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THE AMMONITE FAUNAS AND
STRATIGRAPHY OF THE UPPER PART OF

THE UPPER KIMMERIDGE CLAY OF DORSET

by JOHN C. W. COPE

Abstract. Re-examination of 122-4 m of the Upper Kimmeridge Clay (Jurassic), from the Freshwater Steps Stone

Band up to the Portland Sand of the type section, east of Kimmeridge, Dorset, has been undertaken, and bed-by-bed

ammonite collections made throughout this thickness. The ammonites include representatives of three genera belong-

ing to two subfamilies: twenty species and two subspecies are described. The following taxa are new: Pectinatites

(Pectinatites) dorselensis , P. (P.) strahani, P. (P.) circumligatus ; Pavlovia composita , P. composita waddingtoni,

P. superba; genus Virgatopavlovia , V. fittoni, V. hounstoutensis. The pallasioides Zone fauna is identified for the first

time in Dorset, below the rotunda Zone, and a new zone, thefittoni Zone, introduced for the beds formerly correlated

with the pallasioides Zone. Correlations are suggested with other areas of Britain and with the Volgian succession

of Russia.

This paper follows on from earlier work (Cope 1967) on the ammonite faunas of

the lower part of the Upper Kimmeridge Clay of Dorset, and includes material from

the middle part of the pectinatus Zone up to the base of the Portland Sand. One
horizon in these upper beds from which ammonites have long been well known is

the Rotunda Nodule Bed; Sowerby figured his Ammonites rotundus from there and
specimens from this horizon were subsequently figured by Neaverson and Buckman.
Apart from in this horizon the ammonites are all crushed, often very indifferently

preserved, and it is usually impossible to extract them intact from the rock. The
development of a plaster-casting technique, and prolonged searching through

the higher horizons have yielded hitherto undescribed faunas. Not surprisingly, the

results shed light on the discontinuous record of Upper Kimmeridgian times further

north in the southern English Midlands. The Hartwell Clay of Buckinghamshire has

long been renowned for its beautifully preserved ammonites and provides the type

area for the pallasioides Zone, the relative position of which was in dispute for nearly

half a century. Only recently has this zone been correctly fitted into place by Casey

(1967), and now for the first time it has been certainly identified in the type section

of the Kimmeridge Clay and Casey’s conclusion confirmed.

The collection made by Spath from these beds and housed in the British Museum
(Natural History) (see Cope 1967, p. 5) contains little significant material from the

horizons described here, but one of the Museum’s collections which does contain very

useful material is that made by C. H. Waddington in the 1930s; some of these

specimens are figured and described below. The importance of the Waddington
Collection lies in the fact that it contains large numbers of ammonites from the

Rotunda Nodule Bed; this horizon has suffered very much from over-collection in

recent years, and whilst Arkell (1933, p. 446) was able to talk of ammonites at this

horizon ‘standing out in hundreds’, today it is very difficult to obtain any material

at all.

[Palaeontology, Vol. 21, Part 3, 1978, pp. 469-533, pis. 45-56.]
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THE KIMMERIDGE SECTION

The uppermost beds of the Kimmeridge Clay are exposed in the area around Chap-
man’s Pool. They are also seen further to the west, beyond the village of Kimmeridge,
under the precipitous Gad Cliff, but there the section is somewhat difficult of access

and, as it lies within the limits of an army firing range, may only be visited at infrequent

intervals. The beds from which collections described here have been made is exposed

from Freshwater Steps eastwards to the western side of St. Aldhelm’s Head (text-fig. 1 ).

The exposures, however, are discontinuous. From Freshwater Steps the gentle

easterly dip brings successively higher horizons down to sea level. The first stretch

of coast, the bay known as Egmont Bight, exposes the higher beds of the pectinatus

Zone. The base of the succeeding pallasioides Zone reaches beach level at the eastern

end of the bay. At this point it is possible, except after prolonged rain, to climb up
the edge of the landslip with its large mud ‘glacier’ to examine the higher horizons

right up to the Massive Bed (Arkell 1947u, p. 103), which marks the base of the Port-

land Sand, on the impressive western face of Hounstout Cliff. In the cliffs, however,

the shale and mudstone are extensively weathered and the best collecting is on the

ledges exposed at the base of the beach at low tide ; here the rock is fresh and the fossils

better preserved.

FRESHWATER
STEPS

EGMONT HOUNSTOUT
BIGHT CLIFF

chapman's
POOL

WEST EMMIT PIER ST. ALDHELM’S
HILL HILL BOTTOM HEAD

text-fig. 1. Section of cliffs from Freshwater Steps to St. Aldhelm’s Head. Modified after Arkell 1933.

Beyond the ‘mud glacier’ is an extensive old landslip, well grassed over, in which

are embedded large blocks of Portland Sand and Stone which are gradually washed

out of the landslip by marine erosion and litter the beach. The pallasioides Zone
reappears briefly in a low cliff beyond the landslip and is then cut off by another,

probably older landslide. Eastwards again from this point is the semicircular bay of

Chapman's Pool in which the pallasioides and overlying rotunda Zones are mag-

nificently displayed. At beach level no further good exposure is seen to the east of

Chapman’s Pool because of extensive landslipping below Emmit Hill and St. Ald-

helm’s Head. There are intermittent small exposures up to the western end of St.

Aldhelm’s Head at beach level, but nowhere is it possible to locate the position of
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these occasional exposures stratigraphically with sufficient accuracy, because of their

relative isolation and the lack of readily recognizable marker horizons in this part

of the succession. However, a good section is visible above beach level below the

steep-sided valley between Emmit Hill and St. Aldhelm’s Head, known as Pier

Bottom; this is obscured only by a little weathered shale debris and is free of vegeta-

tion. The exposure here is about 30 m above beach level and readily accessible from
the coastal footpath. Some of the higher horizons may be studied here, but more
extensive exposures of the upper beds can be seen on the western face of Hounstout

Cliff. This can be approached from the coastal footpath on either side, or, as men-
tioned earlier, from beach level in the eastern corner of Egmont Bight.

The section lias been remeasured using direct measurement throughout, and the thicknesses obtained

corrected where necessary for any slope present. The result is that the total thickness from the Massive Bed

down to the Freshwater Steps Stone Band differs only slightly from previous measurements by Blake (1875,

1880) and Arkell (1947a). However, thicknesses of individual beds, particularly in the upper part of the

succession, vary considerably from earlier measurements. The system of bed numbering used is that of

Blake since the beds are, for the most part, well defined and easily recognizable units. The Blake bed

numbers were used by Arkell (1947a), and I also used his system for lower horizons of the Upper Kim-
meridge Clay (Cope 1967). There are, however, two disadvantages of the Blake scheme. First, he included

the top part of the Kimmeridge Clay in his Portland Beds scheme (Blake 1880), and secondly, he numbered
his beds from the top downwards, a method which does not conform with modern practice. Blake’s Bed 1

5

(1880) is readily recognizable as the Massive Bed (Arkell 1947a), the lowest horizon yet to yield Progal-

hanites , marking the base of the albani Zone, and thus the base of the Portlandian Stage. The Massive Bed

is also taken as the local base of the Portland Beds. Blake’s underlying bed (Bed 16 of the 1880 scheme) is

not so well defined and seems to overlap with his Bed 1 of the earlier (1875) Kimmeridge Clay scheme.

Below this horizon, however, each bed is readily identifiable, although for modern usage some of Blake's

beds are too thick for precision, and can be lithologically subdivided. For this purpose I have used letters,

but to follow the more usual practice I have lettered each bed from the base upwards— thus, for example,

Bed 3a lies below 3b.

In the faunal lists given below the non-ammonite fauna has not been included. This is because it contains

few species, though often these are quite abundant, and there is little variation throughout. Liostrea multi-

formis, which readily encrusted the undersides of ammonites lower in the succession (Cope 1968b), is much
less frequent than in lower horizons. Probably the only noteworthy form is Rhynchonella ( Rhynchonella

)

subvariabilis which occurs, at times quite commonly, from the top of Bed 3 up to the top of Bed 1

The section below is listed from the top downwards.

Bed number Thickness

(.modified in

after Blake) metres

Virgatopavlovia fittoni Zone
16c Hounstout Marl—variable pale and dark silty clays with three more sandy,

yellow-weathering, indurated bands near middle. Various partings visible within

the thickness 2100
Virgatopavlovia hounstoutensis , V. sp. nov. a If. fittoni, Pavlovia spp. mdet.

Upper line of seepage on Hounstout.

16b Hounstout Clay—dark silty clays and mudstones, occasional more bituminous

layers 8-35

Virgatopavlovia fittoni, V. hounstoutensis, V. sp. nov. aff. fittoni, Pavlovia spp.

indet.

Lower line of seepage on Hounstout.

16a and Id Rhynchonella and Lingula Beds (Upper part)—monotonous dark silty clays and

mudstones 800
Virgatopavlovia fittoni, V. hounstoutensis, V. sp. nov. afl. fittoni, Pavlovia spp.

indet.
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Bed number

(modified

after Blake)

Pavlovia rotunda Zone
16a and Id Rhynchonella and Lingula Beds (Lower part)- monotonous dark silty clays and

mudstones, passing down into shales

Pavlovia spp. indet.

lc Rotunda Shales— shales and clays with layers of crushed white ammonites
Pavlovia rotunda , P. concinna , P. cf. concinna , P. spp. indet.

lb Rotunda Nodule Bed—hard calcareous nodules in clay. Nodules occur in at

least two lines, the upper nodules often vertically elongated

Pavlovia rotunda , P. rotunda gibbosa, P. concinna.

la Shales and clays

Pavlovia rotunda , P. concinna, P. sp. B, P. spp. indet.

2 Hard bituminous shales, middle part softer. Abundant ammonites. Forms pro-

minent ledge to east of stream at Chapman’s Pool and is conspicuous datum in

cliffs to the west

Pavlovia rotunda , P. concinna, P. sp. nov. aff. raricostata , P. spp. indet.

Pavlovia pallasioides Zone
3h Shales and clays

Pavlovia pallasioides, P. composita, P. composita waddingtoni, P. sp. B?, P. spp.

indet., Pectinatites ( Pectinatites) circumligatus.

3g Hard dicey clay

Pavlovia pallasioides, P. superba, P. composita, P. composita waddingtoni,

P. spp. indet.

3f Soft dicey clays with occasional calcareous nodules

Pavlovia pallasioides, P. superba , P. composita, P. spp. indet.

3e Hard, grey, somewhat bituminous shales

Pavlovia pallasioides, P. composita, P. spp. indet.

3d Soft dark-grey shales with thin (025 m) rusty-weathering harder band two-thirds

of way up

Pavlovia pallasioides, P. superba, P. composita, P. aff. strajevskyi, P. spp. indet.

3c Prominent hard shale

Pavlovia composita, P. sp. indet.

3b Grey shales with paler band in middle, line of seepage just above pale band

Pavlovia composita, P. sp. A, P. spp. indet., Pectinatites (Pectinatites) devillei,

P. (P.) cf. devillei.

3a Hard bituminous shale

4 Conchoidal fracturing clays with small nodules 09 m from base

Pavlovia spp. indet. (mainly fragmentary and badly weathered in cliff).

Pectinatites (Pectinatites) pectinatus Zone
Pectinatites (Pectinatites) paravirgatus Subzone

5 Bituminous shale

6d Conchoidal fracturing clays, base hard and grey with slight seepage, more fissile

at top

Pectinatites ( Pectinatites) dorsetensis, P. (P.) strahani

6c Clays with hard band at base

Pectinatites (Pectinatites) strahani, P. (P.) dorsetensis, P. (P.) tricostulatus,

P. spp. indet.

6b Clays with two layers of small nodules

Pectinatites spp. (abundant fragments throughout the bed).

6a Hard bituminous, rusty-weathering, shale

Pectinatites spp. (fragments)

Thickness

in

metres

1500

13 50

1-80

4-25

1-25

500

1 -60

0-90

0-40

6-25

0-60

1

1

00

0-30

400

0-60

400

1 50

0-90

0-50
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Bed number Thickness

(modified in

after Blake) metres

7 Clays with nodules 0-6 m and 1-8 m from top 4-60

Pectinatites ( Pectinatites)
dorsetensis , P. spp. indet.

8 Hard shale (forms ledge over which waterfall drops at Freshwater Steps) 0-60

9 Shales 6- 10

Pectinatites (Pectinatites) cf. pectinatus , P. (P.) cornutifer* , P. ( P. ) naso*, P.

(P.) rarescens , P. ( P.) paravirgatus* , P. spp. indet.

10 Freshwater Steps Stone Band 0-40

Pectinatites ( Pectinatites) eastlecottensis Subzone below.

Total thickness from base of Portland Sand 122-40

Species in Bed 9 marked with an asterisk were described by Cope (1967).

Fossil preservation and collecting technique

As with the lower part of the Upper Kimmeridge Clay, the ammonites of the upper part are crushed at

virtually all horizons, and are unattractively preserved. For this reason they have been long ignored and

it has been considered that they ‘form hopeless material for investigation' (Neaverson 1925, p. 9) or that

‘specific determination ... is impossible owing to the bad state of preservation’ (Arkell 1947a, p. 79).

Uncrushed ammonites do occur in several of the calcareous nodule horizons, but apart from the well-known

Rotunda Nodule Bed the nodules have not contributed to good preservation. The nodules are usually

traversed by irregular calcite veins and the contained ammonites are invariably badly distorted and broken.

The vast majority of ammonites collected from the section are therefore crushed, and collection of these

forms has in itself presented difficulties. The fissile nature of the rocks has resulted in fairly deep weathering

in the cliffs, and it is only on the ledges exposed at low tide that collection of fresh material is at all possible.

Unfortunately in some areas of the coast, shingle accumulations are usually high and it is only after severe

storms that sufficient material is exposed free of shingle at the cliff base. From only one horizon within this

succession, namely Bed 2, is the extraction of ammonites easy. Here in the relatively hard bituminous shales,

the crushed ammonites usually separate readily from the matrix and may be lifted free of the shale. At some
other horizons it is sometimes possible to extract the ammonites intact by removing a large portion of the

rock with them. This is the case with the higher horizons on Hounstout Cliff.

Most of the ammonites have, however, been collected with a plaster-casting technique. This involves

gently scraping away the exposed ammonite to leave a negative impression of its underside in the clay.

This is then carefully cleaned and dental quality Plaster of Paris, thinly mixed, is poured on to the impression

.

After about twenty minutes it is possible to lift the plaster from the rock. The resultant cast is usually

covered with a shell film from the original ammonite and thus presents perfectly adequate material for

further work. Apart from the occasional presence of air bubbles these casts are often visually indistinguish-

able from the crushed ammonites. Preparation of the ammonites involves careful work to remove hard

shale from the rib interspaces and the removal of pyrite aggregates. The specimens are treated after prepara-

tion with I.C.F ‘BedacryF which hardens the fragile shells and appears to prevent, or at least substantially

delay, oxidation of the pyrite.

At all horizons, after ammonites have been collected, a considerable proportion are specifically un-

identifiable even after complete preparation. At most horizons therefore, unidentifiable specimens form

a significant part of the fauna collected. Since the ammonites are largely crushed, suture lines have almost

invariably been completely destroyed and determination of the length of the body-chamber is determined

by differential crushing of the shell. The sediment-free phragmocone is usually crushed slightly more than

the sediment-filled body-chamber; with practice the point of change in the degree of crushing can be readily

observed. Flattening of the ammonites has had a considerable effect on the original dimensions; the

diameter of the shell and whorl height have been increased, the whorl thickness is a small fraction of the

original dimension, whilst the umbilical diameter is probably little changed. In specific descriptions, there-

fore, when dealing with crushed material, the only dimensions quoted are the diameter and the umbilical

diameter. The latter figure cannot be usefully quoted as a percentage ofthe shell diameter, as is conventionally

done, since the crushed diameter is greater than the corresponding measurement in an uncrushed shell.

Rib density and style are the features that are of most use in determination and speciation of these
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ammonites. In particular, rib density of the inner whorls seems to be a fairly constant character in most

species, whereas outer-whorl ornament may vary considerably. No two specimens are the same in outer-

whorl ornament, and while the numbers of primary ribs may in some cases be similar in different individuals

of the same species, the numbers or arrangement of the secondary ribs, in the same individuals, may be

very dissimilar. Such features as constrictions seem to be very variable and appear usually to be of little

value in classification.

RIB DIRECTION

RIB TYPE

WsECONDARY

PRIMARY

SIMPLE BIFURCATE

POLYGYRATE POLYPLOKE VIRGATOTOME

text-fig. 2. Rib styles in Upper Kimmeridgian ammonites.
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SYSTEMATIC DESCRIPTIONS

Order ammonitida Hyatt, 1889

Superfamily perisphinctaceae Steinmann, 1890

Family perisphinctidae Steinmann, 1890

Subfamily virgatosphinctinae Spath, 1923

Genus pectinatites Buckman, 1922

Subgenus pectinatites Buckman, 1922

Type species (original designation). Ammonites pectinatus Phillips, 1871.

Diagnosis. As in Cope (1967, p. 59) except that the range of the subgenus is now
extended upwards to include pallasioides Zone.

Remarks. In this subgenus I include all pectinatitids of the paravirgatus Subzone

(and younger ones). As I indicated previously (1967, p. 20), Buckman’s genus

Wheatleyites is merely a Pectinatites with a particularly strongly ribbed body-

chamber. Paravirgatites Buckman, 1922 and Shotoverites Buckman, 1925 are also

typically pectinatitid on their inner whorls. The outer whorls are more coarsely

ribbed and Pavlovia-like, and these forms may be considered intermediate between

Pectinatites and Pavlovia. However, microconchs found associated with these latter

forms have a ventral inflation, or a horn, so that they are better placed with Pectinatites

than with Pavlovia. I earlier (1967, p. 63) associated one such species with the latter

genus, but having now collected much more material from the higher beds of the

paravirgatus Subzone, I include them not only in the genus, but the subgenus

Pectinatites.

Pectinatites ( Pectinatites) cornutifer (Buckman, 1925)

Plate 45, fig. 1 ; Plate 47, fig. 3

1925 Keratinites cornutifer Buckman, pi. 602.

1926 Keratinites nasutus Buckman, pi. 664.

1967 Pectinatites (
Pectinatites

) cornutifer (Buckman) Cope, p. 62, pi. 25, fig. 3; pi. 26, fig. 2.

Material. Two specimens (NMW 77.12G.5-6).

Stratigraphical range (amended from Cope 1967, p. 62). Upper YTmmm&gi&n, pectinatus Zone, upper part

of eastlecottensis Subzone and lower part of paravirgatus Subzone, ranging from 6 0 m below to 4-6 m
above Bed 10.

Description. Specimen 77. 12G.5 is the more complete of the two; excluding the apertural horn, it is 105 mm
in diameter, with an umbilical diameter of 33 mm. There are approximately fifty primary ribs on the last

whorl, and rtb density seems to compare well with the holotype of the species. It is more finely ribbed than

the holotype of P. (P.) nasutus. Specimen 77.12G.6 also has about fifty ribs on its last whorl.

Ribs on inner whorls, very slender and markedly prorsiradiate
;
on outer whorl they swing forwards

sharply from initial rursiradiate course, and are straight, prorsiradiate for remainder of length. Bifurcation

low, secondary ribs quite closely paired. Constriction near peristome on specimen 77.12G.5, preceded by

a virgatotome rib with four secondaries arising independently from anterior side of primary rib. Similar

rib occurs one-quarter of a whorl back from peristome in holotype of P. (P.) nasutus. Horn 20 mm long,

angled forwards on specimen 77.12G.5; on other specimen, horn missing, rest of peristome entire.

Remarks. The diameter of these specimens (each 105 mm) is greater than that pre-

viously recorded for the species, but in all other respects there is close agreement with
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the type material. Both come from 4-6 m above the Freshwater Steps Stone Band,
which is higher than the species has hitherto been recorded.

Pectinatites (Pectinatites ) cf. pectinatus (Phillips, 1871)

Plate 45, fig. 3

Material. One specimen (macroconch, NMW 77.12G.7).

Horizon. Bed 9, at 4-6 m above Bed 10. Upper Kimmeridgian, pectinatus Zone, paravirgatus Subzone.

Description. Estimated diameter 130 mm, with umbilical diameter of 58 mm. Estimated fifty primary and

105-115 secondary ribs on outer whorl. Only the last three-quarters of a whorl within the umbilicus is

preserved; ribs there slender and markedly prorsiradiate, with low furcations. Outer whorl primary ribs

much stronger, furcations predominantly polygyrate. but with simple and bifurcate ribs and intercalatory

secondaries.

Uncoiling of umbilical seam over last half whorl suggests that the shell is probably mature. A crushed

diameter of 1 30 mm is well within the size range of Pectinatites macroconchs ; the specimen is thus probably

fairly complete although no part of the peristome is preserved.

Remarks. This specimen shows quite close agreement in rib density with the specimen

figured by Arkell and designated by him as the neotype (1956, p. 780, pi. 41, fig. 6).

This latter specimen has fifty-seven primary ribs on the last whorl at a diameter of

115 mm; and at 90 mm diameter has sixty-four ribs. These figures are matched
closely by the Dorset specimen, but since Arkell’s specimen is incomplete it is not

possible to match body-chamber ornament. It seems certain from the specimen,

however, that it too is a macroconch.

This species is more coarsely ribbed than P. (P.) eastlecottensis Salfeld, 1913, which
has about 1 39 ribs at 1 1 0 mm diameter, but is more finely ribbed and also considerably

smaller than P. (P.) dorsetensis sp. nov.

Macroconchs of the subgenus Pectinatites are rare in the paravirgatus Subzone in

Dorset, just as they are in the underlying eastlecottensis Subzone. My earlier view that

P. (P.) pectinatus is the macroconch of P. (P.) cornutifer (Cope 1967, p. 62) is sup-

ported by the occurrence of the specimen described here at precisely the same horizon

as that which yielded the specimens of P. (P.) cornutifer described above (p. 475).

It would be necessary, however, to obtain better-preserved material of both forms,

before drawing firm conclusions.

Pectinatites ( Pectinatites) dorsetensis sp. nov.

Text-fig. 3

Diagnosis. Macroconch 210-285 mm in diameter; rib density as follows; at 30 mm
diameter 39 ribs; 35 mm, 39-40; 40 mm, 40; 45 mm, 41-42; 50 mm, 41-42; 60 mm.

EXPLANATION OF PLATE 45

Fig. 1. Pectinatites ( Pectinatites) cornutifer (Buckman). NMW 77.12G.5, X 1. Bed 9, 4-6 m above Fresh-

water Steps Stone Band.

Fig. 2. P. (P.) circumligatus sp. nov. Holotype, NMW 77.12G.12, X 1. Bed 3h, 3-65 m below Bed 2.

Fig. 3. P. (P.) cf. pectinatus (Phillips). NMW 77.12G.7, x 1. Bed 9, 4-6 m above Freshwater Steps Stone

Band.
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42-43; 70 mm, 42-45; 80 mm, 42-46; 90 mm, 42-45; 100 mm, 41-42. Ribs of inner

whorls rectiradiate to prorsiradiate, more widely spaced on outer whorl. Body-
chamber with occasional simple ribs and intercalatory secondaries; polygyrate ribs

common on some specimens.

Holotype, NMW 77.12G.13. Paratypes, NMW 77.12G.3, 4, 14, 15, 17-20.

Horizon. Holotype from top of Bed 6, 18-2 m above Freshwater Steps Stone Band.

Stratigraphical range. Upper Kimmeridgian, pectinatus Zone, paravirgatus Subzone, ranging from 110m
to 18-2 m above Freshwater Steps Stone Band (Beds 7-6d).

Description. All the specimens are too poorly preserved for the measurement of rib densities at diameters

below 30 mm. For densities at greater diameters see Diagnosis (above). The ribs are of typical pectinatitid

style on the inner whorls. On the outer whorl primary ribs become stronger and more widely spaced, with

the furcation lower and with irregular development of secondary ribs. Polygyrate furcations occur com-
monly on some specimens, but are rare on the holotype and some others. Both simple unbranched primary

ribs and intercalatory secondary ribs occur. The body-chamber is one-half to three-quarters of a whorl in

length (measurement based entirely on the differential crushing of the outer whorl). Peristome simple and

straight to somewhat sinuous, inclined forwards towards the venter. The umbilical seam uncoils over the

last quarter to half whorl.

Remarks. This species is readily distinguishable from Pectinatites ( Pectinatites

)

pringlei (Buckman) by virtue of its more finely ribbed outer whorl. The inner whorls,

as far as it is possible to compare them, have a similar rib style to that species, as they

do also to P. (P.) paravirgatus (Buckman), which has an even more coarsely ribbed

body-chamber. Both these other species, however, are probably a little older than the

Dorset forms, and the holotype of P. (P.) pringlei may have come from the basal

part of the pectinatus Zone (Buckman 1925, legend to pi. 562), now distinguished

as the eastlecottensis Subzone (Cope 1974a, p. 35). Certainly no specimen with fewer

than thirty-eight ribs on the last whorl has been found in Dorset within the range of

P. {P.) dorsetensis. This compares with thirty-two primary ribs on the last whorl

of the holotype of P. (P.) pringlei. The other specimens of P.(P.) pringlei subsequently

figured by Buckman (1926, pis. 562a, 562b) may belong to that species, but the speci-

men figured in plate 562a might equally belong to P. (P.) dorsetensis. It is not sufficiently

complete for definite identification, but does come from a higher horizon than the

holotype of P. (P.) pringlei. Paravirgatites pringlei Pruvost, 1925 is not related to the

specimens figured by Buckman; it is a Virgatosphinctoides of the wheatleyensis

Zone, similar to some forms from the wheatleyensis Subzone of Britain.

In style and arrangement the ribs of the outer whorl of Pectinatites ( Pectinatites )

dorsetensis resemble those of the outer whorls of pavloviids from higher horizons;

this species is a good example of a form transitional from Pectinatites to Pavlovia

and shows some characters of each genus.

Pectinatites (Pectinatites) strahani sp. nov.

Plate 46, figs. 1 ,
4

Diagnosis. Microconch Pectinatites , close to Pavlovia in outer whorl ribbing; inner

whorls PectinatitesAike. Diameter 94-102 mm with following approximate rib

densities : at 1 5 mm, 25 ribs ; 29 mm, 25-29 ; 25 mm, 25-30 ; 30 mm, 26-30 ; 35 mm, 27.
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text-fig. 3. Pectinatites ( Pectinatites )
dorsetensis sp. nov. Holotype, NMW 77.12G.13, Bed 6d. 0-6.
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Ribs rectiradiate to prorsiradiate, fairly straight, heavier on body-chamber. Aperture
inflated anteriorly or with feeble horn.

Halotype, NMW 77.12G.10. Paratypes, NMW 77.12G.1, 2, 11.

Horizon. Holotype from Bed 6 at 1-8 m above Bed 7. Paratypes from 13-2 m above Bed 10 (Bed 6 at 1-9 m
above Bed 7).

Stratigraphical range. Upper Kimmeridgian, pectinatus Zone, paravirgatus Subzone, ranging from 13 10 m
to 14-55 m above Freshwater Steps Stone Band (Beds 6c and 6d).

Description. The holotype is 94 mm in diameter with an umbilical diameter of 35 mm. Estimated twenty-

nine primary and fifty-two secondary ribs on last whorl. For rib densities see Diagnosis (above). Ribs

initially rursiradiate but swing forwards sharply at umbilical shoulder to become rectiradiate or prorsiradiate

for remainder of their length. Furcation point variable, some furcations visible on innermost whorls.

Outer whorl ribs stronger, more blunt in cross-section, gradually more widely spaced. One or two con-

strictions on outer whorl of holotype tojudge from close approximation of two pairs of ribs, but preservation

does not allow this to be ascertained. At least one polygyrate rib on outer whorl of holotype and several

simple ribs. The body-chamber appears, from differences in crushing, to be fractionally over half a whorl

long; uncoiling of umbilical seam over this part of shell. Peristome on holotype is simple, possibly a little

inflated anteriorly. Paratype 77.12G.2 has aperture which bears a horn, but this only projects ventrally by

about 3 mm. This feeble development of the horn contrasts greatly with P. ( P.) cornutifer (Buckman) in

which the horn may project as much as 39 mm (Cope 1967, p. 62, pi. 25, fig. 3). The small horn is similar

to that of some of the earlier species of Pectinatites (see Cope 1967 for illustrations) and is a mid-way point

morphologically (and phylogenetically?) between the subgenus Pectinatites, and Pavlovia where the micro-

conchs have straight peristomes. There is a marked constriction behind the peristomal region in paratype

77.12G.2, and between the constriction and the peristomal border itself ornament is subdued.

Remarks. This species is apparently intermediate between Pectinatites and Pavlovia.

The feeble development of an apertural horn could, perhaps, be considered a valid

reason for not including it in Pectinatites. The rib style of the inner whorls is, how-
ever, more typical of Pectinatites , in particular the initial rursiradiate course of the

ribs followed by a sweep forwards at the umbilical shoulder. The pattern of rib

densities is also more like that of Pectinatites ; the figures for the numbers of ribs are

seen to increase with diameter in this species. This is usual in Pectinatites, but un-

recorded in Pavlovia at small diameters, where quite frequently there is a sharp

decrease in the number of ribs. Comparison of this species with other species of the

subgenus Pectinatites shows that the main differences lie in the fact that this species

is more coarsely and stoutly ribbed. This stouter ribbing is also characteristic of

the subgenus Arkellites (Cope 1967) which has not, however, been recorded above the

basal part of the east/ecottensis Subzone; this latter subgenus is normally horned.

For these reasons I include the species in the subgenus Pectinatites.

From the horizons at which this species has so far been recorded, the macroconch
species P. (P.) dorsetensis sp. nov. occurs. It is thus possible that P. (P.) strahani is

EXPLANATION OF PLATE 46

Fig. 1. Pectinatites ( Pectinatites) strahani sp. nov. Paratype, NMW 77.12G.2, X 1. Bed 6c, 1-8 m above

Bed 7.

Fig. 2. P. (P.) devillei (de Loriol). NMW 77.12G.8, x 1. Bed 3b, 1-8 m above Bed 4.

Fig. 3. P. (P.) cf. devillei (de Loriol). NMW 77.12G.9, x 1. Bed 3b, 10 0 m above Bed 4.

Fig. 4. P. (P.) strahani sp. nov. Holotype, NMW 77.12G.10, x 1. Bed 6c, 1-9 m above Bed 7.
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the microconch of that species, though rib-density considerations argue strongly

against the association of the two forms.

Pectinatites {Pectinatites) tricostulatus (Buckman, 1923)

Text-fig. 4

1923 Wheatlevites tricostulatus Buckman, pi. 365.

19476 Pectinatites tricostulatus (Buckman) Arkell, p. 108.

1957 Wheatlevites tricostulatus (Buckman); Arkell, p. L330.

Material. One specimen (NMW 77.12G.16).

Horizon. Bed 6c, 14-2 m above Freshwater Steps Stone Band. Upper Kimmeridgian, pectinatus Zone,

paravirgatus Subzone.

Description. Specimen fairly complete to a crushed diameter of 300 mm; beyond this shell broken, dis-

torted, part clearly missing; complete shell had crushed diameter of at least 380 mm. The holotype is

235 mm in diameter; Buckman (1923) estimated maximum diameter about 415 mm. This corresponds to

a crushed diameter only slightly more, as the holotype has a partially crushed outer whorl.

The umbilical diameter is 40% of the diameter (a figure comparing very closely with the holotype). The
last part of the body-chamber is broken along the umbilical seam in the specimen figured here, thus giving

initially a misleading impression of the umbilical diameter on that part of the shell.

Ribs of inner whorls slender, sweeping forwards to become prorsiradiate at umbilical shoulder, then

fairly straight for remainder of visible length. Inner whorls ill -preserved, but about fifty-two ribs at diameter

of 80 mm. The holotype has similar rib density at this diameter. Outer whorl ribs suddenly more widely

spaced, and instead of regularly bifurcating become polygyrate in main with three secondary ribs to each

primary. In addition, there are simple primary ribs and intercalatory secondaries. On the latter part of the

(preserved) whorl the ribs, especially the secondaries, begin to fade.

Traces of umbilical seam preserved beyond present mouth of the shell suggest almost one-quarter of

a whorl missing from this specimen; the body-chamber appears, from differences in degree of crushing and

the umbilical seam trace, to be fractionally over half a whorl long.

Remarks. This single specimen compares very closely with the holotype and there

can be no doubt that the two forms are conspecific. P. (P.) opulentus (Buckman, 1923,

pi. 383a (only)) differs in having a more accelerated development of styles of orna-

ment than P. (P.) tricostulatus. The development of coarse ornament appears earlier,

and polygyrate secondary ribs appear at least as far back as the last umbilical whorl

in the former species. This trend is even more developed in P. (P . ) rarescens ( Buckman,

1925, pis. 561a, 561b) where the secondary ribs have faded completely on the body-

chamber (see below p. 485). Buckman’s records suggest that the holotypes of all three

species came from the same horizon at Wheatley (the Wheatley Sands of Buckman,
later renamed the Pectinatus Sandstone (Arkell 19476, p. 108)), but the Dorset

succession shows that P. (P .) tricostulatus and P. {P.) rarescens , although from the

same subzone, are not from precisely the same horizon. If, as seems possible, there

EXPLANATION OF PLATE 47

Fig. 1. Pavlovia concinna (Neaverson). NMW 77.12G.53, x I. Bed 2. Small, incomplete example showing

typical inner whorl development of forms in Bed 2.

Fig. 2. P. rotunda (Sowerby). NMW 77.12G.121, x 1. Bed 1, 1-8 m above Bed 2. Typical crushed form from

shales below Rotunda Nodule Bed.

Fig. 3. Pectinatites ( Pectinatites) cornutifer (Buckman). NMW 77.12G.6, x 1. Bed 9, 4-6 m above Fresh-

water Steps Stone Band.
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text-fig. 4. Pectinatites (Pectinatites) tricostulatus (Buckman). NMW 77.12G.16, Bed 6c. xO-43.

is an evolutionary trend in this species group for rib styles to persist longer, then

P. ( P .) opulentus might be expected somewhere between the horizons of the other

two species. The fact that all the species are recorded from the same bed in the

Oxfordshire area is not surprising, since it is now well established that the successions

in that region are highly condensed.
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Pectinatites ( Pectinatites ) rarescens (Buckman, 1925)

Text-fig. 5

1925 Wheatleyites rarescens Buckman, pis. 561 a, 561b.

19476 Pectinatites rarescens (Buckman) Arkell, p. 108.

Material. One specimen, photographed in situ. Not collected.

Horizon. 1-8 m above Freshwater Steps Stone Band. Upper Kimmeridgian, pectinatus Zone, parvirgatus

Subzone.

Description. The specimen figured here was photographed in situ by the writer in 1969. It was 493 mm in

diameter and had an umbilical diameter of 230 mm. Innermost whorls visible show ribs are already quite

widely spaced. Outer whorl has only twenty primary ribs and no secondary ribs are visible on the last

three-quarters of this whorl. The (presumed) peristome is simple, and the body-chamber appears to be just

under half a whorl in length.

Remarks. The holotype ( Buckman 1 925) shows a rib style very similar to the phragmo-
conic part of the Dorset specimen; the paratype, on the other hand, is very similar in

body-chamber ornament to the specimen figured here. With a maximum diameter

of 480 mm this latter specimen compares well with the Dorset form when increase

in diameter due to crushing is taken into account.

The relationship of P. (P.) rarescens to other species is discussed fully above

(p. 482).

Pectinatites ( Pectinatites ) devillei (de Loriol, 1874)

Plate 46, fig. 2

1874 Ammonites devillei de Loriol, p. 270, pi. 1, figs. 13, 14.

1924 Ammonites devillei de Loriol; Ilovaisky, p. 343.

1936 Pectinatites ( Keratinites ) devillei (de Loriol) Spath, p. 23.

1956 Keratinites devillei (de Loriol) Arkell, p. 42.

Material. One specimen (NMW 77.12G.8).

Horizon. Bed 3b at 1-8 m above Bed 4. Upper Kimmeridgian, basal pallasioides Zone.

Description. The specimen is 66 mm in diameter with an umbilical diameter of 25 mm; approximately

thirty-seven primary and seventy secondary ribs on last whorl. Inner whorls ill-preserved, ribs slender and

crowded, projected forwards; furcation fairly high on whorl side compared with some other species of

Pectinatites, as apart from on the last part of the umbilical whorls (which is affected by the uncoiling of the

umbilical seam) the point of furcation of the ribs is barely visible.

Outer whorl ribbing becomes gradually stronger, more widely spaced. Body-chamber just over half

a whorl long; this length is very readily determinable from the specimen, as the clay infilling of the body-

chamber is exposed throughout its length and only a clay internal mould remains. Thus the strength of the

ribs on the body-chamber displayed by the specimen is less than would have been the case had the shell

been preserved there. Ventral part of the peristomal region well preserved; aperture bears a horn directed

obliquely forwards. Horn distinctly ribbed, about 14 mm long (precise length is hard to ascertain as horn

arises gently from ventral region). Ventral projection of horn about 10 mm.

Remarks. The specimen compares closely in all respects with de Loriol’s (1874) figure

of the holotype and with his full description. His uncrushed specimen had a diameter

of 58 mm, which would be closely comparable with the Dorset specimen were it

uncrushed. The rib density of the outer whorl (the only whorl visible on the Boulon-

nais specimen) is very similar to that of the specimen described here. The umbilical

diameter of the holotype is slightly less than that of the Dorset specimen.



486 PALAEONTOLOGY, VOLUME 21

text-fig. 5. Pectinatites ( Pectinatites) rarescens (Buckman). Photographed in situ in Bed 9, 1-8 m above

Freshwater Steps Stone Band. xO-34.
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The stratigraphical position of P. devi/lei in the British succession has long been

in doubt. Before Buckman figured horned microconch pectinatitids from the south

Midlands (Keratinites Buckman, 1925), all the microconchs of Pectinatites in old

collections had been named 1

Ammonites devillei'— this being the only described

horned pectinatitid. Buckman placed his devillei hemera above the pectinatus and
below the paravirgatus hemera, though he did not figure or describe any specimen

of P. devillei. Spath (1936, p. 153) stated that he had been unable to find P. devillei

below the lowest crushed pavloviids in Dorset. It now appears that Spath was expect-

ing to find this species too low in the succession, and that P. devillei lived alongside

the early Pavlovia faunas in the pa/lasioides Zone. This is supported by their co-

existence in the Boulonnais, albeit in a condensed succession there.

The Greenland specimen figured by Spath as Pectinatites (K.) aff. devillei (1936,

p. 23, pi. 7, fig. 2a~b) lacks its peristome but does appear from rib style to be a micro-

conch pectinatitid. However, the specimen came from the pectinatus Zone of Green-

land and may thus well belong to an earlier species of Pectinatites.

No well-preserved macroconchs of Pectinatites have been found at this level in

Dorset and the attribution of the form figured here to the subgenus Pectinatites is

made in the absence of any knowledge of the macroconch.

Pectinatites (Pectinatites) cf. devillei (de Loriol, 1874)

Plate 46, fig. 3

Material. One specimen (NMW 77.12G.9).

Horizon. Bed 3b at 16 0 m below Bed 2. Upper Kimmeridgian, pallasioides Zone.

Description. The specimen is 70 mm in diameter with an umbilical diameter (somewhat distorted by
crushing) of 28 mm. Approximately thirty-two primary ribs on last whorl. Inner whorls poorly preserved

and it is not possible to determine rib density. Ribs slender, sweep forwards from umbilical shoulder, to

which point there is an initial rursiradiate trend. From umbilical shoulder ribs rectiradiate to prorsiradiate;

fairly low furcation visible within the umbilicus, secondary ribs closely paired. Ribs on outer whorl of

similar style to those of inner whorls ; become stronger and less approximated on body-chamber, retaining

the low furcation.

Body-chamber just over half a whorl in length, peristome bears characteristic apertural horn (though

not well displayed on the specimen) which is ribbed with maximum ventral projection of 3-5 mm. Marked
uncoiling of the umbilical seam over length of body-chamber.

Remarks. This specimen differs from P. (P.) devillei in being considerably more
evolute, although this is exaggerated by the crushing which has elongated the

umbilicus. It is also more coarsely ribbed on the outer whorl than the type specimen.

There are, however, sufficient similarities to P. (P.) devillei to determine that this

specimen is closely related. It differs very considerably in rib style, degree of evolution

and horn development from P. (P.) circumligatus described immediately below.

Pectinatites ( Pectinatites ) circumligatus sp. nov.

Plate 45, fig. 2

Diagnosis. Microconch Pectinatites approximately 80 mm in diameter with the

following approximate rib densities; at 20 mm diameter, 40 ribs; at 25 mm, 36;
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30 mm, 33. Ribs slender, often rursiradiate at umbilical shoulder, otherwise recti-

radiate to prorsiradiate. Outer whorl with occasional simple and polygyrate ribs and
narrow constrictions. Peristome with ventral horn.

Holotype, NMW 77.12G.12, the only specimen.

Horizon. 3-65 m below Bed 2. Upper Kimmeridgian, pallasioides Zone, upper part.

Description. Specimen 82 mm in diameter, umbilical diameter 33 mm. There are thirty-eight primary and

about sixty-two secondary ribs on the last whorl. Inner whorls not well preserved and rib densities (see

Diagnosis) therefore approximate. Ribs fine, slender throughout; rursiradiate to umbilical shoulder

where they become rectiradiate to prorsiradiate. Umbilical seam uncoils over last half whorl which appears

to correspond to length of body-chamber. On body-chamber ribs mainly bifurcate, though there are seven

simple and one polygyrate rib. Intercalatory secondary ribs rare, only one identified with certainty.

