  the  Middle  and  Upper  Permian  limestones  in  the 
Akasaka  district,  Mino  Belt,  central  Japan.  The  Permian  brachiopod  fauna  of  Akasaka  is  characterized 
by  a  mixture  of  both  Tethyan  and  North  American  elements.  The  fauna  is  considered  to  have  occupied 
a  mid-equatorial  region  of  the  Panthalassa  Ocean  in  Permian  time. 
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Introduction 

The  Akasaka  district,  northwest  of  Ogaki  City  in  the  Gifu 
Prefecture  is  a  famous,  classical  area  for  the  Japanese 
Permian.  The  Permian  marine  invertebrate  fossils  of  the 

Akasaka  Limestone  in  this  district  have  been  studied  by 
many  authors  since  the  pioneering  works  of  Schwager  (1883), 
Gottsche  (1884)  and  Ozawa  (1927).  Brachiopods  from  the 
Akasaka  Limestone  were  studied  by  Sato  (1919),  Ozawa 
(1927)  and  Hayasaka  (1925,1932),  and  ten  species  were 
described  or  listed  :  Lyttonia  richthofeni  Keyser  (Sato,  1919  ; 
Hayasaka,  1925  ;  Ozawa,  1927),  Enteletes  akasakensis 
Ozawa  (Ozawa,  1927  ;  Hayasaka,  1932),  Scacchinella  cf. 
gigantea  Gemmellaro  (Hayasaka,  1925,1932),  Reticularia 

lineata  Martin,  R.  waageni  Loczy,  R.  cf.  inaequilateralis  Gem- 
mellaro, Terebratuloidea  ?  sp.  (Hayasaka,  1925),  Enteretes 

minoensis  Hayasaka,  E.  suessi  Schellwien  and  Geyerella  sp. 
(Hayasaka,  1932).  Recently  a  lyttoniid  species  Coscinophora 
magnifica  Cooper  and  Grant,  from  its  lower  part  (Parafusulina 
Zone),  was  described  and  added  to  the  list  by  Tazawa 
(1997b). 

In  this  paper  two  lyttoniids  from  the  Akasaka  Limestone, 
Coscinophora  magnifica  Cooper  and  Grant,  1974  from  its 
lower  part  {Parafusulina  Zone)  at  Locality  1,  Kinshozan,  and 
Leptodus  nobilis  (Waagen,  1883)  from  its  uppermost  part 

(Codonofusiella- Reichelina  Zone)  at  Locality  2,  Hanaoka- 
yama,  are  described,  and  their  palaeobiogeography  is  dis- 

cussed. The  fossil  localities  are  shown  on  Figure!  The 
first  author  (JT.)  is  responsible  for  the  systematic  descriptions 
and  discussion  of  Permian  brachiopod  palaeobiogeography, 

and  the  second  and  third  authors  (TO.  and  M.H.)  are  respon- 

sible for  field  geology  and  collecting  the  specimens.  All  the 
specimens  described  here  are  stored  in  the  Department  of 
Geology,  Faculty  of  Science,  Niigata  University. 

Distribution  of  Coscinophora  and  Leptodus 

The  distribution  of  the  genus  Coscinophora  is  restricted 
stratigraphically  and  geographically.  It  has  been  described 
from  only  two  regions,  the  Lower  Permian  (Wolfcampian)  and 
Middle  Permian  (Leonardian)  of  west  Texas,  U.S.A.  and  the 
Middle  Permian  (Parafusulina  Zone)  of  Akasaka,  central 
Japan.  Coscinophora  magnifica  Cooper  and  Grant  has  been 
known  from  the  Middle  Permian  (Road  Canyon  Formation)  of 
west  Texas  and  the  Middle  Permian  (lower  part  of  the 
Akasaka  Limestone)  of  Akasaka,  central  Japan  (Sato,  1919  ; 
Hayasaka,  1925, 1932  ;  Cooper  and  Grant,  1974  ;  Tazawa, 
1997b,  this  paper). 

On  the  other  hand,  the  genus  Leptodus  is  widely  distribut- 
ed in  the  Lower  to  Upper  Permian  of  the  Tethyan  and  its 

neighboring  regions.  Leptodus  nobilis  (Waagen)  is  known 
from  the  Middle  and  Upper  Permian  of  Hungary  (Schréter, 

1963),  Croatia  (Sremac,  1986),  Serbia  (Simic,  1933),  Trans- 
caucasia (Licharew,  1932;  Sarytcheva,  1964;  Ruzhentsev 

and  Sarytcheva,  1965  ;  Kotljar  in  Kotljar  and  Zakharov,  1989), 
Salt  Range  (Waagen,  1883;  Noetling,  1904,1905;  Freeh, 
1911  ;  Fredericks,  1916  ;  Cooper  and  Grant,  1974)  and  Khisor 
Range  (Grant,  1976)  in  Pakistan,  Kumaon  Himalayas  (Diener, 
1897),  Kashmir  (Diener,  1915),  Cambodia  (Mansuy,  1913, 1914  ; 

Termier  and  Termier,  1960  ;  Chi-Thuan,  1961),  Laos  (Mansuy, 
1912),  Timor  (Hamlet,  1928  ;  Wanner  and  Sieverts,  1935),  Port 
Keats  in  northern  Australia  (Thomas,  1957),  Tibet  (Zhan  and 
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Figure  1.    Map  showing  the  fossil  localities  (using  the  topographical  map  of  "Ogaki"  scale  1 :  25,000  published 
by  Geographical  Survey  of  Japan). 

Wu,  1982),  Yunnan  (Fang  and  Fan,  1994),  Sichuan  (Hayasaka 
1917, 1922b  ;  Huang,  1932),  Guizhou  (Hayasaka,  1917, 1922b 
Huang,  1932  ;  Feng  and  Jiang,  1978),  Guangxi  (Huang,  1936 
Yang  et  al.,  1977),  Guangdong  (Yang  et  a/.,  1977  ;  Zhan, 
1979),  Hunan  (Yang  et  al.,  1977  ;  Liao  and  Meng,  1986)  and 
Hubei  (Yang  et  al.,  1977  ;  Yang,  1984)  in  South  China,  Jiangxi 
(Hayasaka,  1922b),  Fujian  (Wang  et  al.,  1982  ;  Zhu,  1990)  and 
Zhejiang  (Liang,  1990)  in  East  China,  Gansu  (Zhang  ef  a/., 
1983)  and  Qinghai  (Jin  et  al.,  1979)  in  Northwest  China,  Inner 
Mongolia(Grabau,  1931  ;  Lee  and  Gu,  1976  ;  Lee  et  al.,  1980  ; 
Duan  and  Li,  1985  ;  Gu  and  Zhu,  1985),  Heilongjiang  (Lee  et 
al.,  1980)  and  Jilin  (Lee  et  al.,  1980)  in  Northeast  China,  South 
Primorye  in  eastern  Russia  (Licharew  and  Kotljar,  1978), 
South  Kitakami  Belt  (Yabe,  1900;  Hayasaka,  1917,1922a; 
Tazawa,  1976, 1987  ;  Minato  ef  a/.,  1979),  Hida  Gaien  Belt 
(Tazawa,  1987  ;  Tazawa  and  Matsumoto,  1998),  Maizuru  Belt 
(Mashiko,  1934  ;  Shimizu,  1961)  and  Mino  Belt  (this  paper)  in 
Japan. 

Permian  reconstruction  of  the  Akasaka  Limestone 

From  the  above  data,  it  is  clear  that  the  genus  Leptodus 
is  a  Tethyan  element  and  the  genus  Coscinophora  is  a  North 
American  element,  and  the  Permian  brachiopod  fauna  of  the 
Akasaka  Limestone  is  a  mix  of  Tethyan  and  North  American 
elements. 

The  Akasaka  Limestone  is  one  of  the  limestone-green- 
stone blocks  in  the  Jurassic  melange  of  the  Mino  Belt  in 

central  Japan.    The  limestone-greenstone  blocks  are  con- 

sidered to  have  originated  from  reef-seamount  complexes 
formed  at  the  equatorial  region  of  the  Panthalassa  Ocean  in 
Permian  time  on  the  basis  of  palaeomagnetic  (Hattori  and 
Hirooka,  1977,1979),  sedimentological  (Sano,  1988;  Sano 
and  Kanmera,  1996)  and  palaeontological  data  (Ishii  ef  a/., 
1985;  Ozawa,  1987;  Tazawa,  1991,1992).  However,  none 

of  these  authors  gave  their  opinion  about  the  palaeolon- 
gitude  of  the  Permian  reef-sea  mount  complexes. 

Tazawa  (1997a,  b)  and  Tazawa  and  Shen  (1997)  previously 

mentioned  that  these  limestone-greenstone  blocks  were 
formed  at  the  mid-equatorial  region  of  Permian  Panthalassa 
based  on  palaeobiogeographical  studies  of  brachiopod 
faunas  of  the  Hiyomo  and  Akasaka  districts,  Mino  Belt.  The 

occurrence  of  a  typical  Tethyan-type  genus  Leptodus 
together  with  a  North  American-type  genus  Coscinophora 
from  the  Akasaka  Limestone  strongly  supports  the  above 

opinion. 

Systematic  descriptions 

Order  Productida  Waagen,  1883 
Suborder  Strophalosiidina  Waagen,  1883 

Superfamily  Lyttonioidea  Waagen,  1883 
Family  Lyttoniidae  Waagen,  1883 

Subfamily  Lyttoniinae  Waagen,  1883 
Genus  Coscinophora  Cooper  and  Stehli,  1955 

Type  species.- 1955 
-Coscinophora  nodosa  Cooper  and  Stehli, 
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Coscinophora  magnifica  Cooper  and  Grant,  1974 

Figures  2-3—5,  3 

Coscinophora  magnifica  Cooper  and  Grant,  1974,  p.  454,  pi.  182, 

figs.  35,  36;  pi.  184,  figs.  1-8;  pi.  185,  figs.  1-17;  pi.  186,  figs. 
1-13;  pi.  187,    figs.  1-11;  pi.  188,    figs.  15-22,    24;  Tazawa, 

1997b,  p.  447,  figs.  2-1— 3. 
Lyttonia    richthofeni    (Kayser).    Sato,    1919,    p.  276,    text-fig.; 

Hayasaka,  1932,  p.  1. 

Lyttonia  sp.  Hayasaka,  1925,  p.  143,  text  fig. 

Material.— Three  specimens,  NU-B110-112,  from  the  lower 
part  (Parafusulina  Zone)  of  the  Akasaka  Limestone  at  Locality 

1,  Kinshozan,  Akasaka. 

Description.— Shell  large  for  genus,  transversely  subel- 
liptical  in  outline  ;  length  56  mm,  width  65  mm  in  the  largest 

specimen  (NU-B111).  Pedicle  valve  slightly  convex  in  lateral 
and  anterior  profiles  except  anterolateral  margins  which  form 

steep  slopes. 

Pedicle  valve  interior  with  a  median  ridge  and  at  least  12 

lateral  ridges,  both  of  them  consisting  of  a  row  of  small 

beads.  Lateral  ridges  rather  regularly  and  symmetrically 

arranged  on  both  sides  of  median  ridge,  nearly  straight  but 

slightly  arched  facing  convexity  towards  front.  Number  and 

size  of  beads  are  obscure  in  the  present  material. 

Brachial  valve  interior  partly  preserved  in  one  specimen 

(NU-B110).  Lateral  lobes  rather  regularly  and  symmetrically 

arranged  anteriorly  on  both  sides  of  median  lobe,  but  irregu- 

larly developed  posteriorly.  Each  lateral  lobe  with  a  row  of 

small,  subrectangular  holes,  numbering  4  holes  per  10  mm 

(Figure  3).    Other  internal  structures  not  observed. 

Remarks.— The  present  specimens  are  assigned  to  the 
genus  Coscinophora  on  the  basis  of  their  pedicle  valve 

moniliseptate,  median  and  lateral  ridges  consisting  of  a  row 

of  beads,  and  their  brachial  valve  median  and  lateral  lobes 

consisting  of  a  row  of  holes.  These  specimens  are  referred 

to  Coscinophora  magnifica  Cooper  and  Grant,  1974,  from  the 

Road  Canyon  Formation  of  the  Glass  Mountains,  west  Texas, 

on  account  of  the  comparable  size  and  shape  of  shell,  and 
size  and  number  of  holes  on  the  lateral  lobes  of  the  brachial 
valve. 

The  lyttoniid  brachiopods  collected  from  the  lower  part 

(Kasumi  Zone  of  Wakimizu,  1902)  of  the  Akasaka  Limestone 

and  reported  as  Lyttonia  richthofeni  (Kayser,  1883)  (Sato,  1919, 

p.  276  ;  Hayasaka,  1932,  p.  1)  and  Lyttonia  sp.  (Hayasaka, 

1925,  p.  143)  may  be  conspecific  with  the  present  species. 

Genus  Leptodus  Kayser,  1883 

Type  species.— Leptodus  richthofeni  Kayser,  1883 

Leptodus  nobilis  (Waagen,  1883) 

Figures  2-1,2-2,4 

Lyttonia  nobilis  Waagen,  1883,  p.  398,  pi.  29,  figs.  1-3;  pi.  30, 

figs.  1,2,  5,  6,  8,10,11  ;  Diener,  1897,   p.  37,   pi.  1,   figs.  5-7  ; 

Figure  2.  1,  2.  Leptodus  nobilis  (Waagen,  1883).  Internal  mould  of  a  pedicle  valve  and  the  latex  cast
,  NU  B128. 

3-5.  Coscinophora  magnifica  Cooper  and  Grant,  1974.  Internal  moulds  of  three  pedicle  valves,  3  :  NU-
B110  ;  4  : 

NU-B111  ;  5  :  NU-B112.  (All  figures  are  natural  size) 
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Figure  3.  A  part  of  the  brachial  valve  of  Coscinophora 

magnifica  Cooper  and  Grant,  1974,  showing  details  of  the 

lateral  lobes,  NU-B110.  (x3) 

Noetling,  1904,  p.  112,  text-figs.  4-7  ;  Noetling,  1905,  p.  140: 

pi.  17,  figs.  1, 2  ;  pi.  18,  figs.  1-11,  text-fig.  2  ;  Mansuy,  1913,  p 

123,  pi.  13,  fig.  10  ;  Mansuy,  1914,  p.  32,  pi.  6,  figs.  7a-d  ;  pi.  7 
figs.  1a-e  ;  Diener,  1915,  p.  99,  pi.  10,  fig.  15  ;  Grabau,  1931,  p 
285,  pi.  28,  figs.  4,  5  only  ;  Huang,  1932,  p.  89,  pi.  7,  figs.  9 

10;  pi.  8,  figs.  8,  9;  pi.  9,  figs.  1-8,  text-figs.  8-11  ;  Simic 
1933,  p.  49,  pi.  4,  fig.  1. 

Lyttonia  tenuis  Waagen,  1883,  p.  401,  pi.  30,  figs.  3, 4, 7, 9. 

Lyttonia  sp.  Yabe,  1900,  p.  2,  text-figs.  1, 2. 
Lyttonia  cf.  tenuis  Waagen.  Mansuy,  1912,  p.  19,  pi.  4,  fig.  4  ;  pi. 

5,  figs.  1a-e  ;  Huang,  1936,  p.  493,  pi.  1,  fig.  6. 
Oldhamina  (Lyttonia)  richthofeni  var.  nobilis  Waagen.  Freder- 

icks, 1916,  p.  76,  pi.  4,  fig.  2,  text-fig.  22. 
Lyttonia  richthofeni  (Kayser).  Freeh,  1911,  p.  135,  pi.  20,  figs.  2a,  b 

only;  Hayasaka,  1917,  p. 43,  pi.  18,  figs.  1-8;  Hayasaka, 
1922a,  p.  62,  pi.  11,  figs.  1-6;  Hayasaka,  1922b,  p.  103,  pi.  4, 

figs.  12, 13;  Licharew,  1932,  p.  56,  86,  pi.  1,  figs.  1-16;  pi.  2, 

figs.  1,  2,  5,  7, 10, 12  ;  pi.  3,  figs.  2-7  ;  pi.  4,  figs.  1-17;  pi.  5, 
figs.  1-4, 6  ;  Mashiko,  1934,  p.  182,  text-fig. 

Lyttonia  (Leptodus)  richthofeni  Kayser.  Hamlet,  1928,  p.  31,  pi.  6, 

figs.  1-4. 
Lyttonia  richthofeni  forma  nobilis  Waagen.  Licharew,  1932,  p. 

69,  96,  pi.  2,  figs.  13, 14  ;  pi.  5,  figs.  1-4,  6,  text-fig.  3. 
Leptodus  nobilis  (Waagen).  Wanner  and  Sieverts,  1935,  p.  249, 

pi.  9,  figs.  27,  28,  text  figs.  16-18  ;  Termier  and  Termier, 

1960,  p.  241,  text-pl.  3,  figs.  1-10  ;  Chi-Thuan,  1961,  p.  274,  pi. 

1,  figs.  1a,  b;  Schréter,  1963,  p.  107,  pi.  3,  figs.  5-8  ;  Sary- 
tcheva,  1964,  p.  65,  pi.  7,  figs.  5-8,  text-fig.  1  ;  Ruzhentsev 
and  Sarytcheva,  1965,  pi.  39,  figs.  6-8  ;  Cooper  and  Grant, 
1974,  pi.  191,  figs.  8,  9  ;  Grant,  1976,  pi.  43,  figs.  18, 19  ;  Lee 

and  Gu,  1976,  p.  267,  pi.  162,  figs.  1,2;  Tazawa,  1976,  pi.  2, 

fig.  8;  Yang  ef  a/.,  1977,  p.  371,  pi.  147,  fig.  5;  Feng  and 
Jiang,  1978,  p.  269,  pi.  100,  fig.  2  ;  Licharew  and  Kotljar, 

1978,  pi.  14,  figs.  13-15  ;  Jin  ef  a/.,  1979,  p.  82,  pi.  23,  fig.  15  ; 
Minato  et  al.,  1979,  pi.  66,  figs.  1,  4,  5  :  Zhan,  1979,  p.  93,  pi. 

9,  fig.  12  ;  Lee  ef  a/.,  1980,  p.  389,  pi.  172,  figs.  15, 16  ;  Wang 
ef  a/.,  1982,  p.  229,  pi.  95,  fig.  20  ;  Zhan  and  Wu,  1982,  pi.  4, 

fig.  4  ;  Zhang  ef  a/.,  1983,  p.  297,  pi.  102,  figs.  7, 8  ;  Yang, 

1984,  p.  226,  pi.  35,  fig.  12  ;  Gu  and  Zhu,  1985,  pi.  1,  figs.  31, 

33,34;  Liao    and    Meng,    1986,    p.  81,    pi.  2,    figs.  24, 25  ; 

Sremac,  1986,  p.  30,  pi.  10,  figs.  1-2  ;  Tazawa,  1987,  fig.  1-11  ; 
Kotljar  in  Kotljar  and  Zakharov,  1989,  pi.  20,  fig.  6  ;  pi.  23,  fig. 