On outer whorl narrow constrictions occur (apparently absent on inner whorls); four on this specimen,

each bounded to front by a simple rib, but preceding rib may be simple, bifurcate, or polygyrate. Peristome

bears a horn, partly broken; preserved portion has ventral projection of about 5 mm.

Remarks. This single specimen is the stratigraphically highest ammonite of the genus

Pectinatites hitherto recorded in Britain. It is over 12 m higher in the Dorset succession

than the specimen described as P. (P.) cf. devillei above (p. 487). It is accompanied
in Dorset by various species of Pavlovia , from which it is immediately distinguished

by the much denser and more delicate ribbing, particularly on the body-chamber,

and by the horned peristome. Constrictions appear generally to be an infrequent

character of Pectinatites , but are quite common in the subgenus Virgatosphinctoides

(see Cope 1967) which has not, however, been certainly identified from horizons

above the hudlestoni Zone.

There is some resemblance to P. (P .) boidini (de Loriol) which came from the Tour
Croi Nodule Bed of the Boulonnais and could thus be of similar age. This latter

species (figured de Loriol 1875, pi. 7, fig. 1) shows some resemblance in rib style to

P. (P.) circumligatus , but is more finely ribbed and the apertural region is unknown.
The holotype of P. boidini is so incomplete that it would need the collection of good

topotype material to satisfactorily interpret the name.

Subfamily pavloviinae Spath, 1931

Genus pavlovia Ilovaisky, 1917

Type species (subsequent designation, Spath 1931). Pavlovia iatrensis var. primaria Ilovaisky, 1917.

Discussion. The name Pavlovia is the senior available name for Upper Kimmeridgian

(and Portlandian) ammonites bearing regular bifurcating ribs to the aperture, and

with occasional constrictions generally preceded by some type of compound rib and

succeeded by a simple unbranched primary rib. These were described under a variety

of generic names by Buckman, Neaverson, and Spath. The late recognition of Pavlovia

in Britain stems from the fact that Ilovaisky’s (1917) monograph was unknown here

for several years. The type species was not designated by Ilovaisky, who never com-

pleted work on the monograph; several species and many "varieties’ were named and

figured in the published part, but only some of them described.

Spath (1931, p. 471) considered that Pavlovia "must be interpreted by P. iatrensis

var. primaria Ilovaisky’ and this has subsequently been regarded as designation of

the latter form as type species of the genus (Arkell, 1957, p. L332). It is now becoming
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apparent that in addition to being one of the most characteristic of the late Kim-
meridgian ammonites from the Boreal faunal province (and probably the only one

all the subprovinces have in common), the genus persisted little-changed well into

Portlandian times, and such genera as Crendonites and Glaucolitliites are clearly very

closely related to Pavlovia. It is intended to figure these later forms in a description

of the Portland Sand ammonite faunas in the future.

Dimorphism of Pavlovia

In common with all other perisphinctid ammonites, Pavlovia exhibits dimorphism, which is readily

apparent in large collections, where mature ammonites fall into two size groups. In many other peri-

sphinctid genera the aperture is often modified at maturity with a process of some sort. Thus the micro-

conchs of most Oxfordian and Lower Kimmeridgian perisphinctids have a pair of lappets at the peristome,

while the ribbing of the body-chamber of the macroconch is often significantly coarser and may be modified

in various ways. In the Upper Kimmeridgian genus Pectinatites the microconch bears a ventral horn (see

Cope 1967 and this paper for illustrations).

In Pavlovia no such apertural modification of the microconchs is usually apparent and the macroconchs

do not exhibit any marked variocostation. The fact that most of the ammonites described here are crushed,

renders what little apertural modification there may be almost impossible to detect. In some of the uncrushed

material from the Rotunda Nodule Bed some apertural modification is visible and some specimens may
show lateral flaring of the peristome margin, whilst others may have a ventral peristomal inflation (see

PI. 51).

The absence of any marked peristomal modification renders distinction of the dimorphs difficult in some

cases. It is readily apparent that some forms are microconchs because of size considerations. Others must

equally be macroconchs. The difficulty lies particularly with one or two groups of intermediate-sized forms

from horizons yielding, in addition to these, obvious microconch forms and exceptionally large macro-

conchs. Are these intermediate-sized forms, clearly mature ammonites, macroconchs of the small micro-

conchs or are they microconchs of the very large forms? In the case of Pectinatites a definite relationship

was found between rib-densities of microconchs and macroconchs (Cope 1967). No such clear relationship

appears to exist in Pavlovia. This raises taxonomic problems. In my earlier treatment of Pectinatites I was
able to group together microconch and macroconch forms for most of the species described ; these had rib

densities and rib styles of similar type. Thus microconch and macroconch of the same species could be

'paired off" and a single specific name accorded to the two forms. Clearly this arrangement is the one to

aim for—where morphospecies are believed to approximate to biospecies. With Pavlovia (at least with the

faunas described here), this does not appear possible. In some cases probable associations can be suggested,

but not with the same confidence as for species of Pectinatites.

There remain two possible methods of dealing with this problem taxonomically. First, there is the use

of subgeneric names as advocated by Callomon (1963). His use of subgenera to distinguish microconch

and macroconch certainly has its attractions ; it is convenient and solves any problems in matching dimorphs,

but raises other problems. What happens when it is impossible to determine whether a particular specimen

is a microconch or a macroconch? Presumably one must then revert to a simple binomen. The use of sub-

generic names in this context also raises other problems and precludes the use of a subgenus as a useful

infra-generic but supra-specific rank, which sexual distinction is not. The second taxonomic solution is to

accord dimorphs different specific names (this is necessary under Callomon’s procedure too), which are,

however, retained in the same genus and subgenus. If 'pairs’ of ammonites can subsequently be made the

problem is resolved by placing the junior name into synonymy. The advantages of this second method
appear to far outweigh its disadvantages and accordingly I have described the dimorphs of species of

Pavlovia under separate specific names.

The origins of Pavlovia

It has been customary for many years to look to earlier Kimmeridgian evolute round-whorled ammonites
as the ancestors of Pavlovia. Spath believed in a 'conservative root-stock’ of such forms giving rise periodically

to more rapidly evolving forms. These ancestral types were believed to include, in Kimmeridgian times,

the genus Subdichotomoceras (type species 5. lamplughi Spath, 1925). Thus, Arkell (1957, p. L332) stated

that the pavloviids were probably developed from Subdichotomoceras.
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In seeking the origins of Pectinatites I noted that the presence of polygyrate furcation of the ribs was
believed to yield a clue, in that this feature was unknown until Upper Oxfordian times, and that ammonites
with polygyrate ribbing thus probably had a common ancestry (Cope 1967, p. 23). Subdichotomoceras is

devoid of such furcation style, whilst it is immediately obvious that it occurs in Pavlovia.

I consider that the paravirgatus Subzone of the pectinatus Zone has now yielded the answer, as in Dorset

the ammonites of this subzone appear to show a transition from Pectinatites to Pavlovia , through forms

previously included in the genus Paravirgatites (see pp. 476-485). The horned microconch of Pectinatites

gradually lost the horn and the ribbing of the body-chamber of the macroconch simultaneously became

coarser and more Pavlovia-like. Thus one could claim that the polygyrate ribbing seen in most species of

Pavlovia betrays the pectinatitid ancestry of the group. One could also suggest that the ventral inflation

of the ventral part of the peristome in some Pavlovia microconchs and the finely ribbed inner whorls of

some species are other evidences of the origins of the genus. This implies palingenesis which is an un-

fashionable idea in ammonite palaeontology; the opposite idea of proterogenesis seems to hold more sway

(despite the recent rejection of some commonly quoted examples). It may be noted, however, that the finely

ribbed inner whorls of Pavlovia are not seen to ornament the body-chamber of any later forms.

There follows below a discussion of generic names which have been applied in the past to ammonite
species considered here to belong to the genus Pavlovia.

lydistratites Buckman, 1922; type species L. lyditicus Buckman, 1922

This name is one of the most misinterpreted of Buckman’s genera, largely because he figured three com-

pletely unrelated forms as examples of the type species ; he believed that the Upper Lydite Bed was a constant

horizon and accorded the
‘

lyditicus ’ fauna hemeral status. In view of this confusion I discuss here all the

forms that Buckman included in the genus.

The holotype of the type species (Buckman 1922, pi. 353a) came from the Upper Lydite Bed at Long
Crendon, Buckinghamshire, and is clearly a pavloviid. It is large (255 mm diameter) and incomplete.

Buckman suggested that the present termination of the shell might have been the last septum, in which

case only the body-chamber (probably one-half to five-eighths of a whorl) is missing. The rib style and

furcation combined with the size suggest strongly that the specimen is a Portlandian rather than a Kim-
meridgian pavloviid. Similar forms occur in Dorset in the upper part of the Portland Sand and confirm

that the Upper Lydite Bed at Long Crendon embraces a major non-sequence. I do not accept the suggestion

that the specimen could be an Epivirgatites (Casey 1967, p. 132). The horizon at which similar forms occur

in Dorset suggests that the specimen requires correlation with horizons well above the albani Zone. Epivirga-

tites is, as far as is known at present, confined in Britain to the albani Zone.

Buckman’s paratype (1922, pi. 353b) bears no relation to the holotype; it came from the Upper Lydite

Bed at Swindon. The rib style of this form confirms that this specimen belongs properly in Progalbanites ,

as Casey (1967, p. 132) suggested.

The other specimen figured as L. lyditicus by Buckman (1926, pis. 353c, 353d) is a Pavlovia from the

Rotunda Nodule Bed at Chapman’s Pool, here included in P. rotunda (see p. 512).

Buckman also included other unrelated ammonites in Lydistratites. L. biformis (1925, pis. 605a, 605b)

appears, to judge from the presence of virgatotome ribs with up to five secondaries on the inner whorls, to

belong to Progalbanites, though Casey (1967, p. 132) thought it to be an Epivirgatites. However, at least on

British material, ribs more complex than polygyrate are not usual on the inner whorls of Epivirgatites while

the outer whorls show four-branched ribs associated only with constrictions (see PI. 55, figs. 2, 3). L. cunctator

(1925, pis. 606a, 606b) is based on the inner whorls of indeterminate pavloviids or possibly of Progalbanites.

L. gibbosus (1926, pis. 639a-c; 1927, pi. 639d) and L. trigonalis (1926, pis. 674a, 674b) are macroconch

forms of Pavlovia from the Rotunda Nodule Bed. The triangular whorl section of the latter species may be

due entirely to post-mortem distortion of the shell and the specimen is otherwise like L. gibbosus. Both are

here included in P. rotunda (see p. 512).

The name Lydistratites must, however, be interpreted by the holotype of the type species and it seems

best therefore to treat Lydistratites as a junior synonym of Pavlovia, pending further work on the pavloviids

of the Portland Sand.

pallasiceras Spath, 1924; type species Ammonites rotundus Sowerby, 1821

Spath proposed Pallasiceras for ammonites characterized by finely ribbed inner whorls, but with an outer

whorl with coarse bifurcate ribs and occasional constrictions. Spath also stated that the genus had a
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depressed whorl section. At the time of foundation of the genus, Spath was unaware of the existence of

Ilovaisky’s (1917) monograph on Pavlovia. He later came to regard Pallasiceras as only subgenerically

distinct from Pavlovia. The characteristic of Pallasiceras so immediately noticeable in most of the species

subsequently ascribed to it (e.g. P. pringlei Neaverson) is the dense ribbing on the inner whorls, though this

character is not shown to the same extent in the type species. At the Rotunda Nodule Bed horizon, Pal-

lasiceras does appear to be a distinct form, readily separable from most of the pavloviids of the pallasioides

Zone below. However, intervening beds in Dorset, apparently absent from other areas of Britain, and the

description of new Pavlovia faunas from both the pallasioides and rotunda Zones, show that there is no
sharp line of separation between Pallasiceras and Pavlovia and that recognition of Pallasiceras as a sub-

genus of Pavlovia is of doubtful value. The depressed whorl section mentioned by Spath as a character of

Pallasiceras is not believed to be of any diagnostic value in pavloviid classification above specific level.

Pallasiceras is therefore treated here as a junior synonym of Pavlovia.

holcosphinctes Neaverson, 1924; type species H. pallasioides Neaverson, 1924

Neaverson (1925) figured two species of this genus which he described as evolute forms with a shallow

umbilicus. The inner whorls were said to be finely ribbed with a marked forward inclination of the ribs.

Constrictions were ‘not numerous’ and shallow (Neaverson 1925, p. 33). The similarity between Neaverson’s

species and some of the species of Pavlovia figured by Ilovaisky ( 1917) is very great, and there is no doubt

that H. pallasioides is a Pavlovia in the strictest sense. The characters of Holcosphinctes were admitted to

show ‘a striking degree of homeomorphy’ (Neaverson 1925, p. 34) with Aposphinctoceras and Pallasiceras

and the fact that all three ‘genera’ occurred in the same horizon and locality confirms the view that the

species may be allotted to a single genus— in this case Pavlovia. Holcosphinctes is thus treated here as a

junior synonym of Pavlovia.

aposphinctoceras Neaverson, 1924; type species A. decipiens Neaverson, 1924 (
= Olcostephanus pal-

lasianus (d’Orbigny) var. Healey, 1904).

The type, and only known specimen of the type species, came from the Upper Kimmeridge Clay of

Chippinghurst near Chiselhampton, a locality in which there are now no exposures of the Kimmeridge
Clay. Neaverson’s statement that it came from the pallasioides Zone (1924, p. 149) was accepted by Arkell

(19476, p. 108) without comment, though there is no evidence that the specimen was not from the rotunda

Zone.

Neaverson described three other species of Aposphinctoceras in his monograph, all from the Hartwell

Clay (i.e. pallasioides Zone). His criteria for distinction of the genus were the straight sweep of the secondary

ribs over the venter, and the coarsely ribbed inner whorls. The first of these criteria does not appear to me
to be a valid cause for distinction, as this character is seen in large collections to vary in degree from indi-

vidual to individual within any given species, and often varies too in an individual during its development.

The second criterion is readily dismissed on perusal of Neaverson’s own figures. Thus A. ailesburiense

(Neaverson 1925, p. 27, pi. 2, fig. 3), which incidentally is the only specimen of Aposphinctoceras figured by

Neaverson which shows the inner whorls at all well, is scarcely coarser ribbed than Pallasiceras rotundum

(Neaverson 1925, p. 18, pi. 1, fig. 6).

In view of these facts and Neaverson’s admission of the homeomorphy of Aposphinctoceras with both

Pallasiceras and Holcosphinctes , there seems no justification for the recognition of Aposphinctoceras as

a separate taxonomic unit either at generic or at subgeneric level and it appears best to treat this form too

as a junior synonym of Pavlovia.

episphinctoceras Neaverson, 1925; type species E. inflatum Neaverson, 1925

The type specimen of this monotypic genus came from the lower part of the Hartwell Clay, supposed by

Neaverson to belong to the rotunda Zone, but now known to be from the lower part of the pallasioides

Zone (the stratigraphical relationship between the pallasioides and rotunda zones was incorrectly deter-

mined by Neaverson). Thus Neaverson’s statement (1925, p. 24) that Episphinctoceras occurred only in

the rotundum Zone needs reinterpreting.

The holotype was an unfortunate choice, for it shows one whorl of an obviously incomplete shell.

Neaverson suggested that almost one whorl was missing, giving an adult diameter of around 170 mm.
Unfortunately, too, the inner whorls are unknown on the specimen, though Neaverson mentioned that they
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show a coarse-ribbed character beyond a diameter of 3 mm; this feature must have been shown by another

specimen and it is a great pity that no evidence was figured on this point. The holotype shows a typical

pavloviid rib style— fairly regular bifurcating ribs with a few simple ribs and the usual occasional con-

strictions. These are preceded by a bidichotomous rib (a type of polypoke furcation with the first bifurcation

very low on the whorl side) and succeeded by a simple rib.

One may, of course, only guess at the characters of the missing whorls of the holotype and it seems that

the name may never be fully interpreted. Spath (1936, p. 27) was of the opinion that the inflated whorl

section was due, in no small measure, to oxidation of the pyrite on the outer whorl and was not an original

feature. Certainly the size of the specimen suggests that it is a macroconch and it could be conspecific with

macroconch forms described here from the pallasioides Zone of Dorset. However, the specimen cannot

be matched with certainty with any other known form and should never have been used to serve as type

material for a new genus. Pavlovia already includes forms very little different from Episphinctoceras and
this genus is therefore treated as a junior synonym of Pavlovia.

In the systematic treatment of species of Pavlovia which follows below, the descriptions are arranged as

far as possible in ascending stratigraplucal order, although where ranges of species overlap this may not

always appear clear.

Pavlovia sp. A
Text-fig. 6

Material. One specimen (NMW 77.12G.48).

Horizon. 3-5 m above base of Bed 3. Upper Kimmeridgian, pallasioides Zone, lower part.

Description. The specimen is incomplete; its largest preserved diameter is approximately 325 mm; there,

umbilical diameter is 1 48 mm. When complete the specimen was at least 360 mm in diameter, and at a point

corresponding to that diameter, the umbilicus measures 170 mm across. At 30 mm diameter there are an

estimated 26 ribs; at 40 mm, 26; 50 mm, 28; 60 mm, 30; 70 mm, 31 ; 80 mm, 32; 90 mm, 32; 100 mm, 32;

110 mm, 33; 120 mm, 33; 130 mm, 33; 140 mm, 34; 150 mm, 34; 160 mm, 34; 170 mm, 33. The last

preserved whorl has 33 primary and an estimated 60 secondary ribs.

Ribs on inner whorls rectiradiate to prorsiradiate
;
many concave (towards the aperture). Occasional

ribs show very low furcation, but otherwise bifurcation hard by umbilical seam of succeeding whorl. Ribs

rounded in cross-section, not acutely sided as in Pectinatites in beds below.

Over last umbilical whorl ribs become more widely spaced and blunt, until on outer whorl they are quite

gentle folds in the shell wall
; though retaining a discrete rib shape, their cross-section has much shallower-

angled sides. Secondary ribs also lose prominence; on body-chamber fade significantly. Towards the mouth

there is simplification of ribbing and frequent unbranched primary ribs and intercalatory secondaries.

The specimen has been distorted by joints which have caused dislocation of part of the outer and the last

umbilical whorl. There is no indication of length of body-chamber.

Remarks. The coiling of this specimen is very evolute, and even though the central

part of the umbilicus is not preserved, almost seven whorls of shell are visible. It is

this feature which provides very clear distinction from other species of the genus,

at whatever their horizon. Although the beds of the pectinatus Zone only a little below

yield several large species of ammonites, they are all pectinatitids and with a markedly

different rib shape and style are not likely to be confused with this species. It is also

the stratigraphically oldest Pavlovia , occurring some 7 m lower than the next (identi-

fiable) pavloviid (see text-fig. 11).

Pavlovia composita sp. nov.

Plate 48, fig. 3

Diagnosis. Macroconch Pavlovia 127-151 mm diameter, with following rib densities:

at 15 mm 26-30 ribs; at 20 mm, 26-30; 25 mm, 26-29; 30 mm, 26-29; 35 mm, 25-30;
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text-fig. 6. Pavlovia sp. A. NMW 77.12G.48, Bed 3b, 3-5 m above top of Bed 4. xO-48.

40 mm, 26-32
; 45 mm, 26-32 ; 50 mm, 26-32

; 55 mm, 25-33 ; 60 mm, 28-3 1 ; 65 mm,
28-31. Ribs on inner whorls straight to gently curved, rursiradiate to prorsiradiate.

Outer whorl with thicker rectiradiate to prorsiradiate ribs, mainly bifurcate but

occasional simple and intercalatory ribs; polygyrate ribs rare. Peristome simple.

Occasional constrictions, usually one near peristome.

Ho!otype, NMW 77.12G.32; Paratypes , NMW 77. 1 2G.22-3 1 , 33, 34, 36, 37, 40, 41.
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Horizon. Holotype from Bed 3d at 8-5 m below Bed 2.

Stratigraphical range. Upper Kimmeridgian, pallasioides Zone, ranging from 15-25 to 4-50 m below Bed 2

(Beds 3b 3h).

Description. Shell moderately to very evolute, from 127 to 151 mm in diameter. Umbilical diameter

50-69 mm. The holotype has a diameter of 133 mm and an umbilical diameter of 57 mm; it has thirty-six

primary and sixty-nine secondary ribs on the outer whorl. On the holotype it is not until a diameter of

30 mm that it is possible to accurately determine rib densities. At that diameter there are twenty-nine ribs;

for densities beyond that see Diagnosis (above). Secondary ribs not visible within the umbilicus on the

holotype. Some of the paratypes are, however, more evolute. Over the last quarter of a whorl there is quite

a marked uncoiling of the umbilical seam on the holotype, but even then the furcation point of the ribs

is not fully exposed.

Some paratypes show very close associations of ribs on inner whorls which suggest constrictions, although

crushing renders precise determination impossible.

On outer whorl ribs become stronger, sharply delineated; predominantly bifurcate, with occasional

simple ribs (three on holotype) and intercalatory secondary ribs. Polygyrate ribs and polyploke ribs are

rare and almost entirely confined to the rib immediately preceding a constriction. Most specimens have at

least one, and up to three, constrictions on the last whorl. Constrictions are of two types: 1, wide con-

strictions, usually following a polygyrate or a polyploke rib and succeeded by a simple rib; 2, narrow

constrictions, usually preceded by a bifurcate rib and followed very closely by a simple rib. This latter rib

may be quite prominently flared laterally and have a noticeable ventral protuberance. Most specimens

appear to have a constriction of type 2 just a little back from the peristome. The peristome itself is smooth

and the immediately preceding ribs less pronounced than those on the rest of the shell. Differences in the

degree of crushing suggest that the body-chamber is between three-fifths and three-quarters of a whorl

in length.

Remarks. This species appears quite distinct from any species of Pavlovia described

hitherto. The closest comparison is with the Russian species P. menneri Michailov

(1966, pi. 14, fig. 1) which is, however, more coarsely and a little more regularly

ribbed. It differs from P. superba sp. nov. (p. 498) in being considerably smaller in

diameter (mean diameter of P. composita , 135 mm; mean diameter of P. superba ,

221 mm). The differences from P. rotunda , which is apparently confined to the over-

lying rotunda Zone, are in rib density and mature size. P. rotunda is considerably more
densely ribbed at small diameters than P. composita ,

though later rib densities on the

inner whorls are similar. P. rotunda has a somewhat smaller mature diameter. How-
ever, the earliest forms of P. rotunda are not as finely ribbed as later forms (see p. 512)

and P. composita may have been on the direct line of descent to P. rotunda.

Pavlovia composita waddingtoni subsp. nov.

Plate 49, fig. 1

Diagnosis. Macroconch Pavlovia around 185 mm diameter with the following rib

densities: at 30 mm diameter there are 33 ribs; at 35 mm, 33; 40 mm, 32; 45 mm,
31-32; 50 mm, 31-32; 60 mm, 32; 70 mm, 34-35; 80 mm, 37. Ribs on innermost

EXPLANATION OF PLATE 48

Fig. 1. Pavlovia sp. nov. afif. raricostata Ilovaisky. NMW 77.12G.84, X 1. Bed 2.

Fig. 2. P. concinna (Neaverson). NMW 77.12G.55, x 1 .
0-9 m above Bed 2.

Fig. 3. P. composita sp. nov. Holotype, NMW 77.12G.32, x 1. Bed 3d, 8-5 m below Bed 2.
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whorls dense, fine, prorsiradiate. Middle whorls with thicker ribs, rectiradiate to

prorsiradiate, bifurcation frequently low and visible. Outer whorl also with low furca-

tion, ribs thicker, blunter, predominantly bifurcate; occasional constrictions.

Holotvpe , NMW 77.12G.35; Paralypes , NMW 77. 12G.42-44.

Horizon. Holotype from Bed 3g at 5-5 m below Bed 2.

Stratigraphical range. Upper Kimmeridgian, pallasioides Zone, ranging from 6- 1 m to 4-5 m below Bed 2

(Beds 3g and 3h).

Description. Shell evolute, diameter about 1 85 mm. No complete specimen has been found, but the holotype

appears to be virtually complete at that diameter. Umbilical diameter of holotype 85 mm, and an estimated

thirty-eight primary and seventy-six secondary ribs on outer whorl. For rib densities see Diagnosis (above).

Ribs on innermost whorls fine and slender, closely crowded, prorsiradiate. At a diameter of 1 5 mm at least

forty ribs; then a sharp drop in rib density to thirty-three at 30 mm. Bifurcation point low enough to

render it visible. Ribs become less slender, still mainly prorsiradiate, on middle whorls. Outer whorl ribs

considerably stronger on body-chamber, which bears stout, blunt, primary ribs, virtually all bifurcate.

Occasional constrictions, at least one on outer whorl of holotype. Polygyrate and simple ribs seem confined

to vicinity of constrictions. Degree of crushing suggests that body-chamber length was between three-fifths

and three-quarters of a whorl.

The peristome is not preserved on any specimen.

Remarks. This subspecies appears to be considerably larger in mature size than

P. composita s.s., but shares with it similar (though not identical) rib density, and
a closely similar rib style. The differences in size might be considered to be such as

to provide distinction at specific level. However, in view of the fact that only one really

adequate specimen of this form has been obtained, it is thought better to include these

forms within P. composita , but recognizing a subspecific distinction.

The rib density of the inner whorls of this subspecies shows a feature that is much
more typical of species of Pav/ovia from the overlying rotunda Zone, in that the rib

density of the inner whorls decreases sharply initially and then remains at a fairly

constant level, sometimes rising again later. This character is one found particularly

in forms which Spath included in his genus (later subgenus) Pallasiceras. He did not,

however, mention this feature as characteristic of Pallasiceras , and the usefulness of

the name, even at subgeneric level, is doubtful (see p. 490).

This subspecies does therefore, in respect of rib density, show some similarity with

P. rotunda. It differs from the latter species, however, in mature size, rib style, and

has not the same rib density.

Other species from the pallasioides Zone may be readily distinguished from

P. composita waddingtoni by characters of mature size, rib style (particularly on the

innermost whorls), and rib density. It is, for instance, considerably finer ribbed on the

outer whorl than P. superba at a comparable diameter.

EXPLANATION OF PLATE 49

Fig. 1. Pavlovia composita waddingtoni subsp. nov. Flolotype, NMW 77.12G.35, x0-85. Bed 3g, 5-5 m
below Bed 2.

Figs. 2, 3. P. concinna (Neaverson). NMW 77.12G.51, 77. 12G.64, x I. Bed 2.
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Pavlovia superba sp. nov.

Text-fig. 7

Diagnosis. Large macroconch Pavlovia with following rib densities: at 15 mm, 27-29

ribs; 20 mm, 27-30; 25 mm, 27-30; 30 mm, 27-31
; 35 mm, 27-32; 40 mm, 27-31

;

45 mm, 27-30; 50 mm, 28-29; 55 mm, 28-29; 60 mm, 28-30; 70 mm, 28-31 ; 80 mm,
28-31; 90 mm, 28-32; 100 mm, 29-32. Ribs on innermost whorls slender, prorsi-

radiate from umbilical shoulder. Later whorls with stouter more rectiradiate ribs;

on outer whorl strong well-spaced primaries, mainly bifurcate, occasional simple,

intercalatory and polygyrate ribs. Few constrictions. Peristome simple.

Holotype. NMW 77.12G.77; Paratypes, NMW 77. 12G. 78-83.

Horizon. Holotype from Bed 3d at 10-65 m below Bed 2.

Stratigraphical range. Upper Kimmeridgian, pallasioides Zone, ranging from 1 TO m to 6-5 m below Bed 2

(Beds 3d-3g).

Description. Shell evolute, diameter 210-242 mm. Umbilical diameter 94-1 15 mm. Holotype has a diameter

of 242 mm and umbilical diameter of 1 15 mm. There are thirty-five primary and seventy-nine secondary

ribs on the last whorl of the holotype. For rib densities see Diagnosis (above). The variation in rib density

is shown in text -fig. 9.

With increasing diameter the ribs become progressively stouter and lose the pectinatitid slenderness of

the innermost whorls. Point of bifurcation high, not visible within umbilicus except over the last one-fifth

of a whorl where uncoiling of the umbilical seam becomes marked. Constrictions not discernible on inner

whorls.

Outer whorl of holotype has one constriction, situated about one-eighth of way round last whorl, pre-

ceded by a polygyrate rib and followed by a simple unbranched primary rib. Primary ribs on outer whorl

stout, becoming more widely spaced. There is, however, no real variocostation in this species, rib spacing

increases regularly with diameter, so that figures for rib density remain remarkably constant with increasing

diameter. Outer whorl ribs predominantly bifurcate, towards aperture more polygyrate furcations occur,

whereas on the earlier part of the last whorl intercalatory ribs are more common between the bifurcate ribs.

Some paratypes are more coarsely ribbed on outer whorl; they have comparable density of primary ribs to

that of the holotype, but fewer secondary ribs.

Differences in the degree of crushing suggest that the body-chamber was just over three-quarters of

a whorl in length. In three specimens the presumed position of the last septum coincides with a constriction.

Peristome not preserved completely on any one specimen and is probably best preserved on the holotype.

It is smooth and with a suggestion of a slight outward flare.

Remarks. Other large species of Pavlovia may be readily distinguished from this form.

P. kochi Spath (1936, p. 50, pi. 15, fig. 1) is considerably larger than this form, and is

noticeably more densely ribbed at comparable diameters. P. variabilis Spath (1936,

p. 48, pi. 10, fig. 1 ) is smaller (even allowing for the increase in diameter of the Dorset

EXPLANATION OF PLATE 50

Fig. 1. Pavlovia pallasioides (Neaverson). NMW 77.12G.39, x 1. Bed 3e, 7-6 m below Bed 2.

Fig. 2. P. concinna (Neaverson). NMW 77.12G.54, x 1. Bed 1, 1 m above Bed 2.

Fig. 3. P. rotunda gibbosa (Buckman). BMC C. 74670, x 1. Rotunda Nodule Bed. The specimen appears

to consist virtually entirely of phragmocone. Note that the ornament is malformed on the last quarter

of the final (preserved) whorl.
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text-fig. 7. Pavlovia superba sp. nov. Holotype, NMW 77.12G.77, Bed 3d at 10-65 m below Bed 2. x 0-65.

forms due to crushing) and is somewhat more crudely ribbed; it is apparently strati-

graphically younger, and according to Spath is of rotunda Zone age. When Spath

(1936) wrote this, however, the pallasioides Zone fauna was believed to be younger
than the rotunda Zone fauna; it is thus possible that P. variabilis is of similar age to

P. superba. The relationship of this species to the problematical Episphinctoceras

inflatum Neaverson is more difficult to determine. They are presumably of approxi-
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mately the same age, but as mentioned earlier (p. 491), Neaverson’s specimen is so

poor that interpretation is impossible. Only one large specimen of Pavlovia has

hitherto been figured from Russia. Michailov (1966, p. 59, pi. 18, fig. 1) figured a

specimen as P. afif. kochi Spath, but this specimen appears to me to resemble much
more closely certain species of the genus Dorsoplanites such as D. maximus Spath or

D.jamesoni Spath, and indeed the suture line figured by Michailov (1966, text-fig. 28)

is much closer to that of some of the Dorsoplanites that he figures, than to any of his

Pavlovia.

Pavlovia pallasioides (Neaverson, 1924)

Plate 50, fig. 1 ; Plate 52, fig. 4; Plate 53, figs. 1, 4

1895 Ammonites biplex auctt. (non Sow.); Woodward, p. 156, fig. 72.

1924 Holcosphinctes pallasioides Neaverson, p. 149.

1925 Holcosphinctes pallasioides Neaverson; Buckman, pi. 569.

1925 Aposphinctoceras ailesburiense Neaverson, p. 27, pi. 2, fig. 3.

1925 Aposphinctoceras hartwellense Neaverson, p. 28, pi. 2, fig. 4.

1925 Aposphinctoceras variabile Neaverson, p. 29, pi. 2, fig. 5.

1925 Holcosphinctes pallasioides Neaverson; Neaverson: 35, pi. 3, fig. 5.

1933 Pavlovia pallasioides (Neaverson) Arkell, p. 440.

1956 Pavlovia pallasioides (Neaverson); Arkell, pi. 41, fig. 4.

Material. Twenty-one specimens.

Stratigraphical range. Upper Kimmeridgian, pallasioides Zone, ranging from 1 3-4 m to 1 -8 m below Bed 2

(Beds 3d-3h).

Description. There is a very good agreement between specimens from Chapman’s Pool and the holotype

which came from the Hartwell Clay of Hartwell. Diameter of shell ranges from 74 to 105 mm (crushed)

and umbilical diameter from 29 to 41 mm. Rib densities of inner whorls as follows: at 15 mm diameter,

26-30 ribs; at 20 mm, 26-31 ; 25 mm, 25-31 ; 30 mm, 24-29; 35 mm, 28-29; 40 mm, 28. The outer whorl

has 29-33 primary ribs and 51-68 secondary ribs. The largest specimen figured here (NMW 77.12G.69)

has an intact peristome with a distinct anterior projection towards the ventral area. This specimen shows

several polygyrate ribs on the last whorl ; the lower of the two furcations on these ribs occurs at same point

on whorl side as normal point of bifurcation. The one exception to this is about one-fifth of a whorl back

from the peristome where a polygyrate rib has its initial furcation very low on the whorl side; this rib is

succeeded by a simple unbranched primary rib, and the association of these two rib types in this fashion

strongly suggests that there was a constriction at this point, though evidently it was a very shallow one.

Neaverson’s description (1925, p. 35) states that ‘constrictions are few in number and do not interrupt the

normal course of ribbing, being neither conspicuously wide nor deep’. With crushed ammonites constric-

tions are not easily discernible and in the case of their feeble development, detection would be that much
more difficult. Another figured specimen (NMW 77.12G.70) also shows similar rib development a little

distance back from the mouth (not the peristome—which is not preserved on this specimen) of the shell.

This specimen too shows other polygyrate ribs on the last whorl. Body-chamber length of the specimens

appears to be about five-eighths of a whorl.

Remarks. Neaverson’s description (1925, p. 35) contains erroneous dimensions of the

holotype. The diameter is 8 1 mm and not 7 1 mm (nor 83 mm as the ’natural size’ plate

suggests). The umbilical diameter of 37-5 mm is 46-5% of this figure suggesting a

typographical error in the figure given for the diameter. However, the last part of

the body-chamber of the holotype is partially crushed so that figures and whorl height

and thickness cannot be determined. The latest point at which the shell is uncrushed

is at a diameter of 71 mm so that this figure may have been used by Neaverson as
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a basis for his dimensions. However, measurements I have made on the holotype

suggest errors here too. There are thirty-one primary ribs on the last whorl of the

holotype, and an estimated fifty-nine secondary ribs (part of the last whorl is not well

preserved). Rib density measurements on the inner whorls, a partial impression of

which is preserved, suggest that at 20 mm diameter there are 30 ribs; at 25 mm, 30;

and at 35 mm, 29. These rib density figures agree well with the figures given above for

the Dorset specimens.

The various specimens which Neaverson described under his generic name Apo-
sphinctoceras also seem to belong quite clearly to this species. As mentioned earlier

Aposphinctoceras is clearly a Pavlovia and the various species of it described by
Neaverson seem to fall within the range of variation in P. pallasioides (see text-fig. 10).

In the summer of 1972 I had the opportunity to collect from the Hartwell Clay in

a large temporary excavation in Aylesbury, and have also examined the collections

made there by Mr. M. Oates who kindly informed me of the exposure. Some 4 m
below the Upper Lydite Bed there was a horizon yielding the typical beautiful

irridescent ammonites of the Hartwell Clay. Amongst these were typical P. pallasioides

(see Oates 1974 for illustrations). Most of the specimens of this species which I col-

lected there show constrictions, always preceded by a polygyrate rib and followed

by a simple rib in typical Pavlovia fashion. Neaverson’s statement that the constric-

tions do not interrupt the normal course of ribbing is open to criticism. Half a whorl

back from the aperture of the holotype may be seen a polygyrate rib-constriction-

simple rib association. The reverse side of the specimen, however, shows the pro-

gression bifurcate rib-constriction-simple rib. The posterior secondary rib of the

polygyrate rib becomes the anterior secondary of the preceding bifurcate rib on the

other side of the ammonite, and for some way back the secondary ribs zigzag over

the venter— a feature which occurs quite commonly in Pavlovia and is a character

of no specific significance.

There is a striking resemblance between some of the forms figured by Ilovaisky

(1917) and P. pallasioides. Thus P. paratropa (Ilovaisky, pi. 3, fig. 2a) and P. hypo-

phantica (Ilovaisky, pi. 3, fig. 1 a) are close in many characters to P. pallasioides. The
resemblance is so close that it could be suggested that P. paratropa and P. pallasioides

are conspecific. However, it is felt that no useful purpose would be served by making
P. pallasioides a junior synonym of P. paratropa. The similarity cannot be proved to

be conspecificity and the name of P. pallasioides has become so engrained in the

literature that a change is to be deprecated. There is also a resemblance to P. pavlovi

(Michalski) (refigured Michailov 1966, pi. 14, fig. 2), but this latter species has more

EXPLANATION OF PLATE 51

All figs. X 1.

Fig. 1. Pavlovia concinna (Neaverson). NMW 77.12G.118. Rotunda Nodule Bed. Note mature peristome

with ventral protuberance, but note too that this is exaggerated by displacement along a vein.

Fig. 2. P. rotunda (Sowerby). Topotype, BM C. 77957. Rotunda Nodule Bed.

Fig. 3a, b. P. rotunda gibbosa (Buckman). BM C. 77954. Rotunda Nodule Bed. Specimen is entirely phrag-

mocone.

Fig. 4a, b. P. concinna (Neaverson). NMW 77.12G.117. Rotunda Nodule Bed. Fig. 4b is oblique view

showing lateral extension of peristome.
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densely ribbed inner whorls. There can be no doubt that P. pallasioides is a Pavlovia

in the strictest sense, close to the type species, and provides a firm basis for correlation

with the Russian faunas.

The stratigraphical position of P. pallasioides in the Dorset succession has hitherto

been in doubt. Neaverson placed the pallasioides Zone above his rotundum Zone really

without any evidence for this super-position, and his conclusions were not questioned

save by Buckman, who believed the pallasioides Zone to lie below the pectinatus Zone.
Buckman's stand on his ideas on the stratigraphical position of the Hartwell Clay

stems from his being deceived by a workman on the provenance of some pallasioides

Zone ammonites (see Arkell 1933, pp. 465-466). Casey (1967) was the first to show
that the pallasioides Zone lies below, and not above, the rotunda Zone. His conclusion

was based on the occurrence of the pectinatus Zone below the Hartwell Clay and on
the presence of rotunda Zone, but not pallasioides Zone, ammonites in the Upper
Lydite Bed of the south Midlands.

Neaverson (1924, p. 149) had stated that ‘the clays above the rotundum Zone have

yielded ammonites similar to H. pallasioides (though in a poor state of preservation)’.

Spath (1936, p. 161) also recorded ammonites from these highest beds of the Kim-
meridge Clay but was of the opinion that although poorly preserved they did not

resemble the Hartwell Clay fauna. A detailed and prolonged search of these beds has

been made by the writer and although ammonites have been obtained at several

horizons, none resembling P. pallasioides has been found. On the other hand,

undoubted examples of this species occur much lower, below the rotunda Zone fauna,

and range from 13-4 to 1-8 m below Bed 2.

Pavlovia aff. strajevskyi Ilovaisky, 1917

Plate 54, fig. 1

Material. One specimen (NMW 77.12G.85).

Horizon. Upper Kimmeridgian, pallasioides Zone, Bed 3d at 9 m below Bed 2.

Description. The single rather poorly preserved specimen is estimated to have been 68-70 mm in diameter

when complete. Umbilical diameter 25 mm. At 15 mm diameter there are an estimated 25 ribs; at 20 mm,
21 ; 25 mm, 19. Coiling quite evolute, so that parts of at least live whorls are readily visible. Outer whorl

ribs mainly bifurcate, but with occasional simple and two trifurcate ribs. Peristome partially preserved.

Remarks. The similarity to P. strajevskyi is great, with the specimen closely matching

the neotype (Michailov 1966, pi. 19, fig. 5). There is little similarity to any British

forms. It is far more coarsely ribbed than any P. pallasioides
;
rib density is similar

to the specimen described below as P. sp. nov. aff. raricostata but the latter is

EXPLANATION OF PLATE 52

All figs. X 1.

Figs. 1, 3, 5. Pavlovia concinna (Neaverson). BM C. 77944, C. 78 148, C. 77948. Rotunda Nodule Bed. Small

variety of the species; figs. 1 and 5 show examples complete with peristomes.

Fig. 2. P. rotunda gibbosa (Buckman). NMW 77.12G.1 19. Rotunda Nodule Bed. Typical large phragmo-

conic specimen.

Fig. 4. P. pallasioides (Neaverson). NMW 77.12G.38. Bed 3d, 8-5 m below Bed 2.
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larger, and has a more densely ribbed outer whorl with altogether thicker and
heavier ribs.