12  ;  Liang,  1990,  p.  225,  pi.  40,  figs.  1,5;  Fang  and  Fan,  1994, 

p.  83,    pi.  23,    figs.  1-3;  pi.  30,    fig.  5  ;  Tazawa    and    Ma- 
tsumoto,  1998,  p.  7,  pi.  2,  figs.  7-12. 

Lyttonia  cf.  nobilis  Waagen.     Huang,  1936,  p.  493,  pi.  1,  fig.  5. 

Leptodus  cf.  nobilis  (Waagen).    Thomas,  1957,  p.  177,  pi.  20,  figs. 
1-6. 

Leptodus  richthofeni  Kayser.    Shimizu,  1961,  pi.  18,  figs.  14, 15  ; 
Schréter,  1963,  p.  106,  pi.  3,  fig.  4  ;  Sarytcheva,  1964,  p.  65, 

pi.  7,  figs.  2-4;  Yang  ef  a/.,  1977,  p.  372,  pi.  147,  fig.  10; 
Yang,  1984,  p.  226,  pi.  35,  fig.  11  ;  Duan  and  Li,  1985,  p.  119, 

pi.  35,  figs.  17-19. Leptodus  ivanovi  Fredericks.    Minato  ef  a/.,  1979,  pi.  66,  fig.  3. 

Leptodus  sp.  Minato  ef  a/.,  1979,  pi.  66,  fig.  2. 

Leptodus  tenuis  (Waagen).    Duan  and  Li,  1985,  p.  119,  pi.  35,  figs. 

14-16  ;  Liang,  1990,  p.  226,  pi.  40,  fig.  9  ;  Zhu,  1990,  p.  79,  pi. 

18,  figs.  19-21  ;  Fang  and  Fan,  1994,  p.  83,  pi.  23,  figs.  4-5  ; 
pi.  30,  fig.  6. 

Leptodus  sp.  Tazawa,  1987,  fig.  1-10. 

Material.— One  specimen,  NU-B128,  from  the  uppermost 

part  (Codonofusiella- Reichelina  Zone)  of  the  Akasaka  Lime- 
stone at  Locality  2,  Hanaokayama,  Akasaka. 

Description.— Shell  medium  to  small  for  genus,  trans- 
versely subtrigonal  in  outline,  with  flattened  pedicle  valve, 

having  greatest  width  near  anterior  margin  ;  length  31  mm, 
width  53  mm. 

Pedicle  valve  interior  with  regularly  and  symmetrically 

arranged  lateral  septa  on  both  sides  of  median  septum. 

Median  septum  extended  for  whole  length  of  pedicle  valve 

with  blunt,  rounded  edge.  Lateral  septa  rounded,  solid 

(Figure  4),  nearly  straight,  but  slightly  arched  toward  front, 

numbering  11  in  the  pedicle  valve.  Other  internal  structures 
not  observed. 

Remarks.— This  specimen  is  safely  assigned  to  the  genus 
Leptodus  by  its  rounded  and  solid  (solidiseptate)  lateral  septa 

in  the  pedicle  valve.  The  Akasaka  specimen  may  be  an 

immature  one  of  Leptodus  nobilis  (Waagen),  originally  de- 

scribed and  figured  by  Waagen  (1883,  p.  398,  pi.  29,  figs.  1-3  ; 
pi.  30,  figs.  1,2,  5,  6, 8, 10, 11)  from  the  Wargal  and  Chhidru 
Formations  of  the  Salt  Range,  Pakistan. 

The  single  lyttoniid  specimen  figured  by  Ozawa  (1927,  pi. 

45,  fig.  12)  as  Lyttonia  richthofeni  Kayser  from  the  lower  part 

(Same  Zone  of  Wakimizu,  1902)  of  the  Akasaka  Limestone  is 

clearly  distinguished  from  the  present  species  by  its  grooved 

(angustilobate)  lateral  septa  in  the  pedicle  valve,  which  is  the 

diagnostic  character  of  the  genus  Eolyttonia   Fredericks, 

Figure  4.  Longitudinal  profile  of  the  pedicle  valve  of 
Leptodus  nobilis  (Waagen,  1883).  Right  lateral  view  of  a 

section  of  the  latex  cast,  showing  the  lateral  septa.  NU-B128. 
(X2) 
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Abstract.  Part  of  a  right  dentary  of  a  pseudodontorn,  bony-toothed  bird,  was  newly  found  from  the  shell 
bed  of  the  Kamimitsugano  tuffaceous  siltstone  Facies  of  the  Mitsugano  Member  in  the  Oi  Formation  (17.5- 
17  Ma),  Ichishi  Group  in  the  Misato  area,  Mie  Pref.,  Central  Japan.  This  is  the  first  record  of  a 
pseudodontorn  bill  from  the  Miocene  of  Japan.  The  discovery  supplements  the  fossil  record  of 
pseudodontorns  in  Japan,  which  comprises  the  Early  Oligocène  to  the  Pliocene.  The  arrangement  of  the 
bony  teeth  corresponds  to  that  of  Osteodontornis  orri  Howard,  1957  known  from  the  west  coast  of  North 
America,  and  the  specimen  is  provisionally  identified  as  Osteodontornis  sp. 

Key  words  :  Aves,  Ichishi  Group,  Japan,  Miocene,  Osteodontornis,  pseudodontorn 

Introduction 

The  Miocene  Ichishi  Group,  distributed  in  the  Ichishi  region 
of  Mie  Prefecture,  Central  Japan  (e.g.,  Shibata,  1967),  is 
famous  for  the  abundant  occurrence  of  fossils  (Figure  1A). 
In  particular,  the  shell  beds  in  the  Kamimitsugano  tuffaceous 
siltstone  facies  of  the  Mitsugano  Member  in  the  Oi  Formation 
(Shibata,  1967)  yield  a  variety  of  vertebrate  remains  including 
sharks  (Uyeno  et  al.,  1980),  a  bird  (Diomedeidae  ;  Davis,  1996) 
and  marine  mammals.  These  are  recognized  as  important 
sources  for  Japanese  Miocene  fossil  vertebrates. 

A  large  dentary  found  by  Fujio  Sakakura  from  the  outcrop 
in  Misato  area  (Figure  1B)  was  first  identified  as  that  of  a  fish, 

but  turned  out  to  be  the  right  dentary  of  a  bony-toothed  bird 
after  chemical  preparation  with  acetic  acid  by  Fumio  Ohe. 
This  is  the  first  and  only  example  in  which  the  arrangement 
of  the  bony  teeth  is  preserved  in  the  Miocene  record  of 

pseudodontorns  from  Japan.  The  bony  tooth- like  promi- 
nences borne  by  the  tomia  is  a  remarkable  feature  of 

pseudodontorns,  and  their  arrangement  is  important  for  the 
taxonomy  of  this  group.  This  paper  aims  to  describe  the 

Ichishi  specimen  in  order  to  further  the  taxonomical  evalua- 

tion of  Japanese  pseudodontorns  and  palaeo-geographical 
studies  of  the  marine  avifauna  in  the  Pacific  rim. 

Systematic  paleontology 

Order  Pelecaniformes  Sharpe,  1891 

Family  Pelagornithidae  Furbringer,  1888 
Genus  Osteodontornis  Howard,  1957 

Osteodontornis  sp. 

Figures  2,  3 

Material.— A  partial  right  dentary  with  bony  teeth. 
Mizunami  Fossil  Museum,  MFM28351,  collected  by  Fujio 

Sakakura  on  February  13,  1994  (=the  Ichishi  specimen). 

Locality.— Misato,  Misato  Village,  Mie  Prefecture,  Japan 
(Figure  1). 

Horizon  and  age.— Shell  bed  in  the  Kamimitsugano  tuff- 
aceous siltstone  facies  of  the  tuffaceous  sandstone  and 

shale  Mitsugano  Member,  Oi  Formation,  Ichishi  Group 

(Shibata,  1967).  Late  Early  Miocene.  17.5-17  Ma.  (Itoigawa 
and  Shibata,  1992). 

Description.— The  specimen  consists  of  part  of  a  right 
dentary,  missing  both  anterior  and  posterior  ends  (Figures  2, 
3).  Anteriorly,  the  mandible  is  slender  and  slightly  curves 
dorsally.  The  bony  teeth,  sharp  and  conical  prominences, 

stand  vertically  on  the  dorsal  margin,  which  inclines  some- 
what to  the  external  side,  so  that  the  vestibular  margin  of  the 

bony  teeth  is  continuous  with  the  external  surface  of  the 
mandible. 

The  bony  teeth  can  be  differentiated  on  the  basis  of  size. 
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Figure  1.  Locality  maps  for  the  pseudodontorn  from  Ichishi.  A.  The  locality  map  in  Central  Japan.  The 
locality  is  about  10  km  west  of  the  center  of  Tsu  City,  Mie  Pref.  B.  The  locality  map  showing  Misato  of  Misato 

Village,  based  on  the  1 :  25,000  scale  topographic  map  of  the  Geographical  Survey  Institute  of  Japan,  "Tsu-seibu". 

into  four  types  ;  four  large  teeth  (L1-L4),  three  medium  teeth 
(M1-M3),  five  small  teeth,  and  at  least  eight  tiny  processes 
(Figure  3).  These  size  classes  exhibit  a  repetitive  pattern  ; 
about  midway  between  each  pair  of  large  teeth  is  a  medium 
tooth,  the  pair  of  spaces  between  these  two  sizes  each 
contains  a  small  tooth,  and,  finally,  a  tiny  process  occupies 
the  intervening  space  between  each  of  these  teeth  (Figures 
2, 3).  A  deep  and  round  hole  (h)  occurs  in  front  of  the  third 
large  tooth  (Figures  3  upper  and  lower).  The  distance 
between  each  of  the  large  teeth  increases  anteriorly. 

The  external  surface  is  almost  flat  and  bears  a  deep,  plain 
longitudinal  sulcus,  the  mandibular  groove  (mg),  that  draws 
nearer  to  the  ventral  margin  anteriorly  (Figures  2A,  3  upper 
and  lower).  The  internal  surface  is  smoothly  convex  and  a 
shallow  sulcus  with  some  nutrient  foramina  runs  just  above 

the  ventral  margin  (Figures  2B,  3  middle). 
Broken  sections  show  that  the  mandible  and  the  bony 

teeth  are  completely  hollow  and  the  inner  surface  of  the 
bone  wall  is  rough.  The  thickness  of  the  bone  wall  is,  at 
most,  2  mm. 

Measurements. See  Table  1. 

Comparison  and  remarks— The  pattern  of  size  variation  in 
the  bony  teeth  of  the  Ichishi  specimen  is  similar  to  that  of 
Osteodontornis  orri  Howard,  1957  known  from  the  Upper 
Miocene  of  California  (Howard,  1957,  Howard  and  White, 
1962,  reconstruction  in  Harrison  and  Walker,  1976),  and  also 

of  the  referred  portion  of  a  lower  mandible  of  Pseudodont- 
ornis  longirostris  (Spulski,  1910),  described  from  the  Upper 

Oligocène  (Olson,  1985)  of  South  Carolina  (figure  1A  of 

Hopson,  1964=the  South  Carolina  specimen). 
If  we  compare  the  Ichishi  specimen  with  Osteodontornis 

and  the  South  Carolina  specimen,  the  relatively  smaller  sizes 
of  bony  teeth,  which  are  diagnostic  for  the  classification  of 
pseudodontorns,  link  the  Ichishi  specimen  to  Osteodontornis. 
The  South  Carolina  specimen,  in  which  the  heights  of  the 
large  bony  teeth  are  almost  equivalent  to  the  rest  depth 
(height)  of  the  mandible  not  including  the  bony  teeth,  has  by 
far  the  largest  and  most  robust  bony  teeth  in  comparison 
with  the  Ichishi  specimen  or  Osteodontornis.  Therefore,  the 
Ichishi  specimen  is  likely  to  be  assigned  to  Osteodontornis 
species.  In  addition,  the  zoogeographical  similarity  of  the 
Miocene  of  Japan  and  California,  and  the  dissimilarity 

between  the  Pacific  and  the  Atlantic,  support  this  identifica- 
tion. 

Compared  with  Osteodontornis  orri  Howard,  1957,  the 
increasing  rate  of  separation  within  each  size  variation 

pattern  of  the  bony  teeth  in  the  Ichishi  specimen  corre- 
sponds exactly  to  part  of  the  lower  mandible  of  the  former 

(Figure  4A),  and  the  restored  head  of  this  animal,  in  its 
original  state,  is  shown  in  Figure  4B.  This  indicates  that  the 

size  of  the  Ichishi  specimen  is  about  two-thirds  of  the  type 
specimen  of  O.  orri.  In  addition,  there  is  a  gap  of  some 
millions  of  years  between  the  older  Ichishi  specimen  and  the 

younger  O.  orri.  In  conclusion,  we  assume  the  Ichishi  speci- 
men is  a  species  of  Osteodontornis,  but  may  not  be  the 

same  species  as  O.  orri. 
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Figure  2.    Osteodontornis  sp.,  the  Ichishi  specimen,  partial  right  dentary,  MFM28351. 
face.    B.  The  internal  surface.    The  scale  bar  is  50  mm  long. 

A.  The  external  sur- 

On  the  other  hand,  the  confused  taxonomy  of 
pseudodontorns  produces  vexatious  problems.  Olson  (1985) 
pointed  out  the  possibility  of  synonymising  Osteodontornis 
Howard  with  the  earlier  name  Cyphornis  Cope.  All  names  of 
pseudodontorns,  except  the  oldest  name  Pelagornis  Lartet, 
may  suffer  from  a  similar  problem,  and  this  group  is  in  need 
of  comprehensive  and  sensible  revision  (Olson,  1985).  So, 
we  assign  the  Ichishi  specimen  to  Osteodontornis  sp.,  but 
emphasize  that  this  is  very  provisional. 

A  brief  review  of  pseudodontom  records  from  Japan 

Several  remains  of  pseudodontorns  have  been  recorded 

from  the  marine  Tertiary  System  of  the  Japanese  Archipel- 
ago (Figure  5). 

The  oldest  fossil  is  a  rostrum  tip  that  was  excavated  from 

the  Lower  Oligocène  Iwaki  Formation  in  Iwaki  City,  Fuku- 
shima  Pref.  (1  in  Figure  5  ;  Hasegawa  er  al.,  1986  ;  Ono  and 
Hasegawa,  1991).    In  addition  to  the  pseudodontom,  the 

Iwaki  Formation  has  also  yielded  Puffinus,  Morus,  Sula, 
Phalacrocorax ,  plotopterids,  accipitrids  and  alcids  (Ono  and 
Hasegawa,  1991).  Though  the  taxonomic  study  of  the  Iwaki 
specimen  is  still  under  preparation,  the  cyclic  pattern  of  the 
teeth,  which  consists  of  large  (posterior)  and  medium  and 
small  (anterior)  bony  teeth,  is  different  from  that  of 
Osteodontornis  orri,  as  determinable  from  the  published 

picture.  Thus,  the  Iwaki  specimen  and  the  Ichishi  specimen 
(Osteodontornis  sp.)  may  represent  different  taxa. 

Okazaki  (1989)  reported  a  slab  bearing  a  humerus  and 
some  fragmentary  wing  elements  from  the  Upper  Oligocène 

Yamaga  Formation,  Ashiya  Group,  in  Kitakyushu  City,  Fukuo- 
ka  Pref.  (2  in  Figure  5).  The  locality  of  this  specimen  is  only 

1  km  northwest  of  the  locality  of  the  "Oho  specimen"  (Hase- 
gawa and  Seki,  1979)  of  Copepteryx  hexeris  Olson  and 

Hasegawa,  1996  (Plotopteridae). 

Two  records,  other  than  the  present  report,  are  from  the 
Miocene  formations.  Each  of  the  three  deposits  is  of  similar 
age  :  middle     Miocene.     Ono     (1989)     described     a 
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Figure  3.  Osteodontornis  sp.  from  Ichishi,  MFM28351.  External  (upper),  internal  (middle)  and  transverse 

(lower)  views  from  top  to  bottom  respectively.  Abbreviations  :  h,  hole  ;  L1-4  and  M1-3,  the  1st  to  4th  large  bony 
tooth  and  the  1st  to  3rd  medium  bony  tooth  respectively  ;  mg,  mandibular  groove.    The  scale  bar  is  50  mm  long. 

pseudodontorn  quadrate  from  the  early  Middle  Miocene 
Nagura  Formation,  Chichibumachi  Group  of  the  Chichibu 
City,  Saitama  Pref.  (5  in  Figure  5),  and  identified  it  as 

Osteodontornis  sp.  Ono's  identification  was  "very  tentative" 
as  he  noted,  but  the  occurrence  of  the  Ichishi  specimen  may 
support  his  conclusion.  The  Nagura  Formation  has  also 
yielded  Puffinus  and  Sula  besides  the  pseudodontorn  (Ono 
and  Sakamoto,  1991). 

Ono    (1989)    mentioned    pseudodontorn    material    form 

Mizunami  (3  in  Figure  5).    Mizunami  is  one  of  the  neighbor- 

ing sedimentary  basins  to  Ichishi,  however,  a  detailed 
description  of  this  material  has  not  been  published.  The 
youngest  known  plotopterid,  Plotopterum  sp.,  was  reported 
from  the  Mizunami  group  (Olson  and  Hasegawa,  1985). 

The  youngest  pseudodontorns  are  Pliocene  in  age  (Unwin, 
1993),  and  their  fossil  record  is  thin  (Olson,  1985).  Two 
Pliocene  records  are  known  from  Japan.  Ono  et  al.  (1985) 

reported  on  a  humerus  from  the  Lower  Pliocene  of  Maesawa 
Town,  Iwate  Pref.  (1  in  Figure  5).  It  is  very  important  as  it  is 
a  certain  record  of  Pliocene  pseudodontorns. 
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Table  1.    Measurement  of  MFM28351  (the  Ichishi  specimen)  in  mm. 