P. strajevskvi was first described from the Lyapin River area of the Pre-polar Urals

by Ilovaisky (1917). Michailov (1962) founded the genus Strajevskya
,
with P. stra-

jevskyi as type species, for pavloviids with trifurcate or quadrifurcate ribbing, a

tendency to a depressed whorl section, and sutural distinctions. In my opinion these

forms are merely the coarse-ribbed extremes of Pavlovia , and do not warrant separate

generic status. Multi-furcate secondary ribs vary so widely in this genus that no
taxonomic importance can be placed on them. I consider the sutural variation men-
tioned by Michailov to be a direct consequence of the depressed whorl section of

these forms, and of no taxonomic significance. P. strajevskyi is connected to the

typical Pavlovia of the type P. paratropa Ilovaisky by such forms as P. raricostata

Ilovaisky emend. Michailov and P. hypophantiformis (Michailov).

The presence in Britain of a coarsely ribbed Pavlovia such as the form described

here, lends more weight to the comparison between species which occur in the British

pallasioides Zone and the Russian pavlovi Subzone.

Pavlovia sp. nov. aff. raricostata Ilovaisky, 1917

Plate 48, fig. 1

Material. One specimen (NMW 77. 12G.84).

Horizon. Bed 2, Upper Kimmeridgian, basal rotunda Zone.

Description. The specimen is 80 mm in diameter with umbilical diameter of 30 mm. There are twenty-five

primary and forty-four secondary ribs on outer whorl. Innermost whorls not well preserved but appear

to have slender, fairly closely spaced ribs. Ribbing very rapidly becomes more widely spaced and at 20 mm
diameter there are 21 ribs. At 25 mm diameter this has decreased to 19 ribs, and by 30 mm to 17. Ribs on

last umbilical whorl become blunt and are rectiradiate or slightly rursiradiate. Point of furcation of ribs

is just visible over last umbilical half-whorl, denoting slight uncoiling of umbilical seam.

Outer whorl ribs become yet more blunt and have wide angle of furcation. Occasional simple ribs inter-

spersed with predominantly bifurcate ones; one polygyrate rib visible near mouth of shell. Rib density

visibly increases over last half-whorl whose length is presumed to correspond to body-chamber. It is not

known whether mouth of shell is peristome; it is devoid of any modification, but there is no trace of an

umbilical seam beyond this point and thus it seems probable that little, if any, of the shell is missing.

Remarks. This specimen appears unique amongst material hitherto collected. Closest

comparisons are with the Russian species P. raricostata (Ilovaisky’s P. iatrensis var.

raricostata emended Michailov 1962, p. 15) but there are important differences.

Specimens of the latter species are smaller in diameter, even allowing for the crushing

(see Michailov 1966, p. 56), and they do not have as many as twenty-five primary ribs

on the last whorl. Inner whorl comparisons are, however, fairly close, and it is on

this basis that affinity to P. raricostata is suggested. It is felt essential that further

material is obtained before according this species a new name.

EXPLANATION OF PLATE 53

All figs. X 1.

Figs. 1, 4. Pavlovia pallasioides (Neaverson). NMW 77.12G.69, 77.12G.70. Bed 3e, 7-6 m below Bed 2.

Figs. 2, 3. Virgatopavlovia hounstoutensis gen. et sp. nov. Flolotype, NMW 77.12G.98, and paratype,

77.12G.99. 7-5 m below top of Rhynchonella and Lingula Beds.
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Pavlovia sp. B

Text-fig. 8

Material. Two specimens (NMW 77.12G.49, 131).

Stratigraphical range. Upper Kimmeridgian, rotunda Zone, ranging from 10 to 1-85 m above Bed 2 (see

below).

Description. The figured specimen (NMW 77. 12G.49) has a diameter of 374 mm and an umbilical diameter

of 153 mm; it has forty-five primary and at least seventy-five secondary ribs on its last whorl. At 60 mm
diameter there are 27 ribs; at 70 mm, 29; 80 mm, 33; 90 mm, 38; 100 mm, 40; 110 mm, 43; 120 mm, 46;

130 mm, 46; 140 mm, 47; 150 mm, 49. Ribs of inner whorls straight, rectiradiate; tendency to become
prorsiradiate on later whorls. Coiling is tight enough, and furcation point sufficiently high, to conceal

branching of ribs on umbilical whorls.

Outer whorl ribs stouter, less sharp, fairly straight, mostly rectiradiate, but some prorsiradiate. Mainly
bifurcate, but simple primary ribs quite common; few polygyrate ribs. Constrictions occur irregularly;

present on all stages of the shell.

Specimen NMW 77.12G.49 does not show any marked uncoiling of the umbilical seam except over the

last one-eighth of a whorl, nor does the crushing suggest the length (if any) of body-chamber present, so

that it is not possible to tell if this specimen was mature. A trace of an umbilical seam continues for about

30 mm beyond the last preserved part of the shell, so that only a small part of it may be missing. Specimen

NMW 77.12G.131 (not figured) is septate to at least 365 mm diameter. On this specimen a freak of pre-

servation has allowed some sutures to be seen, and it is estimated from the umbilical seam trace over the

last whorl of the shell, that its complete diameter must have been at least 430 mm. In other respects this

specimen agrees well with the other, and it may thus be that the former is not as complete as appearances

would suggest.

Remarks. The very large size of this specimen, the largest species of Pavlovia hitherto

described, is a distinctive feature. The species is far more common than the collection

of two specimens suggests; since the ammonites are very fragile, it needs the collec-

tion of specimens almost totally isolated from erosion to make a satisfactory cast,

but such specimens are infrequently found.

In the soft grey clays 2-5 m below Bed 2, very large ammonites are frequently seen

in section in the cliff'. Specimens with a crushed diameter ofup to 1 -2 m were measured,

though examination of the specimens proved impossible. It seems likely, though, that

these specimens could be allied to Pavlovia sp. B.

P. kochi Spath (1936, p. 50, pi. 15, fig. 1) may be of a similar diameter, as the holo-

type is still septate at a diameter of 220 mm. The trace of the umbilical seam, however,

suggests that the maximum uncrushed diameter was probably 270-280 mm. Even
if specimens of P. kochi should prove to be of similar size to Pavlovia sp. B, the latter

may be readily distinguished by the considerably coarser ribbing on the inner whorls;

at diameters of around 60 mm there are about eight more ribs per whorl on P. kochi.

EXPLANATION OF PLATE 54

All figs. X 1.

Fig. 1. Pavlovia aff. strajevskyi Ilovaisky. NMW 77.12G.85. Bed 3d, 9 0 m below Bed 2.

Figs. 2-4. Virgatopavlovia fittoni gen. et sp. nov. 2, holotype, NMW 77. 12G.86, 7-5 m below top of Rhyn-

chonella and Lingula Beds. 3, paratype, 77. 12G.88. Typical fragmentary specimen, 4-5 nr above specimen

in fig. 2. 4, paratype, 77.12G.97. Horizon as in fig. 2.
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text-fig. 8. Pavlovia sp. B. NMW 77.12G.49, Bed 1, 1-85 m above Bed 2. xO-48.
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text-fig. 9. Rib density of some Upper Kimmeridgian ammonites. D

—

Pectinatites (Pectinatites) dorsetensis; A — Pavlovia sp. A; S P. superha ;

B—Pavlovia sp. B; W— P. composita waddingtoni.

Pavlovia rotunda (Sowerby, 1821)

Plate 47, fig. 2; Plate 51, fig. 2

1821 Ammonites rotundus Sowerby, p. 369, pi. 293, fig. 3.

1924 Pallasiceras rotundum (Sowerby) Spath, p. 16.

1925 Pallasiceras rotundum (Sowerby); Buckman, pi. 590.

1925 Pallasiceras rotundum (Sowerby); Neaverson, p. 18, pi. 1, fig. 6.

1931 Pavlovia rotunda (Sowerby) Spath, p. 431.

1933 Pavlovia rotunda (Sowerby); Arkell, pi. 40, fig. 6.

1947a Pavlovia rotunda (Sowerby); Arkell, pi. 5, fig. 1.

1956 Pavlovia rotunda (Sowerby); Arkell, pi. 41, fig. 5.

Material. Twenty-six reasonably whole specimens, large numbers of fragments of varying sizes.
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Stratigraphical range. Upper Kimmeridgian, rotunda Zone, ranging from Bed 2 upwards to a point some
12 m above the Rotunda Nodule Bed (precise upper limit not determined).

Description. Neaverson’s (1925) topotype is undoubtedly closely related to the holotype which is a water-

worn fragment of body-chamber. The measurements given by Neaverson for this specimen are correct

(1925, p. 18, pi. 1, fig. 6). At 1 5 mm diameter this specimen has 40 ribs; at 20 mm, 36; 25 mm, 31 ; 30 mm,
30; 35 mm, 29; 40 mm, 29; 45 mm, 28 (see range of rib densities in text-fig. 10). Last septum is at about

70 mm diameter and the body-chamber is 200° long. It is not possible to determine whether the peristome

is preserved. Other specimens, though, appear to show the peristome at a similar diameter and one such

specimen is figured here (PI. 5 1 , fig. 2). The peristome on this specimen is inflated both laterally and ventrally,

suggesting that this could be a mature modification. This specimen is 102 mm in diameter, with a whorl

height of 29 mm ( 28-5%), whorl thickness of 30 mm (29-5%), and an umbilical diameter of 50 mm (49 0%);
thus the specimen is very close to Neaverson’s topotype. Also figured here is a crushed specimen, typical

of the forms found at horizons from Bed 2 up to the Rotunda Nodule Bed. This specimen (NMW 77. 1 2G. 12 1

)

is from 2-4 m above Bed 2. It is 130 mm in diameter (this dimension probably corresponds to an uncrushed

diameter of 1 10 mm) and has an umbilical diameter of 54 mm. It is more coarsely ribbed than any of the

topotypes
;
at 20 mm diameter this specimen has 28 ribs ; at 25 mm, 24 ; 30 mm, 25 ; 35 mm, 25 ;

40 mm, 25

;

45 mm, 26; 50 mm, 27. These rib densities are quite close to ones obtained from topotypes at diameters

of over 30 mm; at smaller diameters the Rotunda Nodule Bed forms are more finely ribbed. From beds

below the Rotunda Nodule Bed have been obtained specimens showing a fairly complete series of forms

which link the specimen figured in Plate 47, fig. 2, with that figured in Plate 51, fig. 2, so that there is little

doubt that both forms belong to the same species. The diameter of crushed forms varies from an estimated

100 mm to 130 mm and most of these seem to be mature forms and probably therefore directly comparable

with Rotunda Nodule Bed forms.

Remarks. Ammonites have long been known from the calcareous nodule horizon

which makes up the Rotunda Nodule Bed, but outside the nodules themselves at and

around their horizon, specimens are frequently found which have been partially pre-

served in the round and partly crushed; the uncrushed portion may equally often be

of body-chamber or of phragmocone. These uncrushed portions of ammonites are

fairly resistant to marine erosion and partly rounded specimens may be found on

the beach (particularly in the less accessible areas). It is to this category that Sowerby’s

holotype belongs; as stated earlier, it is a waterworn body-chamber fragment, and

quite possibly came from the clays around the Nodule Bed horizon and not from the

nodules themselves as earlier workers have surmised (Buckman, 1925, legend to

pi. 590; Neaverson 1925, p. 19). There can be no doubt, however, that the horizon

from which the holotype came was within 2 m of the Rotunda Nodule Bed.

Pavlovia rotunda gibbosa (Buckman, 1926)

Plate 50, fig. 3; Plate 51, fig. 3; Plate 52, fig. 2

1926 Lydistratites lyditicus Buckman, pi. 353c, D.

1926 Lydistratites gibbosus Buckman, pi. 639a c.

1926 Lydistratites trigonalis Buckman, pi. 674a, b.

1927 Lydistratites gibbosus Buckman, pi. 639d.

1936 Pavlovia ( Pallasiceras )
gibbosus (Buckman) Spath, p. 27.

1936 Pavlovia ( Pallasiceras) trigonalis (Buckman) Spath, p. 27.

Material. Seven specimens.

Stratigraphical range. Upper Kimmeridgian, rotunda Zone, occurring in the rotunda Nodule Bed (see

Remarks).

Description. Specimen BM C.77954 (PI. 51, fig. 3a, b) is very close in all characters to Buckman’s L. lyditicus

‘plesiotype’. It is entirely phragmocone, 97 mm in diameter, with a whorl height of 26 mm (27%), whorl
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thickness of 38-5 mm (40%), and an umbilical diameter of 50 mm (52%). These figures compare closely

with those quoted by Buckman, except that this specimen appears to have a more depressed whorl section.

At 35 mm diameter there are 24 ribs; at 40 mm, 23; 45 mm, 23; 50 mm, 24. There are thirty-one primary

and fifty-six secondary ribs on the last preserved whorl. Specimen BM C.74670 (PI. 50, fig. 3) is more finely

ribbed; at 20 mm diameter it has 41 ribs; at 25 mm, 36; 30 mm, 32; 35 mm, 28; 40 mm, 26; 45 mm, 25;

50 mm, 25.

Remarks. The holotype of P. rotunda gibbosa is a large phragmoconic whorl segment,

but the proportions of the shell and Buckman’s measurements (222, 28, 40, 50) agree

closely in all respects except absolute size with those given above for specimen

BM C. 77954. Specimen BM C. 74670 has a less depressed whorl section but is other-

wise similar (148, 28, 34, 51).

This subspecies is separated from P. rotunda on the basis that P. rotunda is apparently

mature at a diameter of around 100-120 mm (uncrushed). P. rotunda gibbosa is

mature at an estimated 300-400 mm, and thus specimens of P. rotunda gibbosa are

still entirely septate at around 100-120 mm. I consider, however, that the two forms

are linked by similar rib style and density, but there appears to be a tendency towards

a depressed whorl section in P. rotunda gibbosa. It is possible that Pavlovia sp. B is

closely related to this subspecies but the information available suggests that the former

is more finely ribbed. More material is clearly needed for the relationships of P. rotunda

gibbosa to other pavloviids to be more readily apparent.

L. trigonalis Buckman seems to differ from L. gibbosa only in its whorl section;

it appears probable that the triangular section may not be an original feature, but

even if it were the differences do not appear sufficient to warrant specific distinction.

The association of the large phragmoconic fragments such as Buckman depicted

(a further typical example is figured on PI. 52, fig. 2) with the smaller specimens of

inner whorls, is based on lack of maturity of these latter forms at diameters around

100 mm (or more), and agreement in shell proportions. In the case of the Rotunda
Nodule Bed fauna, these are the only possible smaller forms which can be matched
with the larger phragmoconic specimens. Once all the smaller mature forms have

been eliminated from consideration, few specimens remain, and amongst those

remaining it seems logical to unite forms which are mature at larger diameter than

P. rotunda s.s.

Even larger phragmoconic fragments have been seen in collections from the

Rotunda Nodule Bed. Adult diameter of such large forms must have been well over

400 mm and they may be related to the earlier Pavlovia sp. B (see p. 508), which is,

however, somewhat more finely ribbed. There is some resemblance between P. rotunda

gibbosa and the Greenland species P. inflata Spath (1936, p. 49, pi. 14, fig. 1 a-c),

even down to the constrictions visible throughout development. However, that species

is more involute and has a yet more depressed whorl section.

Pavlovia concinna (Neaverson, 1925)

Plate 47, fig. 1 ; Plate 48, fig. 2; Plate 49, figs. 2, 3; Plate 50, fig. 2; Plate 51, figs. 1,4; Plate 52, figs. 1, 3, 5

1925 Pallasiceras concinnum Neaverson, p. 19, pi. 1, fig. 7.

1925 Pallasiceras pringlei Neaverson, p. 20, pi. 1, fig. 10.

1925 Pallasiceras gracile Neaverson, p. 20, pi. 1, figs. 8, 9.

1936 Pavlovia ( Pallasiceras ) concinna (Neaverson) Spath, p. 42, pi. 10, fig. 2.
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Material. Fifty-five specimens, including both crushed and uncrushed forms.

Stratigraphical range. Upper Kimmeridgian, rotunda Zone, ranging from Bed 2 upwards for about 13 m
above the Rotunda Nodule Bed (precise upper limits of range not determined).

Description. Diameter of uncrushed specimens referable to this species varies from 38 to 58 mm, though
in the case of some smaller diameter forms it is difficult to establish whether they are mature. Proportions

of shell appear to remain fairly constant in spite of these size differences. Thus whorl height varies from
30 to 35% of diameter, whorl thickness from 31 to 34°/

0 , and umbilical diameter from 43 to 50% (the larger

figure obtains on the larger diameter mature forms where noticeable uncoiling of the umbilical seam
takes place).

Ribs on innermost whorls frequently scarcely discernible; in some specimens these whorls are virtually

smooth, bearing only traces of prorsiradiate striations, and it is not until the antepenultimate whorl, at an
umbilical diameter of 7-8 mm, that the ribs become readily apparent. Earliest ribs exceptionally densely

arranged, low in profile, and very fine, in some cases difficult to accurately assess rib density. At 15 mm
diameter the number of ribs varies between approximately 40 and 55, at 20 mm, 32-45, and at 25 mm
(beyond the umbilical diameter in most specimens), 33-34. This variation in rib density is greater at small

diameters than in the other species of Pavlovia described here, and may be in some measure dependent on

the diameter at which the initial ribs were developed (i.e. the point at which the ribs are genuine ribs and
not merely striations). There also seems to be a correlation between mature size and rib density; larger

specimens have less dense ribbing at small diameters than those with a smaller mature diameter. This raises

the possibility that ultimate size could have been a function of rate of growth.

Ribs on inner whorls fine and slender; initially rursiradiate at umbilical shoulder, then swing forwards

sharply to become rectiradiate to markedly prorsiradiate though fairly straight throughout their course

beyond the shoulder. Bifurcation points often quite low on whorl side and on some specimens are regularly

only half way up the side. Regular intercalations of simple unbranched primary ribs occur on these early

whorls, sometimes as frequently as every third rib.

The change from fine, densely packed ribs of the inner whorls to coarsely ribbed outer whorl is accom-

plished in less than half a whorl of rapidly coarsening ribs.

Body-chamber very variable in length, from one-third of a whorl to almost three-quarters, with most

specimens about three-fifths of a whorl. Ornamentation of body-chamber consists of irregular strong

bifurcating ribs, in some cases with occasional constrictions. As with other species of the genus these may
be preceded by a polygyrate furcation and succeeded by a simple rib. In some cases such a simple rib is quite

prominent ventrally, forming a flare-like feature.

The aperture is modified in some examples from the Rotunda Nodule Bed. In one (NMW 77.12G.1 17;

PI. 51, fig. 4), lateral extensions of the peristome are visible, although the specimen does not have its ventral

portion preserved. Another specimen (NMW 77.12G. 118; PI. 51, fig. 1) shows a ventral extension of the

peristome coupled with a thickening of the shell in a manner recalling the horn of the pectinatitids of lower

horizons. The ventral extent of the projection is exaggerated by a calcite-filled vein running across it which

has displaced it ventrally. On some other specimens (e.g. BM C. 77944; PI. 52, fig. 1) the ribs fade towards

the peristome; the peristomal region is smooth, and there is a slight ventral and lateral inflation.

Crushed specimens from horizons both above and below the Rotunda Nodule Bed agree in character

with the uncrushed forms on which the above description is primarily based. If allowance is made for the

crushing they would all seem to fall within the range of diameters given above. The crushed diameters range

from 50 to 66 mm; these figures probably represent original diameters of 42-57 mm. The specimens from

Bed 2 appear to lie towards the coarser end of rib density variation as far as the inner whorls are concerned,

and the transition from the fine ribbing of the inner whorls to the coarse ribbing of the outer whorl is a

more gradual process in these earlier forms. This results in a smaller number of ribs on the outer whorl

of specimens from Bed 2 (mean value of the number of primary ribs on the outer whorl of sixteen specimens

of this species from Bed 2 is 24-2; mean value for twelve specimens from the Rotunda Nodule Bed is 25-8).

On the body-chamber the ribs are chiefly bifurcate but on most specimens there are examples of simple

unbranched primary ribs and intercalatory secondaries. On one specimen (NMW 77.12G.55; PI. 48, fig. 2)

there is a single trifurcate rib about one-third of a whorl back from the peristome; this is not a polygyrate

rib as it has only a single furcation point, and is one of the few Pavlovia specimens noted so far in the Dorset

faunas to show this feature. Amongst the Pavlovia species figured by Ilovaisky (1917) this, however, seems

to be a fairly common characteristic.
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Remarks. There are several discrepancies between the figures on Neaverson’s 1925

plate 1 and the actual specimens. The paratype of P. gracile is 34 mm in diameter

and not 42 mm as the "natural size’ plate suggests. This magnification gives a mis-

leading idea of the specimen, which is in fact much more like the smaller variants of

P. concinna which Neaverson described as P. pringlei. Neaverson’s plate 1, fig. 8 (the

holotype of his P. gracile) was stated by him to be, and is, 42 mm in diameter. The
‘natural size’ plate, however, shows an ammonite 49 mm in diameter. More important,

however, Neaverson omitted to mention two features shown by this specimen:

( 1 ), that it is incomplete ; and (2), that on the reverse side a section of the missing part

of the shell is preserved; the complete shell would have been 53-54 mm in diameter.

This latter specimen is therefore very closely comparable in size with the holotype of

P. concinna (estimated diameter 53 mm). In other characters it is very similar too, and
is probably as closely similar to the holotype of P. concinna as any two pavloviids

are one to the other.

The specimen figured by Spath (1936, pi. 10, fig. 2; GSM 72216) was labelled on
the plate as P. rotunda though the text (1936, p. 42) makes it clear that Spath figured

the specimen as P. concinna. There was clearly an error in the labelling of the plate

and the specimen belongs properly with P. concinna.

The small adult size of this species and the characteristic ornament are sufficiently

distinctive features to render it readily recognizable in the field; there are no other

described British species of Pavlovia with which it is likely to be confused. The closest

similarities are with some ofthe small forms figured by Ilovaisky ( 1 9 1 7 ; e.g. P. modesta ,

pi. 2, fig. 5), though none of these has the same combination of finely ribbed inner

whorls and coarsely ribbed body-chamber at such a small diameter.

As P. concinna is undoubtedly a microconch species, it seems highly probable that

it is the microconch of P. rotunda. It is noticeable that P. concinna is far more abundant
than P. rotunda in Bed 2, but at other horizons both are commonly represented.

Genus virgatopavlovia gen. nov.

Type species. Virgatopavlovia fittoni sp. nov.

Diagnosis. Dimorphic. Macroconchs ribbed on inner whorls with sharp, fine,

bifurcating ribs with high furcation point. Secondary ribs sharp, closely paired as in

Epipallasiceras. Outer whorl with irregular ribbing frequently virgatotome, but also

with polygyrate, bifurcate, or simple ribs and intercalatory secondaries. Body-

chamber approximately half a whorl in length. Peristome simple. Microconchs ribbed

similarly to macroconchs on inner whorls. Body-chamber with mainly bifurcate ribs

as inner whorls, but occasional polygyrate and simple ribs. Peristome simple, fre-

quently preceded by a virgatotome rib. Body-chamber three-eighths to one-half

whorl long.

Stratigraphicat range. Upper Kimmeridgian, fittoni Zone.

Remarks. Ammonites included in this new genus occur in the uppermost beds of the

Kimmeridge Clay. They show the characteristic rib style on the inner whorls of the

Greenland genus Epipallasiceras. Spath (1936, p. 29) proposed this name as a sub-

genus of Pavlovia for a series of Greenland forms which are characterized by sharp
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text-fig. 10. Rib density of some Upper Kimmeridgian ammonites. R—
Pavlovia rotunda

; P— P. pallasioides ; C—P. composite, F —Virgatopavlovia

fittoni.

ribbing, a high bifurcation point with close pairing of the secondary ribs, and fairly

wide rib interspaces. Most of the specimens figured by Spath were incomplete, but the

holotype of E. pseudaperta , the type species (Spath 1936, p. 56, pi. 16, fig. 1), appears

to be a macroconch. Other specimens he figured (e.g. 1936, pi. 9, fig. 3) could well be

microconchs. I earlier identified incomplete ammonites from the higher horizons of

Hounstout Cliff as species of Epipallasiceras (Cope 1971, p. 41), but when more
complete material was collected showing outer whorls with strong, often virgatotome

ribbing, it seemed unrealistic to relate such forms to Epipallasiceras. The presence

of virgatotome ribs, or even more than the very rare polygyrate ribs, seems unknown
in Epipallasiceras. The microconchs of Virgatopavlovia , too, often show virgatotome

ribbing, sometimes restricted to a single rib immediately preceding the smooth,

though well-defined, peristomal margin.
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Equation of these Dorset ammonites with other known genera or subgenera also

raises difficulties. There are undoubted similarities to species of Zaraiskites Semenov,

1898, which genus I earlier identified with some of these forms (Cope 1971, p. 41).

This latter genus appears to contain two distinct species groups: (a) The group of

Z. scythicus (Vischniakoff ). These have finely ribbed inner whorls showing irregular

furcation with simple, bifurcate, or polygyrate ribs. The outer whorls (or at least the

body-chamber) have virgatotome ribs interspersed with irregular developments of

simple, bifurcate, polygyrate, and polyploke ribs, the latter preceding constrictions.

( b )
The group of Z. zarasjkensis (Michalski), which appears intermediate between

Zaraiskites of the scythicus group and Virgatites. In this group the furcation is

virgatotome over at least the last two whorls, and this virgatotome ribbing is very

regular. Secondary ribs appear regularly disposed in sheaves of four to six, and only

the very occasional simple rib interrupts this arrangement.

The Dorset forms appear similar to the species of the scythicus group of Zaraiskites

in that the ribbing of the body-chamber is irregular but chiefly virgatotome. They
differ, however, fundamentally in the character of the ribbing of the inner whorls

which is like the rib style of Epipallasiceras as described above.

Various species of Virgatites Pavlow, 1892 also show some resemblance to Virgato-

pavlovia. Thus Virgatites pilicensis (Michalski 1894, pi. 6, fig. 10) has an outer whorl

very similar to some of the Dorset forms. The inner whorls of the Russian species,

however, bear virgatotome ribs. The same is true of another Russian species, V. sosia

(Michalski 1894, pi. 4, figs. 6, 7), another virgatus Zone form, at first sight closely

similar to Dorset specimens.

On the one hand therefore, Virgatopavlovia is similar to Epipallasiceras , but differs

in the body-chamber ornament of frequent virgatotome or sometimes polygyrate

furcation— a character not seen in any of the Greenland material of Epipallasiceras.

On the other hand, there are similarities to Zaraiskites of the scythicus group, and to

Virgatites of the sosia and pilicensis types. Zaraiskites is not known from beds as

young as this in Russia (see section on correlations, p. 530) and detailed comparison
with Virgatites also rules out that genus as a suitable taxon for these new species.

For these reasons Virgatopavlovia is proposed for these forms; the genus is included

in the Pavloviinae, for whilst showing characters of the Virgatitinae its inner whorls

betray its pavloviid ancestry. The fauna may well be a time equivalent of Epipallasiceras

of the Greenland subprovince, and of Virgatites of the Russian subprovince.

The genus is quite distinct from the later genus Progalhanites Spath, 1936, now
known to be distinct from Zaraiskites. This former genus has polygyrate ribbed inner

whorls and a polygyrate or virgatotome outer whorl; it completely lacks the sharp,

close-paired bifurcate secondaries of Virgatopavlovia
,
and seems always to be ofmuch

smaller size.

Virgatopavlovia fittoni sp. nov.

Plate 54, figs. 2, 3; Plate 55, figs. 1, 4

1958 Zaraiskites sp. House, p. 10.

1970 Zaraiskites sp. Cope, p. 41

.

Diagnosis. Macroconch Virgatopavlovia 108-125 mm in diameter. At 20 mm diameter
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approximately 36-40 ribs; at 25 mm, 34-39; 30 mm, 33-38; 35 mm, 32-35; 40 mm,
30-33; 45 mm, 31 ; 50 mm, 32. Ribs on inner whorls sharp, slender, prorsiradiate;

bifurcation point high, secondaries closely paired with wider interspaces between
primaries. Outer whorl with thicker, sharp ribs, initially bifurcate, rapidly becoming
predominantly polygyrate or virgatotome with up to five secondary ribs to one
primary, occasional simple and bifurcate ribs and intercalatory secondaries. Body-
chamber one-half whorl long. Peristome simple.

Holotvpe , NMW 77.12G.86; Paratypes, NMW 77.12G. 87-96, 111-114.

Material. Fifteen specimens and large numbers of fragmentary specimens of varying sizes.

Horizon. Holotype from 7-5 m below the base of Hounstout Clay at Pier Bottom. Figured paratypes are

from this horizon and from Hounstout Cliff at 3 0 m below base of Hounstout Clay.

Stratigraphical range. Upper Kimmeridgian, fittoni Zone, ranging from 8 0 m below base of Hounstout
Clay to 1-5 m below top of Hounstout Clay. The occurrence of the species in other sections is discussed in

the section on zonal stratigraphy (p. 528).

Description. Holotype 108 mm in diameter with an umbilical diameter of 42 mm; there are twenty-nine

primary and an estimated sixty-five to seventy secondary ribs on the last whorl. Diameter of other measur-

able specimens varies from 108 to 125 mm; umbilical diameter varies from 41 to 55 mm. These figures

possibly include some immature forms.

Ribs of inner whorls fine, slender, rectiradiate to prorsiradiate. On some specimens ribs of innermost

whorls appear to be initially rursiradiate, but it is probable that this feature is not original and is due to

crushing of shell. At 20 mm diameter, the holotype has approximately 40 ribs; at 25 mm, 39; 30 mm, 38;

35 mm, 35 ; 40 mm, 33. These rib densities suggest that the holotype is towards the finer-ribbed end of varia-

tion within the species. The holotype is fairly involute and only on the last half whorl within the umbilicus

is the point of furcation visible. In most specimens a pronounced uncoiling of the umbilical seam occurs

there, which exposes the secondary ribs. Ribs appear to be entirely bifurcate at this point and the secondary

ribs from each primary do not diverge sharply but maintain a close sub-parallel course. Thus between each

pair of the closely grouped secondary ribs there is a comparatively wide rib interspace.

Outer whorl ornament initially of bifurcate ribs, but within a few ribs the first polygyrate furcations appear

and ribs then become irregular polygyrate or virgatotome. The holotype shows a lowering of the point

of furcation with predominantly polygyrate ribs and occasional virgatotome furcations. In addition to the

polygyrate and virgatotome furcations (with up to five secondary ribs on some specimens) occasional simple

and bifurcate ribs persist with some intercalatory secondary ribs. The outer whorl thus presents a rather

untidy array of irregularly disposed rib styles, though some specimens show more regularity of ornament

than others, and no two specimens are the same in their outer whorl ornament.

Differential crushing strongly suggests that the body-chamber is half a whorl in length, though on the

holotype it may be a little shorter in (preserved) length. Peristome straight and shell ribbed right up to

peristome margin. The holotype may not be a mature form. At first sight it is mature and appears to have

a modified peristome. If, however, comparisons are made with other specimens, it may be seen that the size

and ornament can be exactly matched by other specimens at the same diameter. Thus even the apparently

modified peristome of the holotype can be matched with the paratype figured in PI. 55, fig. 1 a quarter

EXPLANATION OF PLATE 55

All figs, x 1.

Figs. 1, 4. Virgatopavlovia fittoni gen. et sp. nov. 1, paratype, NMW 77.12G.90, 7-5 m below top of Rhyn-

chonella and Lingula Beds. 4, paratype, 77.12G.89, 4-5 m above specimen in fig. 1.

Fig. 2. Epmrgatites cf. nikitini (Michalski). Plasticine impression from external mould of inner whorls of

specimen from 10m above Exogyra Bed, Portland Sand, West Weare, Portland. Author’s collection.

Fig. 3. Epmrgatites nikitini (Michalski). 10 m above Exogyra Bed, Portland Sand, West Weare, Portland.

Author’s collection.
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of a whorl hack from its peristome; at this point, this paratype is 107 mm in diameter and has an umbilical

diameter of 42 mm— measurements corresponding more or less exactly to those of the holotype and strongly

suggesting that the holotype is immature or that about one-quarter of a whorl is missing.

Remarks. This species is one of the most common forms in the higher beds of Houn-
stout Cliff, in certain very restricted horizons separated by greater thicknesses of

virtually barren rock. Usually the fossils are very poorly preserved and often frag-

mentary, they crumble readily unless excavation is made deeper into the less weathered

parts of the clays. This is clearly the reason that this species has not been found

hitherto. The ‘triplicate forms' referred to by Spath (1936, p. 161) are from these beds

and included fragments probably belonging to this species. In the Spath collection

are a small number of very poorly preserved ammonites from Pier Bottom, quite

clearly from the same horizon as that which yielded the holotype of V.fittoni.

The specimen from Portland recorded by House (1958, p. 10) is in the Sedgwick

Museum, Cambridge (J47 1 27a). It had been identified as Zaraiskites cf. scythieus by

Arkell, according to the label. Examination of the specimen leaves no doubt that it

is a typical V.fittoni ; the outer whorl of the specimen has been damaged during growth

and the body-chamber shows rather atypical ornament at this point. The specimen

came from 4 m below the Black Nore Sandstone on Portland Isle, a horizon from
which I have also collected the species. This occurrence provides a firm basis for

correlation between the Portland and Purbeck areas near the Kimmeridgian-
Portlandian boundary and confirms an earlier surmise by Arkell (1947u, p. 120).

Virgatopavlovia hounstoutensis sp. nov.

Plate 53, figs. 2, 3; Plate 54, fig. 4

1971 Epipallasiceras sp. Cope, p. 41.

Diagnosis. Microconch Virgatopavlovia 70-80 mm in diameter. Approximate rib

density at 1 5 mm, 33 ribs ; at 20 mm, 3 1 ; 25 mm, 3 1 ; 30 mm, 32. Ribs on inner whorls

sharp, slender prorsiradiate. On outer whorl sharp with close-paired secondaries as

Epipallasiceras but with variable number of polygyrate ribs. Peristome simple, pre-

ceded by a virgatotome or polygyrate rib. Body-chamber one-half to three-fifths of

a whorl long.

Holotype. NMW 77.12G.98; Paratvpes ,
NMW 77.12G.97, 99-105.

Material. Nine reasonably complete specimens, many fragments of various sizes.

Horizon. Holotype from 7-5 m below base of Hounstout Clay on Hounstout.

Stratigraphical range. Upper Kimmeridgian, fittoni Zone, ranging from 8 m below base of Hounstout Clay

to 4 m below the Massive Bed.

Description. Diameter of measurable specimens varies from 70 to 80 mm. Holotype 73 mm in diameter

with umbilical diameter of 29 mm. There are twenty-seven primary and an estimated fifty-three secondary

ribs on the last whorl of the holotype. Rib density as in Diagnosis (above). Ribs of innermost whorls are

fine, slender, with tendency to gentle prorsiradiate curve. On last umbilical whorl ribs become markedly

prorsiradiate, fairly straight; where umbilical seam of outer whorl uncoils, point of bifurcation is visible.

Secondary ribs arise with very acute angle of furcation, thus pairs of ribs are separated by comparatively

wide rib interspaces. This feature is very noticeable on the outer whorl where ribs are predominantly bifur-

cate, but interspersed irregularly amongst these are polygyrate and simple ribs. Peristome preceded in
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virtually every specimen by a polygyrate or virgatotome rib. Peristome smooth, fairly straight, ornamented

solely by growth lines.

Some specimens show shallow constrictions on the body-chamber. The degree of crushing does not,

however, allow this to be determined definitely, but the association of a polygyrate rib with a very low initial

furcation followed by a simple rib suggests a constriction at these points. Dilferential crushing suggests

that the body-chamber is one-half to three-fifths of a whorl in length.

Remarks. The similarity of V. hounstoutensis to species of Epipallasiceras has been

discussed above (p. 516). I have no doubt that the former is a microconch species

of Virgatopavlovia and may well be the microconch of V. fittoni. This association

argues convincingly that V. hounstoutensis is not an Epipallasiceras and this possi-

bility must therefore be precluded. It remains true, however, that fragments of the

species can be confused with Epipallasiceras and one such specimen is figured here

(PI. 56, fig. 2) to show this similarity. The possibility remains that this is an Epi-

pallasiceras, but the fact that more complete material can be seen to be quite distinct

suggests that this is not all that likely.

The specimen figured by Buckman (1926, pi. 693) as Virgatites pallasianus has a

lower furcation point than the specimens here referred to Virgatopavlovia. It appears

to resemble Epipallasiceras more closely than it does Virgatopavlovia. This specimen

was from the Massive Bed of Purbeck, only a little higher in the succession but at the

base of the succeeding albani Zone.

Virgatopavlovia sp. nov. afif.fittoni

Plate 56, fig. 1

Material. Two fairly complete specimens (NMW 77.12G.108, 109), several fragments.

Stratigraphica! range. Upper Kimmeridgian, fittoni Zone, ranging from 7-5 m below base of Hounstout

Clay to 4 m below the Massive Bed.

Description. The figured specimen (NMW 77. 12G.108) has a diameter of 178 mm and an umbilical diameter

of 70 mm. At 50 mm diameter there are about 26 ribs; at 60 mm, 28; 70 mm, 28. Ribs on inner whorls

are quite sharp, and visible furcations within umbilicus show close bunching of each pair of secondary ribs.

Outer whorl primary ribs more rounded in cross-section and stronger; mainly virgatotome and poly-

gyrate, furcation point very low on whorl side. Some bifurcate and simple ribs and intercalatory secondaries.

Peristome not preserved on any specimen and length of body-chamber not known, but crushing suggests

there is about three-fifths of a whorl of body-chamber on the figured specimen, and this is therefore a

minimum length.

Remarks. This species bears some resemblance in rib style to V. fittoni. It differs,

however, in its greater mature size, the blunt nature of the ribs on the body-chamber,
and is probably coarser ribbed on the inner whorls. Large, indeterminate fragments

common in the topmost beds of the Kimmeridge Clay on Hounstout may belong

to this species.

CLASSIFICATION OF THE UPPER KIMMERIDGIAN AMMONITES
The suprageneric classification of uppermost Jurassic perisphinctid ammonites is fraught with problems.

At this time separation of the faunal provinces reached its maximum and separate ammonite stocks

flourished in each province. The British area is withm the Boreal faunal province of Kimmeridgian and

Portlandian times, but withm this province, different faunas can be recognized in particular areas. For
example, differences exist between the faunas of Britain and Greenland, and each of these areas has different

faunas from the Russian ones, with the development of local genera of very restricted areal distribution.



522 PALAEONTOLOGY, VOLUME 21

The problem becomes more pronounced when it is recognized that the phenomenon of heterochronous

homoeomorphy could also be present. As further material is studied, so further examples ofhomoeomorphy
amongst these late Jurassic perisphinctid ammonites have come to light. Thus, work on the lower part of

the Upper Kimmeridgian was confused for many years because it was believed that the British early Upper
Kimmeridgian faunas were to be correlated with those of the Lower Tithonian of Germany; it is only fairly

recently that these correlations have been shown to be erroneous (Cope 1967) and to be based on correla-

tions between two quite separate, but largely homoeomorphic, stocks.

Arkell (1957) placed the late Jurassic perisphinctid ammonites of the Boreal province in three subfamilies

of the family Perisphinctidae. These were the Virgatosphinctinae Spath, 1924, the Dorsoplanitinae Arkell,

1950, and the Virgatitinae Spath, 1924.

Amongst the forms included in the Virgatosphinctinae is the genus Pectinatites. I previously demonstrated

that this form can be traced back to the earlier Propectinatites (Cope 1968«), thus carrying the lineage nearer

to its presumed origin in Upper Oxfordian/Lower Kimmeridgian ataxioceratids. Many Virgatosphinctinae

possess the polygyrate rib style as a feature at least at some point of their development, and thus they all

have presumably an origin in the ataxioceratids where this rib style originated (Geyer 1961). As these forms

have this common ancestry they can conveniently be placed in a single subfamily, albeit large. The Virgato-

sphinctinae are thus a subfamily containing a wide variety of ammonites embracing many shell shapes and
forms and of cosmopolitan spread. The Pectinatites group were separated by Zeiss (1968) as a tribe of the

Virgatosphinctinae (the Pectinatitini)\ to me the Pectinatites group seem to be a purely Boreal series of

genera of the Virgatosphinctinae, but the fact that they are Boreal is in itself no valid reason for separating

them from other forms.

The Dorsoplanitinae of Arkell (1957) are an exclusively Boreal subfamily and include all post-pectinatus

Zone perisphinctids of the British Kimmeridgian and Portlandian with the exception of the Virgatitinae.

The Dorsoplanitinae of Arkell seem to me to include two distinct and usually readily separable groups of

which one, the Pavloviinae, is considerably larger than the other.

The Pavloviinae (pro Pavlovidae Spath, 1931 ; Pavlovinae Spath, 1936) are a remarkably homogeneous
group; they are clearly derived from the Virgatosphinctinae via Pectinatites (see p. 489) and not from

Subdichotomoceras as formerly believed (Arkell 1957, p. L332). The subfamily includes most of the Upper
Kimmeridgian and Portlandian ammonites, many of them barely distinguishable from Pavlovia itself, and

includes the "Portlandian giants’.