Maximum  length  of  the  specimen     139.7 
Maximum  height  of  the  mandible  plus  bony  tooth    31.2+ 
Maximum  height  of  the  mandible  not  including  the  bony  teeth   •  ■  -25.3 
Minimum  height  of  the  mandible  not  including  the  bony  teeth   ■  ■  •  1 4.2+ 
Maximum  width  of  the  mandible      10.1 

Height  of  the  mandible  at  the  point  of  the  2nd  large  tooth    •■•26.9+ 
Height  of  the  largest  bony  tooth  (2nd  large  tooth)   7.7 + 
Distance 

between  the  1st  large  tooth  and  the  1st  medium  tooth    23.6 
between  the  1st  medium  tooth  and  the  2nd  large  tooth   22.2 

between  the  2nd  large  tooth  and  the  2nd  medium  tooth  •••22.2 
between  the  2nd  medium  tooth  and  the  3rd  large  tooth    -^O.S 
between  the  3rd  large  tooth  and  the  3rd  medium  tooth   16.6 
between  the  3rd  medium  tooth  and  the  4th  large  tooth   13.7 

Ono  et  al.  (1985)  also  referred  a  femur  from  the  Upper 
Pliocene  Dainichi  Formation,  Kakegawa  Group  of  Shizuoka 
Pref.  (7  in  Figure  5),  which  was  previously  identified  by  Ono 

(1980)  as  "Diomedeidae,  gen.  et  sp.  indet",  to  a 
pseudodontorn.  Ono  et  al.  (1985)  compared  the  Kakegawa 
specimen  with  Pseudodontornis  stirtoni  of  the  Pliocene 

(Howard  and  Water,  1969)  ;  Harrison  and  Walker  (1976)  sub- 
sequently erected  a  new  genus  and  species  for  this  speci- 

men :  Neodontornis  stirtoni.  If  the  Kakegawa  specimen  is 
indeed  a  pseudodontorn,  it  is  one  of  the  youngest  records  of 
the  family  in  the  world. 

Conclusion 

The  Ichishi  specimen  has  the  most  diagnostic  feature  of 
Pelagornithidae,  and  was  identified  as  a  species  of 
Osteodontornis.  It  supports  evidence  of  the  similarity  of 
marine  avifaunas  of  Japan  and  the  west  coast  of  North 
America.  The  pseudodontorn  records  of  Japan  range  from 
the  Early  Oligocène  to  the  Late  Pliocene.  Because  of  their 

stratigraphically  continuous  record,  Japanese  pseudodont- 
orns  form  important  materials  for  the  zoogeographical  and 
systematic  study  of  this  family.  The  Tertiary  System  of 
Japan,  during  which  there  was  extensive  development  of 

marine  deposits,  is  indispensable  for  the  study  of  the  evolu- 
tion and  palaeo- ecosystem  of  marine  members  of  higher 

vertebrates. 
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1  30- 

1  35- 

1  40' 

No.  in 

map          "9e 

Locality 
Horizon Element Reference 
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Abstract.  Twenty  species  of  calcareous  nannofossils  belonging  to  11  genera  are  identified  from  the 
Seoguipo  Formation  in  Cheju  Island,  Korea.  On  the  basis  of  the  marker  species,  the  Seoguipo  Formation 
is  biostratigraphically  assigned  to  the  Pseudoemiliania  lacunosa  Zone  (NN19),  which  corresponds  to  the 
combined  zones  of  Emiliania  annula  Emiliania  ovate  (CN13a  CN14a)  of  the  latest  Pliocene  and  Early 

Pleistocene.  Generally,  cold-water  species  are  dominant  in  the  lower  part,  and  warm-water  ones  in  the 
upper  part.  This  suggests  that  the  paleoceanographic  condition  of  the  study  area  changed  from  a  cooling 
to  a  warm  phase.  The  change  in  floral  composition  and  abundance  of  specific  species  allows  recognition 
of  four  ecostratigraphic  zones  in  the  Seoguipo  Formation  and  the  migration  of  an  océanographie  frontal 
boundary.  According  to  nannofossil  distribution  in  the  study  area,  the  position  of  an  océanographie 

boundary  between  warmer  water  and  cooler  water  appeared  to  have  oscillated  north-south  over  the  Korea 
Strait  and  Cheju  Island  in  response  to  glacial  and  interglacial  cycles.  The  geologic  time  of  the  interpreted 
paleoceanographical  changes  determined  by  nannofossil  biochronology  agrees  well  with  the  results 

obtained  from  the  Japan  Sea  (East  Sea)  and  Japan-Sea  side  of  Japan. 

Key  words  :  Bio-  and  ecostratigraphy,  Cheju  Island,  Korea,  nannoplankton,  paleoceanography,  Seoguipo 
Formation. 

Introduction 

Cheju  Island,  located  90  km  off  the  southern  coast  of 

Korea  at  33°12'-33°34'N,  126°10'-126°58'E,  was  formed  by 
Late  Cenozoic  volcanic  activity  (Figure  1).  The  Seoguipo 
Formation,  a  highly  fossiliferous  marine  formation,  seems  to 
have  been  deposited  just  before  the  onset  of  Quaternary 
volcanism,  since  it  underlies  Pleistocene  volcanic  rocks  that 

cover  most  of  the  island  (Table  1).  The  Seoguipo  Formation 
is  mainly  composed  of  sandstone  with  a  minor  amount  of 

interbedded  conglomerate  and  mudstone.  It  is  well  devel- 
oped at  the  subsurface  level  all  over  the  island  and  is 

exposed  only  on  the  southern  coast  of  the  island  at 

Seoguipo.  The  subsurface  Seoguipo  Formation  is  en- 
countered in  core  samples  of  numerous  bore  holes  drilled  in 

the  island. 

Yokoyama  (1923)  first  reported  molluscan  fossils  from 
these  sedimentary  deposits,  designating  their  geologic  age 
as  Upper  Pliocene.  Haraguchi  (1931),  who  described  diverse 
invertebrate    faunas    such    as    mollusks,     brachiopods, 

echinoids,  corals  and  fish  teeth,  named  this  fossiliferous 
sedimentary  formation  the  Seikiho  (Seoguipo)  Formation  of 

the  Pleistocene  epoch.  After  Haraguchi's  research,  numer- 
ous works  including  detailed  field  survey,  paleontological, 

magnetostratigraphic,  and  sedimentological  studies  were 

carried  out  for  determination  of  the  geologic  age,  de- 
positional  environment,  and  stratigraphical  zonation  (Kim, 
1972  ;  Won,  1975  ;  Lee,  M.W.,  1982a,  1982b  ;  Kim,  1984  ; 
Nomura,  1984  ;  Yun  et  al.,  1987  ;  Min  er  al.,  1986  ;  You  er  al., 
1987  ;  Yoon,  1988  ;  Tamanyu,  1990  ;  Lee  E.H.,  1990  ;  Yoon 
er  al.,  1995;  Kang,  1995).  However,  no  consensus  was 
achieved  for  the  geologic  age  of  the  Seoguipo  Formation 
which  was  assigned  to  different  ages  from  Pliocene  to 

Pleistocene  (Table  1).  Several  studies  analyzed  paleo- 
climate  and  paleoceanographic  conditions  of  the  Seoguipo 
Formation  based  on  molluscan  fauna  and  isotope  data 

(Yoon,  1988  ;  Amano,  1994  ;  Park  et  al.,  1994  ;  Woo  er  al., 

1995).  The  results  for  the  water  temperature  are  also  con- 
tradictory, reporting  warm  or  cold  glacial  environment  during 

deposition  of  the  formation. 
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126°15'E 
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127°00'E 

-  33°30'N 

33°15'N 

Figure  1.    Geologic  map  of  Cheju  Island  with  sample  locality  (after  Yoon  ef  a/.,  1995). 

Cheju  Island  is  located  in  the  oceanic  pathway  to  the 
Japan  Sea.  This  area  was  paleoclimatologically  and 

tectonically  sensitive  and  often  affected  by  small-  or  large- 
scale  changes  in  the  tectonic  (Inoue,  1982)  or  climatological 

settings.  The  climatic  or  sea- level  changes  may  cause 
subsidence  or  uplift  which  in  turn  affects  the  system  of 
current  and  the  biofacies.  Therefore,  a  biofacies  analysis 
may  deductively  provide  a  clue  to  the  climatic  and  tectonic 
history  of  this  area,  which  is  not  only  important  for  the 
development  of  Cheju  Island  and  the  Korea  Strait,  but  also 
for  the  evolution  of  the  Japan  Sea  during  the  late  Pliocene 
and  Pleistocene  (Muza,  1992  ;  Rahman,  1992). 

Analysis  of  calcareous  nannofossil  assemblage  is  the  best 
means  to  resolve  the  debateble  claims  made  concerning  the 
geologic  age  and  environment  of  the  Seoguipo  Formation, 
since  it  may  enable  fine  zonation  and  reconstruction  of  the 
paleoenvironmental  and  geologic  events.  Therefore,  our 

study  primarily  aims  to  establish  a  biozonation  and  ecostrati- 
graphy  based  on  nannoplankton,  and  to  investigate  the 
frequency  and  nature  of  paleoceanographic  changes  during 
deposition  of  the  Seoguipo  Formation.  The  results  may  help 
in  interpretation  of  the  paleoclimatic  and  tectonic  history  of 
Cheju  Island  and  the  neighboring  area. 

Geologic  setting  of  the  Seoguipo  Formation 

The  Seoguipo  Formation  is  divided  into  7  distinctive  lith- 
ologie units  in  ascending  order  (Lee,  1990  ;  Figure  2).  Litho- 

unit  I  of  about  3.5  m  thickness  is  composed  of  laminated 

yellowish  gray  siltstones  in  the  lower  part,  and  massive  fine- 
grained gray  sandstones  with  fossil  shells  and  volcanic 

clasts  in  the  upper  part.  Litho-unit  II  overlying  the  Litho-unit 
I  with  a  diastem  is  about  5  m  thick,  and  consists  of  alternat- 

ing brownish  medium-grained,  parallel-stratified  sandstones 
and  thin- laminated  mudstones.  The  upper  part  of  this  unit 
with  a  thickness  of  about  2  m  is  highly  bioturbated  and 

contains  a  few  articulated  bivalve  shells.  Litho-unit  III  with 
a  thickness  of  about  15  m  is  relatively  homogeneous.  It  is 

composed  of  poorly  consolidated  massive  sandstones.  The 
lower  boundary  of  this  unit  nearly  coincides  with  the 

Pliocene- Pleistocene  boundary.  Except  for  the  middle  part 

this  unit  is  highly  fossiliferous  and  bioturbated.  Litho-unit  IV 
with  a  thickness  of  about  2  m  is  composed  of  massive 

yellowish-  gray  fine-grained  sandstones  and  highly  biotur- 
bated mudstones.  Litho-unit  V,  which  is  about  10  m  in 

thickness,  overlies  Litho-unit  IV  with  a  diastem.  It  is  lith- 

ologically  very  variable  showing  cross-laminated  shell  con- 
glomerate layers,  medium-  to  coarse-grained  sandstones 

intercalated  with  mudstones,  and  massive,  poorly  sorted  gray 
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Figure  2. 
nannofossils. 

Biozonation  and  ecostratigraphic  zones  of  the  outcrop  section  of  the  Seoguipo  Formation  based  on 

medium  to  coarse  sandstones.  This  unit  is  characterized  by 
a  variety  of  sedimentary  structures  such  as  ripple  drift 
laminae,  wavy  bedding,  flaser  bedding,  graded  bedding,  and 

convolute  bedding.  Litho-unit  VI  with  a  thickness  of  about 
14  m  is  composed  of  semi-consolidated  massive,  light-gray 
siltstones  and  volcanic  ash.  Litho-unit  VII  of  about  15  m 
thickness  consists  of  volcanic  conglomerate  without  any 
fossil  remains.    This  unit  is  covered  by  a  basalt  flow. 

Methods 

Twenty-two  samples  were  collected  from  the  outcrop  of 
the  Seoguipo  Formation  (Figure  2,  Table  2).  Smear  slides 

were  prepared  following  the  centrifuging  method  of  Perch- 

Nielsen  (1985,  p.  330-331).  Samples  were  crushed  and 
centrifuged  for  30  seconds  at  2,000  r.p.m.  Slides  were 
examined  with  a  light  microscope  at  x  1,250  magnification 
and  a  scanning  electron  microscope.  Preservation  and 
abundance  of  nannofossils  in  each  sample  are  denoted  as 

follow:  Abundant  (A),  1-10 specimens  one  field  of  view; 
Common  (C),  1  specimen  2-10 fields  of  view;  Few  (F),  1 
specimen/11-100  fields  of  view;  Rare  (R),  1  specimen  101- 
1,000 fields  of  view;  Barren  (B),  no  fossils  observed  ;  Good 

(G)  :  specimens  show  little  effects  of  dissolution  or  over- 
growth ;  Moderate  (M),  specimens  show  some  effects  of 

dissolution  or  overgrowth. 
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Table  2.    Stratigraph c  occurrence  of  calcareous  nannofossil  from  the  Seogu po  Formation. 
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Results 

1.    Calcareous  nannofossil  flora 

Twenty  species  of  calcareous  nannofossils  belonging  to  11 
genera  were  identified  from  22  samples  from  the  Seoguipo 
Formation  (Table  2).  Nannofossils  were  generally  common 
to  abundant.  However,  some  species  changed  their  relative 
abundance  throughout  the  formation.  The  dominant 

species  are  small  Gephyrocapsa  spp.  (<3^m;  Figures  3- 
1—3, 4-1, 2),  Pseudoemiliania  lacunosa  (Figures  3-12, 13, 4-4, 
5),  Coccolithus  pelagicus  (Figures  3-28, 29, 4-15),  small 
Reticulofenestra  spp.  (Figures  3-8— 10, 4-3),  Gephyrocapsa 
caribbeanica  (3.5-4  jum;  Figures  3-4,  5, 4-7, 8)  and  G. 
oceanica  (>4  ß m  ;  Figures  3-6, 7, 4-9,10)  in  ascending 
order  in  the  formation.  The  minor  species  include  Braar- 

udosphaera  bigelowii  (Figure  3-32),  Calcidiscus  leptoporus 
(Figures  3-20a,  b,  27, 4-12—14),  C.  macintyrei  (Figures  3-25a, 
b,  26),  Ceratolithus  cristatus  (Figures  3-33a,  b),  Coccolithus 
sp.  (Figures  3-19, 23, 24, 4-11),  Helicosphaera  carteri  (Figures 

3-21,22,4-16),  Helicosphaera  sp.  (Figures  3-16, 17),  Ponto- 
sphaera  japonica  (Figures  3-30a,  b,  31, 4-17),  P.  discopora, 
Reticulofenestra  asanoi  (Figure  3-11),  Syracosphaera  pulchra 

(Figures  3-15, 4-18),  Syracosphaera  sp.  (Figure  3-14),  Um- 
bilicosphaera  hulburtiana  and  U.  sibogae  (Figures  3-18, 4-6). 

The  nannoflora  in  the  formation  shows  a  transition  from 

cold  subpolar  to  warm  subtropical  assemblage.  Abundance 

of  the  typical  cold-water  indicator  C.  pelagicus  varies  greatly 
within  the  formation.  C.  pelagicus  is  extremely  abundant  in 
the  lower  part  of  the  formation  and  gradually  decreases 
upward,  becoming  few  to  barren.  Subtropical  nannofossils 
such  as  G.  oceanica  (>4/*m),  C.  leptoporus,  U.  sibogae,  S. 
pulchra,  and  C.  cristatus  are  common  in  the  upper  part  of  the 
formation. 

The  assemblage  characteristics  change  in  response  to  the 

paleoceanographic  conditions  during  deposition  of  the  for- 
mation and  hence  allow  recognition  of  four  ecostratigraphic 

zones  in  the  outcrop  section  of  the  Seoguipo  Formation 

(Figure  2).    Zone  I  (SGF  1-2)  contains  dominant  small  Ge- 



258 Songsuk  Yl,  Hyesu  Yun  and  Sun  Yoon 

1 

* 

2 

5 

3, 

4 

« t  •!»  5 i 
6 



Nannoplankton  from  Cheju  Island,  Korea 
259 

phyrocapsa  spp.  (<3//m),  common  P.  lacunosa  and  small 
Reticulofenestra  spp.,  and  few  C.  pelagicus.  The  flora  of 
these  strata  consists  of  mixtures  of  warm  and  cold-water 

species.  Zone  II  (SGF  3-10)  is  characterized  by  a  prominent 
peak  in  abundance  of  the  cold-water  species  C.  pelagicus. 
Zone  III  (SGF  11-18)  shows  an  abrupt  decrease  of  C.  pelagicus 
and  increase  of  subtropical  to  tropical  species  including  G. 
oceanica  (>4^m),  C.  leptoporus,  U.  sibogae,  S.  pulchra,  and 
C.  cristatus.  The  change  from  a  cold-  to  warmer-water 
flora  and  increase  of  the  oceanic  species  took  place  at  SGF 
11.  Zone  IV  (SGF  19,  85S30)  reveals  dominance  of  G. 

oceanica  (>4,um),  G.  Caribbean ica  (>  3.5-4  //im),  small  Ge- 
phyrocapsa  spp.  (<3^m),  and  U.  hulburtiana  and  was  barren 
of  C.  pelagicus. 

2.    Nannofossil  biochronology 
The  Seoguipo  Formation  yields  Pleistocene  marker 

species  such  as  G.  caribbeanica  (> 3.5-4  //m),  G  oceanica 
(>4//m),  P.  lacunosa,  C.  macintyrei,  and  R.  asanoi  (Table  2, 
Figures  2, 3).  Among  them,  the  first  appearance  datum  of 
G  caribbeanica  (FAD  :  1.72  Ma  ;  Sato  and  Kameo,  1996)  has 
been  used  for  the  determination  of  the  Pliocene-Pleistocene 
boundary.  This  species  is  first  recognized  in  sample  SGF  5. 
G  oceanica  (FAD  :  1.65  Ma  ;  Sato  and  Kameo,  1996),  another 

important  indicator  for  the  Pliocene-Pleistocene  boundary, 
occurs  in  sample  SGF  7.  C.  macintyrei  with  the  last  occur- 

rence datum  (l_AD)  of  1.60-1.64  Ma  (Shipboard  Scientific 
Party,  1996)  was  encountered  in  sample  SGF  5,  although  the 
total  occurrence  of  C.  macintyrei  may  not  have  been  properly 
detected  because  of  its  rarity  in  the  samples,  and  would  be 
expected  to  occur  also  in  somewhat  younger  samples. 

Compiling  all  these  data,  the  Pliocene-Pleistocene  boundary 
can  be  drawn  between  SGF  4  and  SGF  5.  Consequently, 

the  lowermost  part  (SGF  1-4)  can  be  presumed  to  be  older 
than  172  Ma  and  thus  belongs  to  the  latest  Pliocene. 

The  sample  SGF  11  indicates  the  lower  boundary  of  Zone 
CN14a  defined  by  the  reoccurrence  of  G  oceanica  (>4//im  ; 

0.94-1.02  Ma  ;  Shipboard  Scientific  Party,  1996).  The  pres- 
ence of  P.  lacunosa  (LAD  :  0.41  Ma  ;  Sato  and  Kameo,  1996) 

indicates  that  the  uppermost  part  of  the  formation  is  older 
than  0.41  Ma  in  age.  Specimens  of  R.  asanoi,  with  FAD  of 
1.16  Ma  (Sato  and  Kameo,  1996),  are  first  found  in  sample 
SGF  10  at  the  end  of  the  cooling  phase.  Therefore,  the 
upper  section  of  sample  SGF  10  is  younger  than  1.16  Ma. 
This  species  is  last  recorded  in  sample  SGF  18,  near  the 

upper  boundary  of  the  formation,  suggesting  that  this  layer  is 
older  than  the  LAD  of  R.  asanoi  (0.85  Ma  ;  Sato  and  Kameo, 1996). 

Thus,  it  is  clear  that  the  Seoguipo  Formation  comprises  the 
latest  Pliocene  to  Early  Pleistocene  nannofloras.  The  lower 
boundary  is  older  than  1.72  Ma,  while  the  upper  one  is  slightly 
younger  than  0.85  Ma.  The  calcareous  nannofossil  of  this 
formation  is  assigned  to  the  P.  lacunosa  Zone  (NN19)  (Martini, 
1971),  which  corresponds  to  the  combined  zones  E.  annula  to 

E.  ovata  (CN13a-CN14a  ;  Okada  and  Bukry,  1980)  of  the 
latest  Pliocene  to  Early  Pleistocene. 

3.    Paleoceanography 

The  four  ecostratigraphic  zones  established  on  the  basis 

of  the  floral  composition  reflect  paleoceanographic  condi- 
tions (Figure  2).  The  lowermost  section,  Zone  I  is  character- 

ized by  co-existence  of  cold  (subpolar)  and  warm  (subtropi- 
cal) water  masses.  The  cooler-water  influence  increases 

upward  reaching  its  peak  in  the  middle  part  of  the  core  (Zone 
II).  It  deteriorates  toward  the  upper  part  (Zone  III)  until  it  is 
totally  replaced  in  Zone  IV  under  the  influence  of  warmer 
water.  This  is  interpreted  as  a  cooling  phase  which  began 
in  Zone  I,  culminated  in  the  Zone  II,  and  finally  faded  out  at 
the  upper  section  (Zone  III  and  IV).  In  view  of  the  absence 

of  any  cold-water  current  in  the  present  sea  around  the 

study  area  this  would  seem  to  be  a  reflection  of  the  glacial- 
interglacial  cycle  rather  than  due  to  the  local  influence  of  a 

warm-water  current.  Comparing  the  cooling  phase  with 
biochronological  data,  it  is  certain  that  a  glacial  cycle  in  the 

study  area  started  shortly  before  1.72  Ma  (FAD  of  G.  carib- 
beanica) and  halted  around  0.94-1.02  Ma  (reoccurrence  of  G 

oceanica). 

The  distribution  of  calcareous  nannofossils  in  the 

Seoguipo  Formation  also  records  the  position  of  an  océano- 
graphie frontal  boundary  between  warmer  water  derived  from 

a  branch  of  the  Kuroshio  Current  as  it  entered  the  Japan  Sea 
to  the  north  and  cooler  water  introduced  into  the  western 

portion  of  the  Japan  Sea  derived  from  the  Liman  Current. 
This  océanographie  front  oscillated  back  and  forth  in 
response  to  the  ongoing  cooling  phase.  It  probably  lay  near 
Cheju  Island  during  deposition  of  Zone  I  and  Zone  III, 

whereas  it  stood  south  and  north  of  the  island  during  forma- 
tions of  Zone  II  and  Zone  IV,  respectively. 

Figure 3.  All  illustrations  are  light  micrographs.  Abbreviations:  XP= cross-polarized  light,  TR= transmitted  light. 
Magn if ication=x  2,000.  1,2.  small  Gephyrocapsa  spp.,  SGF  12,  XP.  3.  small  Gephyrocapsa  spp.,  SGF  11,  XP.  4. 
Gephyrocapsa  caribbeanica,  SGF  5,  XP.  5.  Gephyrocapsa  caribbeanica,  SGF  10,  XP.  6.  Gephyrocapsa  oceanica,  SGF  7, 
XP.  7.  Gephyocapsa  oceanica,  SGF  30,  XP.  8, 9.  small  Reticulofenestra  spp.,  SGF  10,  XP.  10.  small  Reticulofenestra 

spp,  SGF  11,  XP.  11.  Reticulofenestra  asanoi,  SGF  15,  XP.  12.  Pseudoemiliania  lacunosa,  SGF  11,  XP.  13.  Pseudoemiliania 

lacunosa,  SGF  5,  XP.  14.  Syracosphaera  sp,  SGF  12,  XP.  15.  Syracosphaera  pulchra,  SGF  18,  XP.  16.  Helicosphaera  sp„ 

SGF  12,  XP.  17.  Helicosphaera  sp.,  SGF  17,  XP.  18.  Umbilicosphaera  sibogae,  SGF  11,  XP.  19.  Coccolithus  sp,  SGF  16,  XP. 

20a,  b.  Calcidiscus  leptoporus,  SGF  11,  a  :  XP,  b  :  TR.  21.  Helicosphaera  carteri,  SGF  11,  XP.  22.  Helicosphaera  carteri, 

SGF  12,  XP.  23.  Coccolithus  sp,  SGF  7,  XP.  24.  Coccolithus  sp,  SGF  1,  XP.  25a,  b.  Calcidiscus  macintyrei,  SGF  4,  a  : 

XP,  b  :  TR.  26.  Calcidiscus  macintyrei,  SGF  5,  XP.  27.  Calcidiscus  leptoporus,  SGF  3,  XP.  28.  Coccolithus  pelagicus, 

SGF  5,  XP.  29.  Coccolithus  pelagicus,  SGF  7,  XP.  30a,  b.  Pontosphaera  japonica,  SGF  12,  a  :  XP,  b  :  TR.  31.  Ponto- 
sphaera  japonica,  SGF  7,  XP.  32.  Braarudosphaera  bigelowii,  SGF  5,  XP.  33a,  b.  Ceratolithus  cristatus,  SGF  4,  a  :  XP,  b  : 
TR. 
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Discussion 

1.    Stratigraphy 

Although  the  exposure  of  the  Seoguipo  Formation  above 
sea  level  measures  about  50  m  thick  in  the  Seoguipo  area, 
this  formation  is  developed  in  the  subsurface  throughout 
Cheju  Island  except  for  the  eastern  area  of  a  line  connecting 
Bukchon  and  Pyoseon.  The  upheavals  of  the  Seoguipo 
Formation  at  Seoguipo  City  indicate  a  150  m  uplift  of  this 
area  at  least  (cf.  Yoon,  1988).  However,  it  is  reasonable  to 
suspect  that  the  Seoguipo  Formation  was  formed  at  a  much 

lower  level  than  where  it  is  at  present,  since  sea  level 

dropped  85-130  m  during  intense  global  glacial  periods 
(Muza,  1992). 

Quaternary  studies  on  the  Seoguipo  Formation  reported 
that  the  outcrop  of  the  Seoguipo  Formation  in  Seoguipo 
stratigraphically  differs  from  its  subsurface  strata  (Yun  et  al., 

1987  ;  Lee  et  al.,  1987).  The  above-mentioned  researchers 
considered  the  age  of  the  Seoguipo  Formation  to  be  Middle 

Pleistocene  (0.60-0.41  Ma).  They  further  insisted  that  sub- 
surface marine  sediments  recovered  from  core  are  Lower 

Pleistocene  (1.2-0.87  Ma)  in  age  (Table  1).  For  the  age 
determination  of  sedimentary  bodies  they  applied  the 

paleomagnetic  data  and  radiometric  age  (K-Ar)  of  the  vol- 
canic rocks  that  they  believed  to  underlie  or  overlie  two 

different  sedimentary  sequences.  However,  the  FAD  and 

LAD  of  index  nannofossils  such  as  G.  caribbeanica  (3.5-4 
//m),  G.oceanica  (>4//m),  C.  macintyrei,  R.  asanoi,  P. 
lacunosa  and  the  characteristic  nannoflora  of  the  four  eco- 
stratigraphic  zones  recognized  in  the  outcrop  section  are 
also  observed  in  20  cores  of  Cheju  Island.  These  facts 
imply  that  the  outcrop  strata  are  to  be  stratigraphically 
correlated  to  subsurface  ones.  The  ecostratigraphic  zones 

and  their  order  of  appearance,  cold-dominant  transitional, 
cold,  warm-dominant  transitional,  and  warm  phase  from 
bottom  to  top  can  be  used  as  a  good  stratigraphie  tool  in 

Cheju  Island.  The  subdivision  of  these  units  largely  coin- 
cides with  that  of  lithostratigraphic  units. 

The  geologic  age  and  stratigraphie  range  of  the  Seoguipo 
Formation  provide  a  clue  in  determining  the  stratigraphie 
position  of  comparable  sedimentary  deposits  in  Cheju  Island 

and  Japan.  In  previous  molluscan  studies  Turritella  sai- 
shuensis,  which  occur  throughout  the  Seoguipo  Formation,  is 
regarded  as  an  index  species  for  the  depositional  period  of 
the  Seoguipo  Formation.  However,  the  lower  boundary  of 

this  formation  is  ambiguous  due  to  the  absence  of  strati- 
graphic  marker  fossils  that  may  be  caused  by  an  influence  of 

cold-water  current.  Therefore,  the  FAD  of  Turritella  sai- 
shuensis  also  could  not  be  clearly  delineated.  Some  recent 
paleontological  works  attempted  to  define  the  age  of  the 
Seoguipo  Formation  by  paleoceanographic  conditions  in  the 

Early  Pleistocene,  when  the  cold-water  mass  expanded  and 

the  southward  migration  of  the  boreal  species  proceeded 
further  along  the  Japan  Sea  borderland  (Lee,  1990  ;  Kang, 
1995  ;  Woo  et  al.,  1995).  However,  there  are  two  different 
results  for  the  age  of  first  occurrence  of  Turritella  saishuensis 
in  the  Seoguipo  Formation  ;  Pliocene  or  Pleistocene.  The 

Pliocene  to  Pleistocene  Omma-Manganzian  fauna  in  Hon- 
shu Island  of  Japan  is  correlated  with  the  Seoguipo  fauna 

based  on  the  Turritella  saishuensis  bioseries  (Ogasawara, 
1981, 1986, 1996  ;  Yoon,  1988).  Our  result  confirms  the  lower 
stratigraphie  range  of  the  Seoguipo  Formation  and  extension 
of  the  FAD  of  Turritella  saishuensis  to  the  latest  Pliocene. 

Consequently,  the  formations  correlated  to  the  Seoguipo 
Formation  might  be  stratigraphically  placed  between  upper 
Pliocene  and  Pleistocene  (Yoon,  1988). 

The  paleomagnetic  normal  polarities  of  the  Seoguipo 
Formation  have  been  interpreted  as  the  Gauss  Normal 

Polarity  Epoch  of  late  Pliocene  age  (Min  et  al.,  1986)  or  the 
Brunhes  Normal  Polarity  Epoch  in  the  middle  Pleistocene 

(Yun  et  al.,  1987).  Referring  to  the  reve'rse  polarity  of  the 
unconformably  overlying  Sanbangsan  Trachyte,  the 
Seoguipo  Formation  was  placed  in  the  Matuyama  Reverse 
Polarity  Epoch  of  the  early  Pleistocene  (Taneda  ef  a/.,  1970). 
However,  in  a  recent  paleomagnetic  study  of  the  Seoguipo 
Formation  two  reversals  were  recognized  in  the  upper  part  of 
the  Seoguipo  outcrop  (Lee,  1998). 

2.    Biochronology 

Previous  paleontological  studies  on  the  Seoguipo  Forma- 
tion suggested  that  it  was  deposited  during  the  Late 

Pliocene  (Yokoyama,  1923;  Kim,  1972;  Kim,  1984;  Yoon, 
1988),  Pleistocene  (Haraguchi,  1931  ;  Lee,  1990  ;  Kang,  1995) 

or  around  the  Plio-Pleistocene  boundary  (Paik  and  Lee, 
1984  ;  You  et  al.,  1987). 

Our  study  suggests  the  age  of  the  upper  boundary  of  the 
formation  is  slightly  younger  than  0.85  Ma  based  on  the 
presence  of  P.  lacunosa  (Last  Appearance  Datum  :  0.41  Ma) 
and  LAD  (0.85  Ma)  of  R.  asanoi  (Table  2,  Figure  2).  It  is 
confirmed  by  the  reoccurrence  of  G.  oceanica  (>4^m  ;  e.g. 

medium  Gephyrocapsa)  whose  acme  zone  is  known  to  be 

0.94-1.02  Ma,  in  the  upper  part  of  the  formation.  This  age  of 
the  upper  boundary  coincides  with  the  results  of  radiometric 

K-Ar  age  of  overlying  basalt  rocks  (Table  1  ;  Sanbangsan 
Trachyte:  0.733+0.056  Ma  [Won  et  al.,  1986],  0.87+0.13 
Ma  [Yun  et  al.,  1987]  ;  Gaksuam  Trachyte  :  0.893+0.027 

Ma  [Lee,  1994]).  The  boundary  of  the  Pleistocene- 
Pliocene  determined  by  the  FAD  of  G  caribbeanica  (1.72  Ma) 
is  regarded  to  lie  between  Sample  SGF  4  and  SGF  5.  The 

two  samples  (SGF  3  and  4)  of  cold-water  environment  below 
Sample  SGF  5  are  provisionally  assigned  to  the  Pliocene, 
because  they  may  not  contain  the  Pleistocene  index  taxa  for 
environmental  reasons.  However,  the  lowermost  part  of  the 

formation  (Sample  SGF1  and  2)  definitely  belongs  to  the 

Figure  4.  All  illustrations  are  Scanning  Electron  Micrographs.  Scale  bar  equals  2 //m.  1,2.  small  Gephyrocapsa  spp., 
SGF  11.  3.  small  Reticulofenestra  spp.,  SGF  11.  4.  Pseudoemiliania  lacunosa,  SGF  30.  5.  Pseudoemiliania  lacunosa,  SGF 
11.  6.  Umbilicosaphera  sibogae,  SGF  11.  7, 8.  Gephyrocapsa  cabibbeanica,  SGF  30.  9, 10.  Gephyrocapsa  oceanica,  SGF 
30.  11.  Coccolithus  sp.,  SGF  1.  12.  Calcidiscus  leptoporus,  SGF  11.  13.  Calcidiscus  leptoporus,  SGF  11.  14.  Calcidiscus 
leptoporus,  SGF  11.  15.  Coccolithus  pelagicus,  SGF  5.  16.  Helicosphaera  carteri,  SGF  11.  17.  Pontosphaera  japonica,  SGF 
30.    18.  Syracosphaera  pulchra,  SGF  30. 
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Pliocene  in  age,  since  its  relatively  warmer  environment 
exclude  the  possibility  of  climatic  effect  on  distribution  of 
index  taxa.  This  presumption  is  also  supported  by  normal 
polarity  (Olduvai  Normal  Polarity  Subepoch)  specifically 

obtained  from  the  paleomagnetic  analysis  of  samples  SGF 1- 
SGF  4  (Lee,  1998). 

3.    Paleoceanography 

1).  Paleotemperature.— Most  paleontological  studies  re- 
ported that  the  Seoguipo  floras  and  faunas  are  composed  of 

mixtures  of  warm-  and  cold-water  elements  (Paik  and  Lee, 
1984  ;  You  er  al.,  1987  ;  Yoon,  1988  ;  Lee,  1990  ;  Kang, 
1995).  According  to  our  results  the  Seoguipo  sequence  is 
characterized  by  a  cooling  phase  in  the  lower  part  and  a 
warm  phase  in  the  upper  part,  and  by  two  transitional  phases 
(Figure  2).  Ecostratigraphic  Zone  I  is  a  first  transitional 

phase  in  the  lowermost  part  of  the  formation  before  begin- 
ning of  cooling  phase.  Zone  II  is  characterized  by  abundant 

occurrence  of  C.  pelagicus  is  the  coldest  zone  among  the 

eco-zones  of  the  Seoguipo  Formation.  C.  pelagicus  is 
presently  restricted  to  the  subarctic  and  transitional  waters  in 

the  North  Atlantic  (7°-14°C:  Mclntyre  and  Bé,  1967)  and 
North  Pacific  (6°-14°C:  Mclntyre  et  al.,  1970).  This  fact 
indicates  that  the  paleotemperature  of  the  surface  water 

during  deposition  of  this  zone  was  below  14°C.  Zone  III  is 
the  second  transitional  phase  indicating  turnover  to  the 

general  warming  trend.  The  remarkable  bio-event  during 
deposition  of  the  Seoguipo  Formation  is  the  sudden  emer- 

gence of  warm-water  taxa  in  this  zone.  The  abundance  of 
C.  pelagicus  abruptly  decreases,  whereas  diversity  and  abun- 

dance of  the  warm-water  elements  of  C.  leptoporus,  U. 
sibogae,  G.  oceanica,  and  S.  pulchra  (the  first  two  being 
oceanic  elements)  increase  substantially.  G.  oceanica  is 

presently  distributed  within  a  temperature  range  of  18°-29C 
(Mclntyre  er  al.,  1970  ;  Honjo,  1977)  or  19°C-31°C  (Brand,  1994, 
p.  44).  Umbilicosphaera  sibogae  prefers  moderately  nutri- 

ent-rich, tropical  water  (Roth  and  Coulbourn,  1982  ;  Brand, 
1994).  S.  pulchra  is  also  a  characteristic  species  in  tropical 
and  subtropical  environments  (Roth  and  Coulbourn,  1982). 
Zone  IV  in  the  uppermost  part  of  the  Seoguipo  Formation 

contains  diverse  and  abundant  warm-water  taxa.  This 
means  that  the  paleotemperature  of  the  surface  water  of 
Zone  III  and  IV  was  slightly  warmer  than  the  average  present 

temperature,  19.38°C  (Kwak  et  al.,  1993). 
Study  of  ostracods  also  revealed  similar  paleoclimatic 

patterns  to  our  results  in  six  established  biotopes  of  the 
formation  ;  cooling  phase  in  the  lower  part  of  the  formation 
and  warming  trend  upward  (Lee,  1990).  Assemblage  of 

biotope  1  and  2  (Eco-Zones  I  and  II  :  SGF  1-SGF  10)  in  the 
lower  part  of  the  formation  is  dominated  by  cold-water 
elements  such  as  Normanicythere  sogwipoensis  and  Kotora- 
cythere  paiki  which  are  completely  replaced  by  the  warm- 
water  elements  Cytheropteron  uchioi  and  Cytheropteron 

abnormis  at  biotope  3  (basal  part  of  the  Eco-Zone  III  :  SGF 
11-SGF  12),  and  in  biotopes  4  and  5  (middle  part  of  the  Eco- 
Zone  III  :  SGF  13  -  SGF  14)  the  cold-water  elements  slightly 
increase  again.  The  upper  part  of  biotope  6  (upper  part  of 

Eco-Zone  IV  and  higher  :  SGF  15-SGF  19)  is  characterized 
by  a  decrease  in  the  cold-water  elements  and  the  occur- 

rence of  several  warm-water  elements.  The  warm-water 
ostracods  found  in  the  Seoguipo  Formation  are  presently 
distributed  in  the  South  China  Sea,  southern  part  of  the 
Yellow  Sea  and  Korean  South  Sea  influenced  by  warm 
Kuroshio  Current  (Lee,  1990). 