The Dorsoplanitinae would then be a much more restricted subfamily and would include forms like

Dorsoplanites itself and its descendant Laugeites, these perhaps leading on to the craspeditids in later Port-

landian times. The origin of the dorsoplanitids could have been via the Sphinctoceras/Subdichotomoceras

group, which already in wheatleyensis Zone times shows very prominent ribs with multiple secondaries

tending to obsolescence, but some species of Pectinatites (particularly those included by Buckman in his

genus Wheatleyites

)

show this tendency in the pectinatus Zone. The only known British Dorsoplanites

occur in the pallasioides Zone (of the Midlands), and already by this time the genus is quite distinct (see

Neaverson 1925, pi. 1, fig. 11). Spath (1936, p. 28) stated that Greenland specimens supported the common
origin of Pavlovia and Dorsoplanites , and figured 'transitional' forms between the two genera (e.g. 1936,

pi. 26, fig. 3). This argues for a close relationship between the two forms, and this is a good example of

a form apparently intermediate between two separate subfamilies.

The subfamily Virgatitinae was stated by Arkell (1957, p. L334) to include ‘extreme developments of

either Virgatosphinctinae or Dorsoplanitinae, or both'. The greatest development of virgatotome ribs occurs

in the genera Virgatites and Zaraiskites , but Arkell also included in this subfamily the genus Michalskia

which has few such ribs. If the presence of virgatotome ribs is the criterion for placing an ammonite in this

subfamily, then it must also include Epivirgatites , Progalbanites, and Virgatopavlovia gen. nov. However,

EXPLANATION OF PLATE 56

Both figs, x 1

.

Fig. 1. Virgatopavlovia sp. nov. aS. fittoni. NMW 77.12G.108, 7-5 m below top of Rhynchonella and

Lingula Beds.

Fig. 2. V. cf. hounstoutensis. NMW 77.12G.107. Typical fragmentary specimen showing similarity of

incomplete material to Epipallasiceras. 7-5 m below top of Rhynchonella and Lingula Beds.



PLATE 56

COPE, Kimmeridge Clay ammonites
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some later genera and species show virgatotome ribbing. For example, specimens of Crendonites gorei

(Salfeld) collected from the top of the Portland Sand display virgatotome furcations on the innermost

whorls. Higher still, in the Portland Stone, ‘Galbanites fasciger Buckman shows the same feature, but the

adult ofwhich it is the nucleus, Titanitespolymeles (Buckman), looks a typical giant pavloviid, and moreover

is associated at the same horizon with other large pavloviids which have bifurcate inner whorls and no trace

of virgatotome ribs.

In other words the presence of virgatotome ribs, in itself, is not sufficient to warrant the inclusion of

a genus in the Virgatitinae. Other factors must be taken into account, and the possible ancestry ofa particular

form is clearly a factor which must have overriding priority.

In the case of Virgatopavlovia there is an immediate problem in that it is cryptogenetic; it is known so

far only from Dorset, and the beds below do not yield (or have not yet yielded) a satisfactory ancestral form.

Classification in this case depends upon whether one looks on Virgatopavlovia as displaying evidence of

palingenesis or of proterogenesis. If the former, an origin in the Pavloviinae is called for. If the latter, the

inner whorls could be taken to presage Epipallasiceras, whilst the body-chamber could support an origin

in the Virgatitinae; but this would have the effect of separating Epipallasiceras completely from Pavlovia ,

to which it is seemingly closely related.

These sorts of arguments could of course make nonsense of any classification, and in a group in which

there is so often some degree of homoeomorphy, it seems best to retain a conservative though flexible

classification, and it is quite possible under such a scheme to place some genera into either one of two

(or more) subfamilies. This was a conclusion reached by Spath (1933, p. 688) who wrote The fact that

a given form may equally well be accommodated in genera that are referred to distinct families need not

inconvenience those who look upon palaeontological nomenclature as a (very inadequate) servant and,

above all, do not allow it to become a bad master’. Although Spath was here referring to the placing of

species into genera, the same considerations surely apply at a higher taxonomic level.

THE AMMONITE ZONES

Earlier collections from the upper part of the Kimmeridge Clay of Dorset, of which the Spath and Wadding-

ton collections are the two most noteworthy, consist predominantly of ammonites from those horizons

from which they can be readily collected. These horizons include the Rotunda Nodule Bed, and Blake’s

Bed 2. The ammonites from the soft clay and mudstone horizons which make up the bulk of the Kimmeridge

succession are barely represented in these earlier collections. It is thus not surprising that the new collections,

on which these descriptions are based, have for the first time established the horizon at which species first

described from the south Midlands occur. The results are a reflection of the condensed sequences charac-

teristic of the south Midlands area, the scattered nature of the exposures (most of them now completely

obliterated) and the lack of accuracy in the recording of horizons from which specimens were obtained

in the past.

Casey (1967) concluded that the pallasioides and rotunda Zones had been listed in the wrong order by

Neaverson (1924, 1925). Proof of this assertion can now be demonstrated in Dorset. The beds in Dorset,

formerly assigned to the pallasioides Zone, are now placed in a new Zone, the fittoni Zone, whilst the

pallasioides Zone fauna has been found beneath the rotunda Zone fauna.

text-fig. 11. Ranges of ammonite species within the upper part of the Upper Kimmeridge Clay in Dorset.

1, Virgatopavlovia sp. nov. all. fittoni. 2, V. hounstoutensis. 3, V.fittoni. 4, Pavlovia rotunda. 5, P. concinna.

6, P. rotunda gibbosa. 7, Pavlovia sp. B. 8, P. aff. raricostata. 9, Pectinatites (Pectinatites) circumligatus.

10
,
Pavloviapallasioides. 11,/*. compositawaddingtoni. 12, P. composita. 13, P. superba. 14, P. aff. strajevskyi.

15, Pectinatites
(
Pectinatites ) devillei. 16, Pavlovia spp. indet. 17, Pavlovia sp. A. 18, Pectinatites {Pectina-

tites) dorsetensis. 19, P. (P.) strahani. 20, P. ( P. ) tricostulatus. 21, P. (P.) cf. pectinatus. 22, P. (

P

.) cornutifer.
1

23, P. ( P. ) naso.
2
24, P. ( P.) paravirgatus. 2

25, P. (P. ) rarescens.

1 See also Cope 1967.
2 See Cope 1967 for description.

Note also that Pavlovia spp. indet. range through the fittoni Zone.
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Pectinatites (Pectinatites) pectinatus Zone

The ammonite faunas of the lower part of this zone have been described in my earlier work on the Upper
Kimmeridge Clay (Cope 1967). As a result of work on these faunas over other areas of Britain (Callomon
and Cope 1971 ; Cope 1974a, 6), the lower part of the zone is now distinguished as the eastlecottensis Sub-
zone, and the upper part as the paravirgatus Subzone. In Purbeck the eastlecottensis Subzone embraces
a thickness of 19- 15 m from the White Stone Band up to the top of Blake’s Bed 11. The faunas of that sub-

zone have been detailed earlier, as the lower part of the pectinatus Zone (Cope 1967, pp. 7, 70) and are

thus not dealt with in detail here.

Pectinatites ( Pectinatites )
paravirgatus Subzone. The paravirgatus Subzone includes horizons from the base

of the Freshwater Steps Stone Band (Blake’s Bed 10) up to the top of Blake’s Bed 5, a thickness of 19-2 m
(coincidentally virtually identical to the thickness of the eastlecottensis Subzone here).

Only one specimen of the subzonal index species has yet been recorded (Cope 1967, p. 63), but allied

species (e.g. P. (P.) dorsetensis) occur quite commonly in this subzone. In addition, pectinatitids included

by Buckman in the genus Wheatleyites appear particularly characteristic. Thus P. (P.) rarescens and
P. (P.) tricostulatus are both recorded from the subzone in Dorset. The fauna is an assemblage well known
from the south Midlands where, unfortunately, the combination of a series of thin and condensed succes-

sions with previous imprecise recording of faunal horizons sometimes suggests that the eastlecottensis and
paravirgatus faunas coexisted. However, study of borehole faunas through the basal part of the pectinatus

Zone and discriminatory readings of faunal lists leave no doubt that the faunas of the two subzones are

readily separable and recognizable (Cope 1974a).

Pavlovia pallasioides Zone

The pallasioides Zone includes Blake’s Beds 3 and 4 of the Isle of Purbeck succession, having a total

thickness of 34 8 m. These beds have previously been included in the rotunda Zone, following Neaverson

(1924, 1925), and Arkell (1947a, p. 79) stated that ‘Specific determination of the ammonites is impossible

owing to the bad state of preservation’. Casey (1967, p. 130) suggested that the pallasioides Zone fauna

occurred within the Crushed Ammonoid Shales (Beds 3 and 4).

The zone is now recorded for the first time in the Dorset succession. The Hartwell Clay at Aylesbury is

the type locality for the pallasioides Zone, and descriptions of the fauna are to be found in Neaverson’s

1925 paper. Further ammonites from the Hartwell Clay were figured by Spath (1936). The stratigraphical

position of the Hartwell Clay was the subject of lively controversy for some considerable time, and illustrates

well the difficulties which may occur when attempting to piece together a succession from a series of small

and isolated exposures. This earlier controversy centred around Buckman’s contention that the Hartwell

Clay fauna was earlier than the pectinatus Zone. This was finally resolved when it was found that Buckman
had been deceived about the provenance of some ammonites by a dishonest workman. Neaverson’s placing

of the rotunda Zone beneath the pallasioides Zone was accepted more or less without question, until Casey

argued on evidence from the south Midlands that the pallasioides Zone was earlier (1967, p. 130).

In 1972 I had the opportunity of examining a temporary section of the Hartwell Clay in Aylesbury. The
top of the section was marked by the Upper Lydite Bed. P. pallasioides seems a particularly appropriate

choice as a zonal index species, for not only is it common in the type area, but also occurs in Dorset and has

been recorded from Swindon (Kitchm 1926).

In Dorset, species (other than P. pallasioides) which are common in the Aylesbury area appear to be

absent from the fauna, although it is possible that collection failure is responsible for this apparent absence;

but a feature which appears to characterize Upper Kimmeridgian faunas at several horizons is that species

which occur commonly in the south Midlands are often rare or even absent on the south coast. For example

Dorsoplanites ultimus (Neaverson) has not been found south of the Aylesbury region; neither has the genus

Sphinctoceras been found to the south of the Oxford area, lower in the succession. Within the Boreal faunal

province, there seems to have been extreme provincialization of the faunas at this time, and differences

between the Midlands and the south coast seem no longer unexpected.

P. pallasioides itself occurs from 10 0 to 6-5 m below Bed 2, and the apparent restriction of this species

to some 3-5 m of clays suggests that the Hartwell Clay fauna is only equivalent to part of the thickness of

beds included here in the pallasioides Zone. The earliest Pavlovia faunas of Dorset are apparently un-

represented in the Hartwell Clay and these lower beds of the pallasioides Zone are to be correlated with
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the non-sequence reflected in the Lower Lydite Bed of the south Midlands. At present I consider that

insufficient is known of these lower pallasioides Zone faunas to merit the recognition of a separate subzonal

fauna, though this may prove desirable in the future.

A link with the pectinatus Zone below is provided by the occasional specimens of the genus Pectinatites ,

the youngest known species of which (P. circumligatus) occurs near the top of the zone. The base of the

rotunda Zone above is marked by the appearance of the small pavloviids of the concinna group.

Pavlovia rotunda Zone

This zone includes beds from the base of Bed 2 up to a point 8 0 m below the base of the Hounstout Clay,

comprising a thickness of 35-8 m.

The zonal index species is a characteristic fossil of all but the top 14 m of the zone, but the small micro-

conch forms, such as P. concinna
,
with their relatively coarsely ribbed body-chambers are more readily

recognized in the field; they appear first in the Kimmeridge section in Blake’s Bed 2 which forms a very

conspicuous datum on the beach at Chapman’s Pool. The base of this bed is therefore taken as the base

of the rotunda Zone in the Purbeck area. Small microconchs of this concinna group are common for some
distance above the Rotunda Nodule Bed; they seem to persist for at least 13 m above this latter horizon,

although the precise point in the section where they cease to occur is not easy to ascertain, as this is about

the only part of the whole succession which is not readily accessible at some point. The basal part of the

Lingula Shales has proved singularly poor in ammonites, but it seems that by this time the concinna group

of pavloviids had become extinct. However, it is not until a point 8-0 m below the base of the Hounstout

Clay that a recognizably new fauna with Virgatopavlovia appears.

Ammonites of the concinna group are amongst the most readily recognizable of the phosphatized forms

found in the Upper Lydite Bed of the south Midlands, and this latter horizon was correlated by Casey

(1967) with the Rotunda Nodule Bed of Chapman’s Pool, thus vindicating an earlier correlation of Buck-

man’s (1926, p. 31 ) which was not until very recently accepted. The pause in deposition, so marked further

north, was probably minimal at Chapman’s Pool, which evidently lay well away from the fringes of the

depositional basin, although even here occasional ammonites may be partially phosphatized. Only a short

distance to the west, at Ringstead Bay there is a typical Lydite Bed development at this horizon (Arkell

1947a, p. 82).

Virgatopavlovia fittoni Zone

This new zone is proposed for the beds above the rotunda Zone and includes horizons up to the base

of the Massive Bed, marking the base of the Portland Sand in the succession on Hounstout Cliff. This

latter horizon also marks the base of the Progalbanites albani Zone and the base of the Portlandian Stage.

The junction with the underlying rotunda Zone is drawn at the first appearance of Virgatopavlovia at a point

8 m below the Hounstout Clay. The total thickness of rocks assigned to the zone is 37-35 m on Hounstout

Cliff.

These beds have for many years been correlated with the pallasioides Zone, following Neaverson (1924,

1925), although Arkell (1947a, p. 79) stated that \ . . their association with the pallasioides Zone ... is

still only tentative’. Earlier attempts to find identifiable ammonites were not successful although the Spath

collection does contain a few fragmentary specimens which Spath concluded did not look like Hartwell

Clay forms (Spath 1936, p. 161). The Waddington collection contains no significant material from these

horizons.

The beds which constitute the fittoni Zone on Hounstout are characterized by increasing amounts of

silt at some horizons. This feature and the prevalence of relatively large thicknesses of thickly bedded,

poorly jointed clays, suggests that this was a period of fairly rapid sediment accumulation. The scarcity of

bituminous horizons (apart from a few thin ones in the Hounstout Clay) may be another pointer in this

direction. The horizons at which ammonites are found are quite discrete levels, separated by virtually

barren sediments. Thus it seems that rapid sedimentation was interspersed with short periods of relatively

slow deposition, during which ammonite shells accumulated in larger numbers.

The zonal index species is associated with other species of Virgatopavlovia and with occasional small

pavloviids. These latter forms are seemingly devoid of the coarse-ribbed body-chamber so typical of the

earlier concinna group, but no really adequate material has yet been obtained. Preservation of the whole

fauna is almost always poor, and excavation for some distance under the surface is necessary to obtain
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even remotely satisfactory material. Insufficient material has yet been collected to draw any firm con-

clusions on the range of the species of Virgatopavlovia within the zone.

Specimens of Virgatopavlovia have been found on Portland Isle in the Lower Black Nore Beds (Arkell

1947a, p. 120), where they were first recorded by House (1958, p. 10) as Zaraiskites. There, they underly

a fauna with Progalbanites and succeed shales with poorly preserved Pavlovia spp. At Dungy Head, 1 km
to the west of Lulworth Cove, a nodular horizon at the top of Arkell’s Bed 3 (1935, p. 321

)
yielded a readily

recognizable specimen of V. fittoni. Here, too, Progalbanites was found to occur a little higher in the

succession, signifying the albani Zone above.

The fauna of this zone is thus distinctive and readily recognizable and is here recorded from three separate

localities in Dorset, a distance of some 30 km separating the Portland from the east Purbeck sections. In

inland localities, however, the zone has not been identified and it thus appears that it is missing at the

non-sequence at the horizon of the Upper Lydite Bed in the south Midlands. Horizons at the critical level

are not exposed in the Vale of Wardour, but around Swindon the underlying rotunda Zone is reduced to

derived material in the Upper Lydite Bed and the Portlandian faunas rest directly on the pallasioides Zone.

CORRELATIONS
Great Britain

Northwards from the fine coastal sections of Dorset, information on the Kimmeridge Clay has almost

entirely to be obtained from published records, for most of the inland exposures have long since vanished.

A few recent boreholes have helped to confirm the faunal succession established on the coast (Callomon

and Cope 1971 ; Cope 1974a).

Over much of the country, horizons younger than the pectinatus Zone are not preserved. In Yorkshire

(Cope 1974/?) the eastlecottensis Subzone is overlain by the Coprolite Bed at the base of the Speeton Clay,

and this former horizon directly underlies the Spilsby Sandstone and Sandringham Sands further to the

south in the Wash area (Cope 1974a).

It is only in the south Midlands from the Aylesbury region westwards to Swindon that higher horizons

in the Kimmeridgian are known. This area has yielded many finely preserved ammonites at several horizons.

The beautifully preserved irridescent ammonites of the Hartwell Clay of Aylesbury have long been known,

and fine ammonites have also been obtained from the Shotover Grit Sands. The old brick and sand pits

of the area were the source of most of the type material figured by Buckman and Neaverson. Unfortunately,

the area also provided the basis for the zonal stratigraphy of the Upper Kimmeridgian and this resulted

in an unsatisfactory zonal scheme which it has taken many years to untangle. In contrast, the type section

in Dorset which was almost entirely ignored because of the badly preserved faunas appears to be entirely

without breaks and has thus highlighted the non-sequences to the north (text-fig. 12).

The succession at Swindon, modified from Arkell ( 1947/?, p. 1 18), Buckman ( 1923, p. 29), and Chatwin

and Pringle (1922, p. 163) is:

metres

Glauconitic Beds 10
Upper Lydite Bed up to 015
Swindon Clay up to 60
Lower Lydite Bed 0-2

Exogyra nana Beds up to 1-2

Pectinatus Sandstone up to 1-2

The Pectinatus Sandstone clearly belongs to the eastlecottensis Subzone of the pectinatus Zone, as it yielded

the holotype of P. (P.) eastlecottensis (Salfeld). The overlying Exogyra nana Beds have yielded 'Perisphinctes

cf. devilled (Buckman 1923, p. 29) which presumably refers to a Pectinatites microconch, and this may be

representative of part of the paravirgatus Subzone. The latter subzone is largely reflected, however, in the

non-sequence of the Lower Lydite Bed ; this non-sequence must also take in the lower part of the pallasioides

Zone. The Swindon Clay is to be correlated with the rest of the pallasioides Zone as it has provided Pavlovia

pallasioides and other pallasioides Zone ammonites (Kitchin 1926).

A major non-sequence is indicated by the Upper Lydite Bed, for the succeeding Glauconitic Beds yield

ammonites characteristic of the top of the Portland Sand of Dorset. The Upper Lydite Bed therefore
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embraces horizons from the basal rotunda Zone through the succeeding fittoni Zone and the lower zones
of the Portlandian Stage.

The succession in the Oxford area shows marked similarities to that of the Swindon region, but there

are some significant differences. The succession for

(19476, pp. 107-110):

Glauconitic Beds

Upper Lydite Bed
Wheatley Sand*
Hartwell Clay

Lower Lydite Bed

Shotover Grit Sands

Shotover Fine Sands

Oxford area listed below is modified from Arkell

metres

TO
up to 0-3

up to 3-6

up to 3-6

up to 015
4-5

L2

* The Wheatley Sand listed here is the Wheatley Sand of Arkell (19476), which is the Thame Sands of Arkell

(1943). These are not to be confused with the Wheatley Sands of Buckman (1922, p. 28), or the Thame Sands of

Buckman (1926, p. 36), which are both equivalent to the Shotover Grit Sands (see Arkell 19476, pp. 1 10-1 1 1 ).

The Shotover Grit Sands have yielded a large ammonite fauna mainly indicative of the paravirgatus Sub-

zone of the pectinatus Zone, but with possible representatives of the eastlecottensis Subzone. It seems more
likely, however, that the Shotover Fine Sands are of eastlecottensis Subzone age and not of hudlestoni Zone
age as I earlier suggested they might be (1967, p. 72). The Lower Lydite Bed probably encompasses a smaller

non-sequence here than at Swindon and, in view of the fact that there is a good paravirgatus Subzone fauna

below, may span only the lower pal/asioides Zone.

The pallasioides Zone is represented in part by the Hartwell Clay, but the succeeding Wheatley Sand,

which has not yielded ammonites, probably also correlates with this zone, since the Hartwell Clay is thinner

here than at Swindon (where it is known as the Swindon Clay) and thinner too than its development at

Aylesbury. The Wheatley Sand may thus be an arenaceous development of the upper part of the Hart-

well Clay.

As at Swindon, the Upper Lydite Bed encompasses a major non-sequence extending from the rotunda

Zone up to horizons well into the Portlandian. Casey’s statement that the albani Zone fauna is the indigenous

element in the Upper Lydite Bed (1967, p. 1 32) is not accepted. There is no doubt that the albani Zone fauna

is present in that horizon as Casey has demonstrated (1967, p. 132), but there are later faunal elements

present too. As stated earlier, in my opinion the holotype of Lydistratites lyditicus Buckman correlates

with ammonites higher in the Portland Sand succession of Dorset than the albani Zone. This belief is con-

firmed by the fauna of the Glauconitic Beds above the Upper Lydite Bed, which requires correlation with

horizons very high in the Dorset Portland Sand (Wimbledon and Cope 1978).

Russia ( Volga Basin)

Correlation between the British Kimmeridgian/Portlandian succession and that of Russia has been the

subject of controversy for many decades. The Russian Volgian faunas, characterized in their lower parts

by the genera Virgatites and Zaraiskites have been sought in the uppermost Jurassic rocks of north-west

Europe. Salfeld (1913) identified some of the British Upper Kimmeridgian forms with Russian species and

introduced a zone of Virgatites miatschkovensis succeeded by a zone of Perisphinctes pallasianus. Neaverson

later showed (1925) that the British forms were not related to the Russian faunas as Salfeld had supposed,

and founded new genera for the British Upper Kimmeridgian ammonites.

Later discoveries of ammonites from the basal Portland Sand led Buckman to believe that he had found
4

Virgatites’ scythicus on the Dorset coast. These ammonites were later included in the genus Progalbanites

Spath, 1936 (type species P. albani (Arkell, 1935)).

The relationship of Progalbanites to Zaraiskites has long been disputed. Arkell (1957) believed it to be

synonymous with Zaraiskites, and recent correlations of the Dorset succession with the Volga Basin (e.g.

Arkell 1956; Gerasimov and Mikhailov 1966) have relied on the identity of the Zaraiskites fauna with the

albani Zone fauna of Dorset. Casey’s demonstration of the fact that the pallasioides Zone fauna is older

and not younger than the rotunda fauna, led him to re-examine these correlations (1967, pp. 131-133). His

conclusion was that Progalbanites is younger than Zaraiskites and that in Britain Progalbanites occurs
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VOLGA BAS5N
(After Gerasimov &Michailov 1966)

DORSET
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text-fig. 13. Suggested correlations between the upper part of the Upper Kimmeridgian

and the type Volgian succession.

together with the Russian genus Epivirgatites
,
this latter genus having been previously described under

various other names in Britain (Casey 1967, p. 132).

I intend to describe the ammonite faunas of the Portland Sand of Britain in the near future, but mean-
while I consider it useful to figure specimens here to show Dorset specimens of Epivirgatites nikitini

(Michalski). Two specimens are figured in PI. 55, figs. 2 and 3. The larger specimen shows the typical rib

style of the species (and genus), in particular the constrictions preceded by a four-branched rib which is

in effect a polygyrate rib with an extra secondary with a very low origin to the anterior of the primary

rib. The association of this rib type with normal bifurcate ribs seems unique to Epivirgatites. The smaller

figure shows the inner whorl development of the Dorset forms, and polygyrate ribs just as do specimens

figured by Michalski (1894). These figured specimens were collected 1 m above the Portland Sand Exogyra

Bed (Arkell 1947a, p. 120) at West Weare Cliffs on Portland Isle, a position at the top of the albani Zone.

Epivirgatites is entirely restricted to the nikitini Zone of the Volga Basin and the genus is therefore of

paramount importance in the correlation of the two areas. Having thus established a firm point of correla-

tion at the albani Zone horizon, one can look for possible points of correlation lower in the succession. The
British Dorsoplanites ultimus (Neaverson) from the pallasioides Zone of the Midlands correlates with the
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Dorsoplanites panderi Zone of the Volga Basin; the base of the pavlovi Subzone seems the most obvious
level, as the Dorsoplanites specimens reputedly came from low in the Hartwell Clay (Neaverson 1925,

p. 21 ) and in this way pavloviids of the pallasioides Zone can be taken as time-equivalents of clearly related

species in the pavlovi Subzone. This suggests that the overlying zarasjkensis Subzone correlates with the

British rotunda Zone, though there is no direct link between the two faunas. The virgatus Zone would then

correlate with the fittoni and also probably lower albani Zones.

The next zone above the nikitini Zone in the Volgian succession is thefulgens Zone of the Upper Volgian,

to be correlated as Casey (1967, p. 129) suggested with horizons younger than the Portland Stone. The
Volgian stage must therefore be very incomplete and is clearly unsuitable as an international Standard

Stage (Casey 1967, p. 132).
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A PHENETIC STRATEGY MODEL FOR
DALMANELLID BRACHIOPODS

by J. M. HURST

Abstract. A detailed morphological study, through a sequence of nearshore to offshore sedimentary facies, of the

Ordovician dalmanellid Onniella and the Silurian Isorthis, suggests that there is a positive correlation between

environment and morphotype. A phenetic strategy model is proposed in which offshore dalmanellid populations

are characterized by deep, rounded sulcate shells, V-shaped deep pedicle muscle fields, strong crural fossettes, strongly

impressed dorsal adductor muscle fields (i.e. quadripartite), large non-restricted brachial valve sockets, and coarse

costellae. By contrast, nearshore dalmanellid populations are characterized by transverse, shallow, non-sulcate shells

with U-shaped shallow pedicle muscle fields, weak crural fossettes, weakly impressed dorsal adductor muscle fields,

restricted brachial valve sockets, buttressed brachiophores, and fine costellae. There are exceptions to the model but

generally the positive correlation, which is explained in terms of functional necessity, has repercussions on previously

proposed species phylogenies and their use as biostratigraphic indicators.

Dalmanellid brachiopods are abundant in most Lower Palaeozoic facies, and
individual genera and species are often very widespread spatially as well as temporally.

These two factors, combined with the morphological simplicity of the group (see

Williams and Wright 1963), provide an ideal opportunity to study aspects of phenetic

variation.

The aim of this report is to present a basic phenetic model for various dalmanellid

genera in Lower Palaeozoic clastic facies, and is organized around two basic topics.

The first of these involves the documentation of phenetic variability patterns of

populations of Onniella through the type upper Caradoc (Ordovician) rocks of south

Shropshire (text-fig. 1). These patterns are then compared directly with the Silurian

genus Isorthis
,
again based mainly on populations from the Ludlow elastics of the

Welsh Borderland. The utility of any model depends upon the extent to which it can

be tested : that presented here is eminently testable.

SAMPLING AND METHODS

The samples used for the Onniella and Isorthis part of the study were obtained for

bulk collections of fossils made for quantitative palaeoecological purposes (see

Hurst and Hewitt 1977 ;
Hurst and Watkins 1978). Sampling was carried out through

continuous profiles with a maximum of 1 m stratigraphically between adjacent

samples, and additional bed-by-bed collecting was undertaken at transition points

between sedimentary facies.

The majority of Onniella and Isorthis samples were derived from bioturbated muds
and silts in which current-produced sedimentary structures were absent. These
occurrences correspond to the ‘disturbed neighbourhood assemblages’ of Scott (1974)

and, despite their ‘time-averaged’ nature, are the nearest approximation to a local

species population in the sense of Mayr (1963). The main difference between the

biological population and the disturbed neighbourhood assemblage sample is that

[Palaeontology, Vol. 21, Part 3, 1978, pp. 535-554, pis. 57-59.]
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the latter is probably composed of several generations of interbreeding individuals.

A very small number of samples derive from coquinas and concentrated swell lags,

and these relate directly to mixing of bottom faunas due to the passage of storms

(Brenner and Davies 1973; Goldring and Bridges 1973).

The taxonomic basis for this report is twofold. First, the upper Caradoc Onniella

species of Bancroft (1928, 1945) have been revised by Hurst (1978), and secondly,

Ludlow Isorthis species have been dealt with by Hurst and Watkins (1978). Briefly,

samples of individuals, as qualified above, were statistically analysed following the

procedure outlined by Williams (1962, 1963, 1974), in which the morphological

variation is expressed quantitatively. Only samples or groups of samples which
showed statistically significant morphological gaps (i.e. morphological non-overlap

at the 95% confidence interval level) were considered to represent different morpho-
species.

None of the Onniella or Isorthis statistical data will be reproduced here, but all of

it has been placed in the British Museum (Natural History), London depository and
is freely available from there, as well as on request from the author. It has also been

deposited with the British Library, Boston Spa, Wetherby, Yorkshire, LS23 7BQ,
U.K. as Supplementary Publication No. SUP 14010 (20 pages). Figured speci-

mens prefixed by BB are deposited in the British Museum (Natural History), London,
MGUH in the Mineralogisk and Geologisk Museum, Copenhagen, USNM in the

United States National Museum, Washington, and OUMC in the University Museum,
Oxford. Locality details of samples referred to in the text and diagrams (e.g. DH1)
have been deposited, along with the collections themselves, in the British Museum
(Natural History), London.

SEDIMENTARY FACIES

Major sedimentary facies in the upper Caradoc are shown in text-fig. 1, and those of

the Ludlow in text-fig. 2. These vertical sequences of facies, which essentially represent

a movement from nearshore to offshore environments in the Caradoc and vice versa

in the Ludlow, have direct implications for the evolution of Onniella and Isorthis.

Briefly the facies include:

1. Amalgamated facies (text-fig. 1). This is known only from the Caradoc and

consists of nearshore amalgamated beds of storm-deposited sandy silts and sands,

with very occasional thin bioturbated silt partings. The bulk of the sediments are

parallel or low angle cross laminated and contain shell lags, up to 50 cm thick in the

Alternata Limestone, but which decrease in thickness and frequency into the lowest

part of the Cheney Longville Flags. These shelf sediments were deposited totally

under conditions of high energy and have been related to mass transport during

storms (Gadow and Reineck 1969; Howard and Reineck 1972; Goldring and

Bridges 1973; Reineck and Singh 1973).

2. Sands and silt facies (text-figs. 1 and 2). This consists of a sequence of bioturbated

fine sands and sandy silts interbedded with discrete tabular sheets of laminated fine

sand. The thickness and frequency of these tabular sand sheets decrease upwards

through the Cheney Longville Flags (text-fig. 1), but increase upwards from the

Lower Leintwardine Beds into the Whitcliffe Beds in the Ludlow (text-fig. 2). At the
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text-fig. 1 . Sketch map of Wales showing the location of the Caradoc
area, and giving a generalized stratigraphic facies sequence of the upper

Caradoc rocks, based on the Onny Valley section.

same time there is an increase (Caradoc) and decrease (Ludlow) of interbedded

bioturbated sediments. The bioturbated sands and sandy silts contain a scattered,

low-diversity shelly fauna dominated by articulate brachiopods, which is similar to

a ‘disturbed neighbourhood assemblage’ of Scott (1974). The tabular laminated sand

sheets, which are also the result of storm action (Goldring and Bridges 1973) have
erosional bases and often contain basal lags of transported shells. The uppermost
Cheney Longville Flags consist of bioturbated sandy silts with rare, isolated, thin,

and partially bioturbated tabular sand layers. Numerous thin layers of convex-

upward shells form swell lags which are similar to the ones described from the Jurassic

of America by Brenner and Davies (1973) and result from distal storm action.



538 PALAEONTOLOGY, VOLUME 21

LUDLOW PERTON

text-fig. 2. Ludlow stratigraphy and facies of the shelf areas of the Welsh
Borderland (redrawn from Watkins 1978). See text-fig. 1 for facies symbols

and geographic location of Ludlow and Perton. Note that the Ludlow
bioturbated calcareous siltstone facies is drawn for the sake of convenience

to include the Aymestry Limestone, which is a purer carbonate facies (see

Watkins 1978).

3. Bioturbated siltfacies (text-figs. 1 and 2). This facies is the more distal equivalent

of the nearshore storm-deposited facies, and is formed by the low-energy settling of

suspended silt and mud, which is subsequently thoroughly reworked by infauna.

Swell lags are present, as are thin (2-5 cm) laminated silt layers in the Ludlow
equivalent.

4. Bioturbated calcareous siltfacies (text-figs. 1 and 2). This facies displays the same
general features as the previous one, except that it has a very high carbonate content,

and no swell lags are known from the Caradoc.

5. Bioturbated mud facies (text-figs. 1 and 2). These are probably the most quiet-

water offshore deposits in the upper Caradoc and Ludlow sequences, and consist of

somewhat calcareous, thoroughly bioturbated muds. This facies corresponds to the

shelf mud facies of Reineck and Singh (1973). Occasionally, thin laminated silt layers

(2-5 cm) occur in the Ludlow.

6. Laminated shalefacies (text-figs. 1 and 2). This facies is characterized by parallel

lamination; the laminae are formed of different grain sizes of silt and mud a few

millimetres thick. Bioturbation is low or absent. The grain size and composition are

similar to those in the bioturbated mud facies, and these two facies probably represent

lateral equivalents of each other. The lamination is probably due to the inhibition of

infauna, a feature which on modern shelves is related to very low concentrations of

dissolved oxygen (Emery and Hiislemann 1961; Calvert 1964). Fauna is rare and
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consists primarily of trilobites and graptolites. Benthic shells, primarily species from
the bioturbated mud facies, are very rare.

These sedimentary facies represent a movement from nearshore, shallow-water,

high-energy areas, subject to frequent episodic rates of sediment deposition (amalga-

mated facies), through to offshore, deeper, quiet-water areas with slower, probably
more constant sedimentation rates (bioturbated mud facies). The intermediate facies

represent a combination of environmental factors. Examination of text-figs. 1 and 2

reveals that the upper Caradoc represents a transgressive sequence whilst the shelf

Ludlow represents a regressive sequence.

ONNIELLA PHENETIC PATTERNS

The morphological and population trends of the component species of upper Caradoc
Onniella are shown in Plate 57. Populations show a stratigraphic sequence of O. reuschi

-> O. depressa —>• O. broeggeri, which directly corresponds to a transgressive deposi-

tional sequence of sands and silts/bioturbated silts -> bioturbated carbonate silts ->

bioturbated muds. O. reuschi is a member of the middle shelf communities, whilst

O. depressa and O. broeggeri are members of the more distal shelf communities. The
main morphological trends seen in Onniella involve : a decrease in shell size and an
increase in pedicle valve depth; less transverse shells; a change from population

predominantly with a U- to ones with a V-shaped pedicle diductor muscle field

(PI. 57; text-fig. 3); a complementary increase in pedicle diductor muscle field depth

(i.e. increase to strongly impressed forms; PI. 57); an increase in members of the

population with strong crural fossettes (text-fig. 3); an increase in size of the sockets

adjacent to the brachiophores (this is often masked in large specimens of O. broeggeri

by secondary calcite deposition around the brachiophore) and related to this is the

fairly common occurrence of incipient fulcral plate development in O. reuschi

specimens (PI. 57, fig. 23); increase in dorsal adductor muscle field impression,

resulting in quadripartite appearance and increase in coarseness of ribs and sulcal

development (PI. 57; text-fig. 3; Hurst 1978).

The above data suggest a positive correlation between species morphology and
sedimentary facies. Further, the above information on Onniella is based on analysis

of sections in and around the Onny Valley (see Dean 1958, 1964 and Greig et al. 1968

for local stratigraphic and geographic details). However, to the north of the Onny
Valley, in the vicinity of Acton Scott (see Dean 1958), the middle Actonian consists

of bioturbated sandy silts, similar to the uppermost Cheney Longville Flags sedi-

ments. These sediments follow on from the bioturbated calcareous silt facies and
indicate a local slight regressive event. Not only is the fauna of this restricted Actonian
facies identical in species composition and relative abundances to that of the upper-

most Cheney Longville Flags, but the species of Onniella present is O. reuschi (see

PI. 57; Hurst 1978). Thus, in the Acton Scott area the stratigraphic sequence of

Onniella is O. reuschi -> O. depressa —> O. reuschi. The bioturbated mud facies is

not developed in the Acton Scott area and O. broeggeri is therefore absent. Con-
sequently, during middle Actonian times O. reuschi exists contemporaneously with

O. depressa
,
the former in the Acton Scott area and the latter in the Onny Valley

region. As far as upper Caradoc Onniella are concerned, the morphological changes
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and distribution patterns seen can be interpreted in one of two ways. First, the

directional changes may represent simple ecological clines of characters (Mayr 1963)

or, secondly, three distinct species may be restricted to certain sedimentary facies.

Thus, as the facies migrates so does the species. The only way the problem may
possibly be resolved is by examination of species at facies/ecological boundaries.

text-fig. 3. Histograms showing the stratigraphic change in V/U
pedicle muscle field shape (1), strong, weak or absent crural fossettes

(2), and strong or weak quadripartite dorsal muscle field (3), in

progressive populations of Onniella reuschi (collections WFT7,
AS5, and DH1), O. depressa (collections 024 and 0104/0105) and

O. broeggeri (collections 098 and 033). Note increase in proportion

of population with a V-shaped muscle field, stronger crural fossettes,

and quadripartite dorsal muscle field, from O. reuschi to O. broeggeri.

Facies symbols explained in text-fig. 1 . Collection localities explained

in Hurst (1978) and deposited in the British Museum. Muscle-field

diagrams schematically represent internal moulds of pedicle valves

showing the classes V and U employed in this paper.

EXPLANATION OF PLATE 57

Upper Caradoc Onniella ecological clines. Note the morphological change from O. reuschi to O. broeggeri

which, as far as can be ascertained, is continuous and positively correlated with changing sedimentary

facies. Facies symbols explained in text-fig. 1 . Stratigraphic extent of facies is not to scale.

Figs. 1-8. O. broeggeri Bancroft, 1928. Internal moulds ofpedicle valves: 1,BB72463 x4;2,BB72459 x2-5;

3, BB72451 x 2-5; 4, BB72452 x 2-5. Internal moulds of brachial valves: 5, BB72449 x 2-5; 6, BB72457

x2-5; 7, BB72448 x2-5; 8, BB72455 x 3. All specimens from Onny Shales, Grid ref. SO 4254 8538.

Figs. 9-16. O. depressa Bancroft, 1945. Internal moulds of pedicle valves: 9, BB72433 x2-5; 10, BB72435

x4; 11, BB72466 x5; 12, BB72444 x2-5. Internal moulds of brachial valves: 13, BB72445 x2-5;

14, BB72446 x3; 15, BB72440 x3; 16, BB72439 x2-5. Figured specimens 9 and 10 from the Acton

Scott Beds, Grid ref. SO 4238 8538 ;
1 1 from the Acton Scott Beds, Grid ref. SO 4505 9053 ;

and the

remaining specimens from the Acton Scott Beds, Grid ref. SO 4249 8538.

Figs. 17-25. O. reuschi Bancroft, 1928. Internal moulds of pedicle valves : 17, BB72419 x2-2; 18, BB72408

xl-7; 19, BB72421 x2; 20, BB72426 x3. Internal moulds of brachial valves: 21, BB72414 xl-7;

22, BB72415 x 1-8; 23, BB72412 x 1-5; 24, BB72423 x 1-9; 25, BB72424 x2-4. Figured specimens 17

and 19 from the Acton Scott Beds, Grid ref. SO 4645 9025, and 20, 24, and 25 from the Acton Scott

Beds, Grid ref. SO 4252 8600. Remaining figured specimens from the Cheney Longville Flags: 18,

Grid ref. SO 4250 8729; 21, 22, and 23, Grid ref. SO 4448 8900.



PLATE 57

HURST, dalmanellid brachiopods



542 PALAEONTOLOGY, VOLUME 21

This has not been possible in the area under discussion. However, these arguments
are not critical to the central theme, that of a positive correlation between species,

phenetic expression, and environmental/ecological occurrence.

With the intimate association of Onniella and sedimentary facies established in the

upper Caradoc sequence, it may be possible to recognize such patterns of phenetic

expression in other geographic areas and at different times. Comparing the same or

similar environments through time may throw some light on differential rates of

evolution in the Onniella complex. However, at the outset a word of caution must be

given. The foregoing discussion is based on morphological species comparisons in

which often little is known about the variability of the stocks involved and where
their facies occurrences are sometimes ignored. Nevertheless, as some close com-
parisons are apparent, they are worth pursuing as they are pertinent to the central

arguments presented here.

text-fig. 4. Clastic facies distribution and stratigraphic occurrence of some

European and American Ordovician and Silurian Onniella. Data compiled from

Bancroft (1928, 1945), Bassett et al. (1966), Bretsky (1969, 1970), Cave (1965),

Dean (1958, 1964), Hurst (1978), Hurst and Hewitt (1977), Ingham (1966),

Lindstrom (1953), Marek and Havlicek (1967), Temple (1970), Whittington and

Williams (1955), and Williams (1963, 1974). Stage symbols, Caradoc: C = Cos-

tonian, H = Harnagian, S = Soudleyan, L = Longvillian, M = Marshbrookian,

A = Actonian, O = Onnian; Ashgill: P = Pusgillian, C = Cautleyan, R = Raw-
theyan, H = Hirnantian. Note the predominance of the species in the more

offshore facies. Facies symbols explained in text-fig. 1.