Amano  (1994)  investigated  the  surface  temperature  of  the 

Japan  Sea  in  the  Pleistocene  through  molluscan  assem- 
blages from  coastal  areas  of  the  Japan  Sea  of  Hokkaido  to 

Cheju  Island.  He  estimated  the  paleotemperature  of  the 

Seoguipo  Formation  as  20°C  warmer  than  the  average 
present  temperature,  18.5°C  (Marine  Environment  Map  by 
Japanese  Marine  Safety  Agency). 

Woo  et  al.,  (1995)  analyzed  oxygen  isotopes  from  calcar- 
eous skeletons  of  Mollusca.  The  paleotemperature  of  his 

lithologie  Unit  4  (SGF  5-SGF 10)  from  the  Seoguipo  Formation 

is  calculated  to  be  13°C.  He  considered  his  lithologie  Unit  4 
the  coldest,  and  the  warmest  temperature  for  the  entire 

sequence  was  18°C.  Paleotemperature  of  other  Units  1, 9, 11, 
13  varies  from  14  to  17°C.  Based  on  these  data,  he  conclud- 

ed that  the  whole  sequence  of  the  Seoguipo  Formation  was 
deposited  during  glaciation.  His  paleoclimatic  interpretation 
coincides  with  our  results  for  the  lower  part  of  the  Seoguipo 
Formation  influenced  by  cold  water. 

2).  Paleoceanographic  front— The  site  of  the  Seoguipo 
Formation  is  now  located  in  warm  surface  waters  south  of  an 

océanographie  front.  However,  in  response  to  Pleistocene 

glacial  episodes  in  the  last  1.8  m.y.  the  cold-water  front  may 
have  migrated  southward  over  Cheju  Island  as  global  climate 

cooled  (Momohara,  1994),  the  sphere  of  cooler-water  influ- 
ence expanded,  and  the  effect  of  the  warm-water  Kuroshio 

Current  diminished  (Muza,  1992).  Then  the  Pleistocene 
nannofossil  association  in  the  Seoguipo  Formation  could 
record  the  oscillation  or  migration  of  the  océanographie  front 
over  Cheju  Island  as  the  Japan  Sea  and  the  Korea  Strait 

responded  to  glacial- interglacial  cycles.  If  this  is  the  case, 
as  the  océanographie  front  migrated  southward  over  Cheju 
Island  owing  to  global  glaciation,  cooler  surface  water  would 
replace  warmer  water  during  the  deposition  of  the  Seoguipo 
Formation.  This,  in  turn,  may  have  resulted  in  a  reduced 

calcareous  nannoplankton  diversity  dominated  by  cooler- 
water  forms  such  as  C.  pelagicus  as  shown  in  the  lower  part 
of  the  Seoguipo  Formation.  A  lowering  of  the  sea  level 
around  the  Cheju  area  in  response  to  the  early  Pleistocene 
glaciation  is  also  expected. 

Conversely,  when  the  Seoguipo  Formation  was  located 

south  of  the  océanographie  front  in  warmer  water,  assem- 

blage diversity  may  have  been  higher,  dominated  by  warmer- 
water  forms  such  as  G.  oceanica.  Since  glacial  and  inter- 
glacial  cycles  have  been  the  primary  influence  on  oceano- 

graphy of  the  Japan  Sea,  Korea  Strait,  and  the  vicinity  of 
Cheju  Island  during  the  last  1.8  m.y.,  the  changing 
paleoceanographic  conditions  of  the  Seoguipo  Formation 

indicated  by  the  nannofossil  assemblages  are  primarily  inter- 
preted as  an  expression  of  global  climatic  changes. 

The  migration  of  the  océanographie  front  is  related  to  the 

influence  of  local  warm-water  currents  and  global  glaciation 
in  the  Pleistocene.  As  a  function  of  these  two  factors  the 

océanographie  front  migrates  southward  or  northward. 

When  global  glaciation  set  about,  the  cooler-water  front  was 
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built  first  in  the  Oki  Ridge,  Ishikawa-Toyama  area  and 
migrated  southwards  to  Cheju  Island  and  the  Okinawa 

Trough  about  1.8  Ma  (Figure  5).  It  retreated  from  the  Oki- 

nawa Trough  at  1.60-1.64  Ma  (LAD  of  C.  macintyrei),  from 
Cheju  Island  at  0.94-1.02  Ma  (reoccurrence  of  G  oceanica), 
and  from  the  Oki  Ridge  and  the  Ishikawa-Toyama  area  of 
Japan  at  0.85  Ma.  The  duration  of  the  cooling  phase  is 
shortest  in  the  Okinawa  Trough  and  longest  in  the  Japan 
Sea.  Generally  invasion  of  cooler  water  took  place  abruptly 
in  comparison  to  the  relatively  slow  retreating  process. 
Influence  of  cooler  water  that  migrated  southward  is  well 

documented  in  the  samples  of  Oki  Ridge,  Ishikawa-Toyama 
area,  Niigata  area,  Seoguipo  Formation  and  Okinawa  Trough 
(Kobayashi,  1990  ;  Muza,  1992  ;  Ogasawara,  1996  ;  Yi  et  al, 

in  press).  Considering  the  geographic  location  and  pres- 
ent-day oceanography  only  the  Niigata  area  provides  an 

exceptional  case,  since  a  cooling  phase  in  this  area  appear- 
ed later  and  disappeared  earlier  than  expected  for  its  geo- 

graphic location.  The  duration  of  the  cooling  phase  in  the 
Niigata  area  is  also  different  from  that  of  the  neighboring 

Ishikawa-Toyama  area.  Therefore,  the  influence  of  a 
warm-water  current  (G.  inflata  bed  No.  2)  in  this  area  is 
considered  to  be  stronger  than  global  glaciation  effect  in  the 

Pleistocene. 

Regarding  the  cooling  phase  and  cold  water  influence  in 
the  Seoguipo  Formation  that  lasted  from  ca.  1.8  Ma  to  0.94 
1.02  Ma,  it  would  appear  that  the  Korea  Strait  never  closed 
during  the  first  Quaternary  glaciation.  Hence,  the  cold 
water  current  could  expand  through  the  Korea  Strait  into  the 
Okinawa  Trough  (Yi  et  al.,  in  press). 
3).  Paleobathymetry.  The  depositional  environment  of  the 
Seoguipo  Formation  was  interpreted  as  a  littoral  zone  of 
shallow  sea  based  on  the  foraminifera  (Kim,  1972),  Mollusca 

(Yoon,  1988)  and  brachiopods  such  as  Coptothyris  grayi  and 
Terebratalia  coreanica  that  are  indicative  of  a  depth  of  about 
50  m  (Kim,  1984).  Ostracod  studies  from  the  Seoguipo 

Formation  enabled  a  finer  subdivision  of  six  biotopes  deposit- 

ed in  a  shallow  sea  ranging  from  bay,  through  near-shore,  to 
offshore  environments  (Lee,  1990).  An  investigation  of 
molluscan  fossils  suggests  the  Seoguipo  Formation  has  been 
formed  under  the  environment  of  bay  to  open  sea  (Kang, 1995). 

Among  the  nannofossil  assemblage,  neritic  species  such 
as  Braarudosphaera  bigelowii,  Gephyrocapsa  oceanica,  and 

Syracosphaera  spp.  occur  consistently  throughout  the  forma- 
tion except  for  the  upper  part  (Sample  SGF  11),  where 
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Figure  5.  Correlation  of  Plio-Pleistocene  cooling  phases  between  the  Okinawa  Trough,  Cheju  Island,  Oki 

Ridge,  and  Japan  Sea  (East  Sea)  borderland  of  Japan  (  Polarity:  Cande  and  Kent,  1995;  *  :  Muza,  1992;  **  : Ogasawara,  1996). 
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oceanic  species  Calcidiscus  leptoporus  and  Umbilicosphaera 

sibogae  are  common.  Occurrences  of  the  oceanic  taxa  in 

this  upper  part  are  accounted  for  the  global  warming  trend 

and  consequent  rising  of  eustatic  sea  level.  Ostracods  from 

the  sample  of  SGF  11  also  indicate  that  this  section  was 

deposited  in  the  outer  shelf  at  depths  from  50  m  to  100  m. 

It  is  also  presumed  that  the  Seoguipo  Formation  was 

uplifted  after  deposition,  because  its  present  altitude  is 

above  the  presumed  sea  level  in  the  Early  Pleistocene 

glaciation. 
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Abstract.  An  exceptionally  well-preserved  example  of  Phymatoderma  granulatum  from  continental  slope 
deposits  within  the  Pliocene  Upper  Onzole  Formation,  coastal  Ecuador,  supports  an  important  reinterpreta- 
tion  of  this  large,  branching,  subhorizontal  burrow  system.  Traces  such  as  this  have  been  regarded  simply 
as  fodinichnia  (the  work  of  subsurface  deposit  feeders).  However,  we  propose  that  the  trace  producer 
was  capable  of  changing  its  feeding  strategy  as  a  probable  adaptation  to  a  variable  trophic  regime. 
Tunnels  within  the  burrow  system  are  filled  with  pelleted  volcanic  ash  conveyed  from  the  seaflcor  to 
subsurface  storage  areas,  indicating  surface  deposit  feeding  ;  the  same  tunnels  enclose  secondary 
tunnels  that  rework  the  primary  fill  of  pellets,  pointing  to  recycling/restocking  of  fecal  banks  as  another 
trophic  behavior.  Alternative  feeding  strategies  represented  in  P.  granulatum  could  be  the  reactions  of 
the  burrowing  animal  to  a  pulsed  delivery  of  labile  organic  material  at  the  ocean  bottom  (in  this  instance 
associated  with  large  ashfalls). 

Key  words  :  Continental  slope,  deepsea  paleoecology,  Ecuador,  ethology,  Phymatoderma,  Pliocene 

Introduction 

Unique,  well-preserved  fossil  specimens  have  always 
been  crucial  in  paleontology  for  working  out  the  details  of 

anatomy,  function,  écologie  properties,  and  généalogie  rela- 
tionships of  every  kind  of  organism,  from  protist  to  dinosaur. 

A  newly  discovered  specimen,  having  all  the  skeletal  ele- 
ments intact,  appendages  still  attached  or  the  soft  tissues 

preserved,  is  often  more  important  than  all  the  fragmentary 

remains  of  a  particular  species  (or  higher  taxon)  ever  col- 
lected. The  same  thing  is  true  for  trace  fossils  :  exceptional 

preservation  can  lead  to  breakthroughs  in  behavioral  and 
écologie  interpretations. 

In  this  paper  we  describe  an  exceptional  example  of 
Phymatoderma  granulatum  (Schlotheim,  1822)  from  Pliocene 
continental  slope  deposits  of  Ecuador  (Figure  1),  a  specimen 
that  allows  a  more  comprehensive  interpretation  of  this 
biogenic  structure  than  was  previously  possible. 

Phymatoderma  [identified  by  most  authors  as  "Zonarites", 
"large  Chondrites",  or  "pellet-filled  Chondrites"  (see  Seila- 
cher,  1954,1958;  Simpson,  1956;  Sellwood,  1970;  Cham- 

berlain, 1977  ;  Brenner  and  Seilacher,  1978  ;  Pickerill  et  al., 
1984  ;  Savrda  and  Bottjer,  1989  ;  Savrda  ef  al.,  1991)]  is  a 

distinctive,  subhorizontal,  branching  burrow  system  consist- 
ing of  clusters  of  radiating  tunnels  that  converge  and  overlap 

near  the  center  of  the  system.  Such  structures  have  been 
interpreted  as  fodinichnia  (burrows  produced  by  subsurface 

food-mining  activity).  However,  we  can  show  that  the 
organism  that   produced  the   Ecuadorian   specimen   was 

involved  in  more  complicated  behavior  than  simply  subsur- 
face deposit  feeding,  and  apparently  was  capable  of  chang- 

ing its  feeding  behavior  and  controlling  its  trophic  resources 
to  some  extent.  Although  traditional  methods  of  description 
and  structural  analysis  can  be  applied  to  such  intricate 

burrow  systems,  the  traditional  ethologic  classification  of 
trace  fossils  does  not  accommodate  this  kind  of  behavioral 

complexity.  This  paper  supports  and  extends  previous  work 
by  Miller  and  Vokes  (1998)  on  the  same  trace  fossils. 

The  example  of  P.  granulatum  described  and  illustrated 
here  has  been  deposited  in  the  University  of  California 
Museum  of  Paleontology  (UCMP  39901). 

Geologic  context 

The  example  of  P.  granulatum  that  we  document  was  part 
of  a  moderately  rich  ichnofauna  occurring  in  green  mudrocks 
of  the  Pliocene  Upper  Onzole  Formation,  exposed  near  the 
coastal  city  of  Esmeraldas  (Figure  2).  Visible  in  extensive 

wave-cut  platforms  and  seacliffs  at  Punta  Gorda  (Figure  3), 
the  formation  consists  of  over  300  m  of  mostly  thick-bedded 
mud  turbidites  with  mud  pelagite,  silt-sand  turbidite,  and 
comparatively  light-colored  volcanic  ash  interbeds.  The 
ichnofauna  is  preserved  at  the  tops  of  the  mud  turbidite 
beds.  Other  common  ichnotaxa  in  the  Upper  Onzole  at  this 
location  include  Alcyonidiopsis  ichnosp.,  Chondrites 
intricatus,  Phycosiphon  incertum,  Rorschachichnus  amoeba, 

and  Zoophycos  ichnosp.  The  ichnofauna  has  been  de- 
scribed recently  by  Miller  and  Vokes  (1998). 
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Figure!  A  large,  well-preserved  example  of  Phymatoderma  granulatum  from  the  Pliocene  Upper  Onzole 
Formation  of  northwestern  Ecuador  (UCMP  39901).  Letters  indicate  locations  of  close  views  shown  in  Figure  5. 
Scale  bar  represents  4  cm. 

Where  the  burrow  systems  occur  below  a  volcanic  ash, 
overall  form  and  internal  structure  of  the  trace  fossils  have 

been  preserved  in  extraordinary  detail  (Figures  4,  5).  In  this 
situation,  burrows  were  filled  either  passively  or  by  the  trace 
producers  actively  conveying  ash  to  subsurface  tunnels  or 
galleries,  resulting  in  an  ichnofauna  that  stands  out  in  sharp 

contrast  to  the  dark-colored  matrix  (Figures  1,4B,  5).  Al- 
cyonidiopsis,  Zoophycos  and  Phymatoderma  all  contain 

pellets  made  of  the  ash,  indicating  active  filling  of  below- 
surface  storage  areas  and  suggesting  that  food  caching  or 
storage  of  fecal  pellets  was  an  important  aspect  of  the 
behavior  of  animals  that  produced  these  varied  structures. 
Kotake  (1989,1991,1993,1994)  has  described  a  strikingly 

similar  pattern  of  ash-filled  burrows  occurring  in  Plio-Pleis- 
tocene  bathyal  deposits  of  Japan. 

Mudrocks  of  the  Upper  Onzole  Formation  were  deposited 
for  the  most  part  during  planktic  foraminiferid  zones  N.  19  and 

20  (ca.  3-5  Ma),  at  bathyal  depths  on  the  inner  trench  slope 
(Evans  and  Whittaker,  1982  ;  Whittaker,  1988).  Aalto  and 

Miller  (in  press)  have  proposed  a  trench-slope  basin  as  the 
most  likely  depositional  setting  (Figure  2B).  The  basin 

received  sediment  chiefly  in  the  form  of  successive,  large- 
scale,  muddy  turbidity  currents.  Benthic  ecosystems  were 
continually  reestablished  on  each  newly  deposited  mud 
blanket  ;  endobenthic  populations  produced  distinctly  tiered 
ichnoassemblages  following  recolonization  (Figure  4A),  of 

which  P.  granulatum  is  the  most  prominent  component  (Fig- 

ure 4B).  Thus,  the  Upper  Onzole  trace  fossils  represent  the 

benthic  ecosystems  that  existed  in  the  basin  "between" 
episodes  of  disturbance  caused  by  the  turbidity  currents. 

Paleoethologic  classification  and  analysis 

We  are  accustomed  to  the  practice  of  equating  an  ich- 
notaxon  to  a  single  ethologic  category  or  to  one  kind  of 

organism-environment  interaction.  Most  ichnologists 
employ  the  ethologic  classification  originally  proposed  by 
Seilacher  (1953,  figure  6),  and  subsequently  modified  to 
include  additional  categories  (Ekdale  et  al.  1984  ;  Frey  and 
Pemberton,  1984  ;  Ekdale,  1985  ;  see  recent  summary  in 

Bromley,  1996),  to  label  the  modal  or  most  obvious  behavior 

deduced  for  a  particular  biogenic  structure.  This  classifica- 
tion has  produced  satisfactory  results  when  applied  to 

structurally  simple  traces  that  are  essentially  snapshots  of  a 
dominant  habitat  interaction  or  behavioral  reaction,  and  has 

been  used  successfully  in  the  analysis  of  stratigraphie 
successions  and  paleoenvironmental  trends  (Ekdale  et  al., 

1984  ;  Pemberton,  1992).  There  have  been  problems  creat- 
ed, however,  by  over-extending  the  scheme. 

One  unfortunate  result  has  been  to  associate  an  ich- 

nogenus  (e.g.,  Zoophycos)  exclusively  with  one  of  the  stan- 
dard ethologic  categories  (e.g.,  fodinichnia),  even  though  the 

structures  identified  with  that  name  could  have  been  made 

at  different  times  during  the  Phanerozoic  by  different  kinds  of 
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Figure  2.  Location  and  paleogeographic  reconstruction  of  the  study  site.  (A)  Location  map.  (B)  Recon- 
struction of  Pliocene  continental  margin  of  the  Esmeraldas  area  showing  possible  position  of  study  site  on  the  inner 

trench  slope  (pg),  Neogene  trench-slope  deposits  and  inboard  equivalents  (a),  normal  faults  (b),  Esmeraldas 
canyon-fan  system  (c),  trench  floor  (d),  oceanic  crust  (e),  and  subduction  zone  (f).  Not  drawn  to  scale  ;  from 
Aalto  and  Miller  (in  press). 

animals,  possibly  for  different  purposes.  A  more  significant 

problem  comes  from  the  réévaluation  of  structurally  elabo- 

rate traces  (e.g.,  Zoophycos,  Paleodictyon,  Ophiomorpha- 
Thalassinoides,  and  other  compound  systems).  These  intri- 

cate burrow  systems  record  long-term  occupation  in  some 
cases  (Bromley,  1996)  ;  variable  behavior  and  possibly  some 
form  of  habitat  restructuring  [including  control  of  local 

environment,  damping  of  disturbances,  and  active  manage- 
ment of  food  supplies  (see  Hansell,  1984;  Vander  Wall, 

1990  ;  Jones  et  al.,  1994)]  ;  and  "extended  phenotypes"  of 
the  trace  producers  affecting  their  survival  and  fitness  (Daw- 
kins,  1989).  Such  animal  artefacts  contain  evidence  of 
complicated  behavioral  routines  and  subroutines  involved  in 

the  construction,  operation  and  maintenance  of  the  struc- 
tures. In  this  view,  they  are  comparable  to  complex  terres- 

trial artefacts  like  beaver  dam-lodge-impoundment  systems 

and  termite  "nests". The  traditional  ethologic  classification  was  not  intended  to 
accommodate  this  kind  of  complexity.  Miller  (1996a,  b, 

1998)  has  proposed  that  intricate  biogenic  structures  preserv- 
ing evidence  of  complex  behavior,  including  some  control  of 

local  environments,  should  be  designated  as  "deliberate" 
trace  fossils  and  receive  special  attention  as  rich  sources  of 

paleoethologic  data  ;  simpler,  "incidental"  structures  (typi- 
cally short-lived  and  preserving  evidence  of  one  kind  of 

behavior  or  reaction)  can  still  be  accommodated  in  the 
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Figure  3.  Punta  Gorda  outcrops  of  the  Upper  Onzole 
mudstone.  (A)  Seacliff  consisting  of  thick  muddy  turbidites 
(hammer  at  arrow  is  25  cm  long).  (B)  Intertidal  platform  show- 

ing large,  gently-dipping  bedding  surfaces  (S.  Walker  and  F. 
Cortez  for  scale). 

traditional  classification.  Phymatoderma  granulatum  is  a 
complex  burrow  system  and  belongs  in  the  former  general 
category. 

Paleoethologic  analysis  depends  upon  two  sources  of 

information  :  "morphology"  (really  a  structural  inventory)  of 
trace  fossils,  and  comparison  with  modern  traces  or  trace- 
producing  activity.  This  approach  can  be  termed  the 

"actualistic  method"  (reviewed  in  Seilacher,  1953  ;  Schäfer, 
1972  ;  Frey,  1975  ;  Frey  and  Seilacher,  1980  ;  Ekdale  er  a/., 

1984  ;  Frey  and  Pemberton,  1985  ;  Pemberton,  1992  ;  Brom- 
ley, 1996).  The  fundamental  idea  behind  this  form  of  analy- 

sis is  that  a  fossilized  "token"  of  behavior  (e.g.,  branching 
pattern,  wall  structure,  or  the  organization/composition  of  fill 
material  of  burrow  systems)  potentially  can  be  matched  to  a 
modern  structure  produced  by  a  particular  kind  of  organism, 
or  to  a  behavioral  product  made  by  different  organisms 

having  broadly  similar  adaptations.  In  cases  where  uni- 
formitarian  assumptions  are  tenuous  or  unsupported  (as  with 
interpretation  of  Vendian  traces  or  with  structures  having 
unknown  modern  counterparts),  description  of  structural 
elements,  overall  morphology,  and  size,  together  with  very 

general  comparison  to  trace- producing  activity  of  modern 

Figure  4.  Punta  Gorda  trace  fossils.  (A)  Tiered  ich- 
noassemblage  below  a  volcanic  ash  (a),  with  Phymatoderma 

(p)  as  the  most  prominent  shallow  burrow  system  and  Zoo- 
phycos  (z)  as  the  deepest  system.  (B)  Dense  cluster  of 
Phymatoderma  on  a  bedding  surface  (field  of  view  is  approxi- 

mately 0.5  m  wide). 

organisms,  still  can  yield  plausible  interpretations  of  biogenic 
structures.    This  is  the  method  we  have  employed. 

It  is  important  to  keep  in  mind  that  structural  intricacy  is 
related  to  behavioral  complexity.  The  more  complicated 

and  varied  the  tokens  of  burrow  fabrication,  the  more  compli- 
cated is  the  behavior  required  to  build,  operate,  and  maintain 

a  particular  structure  (Hansell,  1984  ;  Dawkins,  1989).  Thus, 

the  behavior  "visible"  in  a  specimen  of  Skolithos  or  Planolites 
is  simpler  than  that  in  Zoophycos  or  Paleodictyon,  notwith- 

standing the  fact  that  the  entire  behavioral  repertoire  of  the 
trace  producers  is  only  partially  recorded  in  these  different 
structures.  The  obvious,  but  largely  unappreciated,  point  to 
make  here  is  that  demonstrably  complex  structures  are  the 
records  of  complex  behavior. 

Ecuadorian  Phymatoderma 

General    features  :  In    the     Punta    Gorda     exposures, 

Phymatoderma  granulatum  is  a  shallow-tier  burrow  system 
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Figure  6.  An  "action  cartoon"  depicting  the  fabrication  of  Ecuadorian  Phymatoderma.  Successive  parts 
include  (A)  initiation  of  structure,  (B)  construction  and  stocking  of  multiple  tunnel  bundles  with  pellets,  (C)  recy- 

cling of  burrow  contents,  (D)  withdrawal,  and  either  (E)  abandonment  or  (B  again)  restocking  of  structure.  Only 
the  most  general  features  are  shown. 

occurring  as  clusters  of  large  specimens  (Miller  and  Vokes, 
1998).  The  structures  consist  of  bundles  of  radiating  tunnels 
that  overlap  near  the  central  region  of  the  burrow  system 
(Figures  1,5).  The  tunnel  bundles,  or  branches,  extend 
outward  10  to  30  cm  in  typical  specimens,  but  in  a  few 
instances  the  branches  are  >  50  cm  long.  The  branches 
themselves  are  organized  in  bundles  that  also  diverge. 
Most  of  the  structures  were  constructed  at  essentially  one 
level  below  the  seafloor  ;  a  few  consist  of  multilevel  systems. 
Estimated  widths  of  the  flattened  tunnels  vary  from  3  mm 
to  >1  cm  within  the  same  burrow  system.  Edges  and 
terminations  of  tunnels  are  ragged,  not  uniformly  smooth. 
Tunnels  were  originally  unlined  and  filled  with  ellipsoidal 
pellets  1  to  2  mm  in  length. 

These  large  burrows  resemble  some  of  the  ichnospecies 
of  Chondrites,  but  size,  absence  of  uniformly  smooth  tunnel 
margins,  subhorizontal  orientation  of  the  overall  system, 
pelleted  fill,  and  the  overlapping  tunnels  allow  recognition  of 
Phymatoderma  as  a  distinctive  ichnotaxon.  Fu  (1991)  has 
provided  a  taxonomic  réévaluation  of  the  ichnospecies  of 

Chondrites  and  Phymatoderma,  and  we  have  adopted  her 
concept  of  P.  granulatum  here. 

Conveyed  material  :  The  contrast  in  color  between  the  light- 

gray  volcanic  ash  filling  the  tunnels  and  the  enclosing  dark- 
green  mudstone  is  perhaps  the  most  striking  feature  of  the 
Ecuadorian  burrows.  The  nearly  pure  ash  in  many  of  the 
tunnels  originally  occurred  in  the  form  of  pellets  made  of 
material  conveyed  from  the  seafloor  to  subsurface  storage 

areas.  However,  the  primary  pelleted  fabric  has  been  ob- 
literated by  reworking  and  possibly  compaction  in  many 

specimens.  In  the  example  we  illustrate  (Figures  1,4),  one 
can  see  the  original  pelleted  fabric  preserved  at  tunnel 
margins  and  extremities  ;  most  of  the  pellets  are  oriented 
with  their  long  axes  perpendicular  to  the  tunnel  margins. 

Well-preserved  pellets  are  composed  chiefly  of  ash,  but 
sometimes  contain  crystal  fragments  and  planktic  for- 
aminiferid  tests  that  are  pyritized  in  some  cases.  It  is 
notable  that  although  the  surrounding  mudstone  contains  a 
rich  assemblage  of  both  benthic  and  planktic  foraminiferids 

(Hasson  and  Fischer,  1986;  Whittaker,  1988),  the  ash-rich 

Figure  5.  Anatomy  of  an  exceptional  specimen  of  Phymatoderma  granulatum  (example  shown  in  Figure  1).  (A)  Distal 

parts  of  tunnels  packed  with  light-colored  pellets.  (B)  A  pellet  made  mostly  of  volcanic  ash  and  containing  a  pyritized 
planktic  foraminiferid  test  (dark  dot).  (C)  Proximal  part  of  branch  showing  secondary  tunnel  and  the  results  of  recycling/ 
restocking  burrow  contents,  including  reworked  ash  areas  (1),  muddy  laminae  (2),  and  darker,  muddy  pellets  (3).  (D) 
Reworking  of  burrow  fill  in  successive  stages  ;  earliest  stage  (1)  is  light  colored  with  pelleted  fabric  preserved  at  the  margins 

of  tunnels,  intermediate  stage  (2)  consists  of  blotchy  ash-mud  mixture,  and  latest  stage  (3)  is  dark  colored  and  cross-cuts 
all  other  internal  structures.  Scale  in  A  and  D  marked  in  millimeters  ;  scale  bar  in  B  represents  0.5  mm,  and  in  C  represents 
1  cm. 
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portions  of  the  burrow  fills  of  P.  granulatum  contain  almost 
exclusively  planktic  globigerinaceans. 

Pellet  composition  indicates  that  the  behavior  of  the  trace 

producer  included  nonselective  "surface"  deposit  feeding 
and  the  storage  of  fecal  material  or  possibly  caching  of 

food-ash  mixtures  in  subsurface  tunnels.  The  trace  pro- 
ducer lavished  so  much  attention  on  the  ash  probably 

because  ash  deposition  coincided  with  pulsed  delivery  of 
food  to  the  ocean  floor  (discussed  by  Miller  and  Vokes,  1998). 

The  overlapping,  outward-branching  tunnels,  as  in  the  tradi- 
tional interpretation,  suggest  some  form  of  subsurface 

deposit  feeding  as  part  of  the  organism's  behavior.  In 
addition,  the  primary  pelleted  fabric  was  apparently  disrupted 
by  the  trace  producer  in  a  systematic  way. 
Secondary  tunnels  :  Our  example  is  typical  of  P.  granulatum 
from  the  Punta  Gorda  beds  in  having  secondary  tunnels 

positioned  in  the  middle  of  the  pellet-filled  primary  tunnels. 
These  subsequent  tunnels  rework  the  pelleted  fill,  but  do  not 
extend  beyond  the  limits  of  the  original  structure.  Earliest 
generations  of  the  secondary  tunnels  contain  apparently 
structureless,  pure  ash  ;  the  latest  reworkings  contain 

darker-colored  ash-mud  mixtures  (Figure  5D).  The  rework- 
ed areas  in  some  specimens  have  a  meniscate  structure 

with  the  concave  sides  of  laminae  oriented  toward  the 

central  region  of  the  burrow  system.  These  laminae  consist 

of  interlayered  ash  and  mud-rich  sediment  ;  in  some  of  the 
tunnels  the  latest  generation  of  reworked  burrow  fill  also  is 
pelleted,  suggesting  possible  restocking  (Figure  5C). 

Although  a  quantitative  inventory  of  the  foraminiferid  compo- 
nent of  the  burrow  fill  was  not  performed,  as  it  would  entail 

destruction  of  the  specimen,  globigerinaceans  also  appear  to 

be  the  dominant  foraminiferids  in  the  later  ash-mud  mixtures. 
Thus,  the  trace  producers  seem  to  have  systematically 
revisited  these  storage  areas  to  practice  autocoprophagy/ 
utilize  food  caches  and  to  restock  tunnels  with  pellets. 
Behavioral  variability:  This  complicated  pattern  of  burrow 
construction  and  utilization,  over  apparently  long  intervals  of 
time  (relative  to  life  cycle  of  the  trace  producer),  is  evidence 
that  the  organisms  responsible  for  P.  granulatum  could 
switch  their  trophic  behavior  from  surface  feeding  (possibly  in 
times  of  plenty)  to  other  ways  of  feeding,  including  the 
reprocessing  of  pellet  banks  (in  times  of  scanty  food  supply). 

This  is  precisely  the  behavioral  adaptation  required  by  rela- 

tively large,  long-lived  endobenthos  exploiting  a  pulsed 
delivery  of  labile  organic  material  to  the  seafloor  (Jumars  er 
al.,  1990).  The  seasonal  or  irregular  supply  of  food  to  the 
deep  ocean  bottom,  resulting  from  events  such  as  plankton 
blooms,  is  now  recognized  as  one  of  the  most  important 
processes  controlling  composition  and  structure  of  deepsea 
benthic  ecosystems  (reviewed  by  Gooday  and  Turley,  1990  ; 
Gage  and  Tyler,  1991  ;  Smith,  1994).  The  pulsed  delivery  of 
food  in  this  case  was  caused  by,  or  coincident  with,  major 
volcanic  ashfalls  reaching  the  seafloor  at  the  continental 
margin  of  northwestern  South  America  (Miller  and  Vokes, 
1998).  Behavioral  variability  actually  may  have  been  greater 
than  what  we  have  suggested  :  initial  construction  of  tunnels 
could  have  involved  subsurface  feeding  and  possibly  the 
invasion  of  adjacent  systems  that  were  stocked  with  pellets  ; 
and  repeated  excursions  into  the  pellet  banks  could  have 

promoted  bacterial  or  fungal  growth  on  pellet  surfaces  (a 
kind  of  passive  cultivation  ;  cf.  Fu  and  Werner,  1995).  At 
least  we  can  say  that  P.  granulatum  records  alternation  of 
feeding  strategies,  and  that  surface  deposit  feeding  and 

pellet  recycling  probably  were  essential  behavioral  adapta- 
tions of  the  trace  producer. 

Implications 

The  most  popular  way  to  illustrate  behavior  inferred  from 

trace  fossils  is  to  use  "action  cartoons",  showing  organisms 
in  the  various  stages  of  building  and  utilizing  their  burrows  or 
borings  (Miller,  1996a,  b,  1998).  In  an  action  cartoon, 
Ecuadorian  Phymatoderma  would  have  to  be  depicted  as  the 
result  of  variable  behavior,  not  one  dominant  kind  of  behavior 
(Figure  6).  But  in  order  to  account  for  the  structural  intricacy 
more  comprehensively,  a  much  more  complicated  diagram  of 
behavior  is  required  (Figure  7).  The  detailed  depiction  of 

burrow-related  activity  in  a  blueprint  or  systems  diagram  of 
this  kind  has  been  termed  fabrication  analysis  by  Miller  and 
Vokes  (1998,  fig.  11  and  p.  38)  and  includes  the  itemization  of 

"(1)  construction  (primary  fabrication  involving  excavation, 
probing,  lining  and  initial  filling  of  structures)  ;  (2)  operation 

(secondary  fabrication  including  all  forms  of  structure  utiliza- 
tion and  'normal'  modification  after  construction)  ;  and  (3) 

maintenance  (secondary  fabrication  involving  minor  localized 

repairs,  reoccupation  of  damaged  structural  elements,  exten- 
sions to  the  seafloor  following  catastrophic  burial  events,  and 

reestablishment  of  structures  after  a  major  physical  or 

biogenic  disturbance".  Simply  stated,  a  diagram  depicting 
the  full  range  of  possible  behaviors  recorded  in  P.  granulatum 
would  be  a  complex  pattern  in  its  own  right,  not  a  simple 
cartoon. 

A  more  general  implication  from  our  study,  as  well  as  from 
other  réévaluations  of  elaborate  marine  burrow  systems,  from 
new  work  on  complex  terrestrial  trace  fossils,  and  from  a 

renewed  interest  in  compound  ichnotaxa,  is  that  the  tradi- 
tional ethologic  classification  has  important  limitations  (Miller, 

1998).  Complex  animal  artefacts  are  not  easily  accom- 
modated in  the  traditional  scheme  (already  demonstrated  in 

the  controversy  over  the  behavioral  interpretations  of  Zoo- 
phycos  ;  Bromley,  1991).  Such  biogenic  structures  deserve 

special  treatment  individually  as  records  of  elaborate,  vari- 
able behavior.  Complexity  of  Ecuadorian  Phymatoderma  is 

apparently  related  to  changing  trophic  resources,  probably 
the  result  of  pulsed  delivery  of  labile  organic  material  to  the 
deep  ocean  floor.  In  this  case,  the  pulsed  delivery  of  food 
was  associated  with  major  ashfalls.  By  merely  allocating 
our  burrow  system  to  a  single,  traditional  ethologic  category, 
we  would  have  failed  to  recognize  the  essential  behavioral 
and  écologie  properties  of  the  trace  and  the  organism  that 
constructed  it. 
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Abstract.  The  Early  Cretaceous  Okurodani  Formation,  Tetori  Group,  near  Shokawa  village,  Gifu  Prefec- 
ture, Japan,  has  yielded  a  mixed  assemblage  of  terrestrial  and  aquatic  small  vertebrates,  including  the 

fragmentary  remains  of  a  frog  (ilium,  vertebra)  and  a  salamander  (vertebra).  These  are  the  first  Mesozoic 
lissamphibians  recorded  from  Japan,  and  some  of  the  oldest  from  Asia.  The  ilium  is  of  rather  primitive 
form  and  suggests  a  frog  of  basal  grade,  that  is  outside  the  Discoglossanura. 