Text -fig. 4 summarizes the facies and stratigraphic occurrence ofmany of the species

of Onniella described from the western European Ordovician and early Llandovery

(Silurian). Little data is included from north America, as most described species occur

in carbonates (see Cooper 1956) making precise internal morphological comparison
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difficult. Basically, for the ecological phenetic expression sequence to be maintained

temporally, Onniella species occurring in bioturbated muds should phenetically

resemble O. broeggeri, whilst those in bioturbated silts and sands and silts should

compare closely with O. reuschi. Most of the nominal species in the Caradoc of

Britain, shown in text-fig. 4, conform to the prescribed patterns (e.g. PI. 59, fig. 2).

To date the one exception is O. soudleyensis (PI. 59, fig. 1), which occurs in the most

proximal environment of any Onniella and cannot really be fitted into a scheme,

although it does resemble O. reuschi in pedicle valve musculature, ribbing, dorsal

muscle impression and valve depth.

Outside Britain, similar patterns are recognizable. Lindstrom (1953) described

a fauna from the low Caradoc, Lower Chasmops Beds (bioturbated muds) of south

Sweden, in which the dominance of O. bancrofti Lindstrom and Sericoidea restricta

(Hadding) is a parallel feature of the bioturbated mud facies of the upper Caradoc

(Dean 1958; Hurst 1978). O. bancrofti is morphologically very similar to O. broeggeri

(see Lindstrom 1953, pi. 1), a fact Lindstrom commented on (ibid., p. 133).

A further example which lends support to the correlation can be found in the work
of Bretsky (1969, 1970) and Bretsky et al. (1969). In the Martinsburg Formation

(Upper Ordovician) of America, Bretsky (1969, p. 201) described a Sowerbyella-

Onniella community in a sands and silts facies very similar to that in the upper

Cheney Longville Flags (see Hurst 1978); this is a parallel in the sense of Thorson

(1957). The specimens of O. multisecta figured by Bretsky (1970, pi. 11) fall within

the variation range of O. reuschi populations. Probably the most striking features

of O. multisecta are the U-shaped pedicle muscle field, shallow pedicle valve,

and weakly impressed dorsal muscle field, features diagnostic of O. reuschi (Hurst

1978).

In the late Ordovician there is the O. rava Marek and Havlicek species group
(text-fig. 4), which appears morphologically distinct from the Caradoc complex.

O. rava occurs in the Kosov Formation (Hirnantian, Ashgill) of Bohemia in near-

shore sediments (Marek and Havlicek 1967). Temple (1970, pi. 4) erected the sub-

species, O. rava silvicola , from Lower Llandovery blue siltstones with interbedded

micaceous layers of Wales (text-fig. 4). This sedimentary description probably indi-

cates that the subspecies occupied an offshore facies; the associated fauna indicates

the offshore Clorinda community of Ziegler et al. (1968a). Temple (1970, p. 22)

emphasizes that O. rava silvicola differs from O. rava as follows: a stronger fold and
sulcus; more convex valves; coarser ribbing; and more massive supporting plates

(cardinalia). These differences correlate with a gradient from middle to offshore shelf

sedimentary environments, and exactly parallel the morphological trends seen

between O. reuschi and O. broeggeri.

To summarize, the gross pattern of evolution of upper Caradoc Onniella is complex
and may be accounted for in two ways : ecological clinal variation or species migration

with sedimentary facies movement. If the complex is clinal, then by implication the

genus is probably monospecific with all the described species simply representing

morphotypes. The fact that the O. rava group also varies along an environmental

gradient in a manner similar to that within the Caradoc complex, appears at first

sight to lend support to the concept of clinally varying characters. However, the

positive correlation between phenetic expression and environmental/ecological
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occurrence may simply imply convergent adaptive evolution, with species prolifera-

tion related to facies. Most described Onniel/a species from clastic environments

occur in offshore facies (text-fig. 4), and it is probable that the more proximal shelf

species are episodically derived from the offshore population plexus. The late Ashgill

O. rava group (text-fig. 4) also varies clinally in a manner similar to that within the

Caradoc group, but it appears morphologically distinct.

ISORTHIS PHENETIC PATTERNS

The phenetic trends observed in upper Caradoc Onniella are also observed in the

Siluro-Devonian dalmanellid Isorthis. Such features can be adequately explained

with reference to the type Ludlow sections of the Welsh Borderland (text-fig. 2).

A more comprehensive account of Siluro-Devonian Isorthis evolutionary trends can

be found in Hurst and Watkins (1978).

The morphological and population trends of the component species of Welsh
Borderland Ludlow Isorthis are shown in Plate 58. In short, populations of I. clivosa

in the lowest Ludlow Elton Beds (text-fig. 2) show progressive and continuous shifts

in range of morphological variation to I. orbicularis in the Leintwardine Beds. This

change corresponds to a prograding depositional sequence of bioturbated muds —

>

bioturbated silts and carbonate silts —>- sands and silts. The facies (see Watkins 1978)

correspond directly to the Caradoc ones, except for the sands and silts (coquinoid

siltstone facies of Watkins 1978), which are finer grained than those of the Caradoc.
Stratigraphically above /. orbicularis

,
an I. clivosa population variant abruptly

EXPLANATION OF PLATE 58

Welsh Borderland Ludlow ecological dines of Isorthis. Note the gradual morphological change from the

bioturbated muds of the Elton Beds into the lower part of the sands and silts facies of the Lower Leint-

wardine Beds, followed by an abrupt morphological change in the Upper Leintwardine Beds. Also note

the similar phenetics of Isorthis and Onniella in similar environments. Facies symbols explained in

text -fig. 1. Stratigraphic extent of the facies is not to scale. The species terminology used here is taken

from Walmsley and Boucot (1975), but this has been revised (see Hurst and Watkins 1978); a copy of

the synonomies and the statistical data for that work has been placed in the British Museum (see p. 536).

Figs. 1-7. I. clivosa Walmsley, 1965. Internal moulds of brachial valves : 1, BB73647 x2; 2, MGUH13762
x 2-2; 3, MGUH 13761 x 3. Internal moulds of pedicle valves: 4, MGUH 13769 x 2-5; 5, MGUH 13767

x 3-5; 6, MGUH13765 x 3; 7, MGUH13766 x 2-3. All from the Upper Leintwardine Beds of the Welsh

Borderland, Grid ref. SO 4922 7407.

Figs. 8-15. I. orbicularis (J. de C. Sowerby, 1839). Internal moulds of pedicle valve: 8, BB73648 x2-5;

9, BB73649 x2-5; 10, OUMC23093 xl-8; 11, MGUH 13759 x 2-2. Internal moulds of brachial valves:

12, OUMC23134 x2; 13, MGUH13755 x2; 14, MGUH13756 x2; 15, MGUH13754 x2-l. Figured

specimens 8, 9, and 1 1 from the Lower Leintwardine Beds, Grid ref. SO 7230 4024; 13, 14, and 15 from

the Lower Leintwardine Beds, Grid ref. SO 7230 4024; and 10 and 12 from the Lower Leintwardine

Beds, Grid ref. SO 6944 1663.

Figs. 16-19. 1. clivosa. Internal mould of pedicle valve: 16,MGUH13752 x2-6; 17.BB73650 x 2-7. Internal

moulds of brachial valves: 18, MGUH13746 x2; 19, MGUH13748 x2-l. All figured specimens from

the Lower Bringewood Beds, Grid ref. SO 7131 3858.

Figs. 20-25. 1. clivosa. Internal moulds of pedicle valves: 20, MGUH13741 x 2-6; 21, MGUH13744 < 2-3;

22, MGUH 13745 x2-3. Internal mould of brachial valve: 23, MGUH 13739 x2-6; 24, MGUH 13737

x 2-9; 25, MGUH 13740 x 2-8. All figured specimens from the Elton Beds, Grid ref. SO 3860 7240.
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appears in the sands and silts of the Upper Leintwardine Beds (text-fig. 2) and is

undoubtedly derived from I. clivosa populations in the Elton Beds (PI. 58). These
populations show a mixture of characters common to both I. clivosa in the Elton

Beds and I. orbicularis in the Lower Leintwardine Beds, indicating the phenetic

plasticity of the Isorthis stock. The reappearance of I. clivosa populations in the Upper
Leintwardine Beds coincides with a major faunal turnover, in which species typical

of more offshore facies fleetingly reappear (Watkins 1978). As far as can be ascer-

tained, in the Leintwardine Beds there is a sharp morphological break between
I. clivosa and /. orbicularis.

The stratigraphic trends in morphology from I. clivosa to I. orbicularis involve all

the features listed earlier for the transition O. reuschi to O. broeggeri. The only

difference involves the nature of change of the brachiophores and sockets. True
fulcral plates (see Williams and Wright 1963) are not known in Isorthis

,
but small

lateral shell ridges develop to augment the splaying brachiophores as well as buttress-

ing anterior ridges (PI. 58). The lateral ridge restricts the socket into which the ventral

tooth slides, and in that respect is analogous to the fulcral plate. Such a feature is well

seen in the Upper Leintwardine I. clivosa populations (PI. 58).

Again, as with Onniella, such phenetic patterns can be traced in clastic facies in

other geographic areas at different times. Lor example, I. fornicatimcurvata (PI. 59)

occurs in the nearshore sands and silts facies (Quadrifarius rugaecosta and Proto-

chonetes novascoticus Communities) of the Pridoli Stonehouse Lormation (Watkins

and Boucot 1975); morphologically it closely resembles I. orbicularis and the Upper
Leintwardine I. clivosa. There are some contradictions to the basic model. I. amplifi-

cata occurs in fairly nearshore storm-influenced environments in the Wenlock (Hurst

1975a, b) but, however, examination of Plate 59 reveals that the species is a mixture

of onshore and offshore population characteristics. The ventral and dorsal cardinalia

development (except for the crural fossette) is typical of nearshore populations, but

the valve and muscle field configurations are more typical of offshore populations.

Lor a comprehensive review of Isorthis phenetics see Hurst and Watkins (1978).

DISCUSSION: EXTENT OF THE TRENDS

How far are the Onniella and Isorthis phenetic patterns paralleled in other closely

related dalmanellids? The following discussion is limited to clastic facies occurrences

for two reasons : so that direct environmental comparisons may be made with Onniella

and Isorthis, and because carbonates present a completely new set of problems within

themselves (see Hurst 1975a). Also, for ease of reference, the shallow marine environ-

mental gradient in which dalmanellids occur is divided into nearshore and offshore,

as depicted in text-fig. 5. Lurther subdivisions are not practical, especially in the wider

context of this discussion, due to the inadequacies of facies descriptions and their

depth inference. The principal division between nearshore and offshore corresponds

approximately to the point of last common occurrence of storm-laminated sandstones

and siltstones.

Ordovician genera which are mainly limited to offshore facies include Howellites

(M. Lockley, pers. comm. 1977) and Cryptothyris (Dean 1958; Hurst 1978), and they

phenetically resemble offshore Isorthis and Onniella (PI. 59). Similarly in the Silurian,
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Visbyella prefers offshore quiet-water areas (see Ziegler et al. 1968a; Cocks and
Rickards 1969; Hurst 1975c), e.g. V. pygmaea in the Llandovery Purple Shales of

Shropshire (Ziegler et al. 1968 b), a bioturbated mud facies. All known species of

Visbyella respond phenetically to the set patterns (see Walmsley et al. 1968).

Salopina

Marklandella
z
<

Visbyella
OsL

ID

Resserella
CO

1 sor t h i

s

Onniella

z
< H ow e II i t e s

u
> Dalmanella

o
Cryptothyris

O'

o
Bancrof tina

G e n u s Nearshore Offs h o r e

System - jfTl-rj-TlTjTl =

text-fig. 5. Generalized clastic facies distribution of some Ordovician and Silurian enteletacean genera.

Main data for the Silurian forms compiled from Boucot (1975), with subsidiary sources explained in the

text. Ordovician data for Onniella from references listed in caption to text-fig. 4. Data for other genera taken

from Williams (1963, 1974), Whittington and Williams (1955), Hurst ( 1978), and M. Lockley (pers. comm.
1977). Facies symbols explained in text-fig. 1.

Resserella is a more eurytopic Silurian dalmanellid (text-fig. 5), though generally

preferring offshore facies (Calef and Hancock 1974; Hurst 1975a; Boucot 1975),

where the phenetic expression is similar to that described for O. broeggeri and Elton

Bed I. clivosa populations (e.g. see R. llandoveriana Williams in Williams 1951 and
Temple 1970; R. canalis in Bassett 1972 and Walmsley and Boucot 1971). However,
in the lowest Wenlock Pycnactis Beds of the Tortworth Inlier (Curtis 1972), R. whit-

fieldensis occurs in a nearshore community and sediments (Calef and Hancock 1 974)

and its phenetic expression is remarkably similar to I. orbicularis and O. reuschi (see

Bassett 1972, pi. 9), thus underlining the positive correlation between environment

and morphotype.

Dalmanella generally occurs in nearshore facies (text-fig. 5) in the Caradoc, being

most common in sands and silts (text-fig. 6), and here resembles nearshore Onniella

in terms of valve configuration, cardinalia, and musculature (PI. 59). However, in

the Caradoc at least it differs most noticeably in shell depth. Williams ( 1 963) described
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a Dalmanella from an offshore fauna in the middle Caradoc of North Wales, and this

is morphologically very similar to offshore Onniella and Isorthis.

Bcincroftina commonly occurs in the amalgamated facies in the Caradoc (text-

figs. 5 and 6). Morphologically it is very distinct from any other nearshore dalmanellid

(PI. 59). However, also in the Caradoc a species of Bcincroftina , B. hewitti , occurs in

the sands and silts facies, and in terms ofmuscle and valve configuration and cardinalia

(especially socket restriction) it is very similar to O. reuschi and I. orbicularis (PI. 59).

The most characteristic feature of Bancroftina is the widely splayed brachiophores

(Williams and Wright 1963) which in effect restricts the sockets, analogous to the

lateral ridges in Isorthis and Resserella and the fulcral plates of Dalmanella and
Onniella.

FUNCTIONAL CONSIDERATIONS

The many morphological parallels seen in dalmanellids indicate that in some instances

there must be some common underlying functional causes. One of the most striking

EXPLANATION OF PLATE 59

Fig. 1. Onniella soudleyensis (Bancroft, 1945). Internal mould of brachial valve, BB10271 x4, lower

Horderley Sandstone (lower Caradoc) Shropshire, Grid ref. SO 4105 8523.

Fig. 2. O. avelinei Bancroft, 1928. Internal mould of brachial valve, BB10326 x 2-5, Harnage Shales (lower

Caradoc) Shropshire, Grid ref. SO 4140 8620.

Fig. 3. Howellites ultima Bancroft, 1945. Internal mould of brachial valve, BB 10286 x 3, Upper Allt Ddu
Group (lower Caradoc, North Wales), from the gutter at Craig y Gath (see Williams 1963).

Fig. 4. H. striata Bancroft, 1945. Internal mould of pedicle valve, BB10282 x 3, Allt Ddu Group (lower

Caradoc, North Wales), from the gutter at Craig y Gath (see Williams 1963).

Figs. 5-9. Isorthis amplificata Walmsley, 1965. 5-7, internal moulds of pedicle valves, BB73651 x2,

OUMC35644 x2, and OUMC35648 x2-2, respectively. 8-9, internal moulds of brachial valves,

OUMC35662 x2-3 and OUMC35663 x2-5, respectively. All from the lowest Elton Beds (Wenlock/

Ludlow?) of the Usk Inlier, Grid ref. ST 3332 0160.

Figs. 10-1 1

.

1.fornicatimcurvata (Fuchs, 1919). 10, internal mould of pedicle valve, USNM241687 x3. 11,

internal mould of brachial valve, BB73654 x 3. Specimens from the Stonehouse Formation (Pridoli),

Nova Scotia, USNM locality 10185 of Flarper (1973).

Figs. 12-13. Salopina lunata (J. de C. Sowerby, 1839). 12, internal mould of pedicle valve, BB73652 x 1-8.

13, internal mould of brachial valve, BB73653 x 1-8. Specimens from the Upper Whitcliffe Beds (Ludlow)

of the Welsh Borderland, Grid ref. SO 5096 7414.

Figs. 14, 19. Cryptothyris paracyclica (Bancroft, 1928). 14, internal mould of pedicle valve, BB72501 X T7.

19, internal mould of brachial valve, BB73653 x T8. Specimens from the Acton Scott Beds (upper

Caradoc) of the Welsh Borderland, Grid refs. SO 4460 8992 (14) and SO 4241 8538 (19).

Figs. 15-16. Bancroftina robusta (Bancroft, 1945). 15, internal mould of brachial valve, BB72483 X 2, upper

Horderley Sandstone, Shropshire, Grid ref. SO 4180 8590. 16, internal mould of pedicle valve, BB72487

x 2, Cheney Longville Flags, Shropshire, Grid ref. SO 4778 9159.

Figs. 17-18. B. hewitti Hurst, 1978. 17, internal mould of pedicle valve, BB72491 x T2. 18, internal

mould of brachial valve, BB72488 x IT. Specimens from the Cheney Longville Flags, Shropshire, Grid

ref. SO 4398 9002.

Figs. 20-22. Dalmanella wattsi (Bancroft, 1929). 20-21, internal moulds of pedicle valves, BB72315 x T5
and BB72316 x 1-5, respectively. 22, internal mould of brachial valve, BB72318a x 1-4. Specimens from

the Cheney Longville Flags, Shropshire, Grid ref. SO 4446 8901.

Figs. 23-24. D. unguis unguis (J. de C. Sowerby, 1 839). 23, internal mould of pedicle valve, BB72320 x 2-3.

24, internal mould of brachial valve, BB72321 x2. Specimens from the Cheney Longville Flags, Grid

ref. SO 4446 8901.
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phenetic trends seen in Isorthis and Onniella is the decrease in shell size and increase

in depth from the nearshore sands and silts facies into the offshore bioturbated muds.
A simple substrate model may explain such a relationship. Bokuniewicz et al. (1975)

predict that on softer substrates (i.e. muds) shells must decrease in size to prevent

sinking into the substrate. Consequently, a functional relationship may exist between
smaller dalmanellid species on softer substrates and larger forms on harder substrates,

so as to maintain the commissure above the sediment-water interface.

text-fig. 6. Quantitative stratigraphic distribution of

the genera and component species of upper Caradoc

dalmanellids. The relative abundance of a given species

is its percentage occurrence relative to all brachiopods

in a given sedimentary facies. The step-like nature of

the relative abundances in the sands and silts facies

reflects subtle sedimentary facies changes resulting in

faunal turnovers. These correspond to the five faunal

zones for this facies erected by Bancroft (1933) and

they correlate directly with the step-like nature of the

Dalmanella abundance range. Note how the genera are

neatly packaged along the environmental gradient.

Facies terms are explained in text-fig. 1.

Costellae probably correspond to the position of chitinous rods called setae, which

in present-day brachiopods extend from the mantle edge as sensory bristles around

the valve edge (Williams and Wright 1963; Rudwick 1970). Greatest densities of ribs,

and therefore probably of setae also, occur in offshore genera which invade the sand

and silt facies, an environment of higher sedimentation rate. This greater density

possibly indicates more protection of the feeding mechanism by the tactile setae.

Bancroftina and Dalmanella in the Caradoc display a similar trend in more nearshore

areas (Hurst 1978) and, although this can probably be attributed to the same general

cause, the fact that the genera more common in offshore facies have their highest

costellae density at the point where Bancroftina and Dalmanella have their lowest,

reflects the different ways in which genera may respond to environmental parameters.
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Important differences may be expected in the articulation system of dalmanellid

genera in a transect from nearshore to offshore sediments. Dalmanellids possess

deltidiodont hinge teeth (Jaanusson 1971) which are characterized by simple distal

growth but which are not particularly strong as interlocking devices. Consequently,

many accessory characteristics evolved to strengthen the system. In Bancroftina the

splayed nature of the thickened brachiophores and brachiophore bases (Williams

and Wright 1963) restricted the movement of the tooth in the sockets (cf. splayed

brachiophores and lateral ridge development of nearshore Resserella, Isorthis, and
Marklandella), whilst Dalmanella developed fulcral plates to achieve the same effect

(cf. some nearshore Omiiel/a). Additionally, in all nearshore Isorthis and Resserella

(text-fig. 5; PI. 58) anterior buttressing of the brachiophores by shell ridges which
bound the adductor muscle field is also common. This is also known in Onniella

(Havlicek 1974). Such socket restriction and articulatory strengthening is an obvious

response to life in nearshore agitated environments.

There are a number of morphological patterns which have no obvious explanation.

Perhaps the most outstanding concerns the pedicle valve musculature. Why should

populations predominantly with U-shaped pedicle muscle fields (concomitantly with

shallower scars) prevail in nearshore facies whilst those populations consisting mainly

of V-shaped pedicle muscle fields (accompanied by deeper scars) predominate in more
offshore facies?

Nevertheless, dalmanellid phenetic patterns are clearly closely related to functional

requirements. Also the plasticity of the phenotype plays an important role in the

spatial distribution of the genera involved. For instance, text-fig. 6 reveals that, in the

upper Caradoc, at least, dalmanellid genera (and species) occur in distinct bands

along the environmental gradient which presumably reflects their primary functional

adaptations, which is related to the sum of their morphological features. Further, the

more restricted (stenotopic?) genera such as Cryptothyris are morphologically more
compact, whilst the more widespread (eurytopic?) genera such as Onniella are

phenetically far more variable. The dalmanellids dealt with here appear to support

a type of niche variation model (see Van Valen 1965; Soule 1972; Rothstein 1973;

Ashton and Rowell 1975), but this provisional conclusion requires rigorous statistical

testing; this is now being carried out.

CONCLUSIONS

A fundamental phenetic strategy model based on a detailed study of Onniella and
Isorthis is proposed for dalmanellid genera. Offshore dalmanellid populations are

basically characterized by deep, rounded sulcate shells with V-shaped and deep
pedicle muscle fields, strong crural fossettes, coarse costellae, large non-restricted

brachial valve sockets, and strongly impressed dorsal adductor muscle fields resulting

in quadripartite appearance. Conversely, populations in more nearshore areas (sands

and silts facies or equivalent) are characterized by transverse, shallow, non-sulcate

shells with U-shaped and shallow pedicle muscle fields, weak crural fossettes, weakly
impressed dorsal adductor muscle fields, restricted brachial valve sockets, buttressed

brachiophores, and fine costellae. Between the two extremes, all intergradations exist.

Further, it must be borne in mind that the above characters refer to the population
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trends as a whole and not to the individual, and that not all characters are present

at once in a single population.

The phenetic patterns are the consequence of functional considerations. However,
there are exceptions to the model (e.g. I. amplificata) and also the genus in the

amalgamated facies (e.g. Bancroftina) appears to react differently to the environmental

parameters. Thus, the model needs to be rigorously tested, using more genera, and
either modified or abandoned. Further, the model may well be applicable to other

closely related enteletaceans. For instance, the eurytopic Siluro-Devonian drabovid

Salopina (text-fig. 5 ; see nearshore S. lunata on PL 59) may follow similar lines, whilst

the platyorthiniid Marklandella (text -fig. 5) which occurs in nearshore environments

also appears to follow some of the patterns (see Walmsley and Bassett 1976).

The fact that at least some dalmanellid genera show positive correlation between

morphotype and sedimentary facies has important implications as regards strati-

graphic and phylogenetic studies of individual groups. Phylogenies as proposed for

Salopina (Harper et al. 1969), Resserella (Walmsley and Boucot 1971), and Isorthis

(Walmsley and Boucot 1975) should be treated with some scepticism, as no account

has been taken of the facies occurrence of the species involved. In such cases, proposed

phylogenies may simply consist of the ‘linking up’ of recurrent morphologies which

are a direct result of response to environmental factors rather than of any genuine

evolutionary process. Also, due to their morphological plasticity, it is doubtful

whether many dalmanellids are useful for precise biostratigraphic correlations.
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REVISION OF APTIAN THECIDEIDINE
BRACHIOPODS OF THE FARINGDON

SPONGE GRAVELS

by p. G. baker and k. laurie

Abstract. The study of a new collection of thecideidine brachiopods from the Faringdon Sponge Gravels reveals

the presence of two distinct forms, Bifolium faringdonense (Dav.) as interpreted by Pajaud (1970) and Neothecidella

parviserrata sp. nov. It is believed that the previous confusion in the literature concerning the genus Bifolium Elliott,

stems from Elliott’s (1948) failure to appreciate that his proposed ontogenetic series embraced juveniles of more than

one species. Despite Pajaud’s proposal that Neothecidella should be restricted to Jurassic usage, the characters of

the new species are so obviously neothecidelliform that it must be assigned to Neothecidella. It is considered that the

ornament has some ecological significance and that the separation of the two Aptian genera on microstructural as

well as morphological evidence has significant taxonomic and phylogenetic implication.

The Faringdon thecideidine fauna has yielded important information regarding shell

growth and the development of taxonomically important internal structures. The
paper is based on a collection of 487 specimens obtained from a horizon 2 metres

below the top of the Yellow Gravels in Little Coxwell Pit, grid ref. SU 285943,

Faringdon, Oxfordshire (formerly Berkshire). The collection, obtained from wet-

sieved samples of gravel, was comprised of 228 brachial valves, 224 pedicle valves,

and 35 complete shells. Only 17 of the pedicle valves and 6 of the complete shells were

found unattached, the remainder being attached mainly to bivalve (Ostrea and Lopha )

fragments, brachiopod
(
Cyclothyris) fragments, bryozoan (Cardioecia), and sponge

(Raphidonema) fragments.

All the forms represented in the material studied had previously been assigned to

Bifoliumfaringdonense (Dav.). Elliott (1948) failed to clearly designate a type species

of the genus and, without the range of modern facilities available, unwittingly com-
bined the characters of two genera into a single ontogenetic plexus. This explains why
Elliott, at the end of his description found it necessary to note so many aberrant forms.

Principal amongst these was a form in which the median septum ‘Instead of being

a single solid feature, is double-walled, shallow or hollow within, of varying width

and, when well developed widens slightly to a rounded posterior termination’.

Elliott (1953, p. 694) subsequently referred a stratigraphically higher form, with a

divided septum and reniform brachial lobes to B. lacazelliforme, obviously associating

it with the Faringdon specimens which he himselfregarded as variants. Both Backhaus

(1959) and Pajaud (1970) have reviewed the problem. Backhaus, stating that Bifolium

was invalidly designated, reassigned B. lacazelliforme to Lacazella Munier-Chalmas
and, acting upon the evidence provided by the apparatus ascendens apertus (Backhaus
1 959, p. 1 2) forms, reassigned B.faringdonense to Lacazella also. Smirnova and Pajaud

( 1 968), seemingly ignoring Backhaus, continued to refer forms with a divided (apertus)

median septum to B. faringdonense. Publication of Pajaud’s (1970) monograph
clarified the situation considerably. He formally established the genus Bifolium ,

[Palaeontology, Vol. 21. Part 3, 1978, pp. 555-570, pis. 60-62.]



556 PALAEONTOLOGY, VOLUME 21

properly citing the type species, emending Elliott’s possibly ambiguous diagnosis

and, equally important, limiting the species to the app. asc. clausus (Backhaus 1959,

p. 12) specimens which Elliott had described (1948, pp. 7-9, pi. 1, figs. 1-5, 10; pi. 2,

figs. 11-15, 18-20) in the ‘normal’ ontogenetic series. Pajaud (1970, p. 193) although
referring specifically to forms such as L. lacazelliformis, suggested that the further

attribution of species with the app. asc. apertus to the genus Bifolium should no
longer be justified. He then proceeded to reassign forms such as L. lacazelliformis

and L. wetherelli to Praelacazella Smirnova but left the B. faringdonense variants

in limbo.

median septum entire (app asc. clausus) divided (app. asc. apertus)

ornament pustulose serrated

cardinal process relatively massive relatively small

brachial lobes auriform remform

species supported Bifolium faringdonense Neothecidella parviserrata

text-fig. 1 . Histograms to show the size distribution of the two series of brachial valves collected from Little

Coxwell Pit. For the reasons outlined in Baker (1969) the width of the brachial valve is adopted as the para-

meter for determining the approximate population structure within each series. The tabulated characters,

fully discussed in the text, form the basis for separation of the two species.

A sample of 215 brachial valves was studied on the basis of the form of the median
septum, ornamentation of the sub-peripheral rim, the form of the dorsal cardinalia,

and the development of the brachial lobes. The valves were found to fall into two

groups (text-fig. 1) one showing the typical B. faringdonense morphology sensu

Pajaud, the other showing the morphology of a Neothecidella. Both groups showed
an ontogenetic series. As the organization of the two groups is so distinct and the

form of the median septum, currently of such high taxonomic importance, there is

every justification for assuming that the Faringdon material contains the ontogenetic

series of two distinct species. The sequence of ontogenetic events described by Elliott
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(1948, pp. 7-9) clearly defines the app. asc. clausus forms. Unfortunately he then

(1948, p. 10) proceeded to relate ‘variants from the normal pattern’ to the series

previously described. Restudy of these so-called variants shows quite clearly that

Elliott’s material (British Museum (Natural History) Reg. nos. BB 9468-BB 9479)

represents a combination (specified later) of the ontogenetic stages in the development

of two species.

In view of the considerable confusion regarding the status of Bifolium ,
the authors

consider it necessary to designate the new species prior to discussion of the characters

which demonstrate that its differences are systematic rather than random and, there-

fore, require its separation from B. faringdonense.

Thecideidine brachiopods are notoriously difficult to identify on the evidence of

their external morphology. The authors therefore do not feel justified in selecting

a complete shell to serve as the holotype, since confirmation of its validity could only

be achieved through destruction of the specimen. Accordingly, a brachial valve,

supported by three paratypes, has been selected to serve as the holotype.

Registration of material. The holotype, paratypes, and topotypes, together with sectioned material are

housed in the British Museum (Natural History) under Reg. nos. BB 76260-BB 76271. Specimens of

B. faringdonense used for comparative studies and figured in this paper are also registered under numbers

BB 76272-BB 76277.

Preparation of material. Bulk samples of gravel were washed through a nest of TO cm, 2-5 mm, TO mm,
600 ju.m, and 350 ^m aperture sieves. The macrofragments and dried residues were then hand-picked under

a binocular microscope. The thecideidines were collected and transferred to glass tubes for further cleaning

by weak sonication for periods of five to fifteen seconds. Specimens selected for sectioning were embedded
in Araldite and processed in the manner described in Baker (1969). The nature of the matrix, i.e. quartz

grains in a weakly coherent haematitic cement, makes detailed investigation of the internal morphology of

complete shells virtually impossible. Slight movement of quartz grains during grinding down, quickly

destroys any delicate internal structures. A technique which has met with some success is vacuum impregna-

tion of the matrix of partially sectioned or breached shells.

The drawings in text-figs. 2-4 represent traces of actual specimens (registration numbers as specified)

made with the aid ofa Wild stereomicroscope fitted with drawing tube. Specimens selected for stereoscanning

were coated with evaporated aluminium before photography.

SYSTEMATIC PALAEONTOLOGY

Order uncertain

Suborder thecideidina Elliott, 1958

Superfamily thecideacea (Gray, 1840) H. and G. Termier, 1949

Family thecideidae Gray, 1840

Subfamily lacazellinae (Backhaus, 1959) Pajaud, 1966

Genus neothecidella Pajaud, 1970

Neothecidella parviserrata sp. nov.

Plate 60, figs. 1-4, 6, 8; Plate 61, figs. 1, 4, 7; text-figs. 2h, 3k-m, 4e.

Derivation of name. From the weakly serrated sub-peripheral rim.

Diagnosis. Small Neothecidella up to about 2-7 mm in length, 2-5 mm in width, and
1-6 mm in thickness. Rounded-triangular in outline, with a variable area of attach-

ment. Ventral interarea not well defined. The anterior commissure is marked by
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a slight invagination of the brachial valve, opposite a complementary sulcus in the

pedicle valve.

Type specimens. Holotype, Reg. no. BB 76260, and three paratypes, Reg. nos. BB 76261-BB 76263 housed
in the British Museum (Natural History).

Distribution. Geographic distribution unknown. All the material studied was collected from the Yellow

Sponge Gravels, Upper Aptian, Nutfieldensis Zone, in Little Coxwell Pit, grid ref. SU 285943, Faringdon,

Oxfordshire.

Description. External characters. Study of complete shells and pedicle valves shows
that the lateral profile is typically triangular (PI. 60, fig. 5) with a relatively large area

of attachment and well-developed free ventral wall. The dorsal surface of the pseudo-
deltidium runs parallel with the contour of the ventral interarea and is not convex as

in Bifolium. There is no evidence of an interarea in the brachial valve, although the

brachial umbo is usually prominent. The growth lines are usually clearly defined in

well-preserved specimens.

Internal characters. Pedicle valve. The pedicle valve (PI. 60, fig. 7) differs only in

detail from that of Bifolium. A sessile or raised hemispondylium is present, as are the

characteristic pollicial thecideidine hinge teeth. A ring of ribs and grooves runs round
just inside the perimeter of the valve. These correspond with the serration of the

brachial valve and often extend right down the interior surface of the ventral wall to

the point at which it merges with the area of attachment. In B. faringdonense this

ornament is beaded or pustulose.

Brachial valve. Slightly wider than long, reaching a maximum width in the order

of 2-5 mm, although the adult characters are present by the time the valve has attained

a width of approximately 1-6 mm. The median septum (PI. 60, fig. 6; text-fig. 2) is of

the app. asc. apertus type, consisting of a central shallow sinus, flanked by two high

anteriorly diverging ridges. The floor of the sinus is at approximately the same level

as the floor of the brachial cavities. It is terminated anteriorly by a row of ridges and
grooves, indistinguishable from the ornament of the sub-peripheral rim. Posteriorly,

the sinus opens into the body cavity via a narrow channel (text -fig. 2h, i). Immediately

posterior to this opening is a lobe of material interpreted as a primitive jugum. The
cardinal process is relatively small compared with that of forms such as B. faring-

donense and is more dorsally placed (PI. 60, fig. 8; text-fig. 3m). The sides curve

downwards and diverge to form the inner socket ridges, uniting with the postero-

median area towards the base of the bridge abutments. The cardinal process often

shows a faint trilobation. The border is almost non-existent and the serration of the

outer boundary of the sub-peripheral rim runs down fairly steeply, almost to the valve

EXPLANATION OF PLATE 60

Figs. 1-8. Stereoscan photomicrographs of N. parviserrata. 1-4, brachial, lateral, anterior, and posterior

views of the holotype, x40. 5, lateral view of a paratype no. BB 76263 showing the characteristic

triangular lateral profile, x 50. 6, enlargement of the anterior region of the holotype showing the divided

median septum with the central sinus and rudimentary jugum and the form of the adult brachial lobes,

x 70. 7, posterior view, tilt angle 35°, of a paratype no. BB 76262 pedicle valve showing the serrated rim

and poorly defined interarea, x 42. 8, posterior view of the holotype enlarged to show the relatively small

cardinal process, the dental sockets, and lateral adductor muscle scars, x 70.
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text-fig. 2. Locational diagram, 2a (half scale) and a series of drawings to show the different development

patterns of the median septum and ornament of the sub-peripheral rim in brachial valves of B.faringdonense,

2b-e and N. parviserrata, 2f-i. 2b, early juvenile no. BB 76272 showing the blade-like median septum;

2c, juvenile no. BB 76273; 2d, young adult no. BB 76274 showing thickening of the median septum and

increase in the pustulose ornament; 2e, adult no. BB 76275 showing the median septum and ornamented

rim fully developed. 2f, early juvenile no. BB 76265 showing the low ridge-like median septum, bifurcated

anteriorly; 2g, juvenile no. BB 76266 showing the endotomous branching at the anterior of the median
septum and the initiation of the sinus; 2h, i, adult no. BB 76260 (holotype) and unregistered specimen

showing the typical appearance of the median septum and serrated ornament. Scale represents 0-5 mm.

edge (PI. 61, fig. 1
;
text-fig. 2g-i). The brachial valve normally fits slightly inside the

rim formed by the perimeter of the pedicle valve (PI. 61, fig. 2). The lateral adductor

muscle scars are large, almost circular (text-fig. 3m) and not constricted by the root

of the cardinal process. The brachial cavities are shallow, with well-developed

resorption fronts (PI. 61, fig. 3), and are occupied by a pair of reniform brachial

lobes. The posterior termination of the brachial lobe often shows a fracture surface

(PI. 61, fig. 4; text -fig. 4d, e) indicative of the presence of a slender reticulum (Pajaud

1970, fig. 8c). Some juveniles show precocious development of such a structure

(PI. 61, fig. 6; text-fig. 4h).

EXPLANATION OF PLATE 61

Figs. 1-8. Stereoscan photomicrographs of N. parviserrata. I, three-quarters profile view of the anterior

border of the brachial valve of the holotype showing the characteristic serrated ornament, xl50.

2, brachial view of the left antero-lateral region of a complete shell, unregistered specimen, showing the

brachial valve slightly inserted inside the perimeter of the pedicle valve, x 70. 3, near three-quarters

profile view of the interior of a juvenile brachial valve no. BB 76266 showing the resorption fronts at the

anterior of the brachial cavities, x 100. 4, posterior termination of the right brachial lobe of the holotype

showing the apparent fracture surface (centre) possibly indicative of a reticulum, x 370. 5, early juvenile

brachial valve no. BB 76265 showing the bridge, low median septum, and clusters of brachial tubercles,

x45. 6, early juvenile brachial valve no. BB 76270 showing the development of horn-like processes

(right process obscured by matrix) curving backwards and inwards to unite with the posterior end of the

median septum, x 54. 7, lateral view of the postero-lateral region of the brachial valve of the holotype

showing the well-developed serration ridges and grooves, x 90. 8, three-quarters profile view of the left

brachial cavity of a young adult no. BB 76269 showing the reniform brachial lobe, x 130.



PLATE 61

BAKER and LAURIE, Neothecidella parviserrata



562 PALAEONTOLOGY, VOLUME 21

C

text-fig. 3. Locational diagram, 3a (half scale) and a series of drawings to show the differences in the dorsal

cardinalia and postero-lateral ornament of B. faringdonense and N. parviserrata. 3b-d, posterior, brachial

(spur restored), and lateral views of an early juvenile B. faringdonense brachial valve no. BB 76272, showing
the relatively massive cardinal process and its insertion into the postero-median border; 3h, brachial view

of an adult (possibly gerontic) brachial valve of B. faringdonense no. BB 76277 showing the apparent lack

of bridge remnants; 3i, j, lateral and posterior views of an adult specimen no. BB 76276 showing the charac-

teristic insertion of the cardinal process. 3e-g, posterior, lateral, and brachial views of an early juvenile

N. parviserrata brachial valve no. BB 76265 showing the relatively small and more dorsally inserted cardinal

process; 3k-m, lateral, brachial, and posterior views of the holotype N. parviserrata no. BB 76260 showing

the insertion of the cardinal process and lateral adductor muscle scars (cf. B. faringdonense fig. 3j). Scale

represents 0-5 mm.

Microstructure. Investigation of transverse and horizontal sections through shells

shows that the secretion of secondary shell is neotenously suppressed. Although the

gross mosaic of the morphological elements of the shell is discernible using trans-

mitted light, in cellulose acetate peels of etched surfaces (PI. 62, fig. 4) stereoscan

photomicrographs show that almost all of the elements are composed of granular

calcite, indistinguishable from primary shell (PI. 62, fig. 5).

In the pedicle valve secondary fibres are only found in the hinge teeth, occurring

as bundles of fibres situated towards the ventral side of the tooth (PL 62, fig. 6) and
extending back into the tooth ridges. The tubercles of the free ventral wall appear as
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text-fig. 4. Locational diagram, 4a (half scale) and series of drawings to show the development of the

brachial lobes in N. parviserrata and B. faringdonense. 4b-e, N. parviserrata ontogenetic sequence ; 4b, early

juvenile no. BB 76267 showing the initial brachial tubercle cluster; 4c, juvenile no. BB 76268 showing

coalescence of the brachial tubercles; 4d, young adult no. BB 76269 showing the development of the reni-

form shape of the brachial lobes; 4e, holotype no. BB 76260 showing the fully developed brachial lobes

(possibly with broken reticulum) and primitive jugum. 4f, g, juvenile, 4f (no. BB 76272) and adult, 4g (no.

BB 76276) B. faringdonense showing the development of the brachial lobes from a tuberculate ring, leading

to the formation ofauriform lobes with deep intrabraclnal cavities. 4h, i, aberrantjuveniles of N. parviserrata,

specimen no. BB 76270 showing the development of horn-like processes, 4h, and specimen no. BB 76271

showing the development of reticulate lobes, 4i. Scale represents 0-5 mm.

cylindrical cores of granular calcite (PI. 62, fig. 7) with their axes inclined dorsally,

at a low angle from the external surface of the shell. They are partially enveloped by

subsequently deposited material, also granular in texture, in such a way that their

exposed surfaces coincide with complementing grooves in the serrated sub-peripheral

rim of the brachial valve.

In the brachial valve secondary shell appears to have been suppressed completely,

as no trace of secondary mosaic has been found, even in the inner socket ridges. The
axes of development of the serration ribs run approximately parallel (text-fig. 5a)

with the external surface of the shell. They are less deeply enveloped than the tubercle

cores of the pedicle valve, but are resorbed posteriorly as the brachial cavities increase

in size.