Key  words  :  Anura,  Caudata,  Cretaceous,  Japan,  Tetori  Group. 

Introduction 

The  early  fossil  history  of  frogs  is  limited  to  a  relatively 
small  number  of  specimens.  The  earliest  recognised 

crown-group  frog  is  the  early  Jurassic  (Pliensbachian) 
Prosalirus  (Shubin  and  Jenkins,  1995),  with  further  Jurassic 
taxa  recorded  from  Argentina  (Vieraella,  Notobatrachus,  Baez 
and  Basso,  1996),  Britain  (Eodiscoglossus,  Evans  et  al.,  1990), 
North  America  (Hecht  and  Estes,  1960  ;  Evans  and  Milner, 
1993),  Kyrgyzstan  (Nessov  et  al.,  1994)  and,  possibly,  India 

(Yadagiri,  1986).  Early  Cretaceous  frogs  have  been  record- 
ed from  Europe  (Britain,  Spain,  Ensom  er  al.,  1991  ;  Fey,  1988  ; 

Hecht,  1970),  Israel  (Nevo,  1956, 1968),  North  America  (Gard- 
ner, 1994  ;  Winkler  et  al.,  1990),  Africa  (Jacobs  et  al.,  1990  ; 

Evans  and  Sigogneau  Russell,  pers.  obs.)  and  Central  Asia 

(Nessov,  1988  ;  Rocek  and  Nessov,  1993).  Thus  the  pub- 
lished early  Mesozoic  frog  record  of  Asia  is  limited  to  an 

indet.  ilium  from  India  (Yadagiri,  1986),  which  was  not  part  of 
Asia  at  this  time,  an  indeterminate  frog  from  the  Middle 
Jurassic  of  Kyrgyzstan  (Nessov  er  al.,  1994)  and  a  number  of 
Aptian/Albian  taxa  from  Central  Asia  (Rocek  and  Nessov, 
1993).  The  recovery  of  Early  Cretaceous  (Neocomian,  circa 
135  mya)  frog  material  from  Japan,  albeit  fragmentary,  is 
therefore  of  some  interest. 

Geology  and  materials 

The  three  specimens  described  here  were  collected  and 
prepared  by  Mr  Ikoi  Shibata,  and  are  now  deposited  in  the 
collections  of  the  Museum  of  the  Izumi  Board  of  Education, 

Fukui  Prefecture,  Japan.  The  specimens  were  collected 

between  1992-1994  from  a  bone  bed  (designated  the  "K02" 
locality,  36°03'N,  136°53'E,  Locality  No.  2  in  Hasegawa  et  al., 
1995)  in  the  Okurodani   Formation,  Tetori  Group,   in  the 

Kobudani  Valley,  near  Shokawa  village,  Gifu  Prefecture. 

The  bone  bed  is  a  dark  grey  silty-sandstone  with  plant 
macrofossils  at  the  base,  overlain  by  a  concentration  of  shell 
debris  and  bone,  and  then  by  the  rarer  articulated  specimens 
(turtles,  choristoderan  reptiles)  ;  dinosaur  teeth  are  found  in 

the  uppermost  layers.  Most  of  the  specimens  are  disar- 
ticulated but  unabraded,  suggesting  deposition  under  rela- 

tively low  energy  conditions  (Cook  et  a/.,  1998).  The  most 

common  vertebrate  are  aquatic  ones:  fish,  turtles,  choris- 
toderes,  although  rare  terrestrial  elements  (lizards,  birds, 
dinosaurs,  pterosaurs)  are  also  known.  In  this  environment, 
lissamphibian  remains  were  not  unexpected,  although  they 
are  extremely  rare.  The  available  materials  consisting  of  a 

single  frog  ilium,  a  frog  vertebra  and  a  vertebral  centrum  that 
is  probably  salamander. 

Recent  geological  work  by  Chris  Nicholas  (University  of 
Cambridge)  suggests  the  K02  locality  may  represent  a  flood 
plain  environment  close  to  a  large  river.  The  Okurodani  and 
younger  Bessantani  Formations  have  been  provisionally 
dated  as  around  140  to  120  Ma  on  the  basis  of  fission  track 

analysis  (Gifu-Ken  Dinosaur  Research  Committee,  1993).  In 

addition,  Nicholas'  new  work  in  the  area  has  identified  tuff 
bands  both  above  and  below  the  bone-bed  horizon.  New 
radiometric  dating  of  these  is  now  in  preparation. 

Descriptive  paleontology 

All  specimens  deposited  in  the  Museum  of  the  Izumi  Board 
of  Education  carry  the  prefix  IBEF  VP. 

Lissamphibia  Haeckel,  1866 
Anura  Rafinesque,  1815 

The  two  frog  specimens  recovered  to  date  are  a  left  ilium 
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(IBEF  VP  28)  and  a  presacral  vertebra  (IBEF  VP  29). 

IBEFVP  28  (Figure  1) 

Description.— This  represents  the  acetabular  portion  of  a  left 
ilium  with  the  proximal  part  of  the  shaft.  The  preacetabular 
process  is  damaged  but  appears  to  have  been  small.  There 
is  little  or  no  supraacetabular  process.  From  the  medial 
surface,  it  would  appear  that  there  was  also  no  interiliac 

synchondrosis,  although  this  surface  bears  a  shallow  triangu- 
lar depression.  The  iliac  shaft  is  long  and  recurved, 

mediolaterally  compressed  but  becoming  ovoid  in  cross- 
section  distally.  There  is  little  development  of  a  dorsal 
crest,  although  this  border  is  sharp,  while  the  anteroventral 
border  is  separated  from  the  rest  of  the  shaft  by  a  marked 
groove.  Proximally,  the  acetabular  region  is  relatively 
smooth  and  grades  smoothly  into  the  shaft,  i.e.  there  is  no 
marked  expansion  of  the  proximal  end  nor  waisting  of  the 
shaft  above  the  acetabulum  (probably  a  primitive  feature). 

A  low  ridge  runs  from  behind  the  acetabulum  to  the  dorsal 
margin  but  there  is  little  development  of  a  dorsal  tubercle 
and  no  supraacetabular  fossa.  The  acetabular  rim  is 
moderately  expanded  anteriorly  but  undeveloped  posteriorly. 
There   is,   however,  a  marked   notching  of  the  posterior 

Figure  1.  IBEF  VP  28,  left  ilium  in  lateral  view,  ac, 
acetabulum  ;  dc,  dorsal  crest  ;  dt,  area  of  weakly 

defined  dorsal  tubercle  ;  I,  lip-like  flange,  possibly  for 
puboischiadic  plate  ;  pra,  preacetabular  region  ;  and 
sar,  supraacetabular  region  (same  as  in  Figure  4). 

acetabular  border.  The  suturai  surface  for  the  pubois- 
chiadic plate  is  damaged  but  there  appears  to  be  a  poste- 

romedial lip  which  may  have  helped  to  stabilise  the  connec- 
tion. 

IBEF  VP  29  (Figure  2) 

Description.— The  single  vertebra  is  probably  a  posterior 
dorsal.  The  transverse  process  is  broken.  There  is  a  small 

posterior  spine  which  suggests  weak  imbrication.  Pro- 
nounced interspinous  muscle  attachment  surfaces  are  pres- 

ent. The  centrum  is  amphicoelous,  apparently  ectochordal 
and  of  simple  type. 

Caudata  Oppel,  1811 

Remarks.— Salamanders  are  represented  in  the  Okurodani 
Formation  by  a  single  isolated  centrum  (IBEF  VP  30)  which  is 

unfortunately  undiagnostic.  The  centrum  is  deeply  am- 
phicoelous, heavily  built  (for  a  salamander)  and  moderately 

elongate.  In  all  these  respects  it  resembles  the  vertebrae  of 

primitive  taxa. 

Systematic  position  of  the  Tetori  Group  anuran 

In  traditional  frog  classification  (e.g.,  Duellman  and  Trueb, 
1986),  the  most  primitive  living  frogs  were  grouped  into  two 
families  :  the  Leiopelmatidae  (Ascaphus  and  Leiopelma)  and 

the  Discoglossidae  (Bombina,  Barbourula,  Alytes,  Discoglos- 
sus),  together  forming  the  Discoglossoidea.  This  arrange- 

ment has  most  recently  been  supported  by  Clarke  (1988)  and 

by  Baez  and  Basso  (1996),  although  the  latter  were  con- 
cerned only  with   primitive  frogs.     However,   in  a  recent 

i.sp 

t  r.  p  r 

1  mm 

Figure  2.  IBEF  VP  29,  anuran  dorsal  vertebra.  A, 

dorsal  view  ;  B,  posterior  view,  az,  anterior  zygapo- 
physis  ;  ce,  centrum  ;  i.sp,  interspinous  muscle  attach- 

ment surface  ;  tr.pr,  transverse  process. 
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cladistic  review  (Figure  3),  Ford  and  Cannatella  (1993) 
proposed  an  arrangement  in  which  Ascaphus  and  Leiopelma 
form  successive  outgroups  to  higher  frogs  (Bombinanura). 
Within  Bombinanura,  Barbourula  and  Bombina  are  separated 
into  a  family  Bombinatoridae  which  itself  forms  the  sister 
taxon  of  Discoglossanura  (Discoglossidae  sensu  stricto 

Alytes,  Discoglossus)  and  crown  group  frogs- Pipanura). 
Few  extinct  taxa  were  included  in  the  analysis. 

Amphicoelous  notochordal  vertebrae  are  a  primitive  anur- 
an  character  state  found  in  Jurassic  frogs  such  as  Prosalirus 

(Pliensbachian,  Arizona),  Vieraella  (Callovian/Oxfordian,  Ar- 
gentina), the  living  Ascaphus  (Pacific  rim  of  North  America) 

and  Leiopelma  (New  Zealand),  the  mid- late  Cretaceous 
Asian  gobiatines  (Rocek  and  Nessov,  1993)  and  the  Jurassic/ 
Cretaceous  Eodiscoglossus.  The  polarity  of  neural  arch 
imbrication  (overlap)  is  not  clearcut.  Full  imbrication  of  the 

neural  arches  occurs  in  Notobatrachus,  Bombina  and  Disco- 
glossus, but  also  in  Triadobatrachus  ;  weak  imbrication 

occurs  in  Vieraella  ;  while  the  arches  of  Ascaphus,  Leiopel- 
ma and  Alytes  are  not  imbricate.  Thus  the  weak  imbrica- 

tion in  the  Tetori  frog  is  not  phylogenetically  useful. 
The  characters  of  the  Tetori  ilium  are  also,  for  the  most 

part,  primitive,  e.g.,  relatively  small  acetabulum  ;  unexpanded 

pre-  or  supraacetabular  processes  ;  absence  of  an  interiliac 
synchondrosis  and  a  supraacetabular  fossa  ;  little  develop- 

ment of  either  a  dorsal  crest  or  a  dorsal  tubercle.  The  stem 

salientian  Triadobatrachus  (Early  Triassic,  Madagascar)  has  a 
protruberant  dorsal  tubercle,  but  this  is  lacking  in  Ascaphus 
and  Leiopelma,  and  only  weakly  developed  in  Bombina  and 
Barbourula.  In  the  Jurassic  Notobatrachus  (Argentina),  a  low 

elongated  prominence  is  described  for  some  specimens 
(Baez  and  Basso,  1996),  but  there  is  no  dorsal  crest.  The 
dorsal  prominence  is  usually  developed  in  discoglossids 
(sensu  stricto,  Ford  and  Cannatella,  1993),  but  the  presence 
of   a   dorsal   crest,   supraacetabular   fossa   and    interiliac 

synchondrosis  is  variable. 
In  Ascaphus  and  Leiopelma  (SE,  personal  observations, 

and  Barry  Clarke  personal  communication.),  the  pre  and 
supraacetabular  regions  are  of  roughly  equal  size,  creating  a 
flared  distal  iliac  shape  with  the  expansions  lying  roughly 
symmetrically  about  a  small  hemispherical,  centrally  placed, 
acetabular  fossa.  In  Bombina  and  Barbourula  (Figure  4B), 
the  preacetabular  region  is  unexpanded  and  the  acetabular 
surface  lies  very  close  to  the  anterior  rim  of  the  bone.  The 
supraacetabular  region  is  somewhat  wider,  though  with  only 
a  very  small  supraacetabular  expansion  which  does  not 
extend  to  the  dorsal  limit  of  the  ischium  (Clarke  1988, 
character  71).  This  contrasts  with  the  condition  in  Alytes 
(Figure  4C)  and  Discoglossus  (Discoglossidae  sensu  stricto  of 
Ford  and  Cannatella,  1993),  where  the  supraacetabular 
expansion  is  much  stronger  and  does  extend  to  the  dorsal 
limit  of  the  ischium. 

In  these  features,  the  Tetori  frog  matches  the  condition  in 

the  Bombinaturidae  most  closely  (little  or  no  dorsal  tuber- 
osity, anteriorly  placed  acetabular  surface,  weak  develop- 
ment of  the  supraacetabular  region,  some  mediolateral 

compression  of  the  iliac  shaft,  in  contrast  to  that  of  Ascaphus 

and  Leiopelma  in  which  the  shaft  is  almost  circular  in  cross- 
section).  The  Tetori  frog  differs  from  living  bombinaturids  in 
the  absence  of  any  waisting  between  the  acetabular  region 

and  the  shaft,  but  since  this  waisting  is  also  seen  in  Asca- 
phus and  Leiopelma,  but  not  in  the  Jurassic  Notobatrachus, 

it  is  difficult  to  determine  whether  the  condition  in  the  Tetori 
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Figure  3.  Phylogenese  relationships  of  Salientians 
(-  Triadobatrachus +Anura)  based  on  morphology  as 
proposed  by  Ford  and  Cannatella  (1993),  but  simplified 
from  the  original. 
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Figure  4.  A,  lateral  view  of  IBEF  VP  28,  as  compar- 
ed to  the  ilium  and  pelvis  of  a  recent  B,  Barbourula 

busuangensis,  and  C,  Alytes  cisternasii.  B,  C,  redrawn 
from  Clarke,  1988,  figure  93,  with  permission  from  Clarke. 
PI,  puboischiadic  plate;  for  others,  see  Figure! 
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frog  is  a  specialisation  in  a  bombinaturid  grade  frog,  or  a 

primitive  feature  of  a  late  surviving  stem  anuran.  More 

material  is  needed  to  answer  this  question. 
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Abstract  Two  Lochkovian  (Early  Devonian)  species,  Tractabilis  ?  sp.  and  Gotlandellites  fukujiensis  sp. 
nov.,  from  the  Fukuji  Formation,  and  an  Eifelian  (Middle  Devonian)  species,  Tentaculites  sp.,  from  the 
Nakazato  Formation,  are  described  and  comprise  the  first  modem  treatment  of  tentaculitids  in  Japan. 
This  discovery  of  Gotlandellites  fukujiensis  extends  the  stratigraphie  range  of  the  genus,  which  was 
previously  known  from  the  Early  Silurian. 

Key  words  :  Devonian,   Fukuji   Formation,   Gotlandellites   fukujiensis   sp.    nov.,   Nakazato   Formation, 
tentaculitids. 

Introduction 

Tentaculitids  from  Japan  have  never  previously  received  a 
modern  taxonomic  treatment.  Only  Minato  et  al.  (1959)  has 

earlier  pointed  out  the  occurrence  of  "Tentaculites"  from  the 
Devonian  Nakazato  Formation  in  the  Southern  Kitakami 

Mountains,  Northeast  Japan.  The  purpose  of  this  paper  is 
to  describe  certain  tentaculitid  species,  namely,  Tractabilis  ? 
sp.  and  Gotlandellites  fukujiensis  sp.  nov.  from  the  Fukuji 
Formation  and  Tentaculites  sp.  from  the  Nakazato  Formation, 
in  order  to  provide  taxonomic,  biostratigraphic  and 
paleobiogeographic  base  data.  Thus,  the  present  work 

initiates  the  up-to-date  description  of  tentaculitid  faunas  in 
Japan. 

The  Fukuji  species  occur  in  Lochkovian  (Early  Devonian) 

calcareous  shale  at  locality  FH-4  and  FH-5,  for  which 
geographic  and  stratigraphie  information  are  given  in  Niko 
(1996),  in  Gifu  Prefecture,  Central  Japan.  Specimens 
examined  from  the  Fukuji  Formation  are  in  the 

paleontological  collections  of  the  University  Museum  of  the 
University  of  Tokyo  (UMUT). 

The  present  Tentaculites  sp.  is  based  on  five  specimens  of 
external  molds  on  a  tuffaceous  siltstone  slab  that  was  kept 

in  the  Ofunato  City  Museum  (OCM),  Iwate  Prefecture. 

According  to  the  accompanying  label,  this  slab  was  col- 
lected as  a  float  block  in  a  tributary  in  the  uppermost 

reaches  of  the  Higuchi-zawa  valley,  Ofunato  City,  Iwate 
Prefecture,  Northeast  Japan.  This  slab  is  thought  to  be 
derived  from  the  Eifelian  (Middle  Devonian)  portion  of  the 
Nakazato  Formation,  based  on  its  lithology  and  collecting 
site. 

The  classification  and  terminology  of  tentaculitids  follows 
Larsson  (1979). 

Systematic  paleontology 

Phylum  Incertae  Sedis 
Class  Tentaculitoidea  Ljashenko,  1957 
Order  Tentaculitida  Ljashenko,  1955 
Family  Tentaculitidae  Walcott,  1886 
Genus  Tentaculites  Schlotheim,  1820 

Type  species.— Tentaculites  scalaris  Schlotheim,  1820. 

Tentaculites  sp. 

Figures  1-1a,  b,  2, 3a,  b 

Description.— Medium-sized  for  genus,  straight  conchs 
with  circular  cross  sections,  attaining  17.0  mm  in  length,  1.7 

mm  (slightly  deformed)  in  distal  diameter;  angle  of  conch 

expansion  approximately  4-6°  ;  proximal  conch  up  to  5.5  mm 
in  length,  with  dense  annulets,  then  closely  spaced  symmet- 

rical rings  with  0-4  (usually  1  or  2)  alternating  annulets 
recognized  in  more  distal  conch  ;  ring  size  and  prominence 
increase  progressively  toward  distal  end,  most  distal  rings 
have  subtriangular  profiles. 