Ontogeny. Pedicle valve. All the characters of the pedicle valve are present in the

smallest valves available. Ontogenetic development is therefore concerned with the

spread of the ornament and slight changes in the relative proportion of the pseudo-

deltidium, the hinge teeth, and the hemispondylium.

Brachial valve. The smallest valves available for study (PI. 61, fig. 5) have a width

of approximately 0-9 mm. The median septum is already present, represented by
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text-fig. 5. a, reconstruction of a portion of the margin of a brachial valve of N. parviserrata, showing the

shell microstructure, the position of the resorption front, and the relationship of the axis (arrowed) of

development of the serration, with the shell surface, b, model to illustrate the extension of the serration

shown in a as the shell increases in size, by addition of material at the primary accretion points (X) and

by resorption posteriorly (resorbed tracts dotted), c, model to illustrate the mode of development of the

median septum and sinus in N. parviserrata, by endotomous branching (dotted lines) of two diverging

serration ribs in which the posterior tracts remain unresorbed. d, reconstruction of a portion of the margin

of a brachial valve of B. faringdonense showing the microstructure, the position of the resorption front, and
the relationship of the axis (arrowed) of development of the pustule, with the shell surface, e, model to

illustrate the extension of the pustulose ornament shown in fig. d as the shell increases in size, by initiation

of new pustules (X) and resorption of previously formed pustules (dotted).

a low ridge with an indentation at the anterior end (text-fig. 2f). Ornament consists

of a single row of elongate tubercles. The cardinal process shows all the adult charac-

ters. The bridge is intact (text-fig. 3e-g) and the brachial lobes are represented by

a small cluster of tubercles on the floor of the brachial cavities (text-fig. 4b). Onto-
genetic development is essentially concerned with the changes occurring in the sub-

peripheral rim, the median septum, and the brachial lobes as the brachial cavities

increase in size.

Development of the sub-peripheral rim and median septum (text-fig. 2f-i). As the

brachial cavities develop, the sub-peripheral rim migrates, by the simultaneous

accretion and resorption of material, in the manner described in Baker (1970). The
elongate tubercles are extended radially as ridge-like structures or serrations, under-

going continuous resorption posteriorly, so that the serrated margin (PI. 61, fig. 1)

typical of the species is developed. As the valve increases in size the indentation at the

anterior of the median septum deepens to form a trough-like sinus. Pajaud (1970,

p. 26) uses the term median ramus for this structure. Sinus is considered to be a more
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descriptive term and is adopted here. The divergent ridges bounding the sinus on

either side appear to have been formed from the unresorbed posterior tracts of two
developing serrations (text-figs. 2f, g, 5c). The integrity of the ornament ring appears

to be maintained by a form of endotomous branching of the serrations as they extend

anteriorly. Further development of the sinus is accomplished by the establishment

of a resorption front at its anterior end, which operates in the same manner as in the

brachial cavities. At, or near, maturity the resorption regime is modified slightly so

that a narrow channel is formed posteriorly, connecting the sinus with the body cavity.

Development of the brachial lobes (text-fig. 4b-e). The brachial tubercles of the

initial cluster increase in size (text-fig. 4c) and coalesce to form low incomplete,

irregularly reniform (PI. 61, fig. 8; text-fig. 4d) lobes. These subsequently increase

in size as a result of peripheral accretion of material (text-fig. 4e). As noted earlier,

the posterior edge of the adult lobes often shows a fracture surface, indicating the

presence of an extension, no longer preserved. Often, in juveniles, the two posterior

tubercles of the initial group develop a horn-like process which curves backwards

and inwards to unite with the posterior end of the median septum (PI. 61, fig. 6;

text-fig. 4b, h). More rarely, outgrowths from other tubercles unite with this process

to form reticulate structures (text-fig. 4i). The presence, therefore, of a reticulum

sensu Pajaud, although suspected, is not confirmed in the separated adult brachial

valves studied.

DISCUSSION

It has been suggested by Pajaud (1970, p. 195) that the forms studied by Elliott were

juveniles. This suggestion is not accepted as valid. Arguments previously advanced
(Baker 1969) for regarding the largest specimens in Moorellina Elliott populations

as adults are equally applicable to this study.

The similarity in size and general morphology of B. faringdonense and N. par-

viserrata may have masked some of the more fundamental differences in organization.

In N. parviserrata the median septum prior to the development of the sinus, is usually

a low structure, often no more than a longitudinal median ridge. In B. faringdonense,

however, the septum is always high and blade-like (text-fig. 2b-e). In N. parviserrata

the brachial lobes develop essentially from peripheral expansion of a skeletal frame-

work of coalesced brachial tubercles. In B. faringdonense the brachial lobes develop

forwards from two posteriorly situated ridges, in the manner described by Elliott

(1948, p. 9), ultimately forming circular ridges (auriform lobes of Pajaud) round deep
intrabrachial depressions (PI. 62, fig. 2; text-fig. 4f-g). In N. parviserrata the lateral

adductor muscle scars in the brachial valve are almost circular and inserted ventral

to the root of the cardinal process but in B. faringdonense they are more crescent-

shaped as a result of constriction by the cardinal process (text-fig. 3b-d, h-j).

Although the difference in the ornament might seem trivial, the authors regard it

of critical significance, as the ornament represents the expression of quite distinct

secretory regimes (text-fig. 5) and appears to have some taxonomic significance when
considered in dynamic (Rudwick 1968) rather than in static terms. Comparison of the

ornament in anterior, antero-lateral, and postero-lateral regions of the brachial valve

(text-figs. 2, 3) shows that in B. faringdonense the tubercles are discrete pustules
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(PI. 62, fig. 1) whereas in N. parviserrata the secretory system produces an essentially

serrated margin ornamented by radially arranged ridges with intervening grooves

(PI. 61, fig. 1). This feature provides the only firm basis for differentiation between
the pedicle valves of the two species. In the Bifolium type ornament the pustules are

round and, collectively, represent the product of a discontinuous secretory regime.

The axis of a pustule is perpendicular to the terminal face and new pustules are

initiated into the succession usually offset by one half phase (PI. 62, fig. 1 ;
text-fig. 5).

In the Neothecidella type ornament the tubercles are rib-like and are the product of

a continuous secretory regime, accreting anteriorly and resorbing posteriorly, so that

the resulting serrated ornament is really the unresorbed portion of a series of radially

arranged ridges (PI. 60, fig. 6; text -fig. 5). Their relationship with the median septum
has already been discussed. The significance of the ornament merits some considera-

tion as such an elaborate arrangement must have evolved in response to specific

environmental pressure. As suggested previously for Middle Jurassic thecideidines

(Baker 1970) the series of interlocking tubercles round the edge of the valves probably

increased the stability of the brachial valve in the closed position, possibly indicative

of a high-energy environment. Praelacazella baltoviensis Barczyk offers indirect

support for this view (Pajaud 1974). Examination of the postero-lateral areas shows
quite clearly (PI. 61, fig. 7) that the serration ridges and grooves acted as accessory

teeth and sockets when the valves were gaping. Possibly N. parviserrata was capable

of colonizing the organo-detrital debris poured into the Lower Greensand trough

(Krantz 1972). The preservation of fine detail on some of the separated valves requires

some such explanation, particularly in view of the coarse nature of the enclosing

sediment. The associated B. faringdonense has a relatively thick brachial valve with

pustulose ornament and usually shows a greater degree of abrasion, possibly indicat-

ing transportation over a greater distance and a different source for the material,

hence the difference in the population structure (text-fig. 1). Modern forms such as

Thecidellina barretti (Davidson) are also ornamented by several rows of pustules

EXPLANATION OF PLATE 62

All figures are stereoscan photomicrographs.

Fig. 1. Anterior of a brachial valve of B. faringdonense no. BB 76275 showing the characteristic pustulose

ornament ofthe sub-peripheral rim, X 1 1 5. 2, interior ofa brachial valve of B.faringdonense no. BB 76276

showing the blade-like median septum and deep intrabrachial depressions surrounded by auriform

brachial lobes, x 40. 3, enlarged view of the bridge of an early juvenile B. faringdonense brachial valve

no. BB 76272 showing the posteriorly directed spur (damaged during cleaning), x 225. 4, cellulose

acetate peel of a horizontal section through a brachial valve of N. parviserrata no. BB 76264a showing

the gross mosaic of the floor of the median sinus, upper left, and the serration ribs, lower margin, x 140.

5, etched surface of a horizontal section through a brachial valve of N. parviserrata no. BB 76264a show-

ing the granular structure of the secondary shell, x 800. 6, cellulose acetate peel of a horizontal section

through a pedicle valve of N. parviserrata no. BB 76264a showing the bundle of normal secondary fibres,

upper left, developed in the tooth ridges, x 1420. 7, etched surface of a horizontal section through the

free ventral wall of a pedicle valve of N. parviserrata no. BB 76264a showing the similarity of the shell

structure in an enveloped tubercle, upper, and the shell wall, lower, tubercle axis running left to right

almost parallel with the plane of section, x 1 800. 8, cellulose acetate peel of a horizontal section through

a brachial valve of B. faringdonense no. BB 76264b showing the typical splay of crystallites forming the

pustules, pustule axis running top to bottom inclined at approximately 40° to the plane of section, x 625.
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which may now be performing a sediment-straining role in the cryptic habitat

(Jackson et al. 1971) occupied by the animal.

Probably in the course of thecideidine evolution, the role played by certain struc-

tures, has been modified in a number of ways. It certainly seems that in N. parviserrata

the sinus arose fortuitously from the establishment of a resorption front at the anterior

of an otherwise normal median septum.

Despite an exhaustive search through sieved residue down to 350 ^m mesh size,

it has not been possible to isolate any specimens with a brachial valve width of less

than 0-8 mm so the authors are unable to comment on the earliest ontogenetic stage

of Bifolium as interpreted by Elliott. Unfortunately, specimen British Museum
(Natural History) Reg. no. BB 9468, described and figured by Elliott (1948, p. 7,

PI. 1, fig. 1) is no longer available for study. A substitution has been made but the

only specimen available was a slightly more advanced juvenile which supports

Elliott’s description with the exception that incipient septum formation may be noted.

Of the remaining Elliott material, specimen BB 9469 is an early juvenile N. parvi-

serrata
,
specimen BB 9474 is an adult, BB 9475 an aberrant juvenile, and BB 9478

a suspected N. parviserrata. The tubed material BB 9480 and BB 9482 contains a

mixture of specimens of N. parviserrata and B. faringdonense.

Elliott (1948, p. 10) mentioned aberrant forms in which the brachial lobes appeared

as two horn-like processes. These forms are also encountered in the material studied

in this paper. It will be noted (text-fig. 4h) that with the exception of the brachial

lobes, they possess all the characters of N. parviserrata and should, therefore, be

regarded as precocious juveniles of this species rather than aberrant forms of

B. faringdonense. In some early juveniles of B. faringdonense the posterior face of

the bridge is armed with a short, backwardly projecting spur (PI. 62, fig. 3; text-

fig. 3b, c). The purpose of this structure and whether it is associated with sexual di-

morphism (Elliott 1948) remains unknown.
It is curious that in both Elliott’s material and the material considered in this paper

the bridge is invariably missing in the larger brachial valves of B. faringdonense. The
areas where the bridge attachments would have been located become progressively

more rounded. In the largest specimens available for study these areas are quite

smooth (text-fig. 3h). This may be attributed to abrasion but the authors consider

that in gerontic forms of B. faringdonense the bridge was probably resorbed. It is

difficult to envisage a process which would abrade areas relatively protected by the

shoulders of the cardinal process but at the same time leave the marginal ornament
untouched (PI. 62, fig. 1).

With regard to the systematic position of N. parviserrata
,
it is not far removed from

the form assigned to P. lacazelliformis (Elliott) from the Chalk Marl, Cambridge.

It also resembles juveniles of P. valangiensis but this species is far removed strati-

graphically (Hauterivian) and geographically (Crimea). The sinus is much narrower

than that of Praelacazella and without the characteristic ramuli, also there are no
lanceolate minor lobes. Pajaud (1970) proposed the genus Neothecidella to include

Upper Jurassic forms with a divided septum without ramuli and without a lacazelli-

form jugum or lanceolate component in the brachial lobes. The lobe of material

posterior to the median septum is very similar to the structure seen in N. ulmensis

and interpreted by Pajaud (1970, p. 112) as an early representative of the Lacazella
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jugum. The new species is obviously attributable to Neothecidella and represents

a continuation of the stock up into the Lower Cretaceous. On morphological grounds

Pajaud placed Neothecidella in the plexus of descent culminating in the Lacazellinae

and Bifolium in the plexus of descent culminating in the Thecideinae. Pajaud's

phylogenetic reconstruction was supported by Williams (1973) in his critical survey

of thecideidine shell structure. The difference illustrated in the present study, in the

secretory regimes of N. parviserrata and B. faringdonense confirms a fundamental
physiological difference between the two species. A preliminary survey of the develop-

ment pattern of the ornamented borders of other representatives (MooreUina ,

Rioultina , and Thecidiopsis) of the Thecidellina group and a representative (Praelaca

-

zella ) of the Lacazella group, support this view and reinforce the argument so ably

advanced by Williams (1973, p. 468) on the evidence of shell structure. Both B. faring-

donense and N. parviserrata show suppressed secondary shell mosaics. However,
differences do occur. Williams (1973, p. 465) has identified secondary fibres in the

inner socket ridges of B.faringdonense, a feature not seen in N. parviserrata. The ultra-

structure of the sub-peripheral rim also differs. In N. parviserrata the serration ribs

are composed of uniformly granular calcite but in B. faringdonense the pustules in

section, appear as a fan-shaped splay (PI. 62, fig. 8) of acicular crystallites in which the

crystallite axes are aligned perpendicular to the pustule surface (text-fig. 5d).

The suppression of secondary shell secretion in N. parviserrata confirms the sus-

picion (Williams 1973, p. 469) that a drastic reduction in secondary shell secretion,

parallelling that of the Thecidellina group, took place in the Lacazella group during

the late Jurassic or early Cretaceous. The evolution of the ultrastructure of the

thecideidine skeleton does therefore appear to be an example of synchronous,

parallel neoteny. With regard to the origin of Neothecidella , Pajaud has suggested

that it may be derived from Thecidella of Lower to Middle Jurassic age. The authors

consider that the median septum of Thecidella shows a higher degree of sophistication

than that of Neothecidella and that Thecidella should be regarded as a specialization

just off the main line of descent. This would eliminate the need for regression from
Thecidella to Neothecidella and more satisfactorily conform to the pattern of a neothe-

cidelliform stage in the ontogenies of Thecidella and other later genera such as

Praelacazella , Danel/a, and Eolacazella. The new understanding of the mode of

development of the median septum and serration in Neothecidella removes any
objection to the derivation of the genus from more conventional monoseptal forms

of MooreUina type. Although no structural study has been made, it may be significant

that a serrated moorellinid, M. serrata occurs in the Bajocian deposits of Dundry Hill.
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REASSESSMENT OF ARENIG AND
LLANVIRN AGE (EARLY ORDOVICIAN)
BRACHIOPODS FROM ANGLESEY,

NORTH-WEST WALES

by ROBERT B. NEUMAN and DENIS E. B. BATES

Abstract. The distinctness of the Celtic biogeographic province in late Arenig and early Llanvirn time is confirmed

by reassessment of its brachiopods from Anglesey. Of the eighteen brachiopod species in the Arenig Treiorwerth

Formation, two orthaceans are placed in new monotypic genera: Treioria chaulioda sp. nov. and Ffynnonia costata

(Bates); the four other endemic genera, together with Orthambonites , Productorthis
,
Tritoechia , and Rugostrophia ,

constitute an assemblage very similar to that found in volcaniclastic rocks of the northern Appalachians which has

also been assigned to the Celtic province. The seven brachiopod taxa identified in the Llanvirn Bod Deiniol Forma-
tion include Baltic and Scoto-Appalachian forms also found together in these North American rocks. Although

geological evidence supports separation of the Celtic province areas from those of the Scoto-Appalachian province

by the Iapetus Ocean, there is no similar evidence to indicate a comparable separation between the Celtic province

areas and those of the Anglo-French province such as the Shelve district.

The Celtic brachiopod faunal province in the early part of the Ordovician was
identified by Williams (1973, p. 249) based on brachiopods from Anglesey, north-

west Wales (Bates 1968), and Tagoat, south-east Ireland (Bates in Brenchley et al.

1967, p. 388). Investigation of the brachiopods in new collections from Anglesey

confirms the special character of these associations and supports their grouping by
Williams with brachiopod assemblages in volcaniclastic rocks of the northern

Appalachians of North America (Shin Brook Formation, Maine; Summerford
Group, Newfoundland; Neuman 1964, 1976). From richly fossiliferous shell beds

of the Treiorwerth Formation (upper Arenig) about one thousand brachiopod

specimens were identified, classified into eighteen taxa including six endemic genera

and four genera ( Orthambonites ,
Productorthis

,
Tritoechia , and Rugostrophia) whose

association is the hallmark of the Celtic province. The new collection from the Bod
Deiniol Formation (lower Llanvirn) yielded fewer specimens and fewer taxa, none
endemic, but constitutes an association that indicates links both with the volcani-

clastic rocks of eastern North America and the contemporaneous epicontinental rocks

of the Baltic province. The Treiorwerth, Bod Deiniol, and closely related Nantannog
Formations form a sedimentary complex on Anglesey that is re-examined here in the

light of evidence indicating their deposition in shallow water surrounding an island

or group of islands, the Irish Sea horst. Such an interpretation is consistent with the

evidence of the peri-insular nature of the Celtic province faunas.

GEOLOGICAL SETTING

The Arenig and Llanvirn brachiopod faunas of Anglesey and south-east Ireland

appear to occupy a unique position within the British Caledonides. In both places

[Palaeontology, Vol. 21, Part 3, 1978, pp. 571-613, pis. 63-68.]
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they occur in coarse sandstones that are parts of sequences overlying Precambrian
metasedimentary rocks, the Mona Complex of Anglesey, and the Rosslare Complex
of Ireland (Crimes and Dhonau 1967). These Precambrian rocks form the earliest

expression of a persistent structure, the Irish Sea geanticline of Jones (1938), now
known as the Irish Sea horst (e.g. Dewey 19696).

The Mona Complex in Anglesey and its equivalents in south-east Ireland include

olistostromes, pillow lavas, and acid volcanic rocks as well as turbidites and fine-

grained sedimentary rocks (Shackleton 1969). Folding and metamorphism of the

Mona Complex took place in the late Precambrian to early Cambrian to form a

metamorphosed basement on the surface of which lie Arvonian acid volcanic rocks

of probable early Cambrian age. Dewey (1969a) regarded this cycle as having taken

place on the north-west margin of a continental plate, the depositional apron of

Mona Complex rocks built out to the north-west concurrent with subduction and
orogeny due to a south-east-dipping Benioff zone.

There is little evidence for the presence of Cambrian rocks on the Irish Sea horst.

The unfossiliferous Trefdraeth Conglomerate and Careg-onen Beds (Greenly 1919;

Wood 1969) are possibly of Cambrian age, but they equally well could be early Ordo-
vician. If a Cambrian cover was deposited, it was almost completely stripped off by
Arenig time.

The Arenig transgression in Anglesey (Bates 1972, p. 56) took place over a surface

of varied relief whose positive areas may be the present-day outcrops of the Mona
Complex. Basal quartz sandstone, the Carmel Formation, contains a fauna of low

diversity (two brachiopod genera and four trilobite genera) which has similarities

with that of the Arenig area (Whittington 1966; Bates 1969) and Shelve (Whittard

1955-1967; Williams 1974).

Succeeding these are the distinctive and closely related Treiorwerth, Nantannog, and
Bod Deiniol formations, including beds containing the fossils which are the subject

of this paper. These formations are characterized by their local derivation, imma-
turity, variability, and limited areal distribution.

The Treiorwerth Formation is a suite of massive conglomerates, breccias and sand-

stones about 1200 m thick. The framework of these rocks is composed of angular to

subangular blocks of schist, jasper, quartzite, quartz, and phyllite, all readily matched
with rock types in the Mona Complex. The matrix is formed of finer particles of the

same materials. The shelly fossils were found near the base of the formation, in well-

bedded sandstone and fine-grained conglomerate. These fossils are concentrated in

lenses, all the brachiopods are disarticulated, and many of them are broken. Frag-

ments of graptolites identified by Elies as ITetragraptus headi Hall were also collected

from these sandstones (Greenly 1919, p. 442).

The rocks of the Nantannog Formation consist of similar materials but with a blue-

grey muddy matrix forming muddy grits, conglomerates, and gritty conglomeratic

mudstones, all with shale interbeds. Didymograptus extensus and D. hirundo were

found near the base of the formation, and D. bifidus somewhat higher (Bates 1968,

pp. 134-135; see text-fig. 1b). The Bod Deiniol is a lens within the Nantannog
Formation above the level of the lowest occurrence of D. bifidus ; it is essentially

a recurrence of the Treiorwerth lithology. Its beds also consist of rock fragments

derived from the Mona Complex lying in a greenish chloritic matrix; its brachiopods.
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widely scattered through a few beds, are disarticulated and commonly abraded and

broken.

The Treiorwerth, Nantannog, and Bod Deiniol formations appear to have been

derived from a source area of irregular topography, the Irish Sea horst, transported

a short distance eastward, and deposited on a sea-floor of widely varying bathymetry.

In this area the horst may have been a composite feature whose surface expression

was a complex of small islands on which rocks of the Mona Complex were exposed,

the relief between them and the surrounding submerged areas maintained by repeated

movements on a series of faults (Bates 1974, p. 45).

RESTUDY OF THE BRACHIOPODS

Most of the fossils examined for this study were obtained from samples collected by both authors in June

1971, and prepared by Neuman. About 35 kg were taken from the Treiorwerth Formation at Ffynnon-y-

mab (text-fig. Id), the same locality earlier exploited by Greenly (1919, p. 442) and Bates (1968, p. 134). The
fossiliferous beds here are confined to the uppermost metre of the 5 m exposed. Bates has continued the

collecting and preparation of brachiopods from this locality, and some better-preserved specimens of the

less common taxa of brachiopods were obtained from this work. The fossiliferous bed in the Bod Deiniol

Formation previously accessible to Bates (1968, p. 135) in a temporary trench was not exposed in 1971.

Search of outcrops in that vicinity (text-fig. lc) yielded no fossils, but examination of blocks at the base of

Ty-bach cottage, now abandoned, yielded one of Bod Deiniol lithology weighing about 8 kg that contained

brachiopods.

Fossils in the Treiorwerth samples are concentrated in shell beds as much as 10 cm thick. In these shell

beds brachiopods are by far the most abundant fossils
;
less than 5% are of other phyla, principally bryozoans

and pelmatozoan ossicles. Shell orientation and size sorting are poor; shells about 10 mm across are most

abundant, but small specimens are present in large numbers, and some are as much as twice as large.

Similarly, although about half the fossils are parallel to bedding surfaces, an equal number lie at various

angles to bedding. Fossils also occur in lesser concentrations outside the shell beds, in better-sorted thin

zones where small specimens are concentrated, and some isolated specimens occur in relatively barren

sandstone. Most of the samples taken were weathered, decalcified and rusty brown, and in such rock all

fossils (with the rare and notable exception of the siliceous preservation of a single gastropod specimen and
four specimens of one brachiopod species) are preserved as natural internal and external moulds. Part of

the sample, however, was fresh and greenish-grey. This rock was decalcified in hydrochloric acid in the

laboratory, yielding internal and external moulds whose surfaces are somewhat greener than the surround-

ing matrix. Thousands of brachiopod shells were included in these samples, of which about one thousand

specimens were individually identified. Selection of the identified specimens introduced some bias in favour

of the more complete and well-preserved individuals, those with counterpart internal and external moulds,

and specimens of the less abundant taxa. In the course of breaking up such a sample for individual speci-

mens the more robust, thicker-shelled specimens are more likely to be retained than smaller, thinner-shelled

ones, and the outlines of such specimens are more readily preserved. The smaller, thinner-shelled specimens

are more easily broken in this process, making it difficult to estimate the effect of abrasion on the assemblage.

Thus, firm indications of abrasion are relatively rare with the notable exception of many specimens of one

common species, Rhynchorthis rotundus
, of which only the posterior parts are preserved.

In the Bod Deiniol block, fossils are widely and more evenly disseminated. Almost all are brachiopods,

10 1 5 mm across, with a few fragments of bryozoan zoaria and disarticulated pelmatozoan ossicles. All

the brachiopods are disarticulated, and many are incomplete, apparently the result of abrasion.

The list of brachiopods identified from the Treiorwerth Formation at Ffynnon-y-mab (Table 1) now
includes eighteen taxa rather than the twelve cited by Bates (1968, p. 134). The new list includes taxonomic

revisions, re-identifications, and six taxa not previously seen. The revisions include: 1, identification as an

unnamed species of Orthambonites those brachiopods previously listed as Lenorthis proava (Salter) ; 2, an

unnamed species of Productorthis for those included in Panderina lamellosa Bates, here abandoned;

3, identification as Tritoechia pyramidalis (Bates) brachiopods previously identified as Tritoechia sp. and

Antigonambonites pyramidalis. The species erected as Pleurorthis costatus Bates is here rejected from that
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genus and assigned to a new genus, Ffynnonia. Only one of the six species newly identified, Treioria chaulioda

is formally named and placed in a new genus, and five others are identified with open nomenclature at

taxonomic levels ranging from genus to order.

table 1. List of brachiopods identified from the Treiorwerth Formation at Ffynnon-y-mab, including the

number of specimens identified from samples prepared for this study.

NEUMAN and BATES, Dorsal Ventral

BATES 1968 this paper valves valves Total

INARTICULATES

Petrocranial sp. 1
—

1

craniids indet. 4 — 4

kutorginidaid indet. 1 3 4

ORTHIDS

Hesperononiiellad) sp. Hesperonomiella sp. 3 5 8

Monorthis tvpis Monorthis typis 15 11 26

Treioria chaulioda 12 28 40

Lenorthis proava Orthambonites sp. 38 103 141

Panderina lamellosa Productorthis sp. 31 29 60

Rhynchorthis rotundus Rhynchorthis rotundus 61 68 129

Pleurorthis costatus Ffynnonia costata 105 112 217

Skenidioides sp. (1) Skenidioides sp. (1) 16 23 39

Paurorthis ? sp. 30 26 56

CLITAMBONITID

Antigonambonites pyramidalis Tritoechia pyramidalis 45 49 94

Tritoechia sp.

PLECTAMBONITID

Reinversella monensis Reinversella monensis 35 18 53

PORAMBONITIDS

Porambonites (s.s.) sp. (part) Rugostrophia sp. 10 6 16

Porambonites (s.s.) sp. (part) porambonitid indet. 1
—

1

SYNTROPHIDS

Rectotrophia globularis Rectotrophia globularis 21 25 46

Diaphelasmal sp. 2 — 2

Bryozoans are the most common fossils after brachiopods in the Treiorwerth samples. Decalcification

rendered most specimens unamenable to thin-section study normal for bryozoan identification, and for

these only the growth form and filling of zoecia can be seen. The most numerous are cylindrical, 2-3 mm
in diameter, as much as 15 mm long, some of which branch. Other forms are hemispherical, commonly
15 mm in diameter at the base, and still others appear to be thin encrustations over unidentified objects

of a wide range of sizes and shapes. In thin sections fragments of both cylindrical and hemispherical forms

have the characteristics of generalized trepostomes according to O. L. Karklins (pers. comm. 1976). He
also found a rare form with anastomosing slender branches resembling those of the phylloporinids.

text-fig. 1. a, simplified geological map of Anglesey showing location of Bod Deiniol and Treiorwerth.

b, columnar sections showing relative positions of formations discussed in text and levels at which fossils

have been found, c, d, geological maps of Bod Deiniol and Treiorwerth areas, respectively; note explana-

tion of both maps to left; on c, in the vicinity of Ty-bach cottage, the short, heavy line between the road

and the shore of Alaw Reservoir, labelled Tr, marks the site of the temporary trench from which Bates

collected fossils from the Bod Deiniol Formation; both maps at the same scale; National Grid Reference

ticks shown along borders.
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Among the minor components of the Treiorwerth assemblage are pelmatozoan plates, including basal

plates belonging to Rhipidocystites or Batherocystites, and deltoid plates belonging to Blastoidocrinus or

Meristoschisma according to C. R. C. Paul (pers. comm. 1976). The few trilobite fragments consist of several

free cheeks and part of a large cephalon, all too fragmentary for identification, and a single cephalon of an
agnostid, probably Geragnostus. It should be noted that Monellaperplexa Bates from the Carmel Formation
is considered to be congeneric with Annamitellal borealis Whittington (Whittington pers. comm. 1969,

cited by Neuman 1972) and A.? insulana Dean (Dean 1973, p. 21).

table 2. List of brachiopods identified from the Bod Deiniol Formation; Bates’s samples obtained from
outcrop in temporary excavation indicated in text-fig. 1 c ;

samples for this study prepared from block taken

from base ofTy-bach cottage; number of specimens identified is based on material from this block.

BATES 1968

NEUMAN and BATES,

this paper

Dorsal

valves

Ventral

valves Total

ORTHIDS

Lenorthis sp. Orthambonites sp. 12 18 30

Panderina{l) sp. Productorthis sp. 4 32 36

Paurorthis(l) sp.

Platystrophial sp. 8 5 13

CLITAMONITID

Apomatella sp. Atelelasma sp.

GONAMBONITID

Antigonambonites sp.

PLECTAMBON1TIDS

Taffial sp.

Ahtiella concava Ahtiella concava

2 5 7

1 1 2

6 6

37 31 68

The revised list of brachiopods from the Bod Deiniol Formation (Table 2), based on about one-fifth the

number of specimens that were obtained from the Treiorwerth Formation, now includes seven taxa rather

than the five cited by Bates (1968, p. 135). In addition to re-identifications, the list is altered by the addition

of Platystrophial sp., Antigonambonites sp., and Taffial sp. The additional specimens of Ahtiella concava

Bates confirm its generic assignment. Minor components include a few scattered pelmatozoan plates, mostly

stem plates, and, rarely, cylindrical bryozoan zoaria.

TAPHONOMY
Comparison of the relative abundance of brachiopod specimens in the Anglesey formations with those of

the Summerford Group in Newfoundland (Neuman 1976, p. 12), together with consideration of the rocks

in which they occur, indicates that despite the similarity of their genera, the assemblages in the two places

represent greatly different habitats. All indications are that the Treiorwerth and Bod Deiniol fossils are

death assemblages, and perhaps represent a composite of brachiopods and other organisms that lived in

different rocky habitats around the island or islands from which the sediment in which they are entombed

was derived. In the Treiorwerth assemblage more than half the brachiopods identified belong to the three

most abundant taxa. Two of the most abundant species, Ffynnonia costata and Rhynchorthis rotundus,

include specimens of a wide range of sizes and nearly equal numbers of dorsal and ventral valves. Both are

represented by many well-preserved specimens, but some specimens of Rhynchorthis are significantly

abraded. These species must have been numerically dominant near their place of burial. The species of

Orthambonites of this assemblage, second in abundance, is represented by nearly three times as many
ventral valves as dorsals ; although specimens include a wide size range, only a few of the large individuals

seem to have complete anterior outlines, suggesting that the specimens were derived from a large popula-

tion that lived at a greater distance from their burial site than Ffynnonia and Rhynchorthis. The Ortham-

bonites is anomalous among the more common brachiopod species in the disparate number of opposite
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valves. All but the rarest of the others are represented by nearly equal numbers of opposite valves, and none

of them showed notable evidence of abrasion. All but Skenidioides are significantly larger than the average

size of the rock particles. It is likely, therefore, that these species lived near the place they were buried, and
that their relative abundances were similar to those recorded here. Indications of significant transport or

redeposition by such agencies as turbidity currents are lacking. The shell beds are more likely to have been

near-shore lag concentrates and thus a reasonable sample of the brachiopod population living nearby.

The Bod Deiniol Formation brachiopods, though fewer in number and taxa than those of the Treiorwerth

Formation, more widely disseminated through the available sample, and more abraded, show a similar

numerical dominance of the most abundant species.

These data on relative abundance of taxa cannot be interpreted unequivocally. Although numerical

dominance of a relatively few species is considered to be characteristic of cold waters, local environmental

conditions may have the same effect for any one sampling site. For example, a wide range of relative

abundances was seen at the four penecontemporaneous localities yielding brachiopods from volcaniclastic

rocks of the Summerford Group (Neuman 1976, p. 12). Here, in the most diversified assemblage that

accumulated in quiet, shallow waters, the three most abundant taxa constitute less than one-third of the

total assemblage of twenty-six taxa, but at the locality having the least diversified assemblage, and where

the effects of currents are evident, more than half the specimens belonged to one of eight taxa.

BIOGEOGRAPHIC INTERPRETATION

The principal conclusion that we derive from this study is that the brachiopod

assemblage of the Treiorwerth Formation, the reference assemblage for the Celtic

biogeographic province of Williams (1973, p. 249), is like that of the Summerford
Group, Newfoundland (Neuman 1976) and related formations in New Brunswick
and Maine in the co-occurrence of several genera not known to be associated else-

where, as well as a high percentage of endemic genera. The smaller number of

brachiopod genera of the Bod Deiniol Formation also occur in the Summerford
Group. Thus the probability of a Celtic province in the late Arenig and early Llanvirn

is reinforced, and the assignment to it of this part of Anglesey together with parts of

central Newfoundland, New Brunswick, and Maine (Neuman 1976) is confirmed.

Of the eighteen brachiopod taxa comprising the Treiorwerth assemblage, the

generic identification of six is uncertain and they are excluded from consideration

here; six belong to endemic genera, i.e. genera known only from the Ffynnon-y-mab
locality and from the Tagoat Beds in south-east Ireland (Brenchley et al. 1967, p. 388).

Of the remaining six genera, four (Orthumbonites, Productorthis
, Tritoechia , and

Rugostrophia) are elsewhere associated only in the Summerford Group and related

formations, one (Hesperonomiella

)

was previously reported from the Whiterock Stage

in North America (Cooper 1956, pp. 337-338), and one ( Skenidioides) is the oldest

occurrence of a genus of widespread distribution in younger Ordovician and Silurian

rocks.

The seven taxa of the Bod Deiniol assemblage also occur in the Summerford Group.
Although five of these

(Ahtiella ,
Productorthis , Orthambonites , Platystrophia , Anti-

gonambonites) also occur in rocks of late Arenig and Llanvirn age in Estonia, two
(Atelelasma and Taffial) are North American genera that are associated with the

Baltic genera only in the Summerford Group and related formations.

Other penecontemporaneous British and Irish brachiopod assemblages are

significantly different from those of the Treiorwerth and Bod Deiniol formations—
differences that have led to the identification of discrete palaeogeographic provinces

and inferences concerning their relative positions in the light of plate tectonics. The
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closest similarity of the Anglesey assemblages is with the Ogof Hen Formation (lower

Arenig) of Ramsey Island, Pembrokeshire (Bates 1969), whose two brachiopod genera

(Monorthis and Orthambonites
[
= Lenorthis]) are represented by different species in

the Treiorwerth Formation.

A greater contrast is exhibited by the brachiopods of west-central Ireland that are

more readily equated with the North American Whiterock Stage than with a precise

level in the British upper Arenig-lower Llandeilo succession. Of the seven genera in

the Mweelrea Grits at Uggool (Williams 1972), only one ( Hesperonomiella

)

occurs

in the Treiorwerth or Bod Deiniol assemblages. A similar brachiopod assemblage
from the Tourmakeady Limestone from near-by County Mayo, though unreported,

was included in the Scoto-Appalachian biogeographic province by Williams (1973,

pp. 248-249).

The brachiopods of the Shelve District (Williams 1974), 80 miles (128 km) to the

south-east of Anglesey, show as much contrast but of a different kind. Of the eleven

genera of articulate brachiopods in the late Arenig Mytton Flags, only the cosmo-
politan Orthambonites (= Lenorthis) was seen also in the Treiorwerth Formation. It

may also be noteworthy that both formations contain an early skenidioid species,

the one in the Mytton Flags placed in the monotypic Protoskenidioides (Williams

1974, p. 83) while the Treiorwerth species is here treated as an unnamed species of

the long-ranging genus Skenidioides. There are two few articulate brachiopods in the

beds of Llanvirn age at Shelve for meaningful comparison, but it may be significant

that the upper Llanvirn Weston Beds yielded the oldest species yet recorded of the

Mediterranean heterorthid genus, Tissintia Havlicek. The Mytton Flags brachiopod

assemblage was included in the Anglo-French brachiopod biogeographic province

by Williams (1973, pp. 248-249).

Explanations for the present-day geographic proximity of such distinctive bio-

geographic provinces have been made by postulating ancient palaeogeographies

permitted by plate tectonics (e.g. Whittington and Hughes 1972; Smith et al. 1973;

Ross 1975 ; Hughes et al. 1975). The special position of the Celtic Province as a group

of islands in the middle of the Proto-Atlantic (or lapetus) Ocean has been shown on

palaeogeographic maps (Dean 1976; Neuman 1976). So placed, the Irish Sea horst

in late Arenig time was separated from the Welsh Borderland by a wide expanse

of ocean.

Present understanding of the geology between Anglesey and the Welsh Borderland

(Williams 1976, p. 34) does not support the former existence of an ocean in this area.

Throughout Wales Lower Palaeozoic rocks are underlain by continental crust of near

normal thickness (Blundell and Parks 1969) rather than by oceanic crust. If there was
Ordovician and older oceanic crust here, it has been destroyed and is now represented

by one or more sutures that have not yet been identified as such.

Some aspects of the Ordovician rocks themselves suggest continuity across this

region. The basal Arenig sandstones of Anglesey (Carmel Formation) are litho-

logically like those of Shelve (Stiperstones Quartzite), and faunally like those of

Pembrokeshire (Ogof Hen Formation) and the Arenig region (Henllan Ashes) in

their low-diversity Orthambonites-Megalaspidella faunas. Further, the north-

westward overstepping by Arenig sandstone from the Upper Cambrian on to the

Precambrian Gwna Group (equated with part of the Mona Complex: Smith and
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George 1961, p. 27) suggests that little horizontal displacement occurred after that

transgression apart from that due to folding of the Ordovician rocks.

Thus, re-examination of the brachiopods from the Treiorwerth and Bod Deiniol

formations demonstrates the distinctness of the association of brachiopod genera

constituting the Celtic biogeographic province, and the similarity of this association

in Anglesey and south-eastern Ireland with those in peri-insular volcaniclastic rocks

in Maine, New Brunswick, and Newfoundland. The differences between this province

and the penecontemporaneous Scoto-Appalachian province to the north-west, and

the Anglo-French province to the south-east, are thereby heightened. Although
evidence of many kinds indicates that the original distance between the Celtic pro-

vince of Anglesey and the Scoto-Appalachian province of western Ireland and

southern Scotland was greatly reduced by the closing of the Iapetus Ocean, similar

evidence is not available to explain the contrasts between Anglesey and the Anglo-

French province of the Welsh Borderland. It is possible, therefore, that these contrasts

are due as much to local environmental factors as they are to geographic isolation.

SYSTEMATIC PALAEONTOLOGY

All but two of the eighteen brachiopod taxa of the Treiorwerth Formation are described or discussed and

illustrated in the following section, as are five of the seven taxa from the Bod Deiniol Formation. No
significant new information beyond that given by Bates (1968) was obtained for the four taxa from these

formations not discussed here. Virtually all the specimens studied were obtained from the samples collected

by both authors and shipped to the U.S. National Museum of Natural History, Washington, D.C., where

they were accessioned (USNM no. 296269). Type, illustrated and the individual specimens whose measure-

ments are given in this paper have been deposited in the Department of Palaeontology, British Museum
(Natural History) and assigned register numbers BB73422-73531 and BB74070-74077. Representative

specimens of those species available in reasonable quantities have been retained in the brachiopod collection

of the U.S. National Museum. The remainder of the collection is housed at the British Museum.
Preservation imposes constraints on the taxonomic treatment of these brachiopods. In the absence of

conjoined shells, counterpart dorsal and ventral valves have been identified by combinations of consistent

attributes seen as internal and external moulds. Such preservation precludes confirmation of shell structure

inferred by the suprageneric assignments because most specimens are not identifiable prior to removal

of the shell.

Although this kind of preservation permits observation of the presence or absence of those features that

form the basis for generic identification, details of proportion and ornament are generally not well enough

preserved for specific discrimination. Most taxa identified to species, therefore, are those belonging to

monotypic genera not yet known outside this area; and the others are identified as unnamed species of

established genera or higher categories with varying degrees of confidence.

Details of the number of specimens studied, and their stratigraphic occurrence are given in Tables 1 and 2.

Class inarticulata Huxley, 1869

Order acrotretida Kuhn, 1949

Suborder cranidina Waagen, 1885

Superfamily craniacea Menke, 1828

Family craniidae Menke, 1828

Genus petrocrania Raymond, 1911

Petrocranial sp.

Plate 63, figs. 1, 2

Description (one dorsal valve only). Large, subelliptical, length (20 mm) about one-tenth greater than

width (18 mm); posterior margin vague, apparently bluntly tapered; sides and front broadly rounded.
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Asymmetrically conical in lateral profile, beak at apex near centre (thickness 3 mm)
;
posterior slope slightly

concave behind beak, becoming nearly planar to posterior margin
;
anterior slope gently convex to anterior

margin. Anterior profile with slight median carination, sides broadly arched. Surface ornament of closely

spaced, fine growth lines.

Interior with two pairs of small, elliptical adductor scars
;
long axes of ellipses of both pairs converging

anteromedially at about 60°; anterior scars at midlength, flanking apex, more widely spaced and slightly

larger than posterior pair at one-third shell length.

Discussion. The external ornament of closely spaced growth lines only suggests assign-

ment of this specimen to Petrocrania , but the specimen is larger and more elongate

than is common for the genus. The generic identification thus remains questionable

in the absence of additional specimens.

The Treiorwerth samples yielded four additional craniid dorsal valves, all poorly

or incompletely preserved. Two of these, represented by internal moulds only, are

transversely quadrate in outline, with impressions of a shallow anterior sulcus, and
very large anterior muscle scars; they are thus not conspecific with the specimen

described here, but similarly shaped shells from the Middle Ordovician Effna Lime-

stone of B. N. Cooper (1944) in Virginia were named Petrocrania ? magna by G. A.

Cooper (1956, p. 289).

Order kutorginida Kuhn, 1949

Superfamily, family, genus, and species unknown

Plate 63, figs. 3, 4; text-fig. 2

Description. Large, elongate, elliptical, ventribiconvex, rectimarginate shells. Ventral valve extended

posteriorly, about one-fifth longer than wide; single available dorsal valve incomplete, presumably shorter,

without posterior extension. Outline with broadly rounded sides and front; ventral valve extended to

narrowly rounded apex. Anterior profile domed in median sector, with gently sloping sides. Thickness

of ventral valve about one-fifth its length, about twice that of dorsal valve. Ventral interarea long, about

one-quarter shell length, apsacline, about 30° from commissural plane, with large apical foramen ; surface

marked by strong, straight, closely spaced growth lines parallel to anterior edge. Shell material bluish-grey

opaline silica. External surface with fine growth lines throughout, and low concentric wrinkles around

anterior margins.

EXPLANATION OF PLATE 63

Figs. 1, 2. Petrocranial sp., x 1-5; dorsal valve, BB73422, internal and external mould.

Figs. 3, 4. Kutorginidaid, superfamily, family, genus, and species unknown, x 1 -5
; 3, ventral valve, BB73423,

internal mould; opaline mineralized shell was removed in preparation of the specimen; 4, dorsal valve,

BB74070, interior of silicified shell.

Figs. 5-13. Productorthis sp., x3; 5-7, dorsal valve, BB73447, internal mould, internal replica, partial

external mould; 8, 9, dorsal valve, BB73448, internal mould, internal replica; 10, 11, ventral valve,

BB73449, internal mould, internal replica; 12, 13, ventral valve, BB73450, internal mould, external mould.

Figs. 14-28. Treioria chaulioda sp. nov., x2; 14-17, holotype, ventral valve, BB73432, internal mould,

external mould, internal replica, external replica; 18, 19, paratype, dorsal valve, BB73430, internal

replica, internal mould; 20, 21, paratype, dorsal valve, BB73429, internal replica, internal mould;

22-24, paratype, dorsal valve, BB73428, internal replica, internal mould, external mould; 25, paratype,

ventral valve, BB73433, internal mould; 26, paratype, ventral valve, BB73435, internal mould; 27, 28,

paratype, ventral valve, BB73498, external replica, external mould.

Figs. 29-34. Hesperonomiella sp., x 1-5; 29, dorsal valve, BB73425, external mould; 30, 31, dorsal valve,

BB73424, internal replica, internal mould; 32, 33, ventral valve, BB73427, internal mould, internal

replica; 34, ventral valve, BB73426, internal mould.
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Preserved part of dorsal interior with pattern of shallow concavities and low ridges interpreted as two

pairs of adductor muscle scars. Each of posterior pair (one preserved) elliptical in outline, about three times

longer than wide, parallel to posterolateral margin to about one-third shell length. Anterior scars occupy

middle half of shell floor, separated from posterior scars by low, widely divergent ridges, and from each

other by low median ridge ; each scar triangular in outline, with posterior apex near midline of shell, expand-

ing anterolaterally to widely spaced anterolateral termination somewhat beyond shell midlength; middle

of shell beyond midlength with narrow groove that extends to near anterior margin. Anterior margin of

thickened shell.

Ventral interior with long, anteriorly expanding pedicle tube enclosed in cone ankylosed to shell floor.

Sides and dorsal surface of cone free except near apex where short, laterally directed strut-like plates link

its sides to junction of inner surface of interarea and shell floor. Pedicle tube somewhat elliptical in cross-

section, slightly wider than high, its internal surface marked by strong annular scars and weak longitudinal

ridges and furrows. Inner surface of interarea free-standing, supported only at its posterolateral sides.

Mantle canals (probably vascula lateralia) subparallel, extending from junctions of sides of pedicle tube

with shell floor nearly to shell margin. Muscle scars not seen on shell floor. Shell thickened and furrowed

around anterolateral margin.

Measurements. Dorsal valve (BB74070): length -10 mm preserved, 16 mm estimated complete; maximum
width— 15 mm preserved, 16 mm estimated complete, at 8 mm (estimated) shell length; thickness— 1-5 mm.
Ventral valve (BB73423): length— 22 mm; length of interarea— 5 mm; length of pedicle tube—4 mm;
hinge width— 10 mm; maximum width— 17 mm at 12 mm shell length; thickness—4 mm.

Discussion. Preservation of all specimens as opaline silica, unlike that of any of the

thousands of brachiopod specimens of other species seen in the preparation of the

Treiorwerth Formation material, indicates that their original mineral composition

was different from the other brachiopods. That it was originally aragonite is suggested

by the one other similarly preserved fossil, a specimen of an undetermined gastropod,

the only mollusc seen (Matherellci (?) acuticostata Bates (1963, p. 258) was, however,

completely decalcified). Thus, during diagenesis silica may have substituted for

aragonite, filling cavities or by replacement, similar to calcite substitution of aragonite

of trimerellid shells reported by Jaanusson (1966).

The effects of tectonic deformation, apparent in the best preserved specimen in the

collection (PI. 63, fig. 3) have been eliminated in text-fig. 2a, and a restoration of the

text-fig. 2. Restorations of ventral valve of kutorginidaid,

superfamily, family, genus, and species unknown, based

mainly on BB73423; a, internal mould with effects of

deformation removed; b, interior of valve; drawings by

Janine Higgins.
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ventral valve based on this and other specimens has been constructed (text-hg. 2b).

Thus visualized, the species appears to be new to the fossil record, especially in its

long, unsupported, planar interarea with an apical foramen, together with its pedicle

tube. These features may have developed from the early Cambrian Kutorginida, with

which they are here classified, whose shells are of unspecified calcareous composition.

In over-all proportions and size, and by inference, its aragonite shell, this species

seems also to be related to the Trimerellidae whose earliest genus, Eodinobolus , has

significantly different architecture, and appears somewhat later, in the Middle

Ordovician.

Class articulata Huxley, 1869

Order orthida Schuchert and Cooper, 1932

Suborder orthidina Schuchert and Cooper, 1932

Superfamily orthacea Woodward, 1852

Family hesperonomiidae Ulrich and Cooper, 1936

Genus hesperonomiella Ulrich and Cooper, 1936

Hesperonomiella sp.

Plate 63, figs. 29-34

Description. Moderate to large, ventribiconvex, subquadrate, maximum width at hinge greater than length,

cardinal extremities somewhat extended, acute. Sides nearly straight through middle third, anteriorly

convergent, front broadly rounded. Dorsal interarea anacline, short; notothyrium bordered by narrow
chilidial plates; ventral interarea apsacline, about twice as long as dorsal interarea; delthyrium open,

unmodified. Dorsal sulcus moderately deep, wide, originating at beak; maximum thickness near mid-

length. Ventral valve about twice depth of dorsal valve; fold less conspicuous than dorsal sulcus. Ornament
multicostellate, eighteen to twenty costellae per 5 mm at front of large- and medium-size shells; branching

pattern not known. Concentric ornament of weak growth lines, widely and variably spaced.

Dorsal interior with low, short notothyrial platform of thickened shell bearing simple, posteriorly

expanded cardinal process not extending to front of platform. Brachiophores short, rod-like extensions of

sides of notothyrial platform. Socket floors shallow excavations in thickened shell tissue of posterior shell

wall. Adductor muscle scars quadripartite with low, broad myophragm
;
posterior pair small, oval; anterior

pair about three times larger than posterior pair, subtriangular, anteriorly expanded. Mantle canal system

not seen.

Ventral interior with stout teeth having broad bases, ventrally divergent dental plates with receding

anterior margins whose bases form posterior half of lateral margins of muscle field. Muscle field triangular;

anterior margin broad arc of thickened shell. Adductor track about equal in width to diductor scars, set

slightly below them. Mantle canal system not seen. Shell thickened around anterolateral margins of some
specimens.

Discussion. The three dorsal valves assigned to this unnamed species are all somewhat
smaller than the ventral valves assigned to it. The ornament of both valves, though
indifferently preserved, is the same; thus linked, the interiors are those diagnostic

of the genus.

H. carmelensis Bates 1968 (pp. 142-143) from the Carmel Formation, Anglesey,

differs from the Treiorwerth Formation species in having a more rounded outline,

with a hinge-width less than maximum width and cardinal extremities that are

rounded compared to the extended cardinal extremities of the Treiorwerth Formation
species. Hesperonomiella species in North America, with the exception of H. quebee-

ensis Cooper, 1956 (p. 337) from boulders in the Mystic Conglomerate in Quebec,
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are known from specimens that are much smaller than those from the Treiorwerth

Formation. The Quebec species too is widest at the hinge, but internally its dorsal

valve has a median ridge, and its delthyrial cavity is narrower than that of the Treior-

werth species.

table 3. Measurements of Hesperonomiella sp.

BB no. Length Width Thickness

Dorsal

valves

total notothyrial

platform

posterior

adductor

anterior

adductor

inter-

area

hinge notothyrial posterior

platform adductor

anterior

adductor
scar scar scar scar

(mm)

73424 11(13) 2 3 7 .75 20 3 4 6 2

73425 12 - - -
16

_ - -

Ventral valves muscle field diductor scar(ea.) adductor scar

73426 20 5 2 25 2.5 2 4

73427 24 5 2 29 2 2.5 3

( )Estimated measurement

Genus treioria gen. nov.

Diagnosis. Flesperonomiid with strong teeth and posteriorly confined musculature,

both notothyrial platform and ventral muscle scars significantly wider than long.

Type species. Treioria chaulioda sp. nov. ; no other species assigned.

Description. Transverse, semi-elliptical, thin-bodied planoconvex to resupinate shells; interareas short,

ridge-like chilidial plates; delthyrium open, unmodified; multicostellate. Cardinalia orthoid, with thin,

simple cardinal process, notothyrial platform twice as wide as long, brachiophores short, with bases on

shell floor; sockets without fulcral plates or thickened floors. Ventral valve with large teeth, dental plates

strongly divergent, muscle field width generally twice or more its length, with wide adductor track about

equal to adductor scars in length. Shell structure and mantle canal systems unknown.

Discussion. This monotypic genus resembles Hesperonomia, but differs from that

genus in the reduced length of its notothyrial platform and ventral muscle scars, and

in the large size of its teeth.

Treioria chaulioda sp. nov.

Plate 63, figs. 14-28

Holotype. Ventral valve, BB73432 (PI. 63, figs. 14-17).

Derivation ofname. Greek chaulios (prominent) and odous (tooth).

Description. Shells wider than long, widest at hinge, one-third to one-half greater than length, cardinal

extremities acute, outline broadly curved. Dorsal interarea very short, anacline, about two-thirds length of

steeply apsacline ventral interarea. Lateral profile wedge-like, maximum thickness immediately in front

of hinge, tapering forward with little or no curvature
;
dorsal valve nearly flat, ventral valve sharply concave

immediately in front of beak, becoming broadly convex, flat or slightly concave at midlength. In anterior

profile dorsal sulcus shallow, broad, bordered by flanks of low convexity; posterolateral extremities slightly

deflexed ventrally; ventral fold correspondingly low, lateral slopes slightly concave. Lateral commissure

straight, anterior commissure broadly sulcate. Multicostellate ornament of rounded costellae, five to six

per mm through shell length, increasing in number by intercalation. Concentric ornament lacking or

obscure. Impunctate shell structure inferred from absence of papillae on internal moulds.
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Dorsal interior with short, low notothyrial platform, gently inclined posteriorly, sides steeply sloping,

anterior margin thickened forming low transverse ridge; cardinal process low, thin, traversing full length

of platform. Brachiophores short extensions of sides of notothyrial platform, with bases extending to shell

floor. Shell floor smooth except for median undulation corresponding with sulcus; diductor muscle scars

and mantle canal system not preserved; radial ornament weakly impressed well into midpart of shell.

Ventral interior with prominent teeth (anomalously preserved by appression of internal and external

surfaces of palintrope beyond teeth and supporting structures); dental plates widely flared, erect, receding.

Delthyrial cavity shallow; muscle field very short, less than one-fifth of total shell length, confined to cavity,

one and a half to three times wider than long, posteriorly sloping; anterior margin slightly thickened.

Adductor tracks set somewhat above diductor scars, relative lengths variable, some slightly shorter, some
longer. Shell floor featureless except for impression of radial ornament from shell margin into midpart of

shell as in dorsal valve.

table 4. Measurements of Treioria chaulioda gen. et sp. nov.

BB no. Length Width Costellae

Dorsal valves total notothyrial

platform
interarea hinge notothyrial

platform

(mm) (per mm)
73428 (p)* 8 1 1 8(13) 2.5 -

73429
( P )* 7.5 1.5 1 9(12) 3 -

73430 (p)* 6.5 1.5 .5 11 3 6

73431 (p) 10(11) 1 .5 10 2.5 -

Ventral valves muscle
field

muscle
field

73432(h)* 11 2 1.5 19 5.5 5

73433(p)* 6(8) 1 1 13(15) 3 6

73434(p) 8 1.5 1 11(13) 2.5 5

7343 5( p)* 9 1.5 1.5 17 3 -

73498(p)* 8 - - 11(13) - 5

(h)Holotype, (p)Paratype, ‘Figured specimens, ( ) Estimated measurements

Discussion. The distinctive features of this species are as those described above for

the genus. Although preservation of the specimens upon which it is based prevents

direct observation of shell structure, and gives a false impression of the hinge areas

of the ventral valve, most major elements of the morphology of both valves are

sufficiently well preserved to indicate that no species having these characteristics has

been described before.

Family orthidae Woodward, 1852

Subfamily orthinae Woodward, 1852

Genus orthambonites Pander, 1830

Orthambonites sp.

Plate 64, figs. 1-11

1968 Lenorthis sp. Bates, p. 148, pi. 2, figs. 11, 12.

Description. Small to medium, semicircular to semi-elliptical, ventribiconvex shells, with shallow dorsal

sulcus and low ventral fold. Maximum width at hinge, equal to or as much as one-third greater than length.

Lateral profile broadly rounded, maximum thickness at about one-third shell length, dorsal valve half as

deep as ventral valve. Costae and interspaces V-shaped in profile, about five per 5 mm in midsector at 8 mm
shell-length. Ventral valve bears median costa, dorsal valve a corresponding interspace.
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Dorsal interior with low, short notothyrial platform; cardinal process thin, blade-like; brachiophores

short, with stout, divergent bases and sharply pointed terminations. Median ridge variable; low, short,

extending to midlength in some specimens, absent in others. Adductor muscle scars and mantle canals not

seen. Ornament imprinted on interior through most of shell length, impressions of interspaces wider than
those of costae.

Ventral interior with stout, wide teeth; dental plates short, erect, receding, joined to shell floor at mid-
length of sides of muscle field. Muscle field slightly thickened at front, adductor scar about one-third width

of field, about equal in length to diductor scars. Mantle canal system not impressed, internal imprint of

ornament as on dorsal valves.

table 5. Measurements of Orthambonites sp.

BB no. Length Width Thickness Costae

Dorsal Valves
total notothyrial

platform
total notothyrial

platform

73436* 9.5 1

(mm)

14 2 1.5 18

73437 6 1 9 1 1 14

73438* 6 1 10 1.5 1 16

73439 5 .75 8 1.5 .75 18

73440 7.5 .75 10 1 1 16

Ventral valves

73441 8

muscle
field

2 9

muscle
field

1.5 2 15

73442* 8 3.5 7(10) 1.5 2 17

73443 9 3 11 2 2.5 19

73444 9 3 6(9) 2 2.5 11(17)

73445 8 2 6(9) 1.5 1.75 15

73446* 8 2 9 2 1.75 19

‘Figured specimens, ( )Estimated measurements

EXPLANATION OF PLATE 64

Figs. 1-11. Orthambonites sp., x2; 1, 2, dorsal valve, BB73436, internal mould, internal replica; 3-5, dorsal

valve, BB73438, internal mould, internal replica, partial external mould; 6-9, ventral valve, BB73442,

internal mould, internal replica, partial external mould, partial external replica; 10, 11, ventral valve,

BB73446, internal mould, internal replica.

Figs. 12-23. Skenidioides sp. (1) Bates, x 5; 12-15, dorsal valve, BB74071, internal mould, external mould,

internal replica, external replica; 16, 17, dorsal valve, BB74073, internal mould, internal replica; 18, 19,

ventral valve, BB74077, internal mould, internal replica; 20-23, ventral valve, BB74074, internal mould,

internal replica, external mould, external replica.

Figs. 24-38. Paurorthisl sp., x 3; 24-26, dorsal valve, BB73483, internal mould, external mould, external

replica; 27, 28, dorsal valve, BB73484, internal mould, internal replica; 29, 30, dorsal valve, BB73488,

internal mould, internal replica; 31, dorsal valve, BB73486, internal mould; 32, dorsal valve, BB73485,

internal mould; 33, ventral valve, BB73492, internal mould; 34, ventral valve, BB73491, internal mould;

35-38, ventral valve, BB73490, internal mould, internal replica, external mould, external replica.

Figs. 39-49. Tritoechia pyramidalis (Bates), x2; 39, 40, dorsal valve, BB73495, internal mould, internal

replica; 41-44, dorsal valve, BB73493, internal mould, external mould, external replica, internal replica;

45, ventral valve, BB73498, external mould, posterior view, showing radial striations (Bates photo.);

46, ventral valve, BB73497, internal mould; 47-49, ventral valve, BB73496, external mould, internal

mould, external replica.
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Discussion. Coarse-ribbed orthids of this kind are common components of early

Ordovician brachiopod assemblages. Similar shells have been placed in several genera,

including Orthis, Orthambonites, Hesperorthis , Plectortbis, and Lenorthis, distinc-

tions among them generally being the characteristics of the cardinalia and muscula-
ture. An exception to such criteria as the basis of generic discrimination is Lenorthis

Andreeva, 1955, in which a distinguishing characteristic is given (Andreeva 1955,

p. 69, translated by J. W. Cooper) as the divergent pallial sinuses in the ventral valve.

Andreeva (in Nikiforova and Andreeva 1961, p. 73, translated by V. Jaanusson) later

found that specimens included in L. girardi
,
the type species of the genus, belonged to

two other genera, Hesperorthis and Mimella, and she recommended that the genus

be abandoned. Accordingly, Lenorthis is a subjective junior synonym of either

Hesperorthis or Mimella , depending on the designation and identification of the holo-

type of the species girardi

,

information not evident from the original description or

the accompanying illustrations and their captions. Williams, however, included

Lenorthis in the Treatise on invertebrate paleontology (Williams et al. 1965, pp. 311 —

3 13), distinguishing it from Orthis by its biconvexity and the divergence of the proximal

parts of its vascula media , and assigned to it the species originally described as

Orthambonites mostellerensis Cooper. Such an assignment is invalid, as is the assign-

ment to it of 'Orthis' proava Salter (Bates 1968, p. 146) and all subsequent usages of

the name Lenorthis.

‘Lenorthis proava (Salter)’ was listed as occurring in the Treiorwerth Formation
at Ffynnon-y-mab (Bates 1968, p. 1 34), but the occurrence of the species in this forma-

tion at this or any other locality was not mentioned in the redescription of the species

(Bates 1 968, p. 1 47), the specimens described having come from the Carmel Formation.

The most apparent difference between the Orthambonites sp. in the Treiorwerth

Formation and the Carmel species is the relative prominence of the median ridge in

the dorsal valve of the latter, whereas this ridge is either poorly developed or absent

in the Treiorwerth species. Ventral valves of the Carmel species also have somewhat
longer dental plates than those of the Treiorwerth species. The vascula media of the

two species cannot be compared as they are not preserved in the Treiorwerth specimens.
The proportions and ornament of Orthambonites sp. from the Bod Deiniol Forma-

tion are the same as those from the Treiorwerth Formation, and specimens of the

same size from both formations are identical internally; they are therefore considered

to be conspecific. Some Bod Deiniol specimens, 15-19 mm wide, are larger than any

from the Treiorwerth Formation; these large ventral valves have wide, parallel to

narrowly divergent vascula media, and dorsal valves of similar sizes have quadri-

partite adductor muscle scars.

Subfamily productorthinae Schuchert and Cooper, 1931

Genus productorthis Kozlowski, 1927

Productorthis sp.

Plate 63, figs. 5-13; Plate 68, figs. 1-11

1968 Panderina lameltosa Bates, p. 151, pi. 3, figs. 10-18.

Discussion. Specimens from the Treiorwerth and Bod Deiniol formations identified

as Panderina lamellosa by Bates (1968) are here assigned to the genus Productorthis.
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The specimens from both formations have the biconvexity, lamellose exterior, and

internal features of this genus, and lack interareas. The species lamel/osa , erected by

Bates for specimens from the Treiorwerth Formation, is therefore redundant because

imbricate growth lamellae which were held to distinguish it from other species of

Panderina are characteristic of all species of Productorthis. Assignment of these shells

to any species of Productorthis , is, however, prohibited by their poor preservation.

In the few dorsal valves of large specimens from the Bod Deiniol Formation the

adductor muscle scars are more deeply impressed and the median ridge between them

is more pronounced than in the smaller specimens from the Treiorwerth Formation.

In other respects the specimens from the two formations are similar except for size,

those from the Treiorwerth Formation having the same dimensions as those treated

by Bates as indicated by the following measurements.

Length Width Length Width
(mm) (mm) (mm) (mm)

TREIORWERTH FORMATION BOD DEINIOL FORMATION

SPECIMENS SPECIMENS

Dorsal valves Dorsal valve

BB73447 5 8 BB73451 8 12

BB73448 5 7 Ventral valves

Ventral valves BB73452 9 10

BB73449 6 7 BB73453 8 8

BB73450 5 6 BB73454 8 9

Family plectorthidae Schuchert, 1929

Subfamily platystrophinae Schuchert, 1929

Genus platystrophia King, 1850

Platystrophia! sp.

Plate 68, figs. 17-24

Description. Dorsibiconvex, narrow-hinged, coarsely costate, of medium size for genus. Maximum width

at midlength or beyond, about twice hinge width, cardinal extremities obtuse. Interareas planar, nearly

equal in length, both apsacline; notothyrium and delthyrium open, unmodified. Dorsal beak higher, more
incurved than that of ventral valve

;
dorsal fold prominent through entire shell length, steep-sided in anterior

half, includes angle of about 25°. Flanks swollen, convex. Anterior commissure strongly plicate. Costellae

angular, four on fold, three in sulcus, five or six on each side; growth lamellae and pustules, if present, not

preserved.

Dorsal interior with deeply set, triangular notothyrial platform of thickened shell; cardinal process thin,

blade-like, extending full length of platform. Brachiophores lath-like, with stout bases, joined to posterior

shell wall by fulcral plates. Adductor muscle scars quadripartite; posterior pair short, oval; anterior pair

elongate, about three times longer than posterior pair. Myophragm low, rounded posteriorly; thin, sharp-

crested between anterior adductor scars. Mantle canal system not seen. External ornament impressed as

shallow undulations of shell margin.

Ventral interior with stout teeth; dental plates thick, divergent, advancing, merged at their bases with

sides of posterior half of muscle field. Muscle field medially elongate, pseudospondylium with thickened

anterolateral margins beyond bases of dental plates. Adductor track about three times width of each

diductor scar at midlength of field, slightly elevated above them. Thickening of anterior margin of pseudo-

spondylium most pronounced in middle, with bluntly pointed median extension. Mantle canal system not

seen
;
internal impression of ornament as in dorsal valve.

Discussion. This species is assigned to Platystrophia questionably because no specimen
of it preserves ornament in sufficient detail to permit determination of the presence
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table 6. Measurements of Platystrophia ? sp.

BB no. Length Width Costae

Dorsal
total

notothyrial adductor inter- hinge maximum at

valves - cavity muscle area specified

projected circumference scar length

(mm)

73455* 13 15 2.5 1.5 8(11) 1 2( 18)/ 1

0

-

73456* 14 18 2.5 9 2 10(12) 1 3(22)/ 1

0

-

Ventral valves muscle field
sulcus flanks

73457* 10 11 4.5 1.5 8 15/7 3 10

73458 13 16 4 1.5 10(12) 13(17)/8 3 10

*Figured specimens, ( )Estimated measurements

or absence of the pustulose shell surface characteristic of the genus. The costation

of its fold and sulcus is like that of the tricostate group of Platystrophia (Schuchert

and Cooper 1932, p. 67), whereas similar shells in earlier Ordovician assemblages

in the Baltic region and in the northern Appalachians have costation like that of the

bicostate species group (Rubel 1961, pp. 154-156, pis. 1, 2; Neuman 1964, p. E17,

pi. 2, figs. 12-18; Neuman 1976, p. 21, pi. 2, figs. 9-12).

Genus rhynchorthis Bates, 1968

1968 Rhynchorthis Bates, p. 160.

Revised diagnosis. Rostrate dorsibiconvex shells with short, narrow interareas,

delthyrium and notothyrium open, ornament of angular, V-shaped costae and
subdued growth lamellae; anterior commissure plicate. Dorsal interior orthoid, with

long curved brachiophores projecting into ventral valve; fulcral plates present,

median septum absent, myophragm narrow, short, between anterior diductor muscle

scars. Ventral interior with short teeth, short, thick, receding dental plates; ventral

muscle field medially elongate with thickened anterolateral margins. Shell structure

unknown.

Discussion. Additional information on the type species, R. rotundus, obtained from

a suite of topotype specimens better preserved than those available at the time the

genus was erected provide the basis for this revised diagnosis. These specimens leave

no doubt as to the rhynchonelliform characteristics, both externally and internally.

Emendations of the concept of the genus indicated by the new material are: 1, the

ornament consists of angular, V-shaped costae rather than rounded ones, and growth

lamellae are present
; 2, a dorsal fold and ventral sulcus are present but variable in

their amplitude; 3, the brachiophores are elongate, curved blades set vertically at the

sides of the narrow notothyrial platform, their concave edges posterior and their

distal tips extending above the commissure into space contained within the ventral

valve; 4, sockets are elevated above the shell floor on thickened shell, their anterior

margins formed by fulcral plates; 5, dental plates, although receding, and of reduced

length at midheight, are thick throughout, and do not suggest obsolescence; 6, the

medially elongate ventral muscle field contains a wide adductor track set slightly
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above the diductors, and its anterolateral margin is thickened to form a pseudo-

spondylium.

We now consider it likely that Rhynchorthis is a plectorthid most closely allied to

Platystropliia, differing from that genus primarily in hinge-width and in modifications

of the cardinalia that seem appropriate to a narrow-hinged form of this derivation.

The Angusticardiniidae, to which Rhynchorthis was previously assigned, have
cardinalia that are more rhynchonellid than orthid, their brachiophores converging

on to a median septum (Williams in Williams et al. 1965, p. 344). The long, deep
notothyrial platform of Rhynchorthis , and its long, thin brachiophores that approach
the proportions of rhynchonellid crura suggest this or a similar genus as one possible

rhynchonellid progenitor.

Shell structure of Rhynchorthis cannot be determined from presently available

specimens of R. rotundus
, the only species of the genus. By inference from its classifica-

tion as a plectorthid, it may be impunctate and smooth or spinose, or exopunctate,

all of which are found among the plectorthids.

Rhynchorthis rotundus Bates, 1968

Plate 66, figs. 1-26

1968 Rhynchorthis rotundus Bates, pp. 160-161, pi. 5, figs. 19-26.

Description. Rotund, tumid, subtriangular to pyriform, with weakly to moderately developed dorsal fold

and corresponding ventral sulcus. Interareas short, narrow, at low angles to plane of commissure; length

of dorsal interarea about half that of ventral valve. Maximum width at midlength, about twice hinge-

width; length-width ratio variable, most commonly slightly longer than wide, more rarely equidimensional

or slightly wider than long. Posterolateral sides diverge at 90-100°, broadly rounded at midlength and front.

Fold of low to moderate height in anterior half of dorsal valve, sides subtending about 15°; sulcus defined

at about midlength of ventral valves; flanks of both valves inflated. Dorsal valve thickness near middle

about one-third its length; ventral valve slightly thinner. Lateral commissure straight, anterior commissure

plicate, with subordinate zigzag pattern. Radial ornament of strong, angular, V-shaped costae, three on
fold, two in sulcus, six to ten on each flank, diminishing in amplitude laterally. Concentric ornament of

closely spaced, fine growth lamellae over entire shell surface, and one or more strong growth discontinuities

near margins of some specimens.

Dorsal interior with long, narrow, deeply set notothyrial platform; cardinal process thin, blade-like,

extending full length of platform, flanked in some specimens by pair of subsidiary ridges shorter and lower

than cardinal process, and slightly concave inward. Sides of platform formed of thick brachiophore bases

and shell tissue filling posterolateral extremities. Brachiophores erect, directed anteroventrally, tapering

to curved blades that project beyond commissural plane. Fulcral plates well elevated above shell floor,

forming margins of large sockets. Anterior margin of notothyrial platform merges with shell floor without

marginal ridge. Adductor muscle scars quadripartite; posterior pair shallow, oval depressions close to

brachiophore bases, one-third to one-half diameter of anterior pair ; anterior adductor scars more deeply

impressed, bilobed, separated from each other by short myophragm. Mantle canal system weakly impressed,

probably lemniscate; vascula media narrow, subparallel, unbranched, extending forward from inner lobe

of anterior adductor scar; vascula myaria unbranched, radiating from ridges dividing anterior adductor

scars
;
vascula genitalia forming radial pattern of weakly impressed ridges and furrows for nearly full length

of outer third of shell floor. Radial ornament variably impressed on shell interior, confined to margins in

older, thick-shelled specimens, reflected by undulations into middle of younger, thin-shelled ones.

Ventral interior with thickened, medially elongate muscle field forming pseudospondylium about one-

quarter shell length. Adductor track more than twice width of each diductor scar, elevated above them on
thickened shell tissue. Median ridge variably developed; absent from some specimens, low and wide in

others; maximum length about one-third length of pseudospondylium. Mantle canal system rarely im-

pressed, where present saccate; vascula media wide, closely spaced, parallel from their origin at anterior
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margin of adductor scars to about three-quarters shell length, then diverging to parallel shell margin,

enclosing large area of shell floor occupied by radial pattern of weakly impressed ridges and furrows of

vascula genitalia. Radial ornament impressed on shell interior as on dorsal valve.

table 7. Measurements of Rhynchorthis rotundas Bates.

BB no. Length Width Thickness Costae

Dorsal

valves

total notothyrial adductor

platform muscle

scars

Inter-

area

hinge maximum at

specified

length

adductor

muscle
scars

73459 15 3.5 9 1

(mm)

6 12/10 5 5

73460 12(16) 4 8 1.5 5 15/8 4 6 -

73461 13(15) 3 6 1 5 11/8 5 5 _

73462 13 - - - 14/7 - 4 17

73463 9 1.5 1.5 7 10/5 - 2 12

Ventral

73465

valves

16

muscle field

6 2 8 15/8

muscle field

4 3 16

73466 16 7 2 - 13/10 4 4 14

73467 14 5 - - 14/6 4 3 14

73468 14 6 2 9 15/10 4 4 22

( ) Estimated measurements

Genus ffynnonia gen. nov.

Diagnosis. Biconvex, fascicostellate, with dorsal fold, ventral sulcus. Dorsal interior

with short, wide notothyrial platform; cardinal process thin; brachiophore bases

lateral extensions of notothyrial platform, free of shell floor but joined to posterior

shell wall by fulcral plates. Ventral interior with short, wide teeth supported by short,

receding dental plates; pseudospondylium present; adductor scars longer than

diductor scars.

Type species. Pleurorthis costatus Bates, 1968; no other species assigned.

Derivation of name. From the Welsh word Ffynnon (English, well), as in Ffynnon-y-mab, well of the son.

Description. Dorsibiconvex, with contrast in convexity due to pronounced fold of dorsal valve in large

shells. Interareas short, that of dorsal valve orthocline to gently anacline, about half length of concave,

apsacline interarea of ventral valve. Notothyrium and delthyrium open, unmodified. Fascicostellate orna-

ment of rounded, branching costellae.

EXPLANATION OF PLATE 65

Figs. 1-26. Ffynnonia costata (Bates), x2; 1-5, dorsal valve, BB73469, internal mould, external mould,

internal replica, external replica, internal replica tilted posteriorly to show absence of shell beneath

brachiophores; 6, 7, dorsal valve, BB73474, internal mould, internal replica; 8, 9, dorsal valve, BB73473,
internal mould, internal replica; 10, 11, dorsal valve, BB73471, internal replica, internal mould; 12-15,

dorsal valve, BB73470, internal mould, internal replica, external mould, external replica; 16, ventral

valve, BB73480, internal mould; 17-20, ventral valve, BB73477, partial external mould, partial external

replica, internal mould, internal replica; 21, 22, ventral valve, BB73478, internal mould, internal replica;

23-26, ventral valve, BB73476, partial external replica, partial external mould, internal replica, internal

mould.
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Dorsal interior with short, wide, notothyrial platform, thickened at anterior margin. Cardinal process

low, thin. Brachiophore bases elevated lateral extensions of notothyrial platform not joined to shell floor,

supported by fulcral plates; brachiophore tops at right-angle junction of bases with fulcral plates. Median
ridge low, broad, beginning at anterior edge of notothyrial platform and extending between impression of

adductor muscles, merging anteriorly with impression of median interspace. Adductor muscle scars quadri-

partite, posterior pair shorter and wider than anterior pair. Mantle canal system saccate.

Ventral interior with short broad teeth; dental plates short, receding, dorsally convergent joined at their

bases with margins of muscle field. Muscle field medially elongate pseudospondylium with oval outline,

adductor track longer and thicker than diductor scars, width variable.

Discussion. This monotypic genus is erected for the species originally described as

Pleurorthis costatus by Bates (1968, p. 169). The cardinalia of this species, however,

are unlike those of Pleurorthis in that its brachiophore bases are obliquely set pro-

longations of the notothyrial platform, unattached to the shell floor but linked to the

posterior shell wall by fulcral plates. The brachiophore bases of Pleurorthis are joined

to the shell floor, and that genus lacks fulcral plates.

Although no currently recognized family accommodates Ffynnonia, it is probably

more closely related to the Plectorthidae than any other. Ffynnonia is reminiscent of

the eoorthids in its short notothyrial platform, but the eoorthids have laterally

directed plates linking the brachiophores with the valve floor, no fulcral plates, and
their folding is the reverse of Ffynnonia. The cardinalia of the Finkelnburgiidae are

more like those of Ffynnonia , but the finkelnburgiids are differently shaped shells,

with other internal differences such as their larger posterior adductor muscle scars

in their dorsal valves, whereas in Ffynnonia the anterior pair is far larger. Fulcral

plates characterize the Plectorthidae, but in this family brachiophore supports are

joined to the shell floor. Other differences are to be seen in the ventral musculature,

but in the dorsal adductor musculature, and in the folding of the shells there are

similarities that suggest possible affinities.

Ffynnonia costata Bates, 1968

Plate 65, figs. 1-26

1968 Pleurorthis costatus Bates, p. 149.

Description. The additional specimens now available require emendation of the original species description.

Subquadrate to semi-elliptical, cardinal extremities slightly extended, cardinal angles acute ;
sides subparallel

to broadly rounded in posterior half, merging with broadly rounded anterior margin. Dorsal valve thickness

about one-third its length; ventral valve thinner, about one-quarter its length. Dorsal fold and correspond-

ing ventral sulcus originating at about one-tenth shell length, including angle ofabout 25°. Radial ornament

EXPLANATION OF PLATE 66

Figs. 1-26. Rhynchorthis rotundus Bates; figs. 1-4, 7-25 x2, figs. 5-6 x3, fig. 26 x5; 1, 2, dorsal valve,

BB73459, internal mould, internal replica; 3, 4, dorsal valve, BB73461, internal mould, internal replica;

5, 6, dorsal valve, BB73463, internal mould, internal replica; 7-9, dorsal valve BB73464, internal replica,

normal view, tilted posteriorly to show stout brachiophore bases, posterior view; 10, 11, dorsal valve,

BB73460, internal mould, internal replica; 12, 13, dorsal valve, BB73462, external mould, external

replica; 14-17, ventral valve, BB73467, internal mould, internal replica ; external mould, external replica;

18, 19, 26, ventral valve, BB73468, internal mould, internal replica, partial external mould showing detail

of ornament; 20-23, ventral valve, BB73465, internal mould, internal replica, partial external mould,

external replica; 24, 25, ventral valve, BB73466, internal mould, internal replica.
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fascicostellate, derived from about ten rounded primary costae, each expanding forward and dividing

into two to four subordinate costellae; sulcus bears median costa for its entire length, fold a complementary
interspace. Concentric ornament weakly developed; prominent, widely spaced growth lines preserved in

a few specimens.

Internal features as described for genus, with following details noted : in dorsal valve cardinal process

extends full length of notothyrial platform, lowest and thinnest posteriorly, becoming thickest and highest

just behind anterior margin of platform, descending sharply to its termination at platform margin. Posterior

adductor scar one-half to two-thirds length of anterior adductor scar, and about one-third wider. In ventral

valve, adductor track width varies from about equal to that of each diductor scar to about twice their width.

Anterior margin of pseudospondylium smoothly rounded either without median ridge, or with angular

median prolongation and short median ridge. Pseudospondylium about three times longer than notothyrial

platform.

BB no.

Dorsal

valves

TABLE 8 . Measurements of Ffynnonia costata (Bates).

Length Width Thickness

total notothyrial

platform

adductor scars hinge adductor scars

posterior anterior posterior anterior

(mm)
73469* 12.5 1.5 3 6 15 6 4.5 4

73470* 12.5 2 4 7.5 18.5 7 5.5 4

73471* 10 1.5 3 5.5 19 - - 3

73472 8.5 1.5 2.5 3.5 15 3.5 5 2.5

73473* 11 1 3 5 14 4 5 2.5

73474* 10 1.5 2.5 4 14 3.5 4 4

73475 9.5 1 2 4.5 15 4 4 3.5

Ventral valves pseudospondylium adductor diductor
scar scar

73476* 14.5 5.5 22.5 2 1 4

73477* 10.5 3.5 15 1.5 1 2.5

73478* 10.5 3.5 14.5 2 .5 2

73479 11 4 14 1.5 .5 2

73480* 12 3.5 17 1 1 3

73481 8 2.5 13 1 .5 2

73482 10.5 2.5 14 1 .5 3

‘Figured specimens

Discussion. This is the most abundant brachiopod species in the Treiorwerth Forma-
tion at Ffynnon-y-mab. Specimens range in width from 6 to 22 mm, with most 12 to

16 mm wide. Throughout this size range their length averages seven-tenths their

width, the ratio specified by Bates in his original description of the species, but the

ratio of length to width of fourteen common large-size specimens whose margins are

well defined varies from as little as half as long as wide to as much as eight-tenths as

long as wide. The amplitude of the fold and sulcus is low on smaller specimens, but

varies considerably among larger ones, the sulcus ranging in depth from 1 to 3 mm
beneath the flanks at the front of specimens more than 10 mm long. Despite these

variables, however, the distinctive internal features and coarse fascicostellate orna-

ment set apart this species and the genus erected to contain it from all others known
to us.
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Family skenidiidae Kozlowski, 1929

Genus skenidioides Schuchert and Cooper, 1931

Skenidioides sp. (1) Bates, 1968

Plate 64, figs. 12-23

1968 Skenidioides sp. (1) Bates, p. 156, pi. 5, figs. 1, 2.

Description. Small, ventribiconvex, transversely subquadrate to triangular, widest at hinge, about one-

quarter greater than length, cardinal extremities acute, sides subparallel to anteriorly convergent, front

broadly to narrowly rounded. Ventral valve about five times deeper than dorsal valve
;
interareas of similarly

contrasting length, dorsal anacline, ventral apsacline, notothyrium and delthyrium open, unmodified.

Dorsal beak low, merging with narrow sulcus that extends to anterior margin ; flanks moderately swollen,

maximum convexity at about midlength. Ventral valve pyramidal, maximum thickness at high, erect beak,

anterior slope uniform, fold gentle. Radial ornament costate, about five well-developed costae on each

flank, with two or more weaker ones in each posterior sector; ventral median costa and complementary

dorsal interspace wider than costae of flanks; concentric ornament indistinct.

Dorsal interior with long, shallow, posteriorly sloping notothyrial platform, anteriorly elevated on

median septum. Cardinal process thin, blade-like, extending entire length of platform. Brachiophore bases

ventrally divergent at sides of platform, their tops sharply pointed. Sockets widely spaced, with thickened

floors. Median septum high, extending nearly to anterior shell margin, its top about at commissural plane.