Discussion.— The  present  species  is  somewhat  similar  to 

Tentaculites  bellulus  Hall  (1876,  pi.  26,  figs.  15-18  ;  Hall,  1879, 

pi.  31,  figs.  15-18  ;  reillustrated  by  Fisher,  1962,  figs.  55-1a,  b  ; 
redescribed  by  Yoder  and  Erdtmann,  1975,  pi.  1,  figs.  1-3, 6-8) 
from  the  Middle  Devonian  Hamilton  Group  in  New  York. 

This  species,  however,  is  represented  by  poorly  preserved 
external  molds,  and  knowledge  of  the  interior  of  the  conch  is 
necessary  to  characterize  the  species. 

Although  "Tentaculites"  (tentaculitid  in  Kato,  1979)  was 
listed  from  the  Nakazato  Formation  by  Minato  ef  al.  (1959), 

this  species  is  still  undescribed. 

Material  and  occurrence— OCM  G-SN02— 06  from  the 
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Nakazato  Formation. 

Genus  Tractabilis  Ljashenko,  1969 

Type  species— Tractabilis  arcticus  Ljashenko,  1969. 

Tractabilis?  sp. 

Figures  1-4,  10a 

Description—  Single,  straight  conch,  6.9  mm  in  length,  with 
circular  cross  section,  diameter  of  distal  end  1.8  mm  ;  rings 
monotonous,  strongly  asymmetrical,  proximal  slopes  steeper 
than  distal  ones,  with  wide  interspaces;  weak  annulets 
consisting  of  fine  striations  in  interspaces. 

Discussion.— This  species  is  represented  by  an  external 
mold  of  a  fragmentary  specimen.  The  shape  of  the  rings  is 
similar  to  that  of  Tractabilis  arcticus  Ljashenko  (1969,  pi.  1, 

figs.  1-3)  from  the  Middle  Devonian  of  Novaya  Zemlya,  but 
accurate  comparison  is  impossible  owing  to  limited  mor- 

phological data  for  the  Fukuji  specimen.  In  addition  to  this 

specimen,  a  small  straight  conch  (2.1  mm  in  length,  Figure  1- 
10a),  that  has  asymmetrical  rings  and  weak  longitudinal  lirae, 
was  also  examined.  There  is  a  possibility  that  the  smaller 
specimen  represents  the  proximal  portion  of  the  present 
Tractabilis  ?  sp. 

Material  and  occurrence.— UMUT  PW  27453  and  another 
specimen,  UMUT  PW  27454,  questionably  assigned  to  this 

species,  from  Locality  FH-5,  in  the  Fukuji  Formation. 

Family  Gotlandellitidae  Larsson,  1979 
Genus  Gotlandellites  Larsson,  1979 

Type  species.— Gotlandellites  visbyensis  Larsson,  1979. 

Gotlandellites  fukujiensis  sp.  nov. 

Figures  1-5— 9,  10b,  11—15 

Diagnosis.— Species  of  large-sized  Gotlandellites  with 

approximate  5°  angle  of  conch  expansion  ;  rings  with 
rounded  crests,  their  density  relatively  low  for  genus,  2-3  per 
corresponding  conch  diameter;  annulets  absent  or  rarely 
present  in  interspaces. 

Description.— Large-sized  for  genus,  curved  conchs  with 
circular  cross  sections,  largest  specimen  (holotype)  attains 
7.4  mm   in  distance  between  ends  of  conch,  0.9  mm   in 

diameter  near  distal  end  ;  angle  of  conch  expansion  ranges 
from  4.5°  to  5.7°,  usually  approximately  5  ;  rings  strongly prominent,  monotonous,  symmetrical  ;  each  ring  slopes 
towards  convex  side  of  conch  with  annular  slope  of  approxi- 

mately 8-20°  ;  crests  round  ;  density  of  rings  relatively  low 
for  genus,  2-3 per  corresponding  conch  diameter;  inter- 

spaces flat  to  slightly  concave,  smooth  or  rarely  bearing  1-2 
annulets  ;  minimum  thickness  of  conch  wall  in  interspaces 
0.02-0.05  mm  in  sectioned  paratypes  (UMUT  PW  27462, 
27463)  ;  internal  surface  smooth  or  forms  very  shallow  but 
wide  annular  concavities;  conch  wall  impunctate;  en- 
docone  and  septal  element  not  detected. 

Discussion.— The  curved  conchs  with  monotonous  and 
strongly  prominent  rings  are  characteristic  of  Gotlandellites, 
which  has  been  reported  only  from  the  late  Llandovery  to 
early  Wenlock  (Early  Silurian)  of  Baltica,  Avalonia  and  Lau- 
rentia  (Larsson,  1979).  Among  the  known  species  of  the 

genus,  Gotlandellites  fukujiensis  sp.  nov.  most  closely  resem- 
bles G.  areolatus  Larsson  (1979,  figs.  66  Ä-F),  from  the  early 

Wenlock  of  Gotland,  specially  in  regard  to  proximal  conch 
morphology.  However,  the  present  new  species  has  a 
larger  conch  (7.4  mm  vs.  maximum  observed  length  4.7  mm) 

and  a  lower  density  of  rings  on  the  distal  conch  (2-3  vs.  6-7 
per  corresponding  conch  diameter).  Gotlandellites  visbyen- 

sis Larsson  (1979,  figs.  67  A-F)  has  a  small  conch,  a  triangu- 
lar profile  of  the  rings  and  well-developed  annules. 

Material  and  occurrence—  Holotype,  UMUT  PW  27489; 
paratypes,  UMUT  PW  27462,27463,27473,27508,27517, 

27522,27526,27528,27530.  In  addition,  76  other  speci- 

mens (UMUT  PW  27455-27461,27464-27472,27374- 
27488,  27490-27516,  27518-27521,  27523-27525,  27527, 
27529, 27531-27539)  were  also  examined.  The  locality  for 
the  specimens  is  as  follows:  FH-4  (UMUT  PW  27455- 
27505),  and  FH-5  (27506-27539),  both  in  the  Fukuji  Forma- 
tion. 

Etymology.— The  specific  name  is  derived  from  the  type 
locality,  Fukuji. 
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Figure  1.  1a,  b,  2, 3a,  b.  Tentaculites  sp.,  1a  :  OCM  G-SN02, 1b  :  OCM  G-SN05,  x  3, 2  :  OCM  G  SN04,  x  3, 3a  :  OCM 
G-SN03,  3b  :  OCM  G-SN06,  x3.  4, 10a.  Tractabilis  ?  sp.,  4  :  UMUT  PW  27453,  X10, 10a  :  UMUT  PW  27454,  x10.  5-g, 
10b,  11-15.  Gotlandellites  fukujiensis  sp.  nov.  5  :  paratype,  UMUT  PW  27473,  x10,  6  :  paratype,  UMUT  PW  27517,  x10,  7  : 
paratype,  UMUT  PW  27530,  x10,  8  :  paratype,  UMUT  PW  27526,  x10, 9  :  paratype,  UMUT  PW  27508,  x10, 10b  :  paratype, 
UMUT  PW  27522,  X10, 11  :  paratype,  UMUT  PW  27528,  X10, 12  :  holotype,  UMUT  PW  27489,  X10, 13, 14  :  paratype,  UMUT 

PW  27463, 13=  X14, 14=  X50, 15  :  paratype,  UMUT  PW  27462,  x14.  1-10, 12,  silicone  rubber  casts,  11,  internal  mold,  13-15, 
longitudinal  sections,  13, 15,  negative  prints. 
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The  recent  paper  by  Oji  and  Amemiya  (1998),  apart  from 
being  an  important  and,  perhaps,  unexpected  input  to  crinoid 
paleobiology,  also  makes  a  notable  contribution  to  the 
ongoing  debate  concerning  how  major  accumulations  of 

crinoid-derived  material  (mainly  fragments  of  stalks)  are 

formed  (for  a  recent  review  of  such  "regional  encrinites",  see 
Ausich,  1997).  Kidwell  and  Brenchley  (1994)  specifically  did 
not  include  analysis  or  detailed  interpretation  of  such 

crinoid-rich  beds  in  their  assessment  of  the  temporal  pat- 
terns of  variation  shown  by  shell  accumulations  during  the 

Phanerozoic.  Regional  encrinites  are  recognised  to  have 
patterns  of  accumulation  that  are  somewhat  different  from 
shell  beds  that  are  dominated  by,  for  example,  brachiopods, 
bryozoans  or  benthic  molluscs.  The  determination  that 
lengths  of  crinoid  stalk  that  have  disarticulated  from  the 

'parent'  organism,  for  whatever  reason,  can  survive  presum- 
ably by  the  direct  absorption  of  nutrients  (as  is  known  to 

occur  in  other,  unmutilated  echinoderms;  see  Lawrence, 
1987,  for  review)  provides  at  least  a  partial  explanation  of  why 

regional  encrinites  can  be  dominated  by  stalk  fragments- 
that  is,  pluricolumnals-rather  than  a  range  of  completely 
disarticulated  ossicles  from  all  parts  of  the  skeleton. 

The  purpose  of  the  present  brief  discussion  is  to  provide 
data  which  support  and  supplement  the  observations  and 
deductions  of  Oji  and  Amemiya  (1998).  Coincidental^,  at 
about  the  same  time  that  this  paper  was  published,  Donovan 
and  Pawson  (1998)  described  the  rare  occurrence  in  two 
extant  species  of  the  bourgueticrinid  Democrinus  of  peculiar, 

root-like  growths  at  the  apex  of  the  column  (instead  of  a 

crown)  (Table  1).  The  interpretation  of  these  bizarre  struc- 
tures is  that  such  specimens  were  decapitated  by  prédation, 

but  the  remaining  stem  continued  to  survive  by  direct 
absorption  of  nutrients  and,  indeed,  sealed  the  broken  end 
by  new  stereom  calcite  growth,  in  most  examples  also 

producing  short,  root-like  outgrowths.  Thus,  there  is  excel- 
lent evidence  for  survival  of  the  detached  stem  in  at  least 

one  other  group  of  extant,  stalked  crinoids.  The  notable 
difference  between  isocrinids  (such  as  Metacrinus  rotundus 
Carpenter  ;  Oji  and  Amemiya,  1998)  and  bourgueticrinids  is 
the  mechanism  of  stem  detachment.  Unlike  isocrinids, 

bourgueticrinids  do  not  include  regularly-spaced  autotomy 
planes  within  their  column  and  a  crownless  specimen  is 

therefore  most  likely  to  be  generated  by  prédation  or,  specu- 
latively, autotomy  immediately  beneath  the  crown  where 

articulations  are  synostosial  or  syzigial,  rather  than  synarthrial 
(Democrinus  stem  morphology  discussed  by  Donovan,  1997). 

The  different  'survival  strategies'  of  the  stalks  in  Meta- 
crinus and  Democrinus  are  probably  related  to  the  different 

functional  morphologies  of  the  column  in  isocrinids  and 
bourgueticrinids.  Oji  and  Amemiya  (1998,  p.  68)  noted  that 

". . .  there  has  been  no  record  of  apparent  stalk  regeneration 
in  Recent  stalked  crinoids".  However,  such  studies  have 
concentrated  on  isocrinids,  which  have  specialised  articula- 

tions adapted  for  autotomy  that  are  spaced  regularly 
throughout  the  column  (Emson  and  Wilkie,  1980).  Autotomy 
at  these  articulations  surely  suggests  that  they  are  adapted 

to  'seal  off'  disarticulated  lengths  of  column.  I  am  not  aware 
that  an  experimental  study  has  ever  observed  what  happens 

Table  1.    Locality  data  of  'regenerating',  decapitated  Democrinus  spp.  (based  on  Donovan  and  Pawson,  1998,  appendix). 
All  specimens  in  the  National  Museum  of  Natural  History,  Smithsonian  Institution  (USNM).   

USNM  E11616.    Democrinus  chuni  (Döderlein).    South  Atlantic  Ocean,  South  Africa,  Durban,  30°10'S,  32°9'E.    700  m.    R/V 
ANTON  BRUN.    Identified  by  A.M.  Clark. 

USNM  E18604.    Democrinus  brevis  (A.H.  Clark).    North  Atlantic  Ocean,  Caribbean  Sea,  Los  Testigos  Island,  Venezuela.    11°34' 
24"N,  62°10'42"W.     597-598  m.     R/V  PILLSBURY.     Identified  by  D.B.  Macurda,  Jr. 

USNM  E25870.    Democrinus  brevis  (A.H.  Clark).    North  Atlantic  Ocean,  Gulf  of  Mexico,  Florida  Keys,  Straits  of  Florida.    24°14' 
00"N,  82°56'00"W.     641-686  m.     R/V  GERDA.     Identified  by  D.L.  Mayer. 
USNM  E41940.    Democrinus  brevis  (A.H.  Clark).    North  Atlantic  Ocean,  Gulf  of  Mexico,  south  of  Louisiana  Point,  Louisiana. 

27°24'30"N,  93°17'54"W.     576-732  m.     R/V  GYRE.    
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if  an  isocrinid  column  is  mechanically  broken  between 
autotomy  planes,  that  is,  in  the  middle  of  a  noditaxis.  Does 
it  survive  and  can  it  seal  the  breakage  with  stereom  ?  In 
Democrinus,  which  lacks  autotomy  planes,  the  column 
reacted  to  decapitation  by  regenerating  at  the  apical  end 

with  all  it  'knew'  how  to  grow,  that  is,  a  root  system.  The 
same  might  be  true  of  isocrinids  if  mechanically  broken  in 

mid-noditaxis  position  or,  indeed,  in  any  of  the  other  groups 
of  extant,  stalked  crinoid,  none  of  which  show  particular 
adaptations  to  column  autotomy. 
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The  discussion  by  Stephen  K.  Donovan  (in  this  issue)  on 

our  paper  (Oji  and  Amemiya,  1998)  provided  additional  exam- 
ples of  extant  and  fossil  stalked  crinoids  in  which  stalk 

elements  have  an  ability  to  stay  alive  after  they  have  lost 
their  crowns.  We  are  grateful  for  such  information  in  other 
crinoid  taxa.  Such  lines  of  evidence  that  crinoid  stalk 

fragments  (pluricolumnals),  or  a  whole  stalk,  of  many  different 
taxa  of  crinoids  can/could  live  for  a  considerable  time,  will 
certainly  change  our  view  that  all  incomplete  body  parts  on 

the  today's  or  ancient  sea  floor  were  completely  dead  at  the time  of  burial. 

We  would  like  to  mention  one  thing  about  the  word 

"regeneration".  In  most  cases,  this  word  refers  to  the 
process  in  which  the  lost  body  part  was  repaired.  There  are 
a  lot  of  records  that  crinoid  arms,  pinnules  and  visceral  mass, 
if  lost,  can  be  regenerated,  repaired,  and  often  leave  no 
traces  of  damage  to  the  skeletons  (Mladenov,  1983  ;  Meyer, 
1985;  Schneider,  1988;  Amemiya  and  Oji,  1992).  On  the 

other  hand,  the  previous  reports  of  stalk  "regeneration"  of  1) 
an  Ordovician  crinoid  (Lichenocrinus  dubius)  by  Ausich  and 

Baumiller  (1993),  and  2)  "regeneration"  of  extant  Democrinus 
species  by  Donovan  and  Pawson  (1998),  are  not  true  repair 
processes  of  the  lost  body  parts  but,  as  they  described  as 

"root-like  growths",  it  may  be  called  as  an  inaccurate  regen- 
eration on  the  proximal  part  of  the  stalk.  The  extant 

Democrinus  and  fossil  Ordovician  crinoid  could  not  regener- 
ate their  lost  crowns  from  the  stalk  alone. 

With  regards  to  the  crinoid  stalks,  at  least  two  different 
patterns  of  regeneration/overgrowth  may  be  categorized  as 
follows  : 

1.  Regeneration— In  this  process  the  lost  body  parts 
are  repaired  as  in  the  original  morphology.  This  is 
observed  only  in  the  crinoid  arms,  pinnules,  and  visceral 
mass. 

2.  Overgrowth— Lost  body  parts  are  replaced  by  very 
incomplete  growth  of  the  skeleton,  differing  in  morphol- 

ogy from  the  original.  This  process  probably  comes 

closer  to  the  term  "healing"  rather  than  "regeneration". 
This  overgrowth  is  documented  in  the  proximal  stalk  in 
the    decapitated    specimens    of    extant    Democrinus 

(Donovan  and  Pawson,  1998),  Ordovician  Lichenocrinus 

dubius  (Ausich  and  Baumiller,  1993),  Ordovician  plu- 
ricolumnals (cited  in  the  discussion  by  Donovan),  and 

the  distal  end  of  the  stalk  (synostosis  on  the  nodal  facet) 
of  some  extant  isocrinid  species  (Endoxocrinus  and 
Diplocrinus). 

In  the  sense  as  above,  regeneration  is  only  seen  in  the 
crown,  and  it  has  not  been  documented  in  the  stalk  (except 
for  the  cirri  generation  of  a  damaged  or  lost  tip).    On  the 
other  hand,  overgowth  is  often  seen  in  the  stalks.    The 
morphology  of  the  stalk  overgrowth,  as  Donovan  pointed  out, 
is  very  similar  to  the  radicular  cirri.    This  evidence  seems  to 

indicate  that  the  stalk  does  not  have  the  ability  of  regenera- 
tion as  commonly  understood.    Therefore,  in  addition  to  the 

different  functional  morphologies  and  survival  stragegies  of 
the  stalks  in  Metacrinus  and  Democrius  as  pointed  out  by 

Donovan,  the  response  to  stalk  autotomy  and/or  breakage  is 
also  different  between  these  two  taxa. 

The  present  note  aims  to  clarify  that  there  seems  to  be  at 
least  two  different  patterns  in  the  repair  process  of  crinoids, 

corresponding  to  their  body  parts.  We  have  not  started  the 

test  suggested  by  Donovan,  if  the  stalk  survives  or  regener- 
ates after  it  is  mechanically  broken  between  the  articulation, 

in  the  middle  of  a  noditaxis.  Further  observations  of  such 

experiments  will  probably  clarify  if  isocrinid  stalks  show 
different  regrowth  patterns  from  Demoncrinus,  or  if  they  are 
essentially  the  same.  Also  more  work  should  be  done  on 
this  subject  in  order  to  know  the  meaning  of  survival  of  such 
a  stalk  and  its  pluricolumnals.  We  thank  Jay  Schneider  for 
the  review  of  this  note. 
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Parachouteauoceras  ?  sp   1(1),  52,  fig.  3 
Parajaubertella      1(3),  189 
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Penniretepora  sp   1(3),  218,  fig.  8 
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Turritella  (Hataiella)  sagai    2(1),  21,  fig.  5 
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