Adductor muscle scars and mantle canal system not preserved; radial ornament expressed internally by
undulations of shell floor.

table 9. Measurements of Skenidioides sp. (1)

BB no.

Dorsal valves total

Length

notothyrial

platform

interarea

Width Thickness Costae

74071* 2.5 .5

(mm)

.25 3 .25 10

74072 3.0 1 . .25 4 .5 -

74073 2.5 1 .

- 4 .5 -

Ventral valves

74074* 2.5

spondylium

1 1.5 4.5 1.5 10

74075 3 .75 1.5 4 2 10

74076 2.5 1 2 4 2

74077* 2 1 1.5 4 1.5

‘Figured specimens

Ventral interior with shallow spondylium simplex posteriorly supported by median septum but un-

supported anteriorly. Median septum low, short, variable, extending no more than half spondylium length,

and to midlength of shell floor, reduced to virtual absence in some specimens. Teeth not well defined on
available specimens; muscle scars and mantle canal system not seen. Radial ornament impressed as in

dorsal valve.

Discussion. The coarse sandstone in which specimens of this species are preserved

prohibits specific identification, as indicated by Bates (1968, p. 156). The few speci-

mens preserving imprints ofornament suggest that this species differs from most others
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of the genus in its unbranched costae and their small number. By contrast, S. billingsi

Schuchert and Cooper, 1931 (Schuchert and Cooper 1932, p. 72), the type species

of the genus, from the Rockland Formation of Ontario, Canada, has more than twice

as many costellae, some of which branch and some are intercalated at about mid-

length. Of the twelve species described by Cooper (1956, pp. 491-502) from the Middle
Ordovician of North America, all have more ribs than the Treiorwerth species, and
all show some degree of rib branching or intercalation. One of these species, S. medio-

costatus Cooper (1956, pp. 496-497) from the Benbolt Formation of Cooper and
Prouty (1943) in Virginia, resembles the Treiorwerth species in the broad median
costa of its ventral valve, and the complementary wide interspace of its dorsal valve.

The same feature is also seen in Skenidioides sp. (2) Bates (1968, pp. 156-157) from
the Nantannog Formation

(bifidus Zone) on Anglesey.

The Treiorwerth species is thus the oldest recorded for the genus. Protoskenidioides

Williams (1974, p. 83), a monotypic genus based on P. revelata Williams (1974, p. 85)

from the Arenig Mytton Flags of the Shelve inlier, was distinguished by the ontogeny

of its cardinalia and the lobation of the anterior margin of its notothyrial platform

(called brachiophore bases by Williams) of larger specimens. In that genus, moreover,

the anterior margin of the platform is elevated above the median septum. In these

respects the Treiorwerth species has more in common with Skenidioides than it does

with Protoskenidioides.

Superfamily enteletacea Waagen, 1884

Family paurorthidae Opik, 1933

Genus paurorthis Schuchert and Cooper, 1931

Paurorthisl sp.

Plate 64, figs. 24-38

Description. Small, ventribiconvex, tumid, transversely subelliptical, maximum width near midlength,

about one-third greater than length. Dorsal interarea short, anacline; notothyrium open, unmodified.

Dorsal beak low, maximum thickness at about one-third shell length, lateral and anterior slopes of nearly

uniform, gently curvature, sulcus lacking or shallow. Ventral interarea apsacline, about three times longer

than dorsal interarea ; delthyrium open. Ventral beak high, profile somewhat more domed than dorsal valve.

Radial ornament of rounded costellae slightly wider than interspaces. Costellae increase both in size and in

number by branching and intercalation in middle third of shell; sixteen to eighteen costellae per 5 mm in the

median sector of shell margin of larger individuals.

Dorsal interior with large notothyrial platform of thickened shell; cardinal process variably developed;

in most specimens low, thin, occupying full length of platform; reduced to a low ridge in a few specimens

(3; 10%). Brachiophore bases divergent, merging with concave surface of notothyrial platform, fulcral

plates lacking, distal extensions of brachiophores short, terminations blunt. Shell thickened beneath

socket floors and along posterior margin, diminishing laterally. Anterior margin of notothyrial platform

thickened, merging medially with broad, low myophragm extending to about midlength of shell. Adductor

muscles deeply impressed, quadripartite; posterior pair suboval, about half length of medially elongate,

subtriangular anterior pair. Mantle canal system not seen; radial ornament impressed on shell interior

around periphery.

Ventral interior with short, blunt teeth, short, advancing dental plates, bases extended nearly full length

of subcordate muscle field. Diductor scar width each about equal to that of adductor track, adductor track

thicker and slightly shorter than diductor scars. Mantle canal system not seen; radial ornament impressed

as on dorsal valve.
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table 10. Measurements of Paurorthisl sp.

BB no. Length Width Thickness Costellae

Dorsal

valves

total notothyrial

platform

myophragm hinge maximum at

specified

length

notothyrial

platform

73483* 5.5 1 3

(mm)

7 8/2 2 1

(per 5mm)

16

73484* 6.0 1.5 3 8 9.5/4 2.5 1 -

73485* 6.0 1.5 3.5 7 8/3 2.5 1
-

73486* 5.0 1.5 3 7 8/3 2 1.25 -

73487 6.0 1.5 3 7 8/3 2 1
-

73488* 6.0 1.5 3 7 8/3 2 1
-

Ventral va

73489

Ives

6.5

muscle field

2.5 6 7/3

muscle field

2 1.75 _

73490* 6.5 2.5 6.5 7/3 2 1.75 18

73491* 5.5 2 6 7/2 2 1.5 -

73492* 5.0 1.5 6 8/1.5 1.75 1.5 -

* Figured specimens

Discussion. Identification of these specimens as an unnamed species of Paurorthis

remains in doubt because the shell structure is unknown and the presence of punctae

cannot be established. Shell exteriors and most internal features suggest this assign-

ment, but inside the dorsal valve the notothyrial platform is exceptionally long for

the genus.

Suborder clitambonitidina Opik, 1934

Superfamily clitambonitacea Winchell and Schuchert, 1893

Family polytoechiidae Opik, 1934

Genus tritoechia Ulrich and Cooper, 1936

Tritoechia pyramidalis Bates, 1968

Plate 64, figs. 39-49

1968 Antigonambonites pyramidalis Bates, p. 163, pi. 6, figs. 12-18.

1968 Tritoechia sp. Bates, p. 161, pi. 6, figs. 1-3, 5.

Revised diagnosis. Medium to large Tritoechia with parvicostellate ornament of

strongly contrasting costellae; median ridges in both valves variably developed.

Description. Medium to large for genus, subquadrate, subpyramidal, about one-third wider than long,

widest at hinge or in posterior third ; ventral valve about three times as deep as dorsal valve. Dorsal interarea

anacline, short, with short chilidial plates. Dorsal beak low, maximum thickness at about one-quarter shell

length; sulcus variable, low and broad in some specimens, weakly developed or absent in others. Ventral

interarea length one-quarter to one-fifth hinge-width, steeply apsacline, with strongly arched pseudo-

spondylium having large apical foramen ; shell deepest near beak, lateral and anterior slopes broadly arched,

fold obscurely defined. Parvicostellate ornament with stronger costellae 1-2 mm apart enclosing four to

eight weaker ones over most of shell surface, more crowded posteriorly, increasing anteriorly by enlarge-

ment of weaker ones. Growth lamellae short, closely spaced, nearly uniform over entire shell surface.

Dorsal interior with very short, elevated notothyrial platform having variable median support, most

commonly apical thickening shorter than platform, absent in some, rarely prolonged to median septum.
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Cardinal process short, thick; brachiophores widely divergent ridges merging posterolaterally with shell

floor, enclosing narrow sockets. Adductor muscle scars variably impressed, medially elongate, subtriangular,

posterior partly flanking anterior pair. Mantle canal system not seen; ornament impressed on margins of

some specimens.

Ventral interior with short, wide teeth ; dental plates short, equal in height to length of interarea, erect,

subparallel, their bases forming sides of muscle field. Delthyrial cavity deep, with pedicle callist having

raised anterior margin. Muscle scars well differentiated, adductor track narrow, set somewhat higher than

diductor scars, separated from them by low, subparallel ridges. Anterior margin of muscle field thickened,

trilobed, diductor scars with angular anterolateral corners, somewhat longer than adductors. Low median
ridge extending to midlength rarely present. Mantle canal system not preserved; ornament impressed as in

dorsal valve.

table 11. Measurements of Tritoechia pyramidalis (Bates).

BB no. Length Width Thickness Costellae

Dorsal

valves

total notothyrial

platform

inter-

area

hinge maximum at

specified

length

notothyrial

platform

total weak between

strong strong

73493 6 .5 .5 7

(mm)

9/3 1 1.5 8 4-8

73494 5.5 .5 .5 8 - 1.5 .
75 -

73495 8 .5 .5 9 11/3 1.5 1 -

Ventral valves

73496 10

muscle field

3 4 10(15)

muscle field

3 4.5 11(14) 4-6

73497 7 2 2 10 - 1.25 2.5

( )Estimate

Discussion. Classification of this species with Tritoechia rather than Antigonambonites,

and inclusion of the unidentified Treiorwerth species of Tritoechia with it, is indicated

after study of nearly 100 specimens. Ventral valves of these specimens do not confirm

the presence of a spondylium triplex; instead the ventral muscle field approaches the

form of a pseudospondylium, in front of which in a few specimens (three of forty-

nine) there is a low, short, median ridge. The specimens bearing such a ridge are in

every other respect like those lacking one. A short median ridge in front of the ventral

muscle field is a common feature of Tritoechia (Ulrich and Cooper 1938, p. 160), but

is lacking from many specimens assigned to the genus (e.g. T. billingsi Neuman,
1976, pi. 3, figs. 1, 3).

Parvicostellate ornament similar to that of T. pyramidalis characterizes eight of

the other seventeen named species of Tritoechia
,
the others being more equally multi-

costellate. The contrast of stronger and weaker costellae is greatest in T. pyramidalis,

and the number of subordinate costellae included between the stronger ones is larger

than in other species.

Family clitambonitidae Winchell and Schuchert, 1893

Subfamily atelelasmatinae Cooper, 1956

Genus atelelasma Cooper, 1956

Atelelasma sp.

Plate 68, figs. 12-16

1968 Apomatellaig) sp. Bates, p. 163, pi. 6, figs. 8-11.
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Description. Ventribiconvex, subquadrate shells, wider than long, cardinal extremities obtuse, hinge width

a little less than maximum width, slightly beyond midlength; front broadly rounded. Dorsal interarea short,

anacline; notothyrium not seen. Ventral interarea very long, apsacline, delthyrium open, with slight

marginal thickening. Dorsal valve of low convexity, deepest in posterior third; sulcus originating just

beyond beak, including angle of about 35°, maximum depth at shell front about 1 mm below rounded crests

of flanks. Ventral valve pyramidal in lateral profile, beak high, lateral and anterior slopes steep, fold less

conspicuous than sulcus, anterior commissure sulcate. Radial ornament costellate, costellae of nearly

uniform dimensions through shell length, about twelve per 5 mm, increasing in number at each growth

lamella. Growth lamellae crenulated, crenulations corresponding with preceding costellae: lamellae of

dorsal valve more closely spaced (about 0-5 mm intervals) than those of ventral valve.

Dorsal interior incompletely known, notothyrial platform not seen, inferred to be very short, elevated.

Brachiophores widely divergent (about 150°), short, low. Adductor muscle scars quadripartite, shallow

excavations with strong myophragm; posterior pair oval, smaller than elongate, subtriangular anterior

pair. Mantle canal system not seen; internal impression of radial ornament confined to widely spaced

marginal grooves.

Ventral interior with moderately deep spondylium simplex strongly elevated above shell floor; teeth not

preserved. Median septum short, receding from beneath anterior margin of spondylium, merged with broad

median thickening of posterior part of shell floor. Sides of spondylium slope steeply ventromedially, set

off from broadly concave floor by pair of narrow gutter-like grooves, the latter possibly diductor muscle

tracks. Mantle canal system not seen; impression of ornament not preserved.

table 12. Measurements of Atelelasma sp.

BB no. Length Width Thickness Costae

Dorsal

valves

total adductor

muscle

scar

interarea hinge maximum at

specified

length

adductor

muscle

scar

73499* 8 4

(mm)

8(10) 12/5 4 -
per 5mm

73500 7(9) - - 8(12) 12( 1 4)/

5

- 2 2

Ventral valves

73501* 10

spondylium

4.5 6 16 17/7

spondylium

2 4 13

73502 9 3 - 9 10/4 2 3 -

‘Figured specimen, ( )Estimated measurement

Discussion. This species resembles A. atlcmticus Neuman (1976, pp. 24-25, pi. 3,

figs. 6-23) from the Summerford Group, Newfoundland, the only other Atelelasma

having growth lamellae throughout the full length of the shell. That species, however,

is widest at the hinge and has acute cardinal extremities, whereas the maximum width

of the Bod Deiniol species appears to be near its midlength. Differences in their radial

ornament also distinguish the two species, A. atlanticus having two orders of costellae

whereas only one is recognizable on the Bod Deiniol species.

Superfamily gonambonitacea Schuchert and Cooper, 1931

Family gonambonitidae Schuchert and Cooper, 1931

Genus antigonambonites Opik, 1934

Antigonambonites sp.

Plate 68, figs. 25-26

Description. Single dorsal valve apparently abraded; part preserved includes posteromedial portion,

length preserved (7 mm) about half original length, and two-thirds original width (7 mm preserved)
;
original
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outline unknown. Convexity low, interarea short (1 mm), notothyrial platform short ( 1 mm) with anterior

margin lifted above shell floor, supported by low, broad median ridge; cardinal process lacking; brachio-

phores not preserved. Shell floor with laterally directed shelf-like plates, probably attachments of posterior

adductor muscles; median ridge in front of these plates thin, septum-like, flanked by pair of strong, radially

disposed ridges enclosing depressions, probably anterior muscle scars, each divided by low ridge.

Single ventral valve includes nearly full length of interarea (9 mm), probably less than half shell length

(12 mm preserved), about half shell width (13 mm preserved). Hemipyramidal lateral profile inferred, with

interarea length nearly half estimated full shell length (20 mm). Teeth not preserved, presence of pseudo-

deltidium questionable. Delthyrial chamber deep, occupied by hemiconical spondylium triplex with concave

sides and narrow medial groove. Anterior margin of spondylium elevated well above shell floor; supporting

plates largely obscured by shell tissue beneath spondylium, median plate thick with very short prolongation

on to shell floor; lateral plates about equal in length to median plate, but much thinner. Radial ridges and

furrows of vascula genitalia impressed on posterolateral part of shell floor.

Discussion. The two available internal moulds are classified together as the opposite

valves of an undetermined species of Antigonambonites because each possesses several

characteristics peculiar to that genus. Nevertheless, neither is accompanied by an
external mould preserving ornament that ordinarily permits confirmation of the

association of such disarticulated valves. These specimens particularly resemble

two of several from the Summerford Group, Newfoundland (Neuman 1976, pi. 4,

figs. 20, 24) that were assigned to this genus.

Order strophomenida Opik, 1934

Suborder strophomenidina Opik, 1934

Superfamily plectambonitacea Jones, 1928

Family taffiidae Ulrich and Cooper, 1936

Genus taffia Ulrich in Butts, 1926

Taffial sp.

Plate 68, figs. 21-29

Description (ventral valve only). Moderately convex, wider than long, semi-elliptical, length about two-

thirds hinge-width, widest at hinge, cardinal extremities acute, sides moderately convergent (about 20°),

merging with broadly rounded front at about two-thirds shell length. Interarea moderately long, gently

apsacline; delthyrium wide (about 80°), with moderately arched pseudodeltidium covering its apical third;

no foramen observed. Lateral profile of low convexity in posterior two-thirds, with increased convexity

anteriorly; maximum thickness at about two-thirds shell length. Anterior profile uniformly convex, recti-

marginate. Ornament poorly preserved, about five widely spaced fine costellae per 5 mm at front of large

specimens. Concentric ornament not seen.

Interior with wide, short teeth, dental plates sharply receding, erect. Delthyrial cavity moderately deep,

muscle field subtriangular, with broadly rounded thickened anterior margin at about one-quarter shell

length; boundaries between adductor and diductor scars not seen. Mantle canal system saccate, vascula

media extending anteriorly from muscle field, separated by groove in middle third of shell floor, before

diverging in broad arc parallel to shell margin. Marginal crenulations 1 -2 mm long at about 1 mm spacing

anterolaterally.

table 13. Measurements of Taffial sp.

BB no. Length Width Thickness

Ventral valves total muscle field interarea hinge muscle field

73505* 13 3.5

(mm)
3 15(19) 4 2.5

73506 11 3 3 15 3 3

‘Figured specimen, ( )Estimated measurement
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Discussion. Generic identification of these shells remains questionable in the absence

of dorsal valves. These ventral valves, however, are like those of T. planoconvexa Butts

(Ulrich and Cooper 1938, p. 181, pi. 37, figs. 12, 13, 16, 17) from the Odenville Lime-

stone, Alabama, and Taffial sp. from the Summerford Group, Newfoundland
(Neuman 1976, pp. 34-35, pi. 7, figs. 16-21), both of late Arenig age. The presence of

twenty-one ventral valves of the latter, compared to one dorsal valve indicates

similarity in the post-mortem history of that species to the one in the Bod Deiniol

Formation.

Order pentamerida Schuchert and Cooper, 1931

Suborder syntrophidina Ulrich and Cooper, 1936

Superfamily porambonitacea Davidson, 1853

Family huenellidae Schuchert and Cooper, 1931

Subfamily rectotrophiinae Bates, 1968

Genus rectotrophia Bates, 1968

Rectotrophia globularis Bates, 1968

Plate 67, figs. 19-30

1968 Rectotrophia globularis Bates, p. 176, pi. 10, figs. 11-17.

Description. Small, syntrophoid, subcircular in outline, subequally biconvex, with low dorsal fold and
complementary ventral sulcus. Generally wider than long, ranging from width one-quarter greater than

length to slightly longer than wide. Maximum width at about midlength, sides diverging from apex at about
100°, broadly rounded at midlength, front nearly straight, that of dorsal valve slightly extended at fold, that

of ventral valve similarly recessed at sulcus. Interareas short, that of dorsal valve orthocline, slightly shorter

than apsacline ventral interarea; delthyrium and notothyrium open. Lateral commissure straight, anterior

commissure episulcate. Dorsal valve lateral profile of nearly uniform convexity from subrostrate beak to

anterior margin; transverse profile behind midlength moderately domed, steepened abruptly toward
posterolateral sides; anterolateral slopes lack marginal steepening in anterior half. Low fold bearing two
wave-like costae variably developed, prominent in some specimens and extending to midlength, confined

to shell front in some, and imperceptible in a few. Ventral valve lateral profile a little less convex than dorsal

valve; low, wide sulcus extends forward from midlength of most specimens, flanks moderately inflated,

posterolateral sides steeply sloping; sulcus with three wave-like costae at front margin. Ornament of closely

spaced, nonimbricating growth lines, stronger than very fine, barely visible radial striations.

Dorsal interior with steep-sided notothyrial cavity containing notothyrial platform of slightly thickened

shell, its anterior margin a low transverse ridge. Platform length and width about equal, one-fifth to one-

quarter shell length. Cardinal process rudimentary, a very low ridge traversing length of platform. Brachio-

phores imperfectly preserved, presumably anteriorly directed, blade-like. Supporting plates strong, nearly

vertical, with subparallel bases slightly convergent forward, extending to anterior margin of notothyrial

platform. Adductor scars well impressed, each scar longer than wide, longest adjacent to low myophragm.
Mantle canal system not seen.

Ventral interior incompletely known; teeth not preserved, dental plates strong, high, erect, with anterior

edges receding from beneath interarea to midheight, then advancing to form posterior half of sides of

muscle field. Muscle field an elongate pseudospondylium, one-third to one-half shell length, with sides sub-

parallel or slightly anteriorly convergent, front narrowly rounded. Muscle scars not differentiable, pseudo-

spondylium floor in best preserved specimens having closely spaced fine lines parallel to its anterolateral

margins. Mantle canal system not preserved.

Discussion. The nearly fifty specimens of this species in the present collection include

both internal and external moulds of both valves and thus permit significant emenda-
tions of the original description of the species which was based on a few internal
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table 14. Measurements of Rectotrophia globularis Bates.

BB no. Length Width Thickness

Dorsal total notothyrial adductor inter- hinge maximum at notothyrial adductor
valves platform muscle area specified platform muscle

scars length scars

IGS no. (mm)

At. 1436(h) 6.7 .6 2.6 - - 7/5 1 2.6 2.8

Af.l436(p) 5.2 1.1 2.2 - - 5(6 . 7)/3 .

3

1.4 2.0 2.4

Af.l442(p) 6.7 1.4 3.0 - - 5.7(6)/4 1.3 1.9 -

BBno.

73507* 7.5 2 4 1.5 6 9/5 2 3.5 1.5

73508 5.5 2 - - 4 6/3.5 1.5 2.5 2

73509 7 1.5 4.5 -
5(6) 8. 5/4.

5

1.5 2.5 1.5

73510* 5(6) 1.5 4 .75 5 6.5/4 1.5 2 1.5

73511 7 1.5 5 1.5 5 8/6 1.5 3 2.5

73512* 6 1.5 3.5 1 5 8/4 2 3 2

Ventral valves pseudospondylium pseudospondylium

73513 8 4 - 7 10/5 4 2

73514 6.5 3 1.5 6 7/3 2 1.5

73515 7 2.5 - 4 8/5 2.5 2

73516* 9 4 - - 8/5 - 2

73517* 7 3.5 - 7 9/5 2.5 2

73518 5 3 - 5 6. 5/3.

5

2 1.5

73519* 5.5 1.5 - 3.5 5/4 1.5 1.5

(h)Holotype, (p)Paratype,* Figured specimen, ( ) Estimated measurement

moulds. External moulds of both valves indicate that it has a combination of syn-

trophid and camerellid features; the posterior parts, especially the well-developed

interareas, are like those of syntrophids; the anteriors, especially the episulcate

anterior commissure, are like some camerellids. The shell is ornamented by very fine

radial striations and more conspicuous growth lines except near the front where there

are wavelike costae confined to the dorsal fold and ventral sulcus.

EXPLANATION OF PLATE 67

Figs. 1-3. Diaphelasmal sp., x 1-5; 1, 2, dorsal valve, BB73521, internal mould, internal replica; 3, dorsal

valve, BB73520, internal mould.

Figs. 6, 7. Porambonitid gen. et sp. indet., x 1-5; dorsal valve, BB73531, internal replica, internal mould.

Figs. 4, 5, 11, 13, 14. Rugostrophial sp. 4, 5, dorsal valve, BB73528, internal mould, internal replica, x2;

11, ventral valve, BB73530, internal mould, x 3; 13, 14, ventral valve, BB73529, internal mould, internal

replica, x2.

Figs. 9, 10, 12, 15-18. Rugostrophiasp., x l-5;9, 10, ventral valve, BB73526, internal replica, internal mould;

12, ventral valve, BB73527, external mould; 15, 16, dorsal valve, BB73525, internal mould, internal

replica; 17, 18, dorsal valve, BB73522, internal replica, internal mould.

Figs. 19-30. Rectotrophia globularis Bates, x3; 19-21, ventral valve, BB73516, external replica, external

mould, partial internal mould; 22, 23, dorsal valve, BB73510, internal replica, internal mould; 24, 25,

ventral valve, BB73519, internal mould, internal replica; 26, 27, dorsal valve, BB73512, internal mould,

internal replica
; 28, 29, dorsal valve, BB73507, internal mould, internal replica

; 30, ventral valve, BB73517,

internal mould.
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The holotype of the species designated and illustrated by Bates (1968, p. 177, pi. 10,

figs. 14, 1 5) is a dorsal valve rather than a ventral valve as was indicated. It, in common
with the two illustrated paratypes identified as dorsal valves and the dorsal valves

illustrated in this paper, show impressions of the low ridge down the middle of the

notothyrial platform, here identified as a rudimentary cardinal process; in addition,

all these specimens preserve the impressions of the adductor muscle scars in the

posteromedial third of the valve floor, and the weak myophragm that separates them.

In the ventral valve the pseudospondylium is nearly twice the length of the noto-

thyrial platform of the dorsal valve, and its anterior margin is more thickened and
more broadly curved than the low transverse ridge at the front of the platform. These

internal features, together with the shallow sulcus, clearly identify these as ventral

valves, and the crenulations at the front of the sulcus correspond with those on the

folds of dorsal valves to confirm their original association.

These observations confirm the simplicity of the internal structures of this species,

and furtherjustify Bates’s erection ofa new genus and subfamily to contain it. Although

the Huenellidae with which it was placed is characterized by simple structures of this

kind, the genera assigned to this family have such different proportions that a close

relationship seems unlikely. In the absence of other similarly proportioned forms,

however, Bates’s assignment is retained for convenience.

Family clarkellidae Schuchert and Cooper, 1931

Genus diaphelasma Ulrich and Cooper, 1936

Diaphelasma ? sp.

Plate 67, figs. 1-3

Description. No ventral valves available. Incomplete dorsal valves moderately large
;
shell outline unknown,

probably transversely oval, wider than long, hinge-width less than maximum width. Interarea long, anacline

;

notothyrium open. Convexity moderate, uniformly domed in lateral and anterior profile, fold not apparent.

Exterior smooth except for a few weak growth lines near front.

Interior with stout, widely flared brachiophore supporting plates, strongly divergent at their bases;

anterior margins advancing from their pointed tops to anterior edge of diductor muscle scars. Fulcral plates

present, forming shelf-like socket floors between midpart of brachiophore supporting plates and posterior

shell wall. Notothyrial platform of slightly thickened shell, triangular, divided into three subequal triangular

parts, with diductor muscle scars forming outer thirds impressed below middle third; cardinal process

absent. Adductor muscle scars weakly impressed, outlines vague, probably triangular, bilobed, anterior

margins at about midlength of preserved part of shell floor. Mantle canal system indistinct ; radial ridges and

furrows on shell floor suggest pinnate pattern.

table 15. Measurements of Diaphelasma ? sp.

BB no. Length Width Thickness

Dorsal total notothyrial adductor intera rea hinge maximum at notothyrial adductor

valves platform muscle specified platform muscle

scars length scars

(mm)

73520 14 4 8 - 14(16) 1 6(20)/ 1

0

5 8 2

73521 13 3.5 7 2 16(20) 16(19)78 5 9 2.5

( ) Estimated measurement
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Discussion. These dorsal valves resemble those of Diaphelasma breviseptatum Ulrich

and Cooper (1936, p. 629; 1938, pp. 224-225, pi. 48, figs. 24, 26, 27) from Lower
Ordovician sandstone in Vermont (Luke Hill Formation of McGerrigle 1931) whose
brachiophore supporting plates are longer relative to the total shell length than those

of other species of the genus but which lack fulcral plates. Like other described species

of the genus, D. breviseptatum has a strong fold which is not present on the Treiorwerth
specimens. Identification of these specimens as a species of Diaphelasma cannot be

confirmed, however, without knowledge of its ventral valve.

Family porambonitidae Davidson, 1853

Genus rugostrophia Neuman, 1971, emend. Neuman, 1976

1971 Rugostrophia Neuman, p. 1 18.

1971 Cuparius Ross, p. 125.

1976 Rugostrophia Neuman, p. 40.

Revised diagnosis. Porambonitid with reticulate ornament ; brachiophore bases short,

discrete or dorsally convergent, fulcral plates present, cardinal process absent;

pseudospondylium with adductor scar in front of diductor scars.

Discussion. The second revision of the diagnosis of this genus is demanded by
reappraisal of species previously assigned to it in the light of knowledge obtained

from specimens of the unnamed species from the Treiorwerth Formation, described

below. Previous statements concerning the location of muscle scars in ventral valves

are in error, as is the reconstruction published in 1971 (Neuman 1971, fig. 3b). The
Treiorwerth Formation specimens show these scars plainly, and knowledge gained

from them indicates that the muscle scars in specimens of R. sylvestris and R. lati-

reticulata had been misinterpreted.

The location of adductor scars in front of the diductors is a characteristic of some,

but not all, porambonitids, the interiors of many of which are not known at all. Such
is the arrangement in species whose interiors are best known, Porambonites (Equi-

rostra) schmidti Noetling, 1883, and P. (E.) baueri Noetling, 1883, although Schuchert

and Cooper (1932) characterized the ventral musculature of Porambonites otherwise,

stating (p. 102): The adductor scars occupy a linear track between the diductor

impressions.’

The unifying characteristic of the dorsal valve of Rugostrophia is its short brachio-

phore supporting plates whose degree of convergence and the consequent configura-

tion of the notothyrial platform vary from species to species. The convergence is

greatest on the Treiorwerth species in which the bases of these plates converge near

the middle of the valve, and the anterolateral margins of their notothyrial platforms

are elevated above the shell floor for about half the width of the platform. The con-

vergence is least in R. latireticulata and R. cardilatus whose notothyrial platforms are

ankylosed to the shell floors throughout their entire width. R. sylvestris displays an

intermediate condition, its notothyrial platform lifted above the shell floor only

at its outer extremities.

Cuparius Ross is placed in synonomy with Rugostrophia because they have essentially

identical internal characteristics. The ventral interior of Cuparius was stated to be the

same as that of Syntrophopsis with a reduced median septum; examination of the
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relevant paratype of R. (= C.) cardilatus (Ross, 1971) shows that its dental plates

are discrete rather than united above the shell floor as they are in Syntrophopsis. Study
of the paratype of R. (= C.) cardilatus displaying the interior of the dorsal valve shows
that the brachiophore supporting plates descend to the shell floor rather than con-

verging as they do in Syntrophopsis.

Because assignment to Rugostrophia depends on internal characteristics, the only

previously described species assigned by Ross to Cuparius that is here assigned to

Rugostrophia is
‘

PorambonitesT sp. 3 of Cooper 1956 (p. 610). Generic assignment

of the following is uncertain:
‘

SyntrophopsisT landmani Ulrich and Cooper, 1938

(p. 234) ;

l

S. T vetusta Ulrich and Cooper, 1 938 (p. 239)
;

‘

PorambonitesT sp. 1 Cooper,

1956 (p. 609);
LP.T sp. 2 Cooper, 1956 (p. 610). 'P.T umbonatus Cooper, 1956 (p. 609)

is excluded from Rugostrophia because in its ventral valve the adductor muscle scars

form a linear track between the diductor scars.

Rugostrophia sp.

Plate 67, figs. 9, 10, 12, 15-18

1968 Porambonites (s.s.) sp. Bates, p. 177, pi. 11, figs. 3-6, 8, non figs. 1, 2.

Description. Large, inflated, ellipsoidal, dorsibiconvex, wider than long, with pronounced dorsal fold and
corresponding ventral sulcus. Maximum width at about two-thirds shell length, about one-third greater

than hinge width. Posterolateral sides diverging at obtuse angle (about 125°), merging with broadly rounded

lateral extremities; front margin nearly straight. Dorsal interarea orthocline, about one-fifth shell length,

notothyrium open; ventral interarea somewhat longer, apsacline, delthyrium open. Beaks of both valves

high; that of dorsal valve subrostrate. Dorsal fold originating at beak, becoming well developed at about

one-third shell length, with sides diverging at 20-25°, height at front of specimens 16-18 mm long about

5 mm above lateral commissure, higher in larger specimens; flanks swollen, slopes increasing laterally.

Ventral sulcus shallow to midlength, then deepening progressively to complement dorsal fold; flanks

swollen as on dorsal valve. Ornament poorly preserved, formed of moderately fine, closely spaced costellae

and growth lamellae of similar strength and spacing, intersecting to form rows of equidimensional pits,

about eighteen per 5 mm at front of large valves near their middle.

Dorsal interior with deep notothyrial cavity with dorsally divergent sides; notothyrial platform broadly

concave, equilaterally triangular in outline, front slightly lifted above shell floor except in middle, divided

into four subequal triangular parts; middle parts of thickened shell, probably seat of diductor muscles,

separated by very low, indistinct median ridge; distinct cardinal process lacking. Brachiophore supporting

plates dorsally divergent extensions of sides of notothyrial platform, very short, with little or no extent on

EXPLANATION OF PLATE 68

Figs. 1 11. Productorthis sp., x3; 1-4, dorsal valve, BB73451, internal mould, internal replica, partial

external mould, external replica; 5, ventral valve, BB73453, internal mould; 6, 7, ventral valve, BB73452,

internal mould, internal replica; 8-11, ventral valve, BB73454, internal mould, internal replica, external

mould, external replica.

Figs. 12-16. Atelelasma sp., x2; 12-15, ventral valve, BB73501, partial external mould, external replica,

internal mould, internal replica; 16, dorsal valve, BB73499, internal mould.

Figs. 17-24. Platystrophial sp., x 2; 17-20, ventral valve, BB73457, internal mould, internal replica, external

mould, external replica; 21, 22, dorsal valve, BB73456, internal replica, internal mould; 23, 24, dorsal

valve, BB73455, internal mould, internal replica.

Figs. 25, 26. Antigonambonites sp., x2; 25, ventral valve, BB73504, internal mould; 26, dorsal valve,

BB73503, external mould.

Figs. 27-29. Taffial sp., x 2; ventral valve, BB73505, external mould, internal replica, internal mould.
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to shell floor; tops sharply pointed. Fulcral plates strong, well elevated above shell floor. Adductor muscle

scars large, quadripartite, margins thickened
;
posterior pair smaller, more widely spaced than anterior pair,

both drop-shaped, anteriorly expanding. Mantle canal system pinnate; vascula media extending forward

from anterior margins of anterior adductor scars along sides of fold without branching through most of

shell length, flanked by somewhat narrower radially disposed ridges and furrows of vascula myaria and
genitalia.

BB no.

table 16. Measurements of Rugostrophia sp.

Length Width Thickness

Dorsa 1

valves

total notothyrial

platform

adductor

muscle

scars

inter-

area

hinge maximum at

specified

length

notothyrial

platform

adductor

muscle

scars

73522* 29 6 10

(mm)

5 25 30(40)/20 7 14 10

73523 16 4 8 3 12 20/9 5 12 5

73524 18 4 - - 15 22/12 5 - 6
73525* 21 5 10 5 17 23/15 4 8 6

Ventral valve

73526* 21

diductor
muscle scar

7

adductor
muscle scar

10 - 20 31/12

diductor
muscle scar

8

adductor
muscle scar

12 6

‘Figured specimens, ( ) Estimated measurement

Ventral interior with stout teeth, moderately deep delthyrial cavity bounded by strong dental plates, erect

at midheight, widely flaring near tops. Pseudospondylium low, extending beyond delthyrial cavity
;
diductor

scars elongate, separated by faint median ridge, laterally bounded by bases of dental plates; adductor

muscle scar shallow, circular, about two-thirds length of diductor scars, anterior to both dental plates and

diductor scars, with thickened anterior margin. Median ridge lacking. Mantle canal system not preserved.

Three internal moulds, about half the length and width of specimens described above, with similar

internal structures, are identified as Rugostrophial for lack of external moulds preserving ornament.

table 17. Measurements of Rugostrophial sp.

BB no. Length Width Thickness

Dorsal

valve

total notothyrial

platform

adductor

muscle

scars

inter- hinge

area

maximum at notothyrial

specified platform

width

adductor

muscle

scars

73528 10 1 5

(mm)

10 12/7 _ 7 3

Ventral valves

73529 8(9)

diductor
muscle
scar

1.5(2. 5)

adductor
muscle
scar

5(6) 10 11/5

diductor
muscle
scar

3

adductor
muscle
scar

2.5 2

73530 10 3 5 9 8(12)/6 3 2 3

( (Estimated measurements

Discussion. This species is not assigned a formal specific name pending the recovery

of additional specimens that would permit satisfactory diagnosis. Presently available

specimens show that it differs from other species of Rugostrophia in the degree of

convergence of its brachiophore supporting plates, in the low elevation of its pseudo-

spondylium, and in the absence of a median ridge. Its reticulate ornament is of inter-

mediate coarseness between that of R. latireticulata and R. cardilatus.
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Porambonitid gen. et sp. indet.

Plate 67, figs. 6, 7

1968 Porambonites (s.s.) sp. Bates {pars.), P- 177, pi. 11, figs. 1, 2.

Description. The single dorsal valve is incomplete, laterally compressed. Outline subcircular, apical angle

obtuse, about 135°, maximum width (19 mm) at about midlength, about equal to length (20 mm); sides

and front broadly rounded. Lateral profile highly convex in posterior half, beak prominent, maximum
depth (5 mm) near middle with more uniform slope anteriorly. Anterior profile with low, narrow fold

through all but posterior quarter, flanks moderately swollen, with increasing convexity laterally. Ornament

not preserved.

Interior with deep notothyrial cavity bordered by closely spaced, stout, narrowly divergent brachiophore

bases supporting widely flared, sharply pointed brachiophores having concave inner surfaces. Fulcral plates

highly elevated. Notothyrial platform not differentiated, cardinal process absent. Brachiophore bases

extend into shell floor to about one-quarter shell length. Adductor muscle scars shallow oval excavations

outside brachiophore supporting plates, extending slightly beyond them. Mantle canal system poorly pre-

served, strips of shell callus anterior to anterior termination of brachiophore bases along sides of internal

impression of fold, presumably vascula media.

Discussion. The absence of a ventral valve that can be confidently linked to the dorsal

valve described here precludes positive generic identification. Internal features of this

specimen are reasonably well displayed in the available internal mould and the rubber

replica made from it, but the associated external mould preserves no details of its

ornament. A single specimen from the Summerford Group, Newfoundland (Neuman
1976, p. 42, pi. 7, figs. 9-12) has essentially identical internal features preserved in

its internal mould, and the imprint of finely reticulate porambonitid ornament in its

external mould; this may have been the ornament pattern of the Treiorwerth speci-

men. Both specimens are of interest with regard to porambonitid taxonomy for their

clear lack of a cardinal process and the anterior elongation of their brachiphore bases.

The latter feature distinguishes them from the species of Rugostrophia with which they

are associated.

The specimen illustrated by Bates (1968, pi. 11, figs. 1, 2; BB30598a) appears to

be a dorsal valve, conspecific with the one described here but less complete and more
deformed.
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OLENELLUS (TRILOBITA) FROM
THE LOWER CAMBRIAN STRATA OF

NORTH-WEST SCOTLAND

by john cowie and kenneth j. mcnamara

Abstract. New material of Olenellus lapworthi : Peach and Horne, 1 892, O. reticulatus Peach, 1 894, and O. intermedius

Peach, 1894, enables redescription of these forms and illustration by photographs for the first time. O. gigas Peach,

1894 is suppressed and O. hamoculus sp. nov. is erected. Graphs are used to illustrate the relationships established.

The fauna represents the younger part of the Bonnia- Olenellus Zone in the Pacific Province of the Olenellid Realm.

The Cambro-Ordovician outcrop of north-west Scotland is about 200 kilometres

long and varies in width between 2 and 20 kilometres stretching from Durness in the

north to Skye. The Cambro-Ordovician beds were evidently laid down in a sea which
gradually transgressed across older, Precambrian, strata, resting with angular un-

conformity on them. Total thicknesses are not well known, partly due to the nature

of the outcrops and the involvement of the strata in a major thrust-zone. The olenellid-

bearing formations are the ‘Fucoid’ Beds (12-27 m thick) and the overlying Salterella

Grit (5-15 m thick).

The ‘Fucoid’ Beds are dolomitic siltstone or shale, arenaceous dolomites, arena-

ceous dolomitic mudstones, and grits with ripple-induced micro-cross-laminations;

in places thin limestones and lenticular dolomitic sandstones occur; the weathering

is characteristically brown to buff and ferruginous in colour. Swett (1969, p. 645)

considered that the ‘Fucoid’ Beds were deposited in shallow to moderately deep water

on an ever-broadening shelf at increasing distances from the detrital sources.

Thin series of beds of grey siltstone, arenaceous shale or shale, which weather

rusty-brown, are the main source of olenellid trilobite remains which are generally

disarticulated exuviae, though occasional articulated specimens have been found.

The specimens are generally preserved as internal and external moulds. Due to the

very thin nature of the exoskeleton there are no significant differences between

internal and external moulds, apart from the presence of the ornament on the external

mould, though in some instances it has been impressed through to the internal mould
(PI. 70, fig. 12). Fossiliferous horizons occur at several levels in the ‘Fucoid’ Beds
(Brand 1965).

The Salterella Grit is a thin persistent grit formation predominantly made up of

quartzite, orthoquartzitic sandstone containing minor detrital carbonate grains,

arkosic grit, dolomitic sandstone and sandstone, but there are interleavings of shales

near the base which give Olenellus lapworthi. The fossil collections are meagre com-
pared with those from the ‘Fucoid' Beds.

The first specimens of trilobites from Scotland assignable to Olenellus were collected

in the late nineteenth century by M. Macconochie, a member of the Geological

Survey team led by B. N. Peach and his colleagues. The trilobites came from Allt

[Palaeontology, Vol. 21, Part 3, 1978, pp. 615-634, pis. 69-70.]
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nan Righreon (Allt Righ Ian) in the Dundonnell Forest, Ross and Cromarty (Peach

and Horne 1892, p. 228) (text-fig. 1). Around the turn of the century further dis-

coveries of olenellid trilobites were made along the north-west Scotland outcrop

strip of the Fucoid Beds and Salterella Grit (see text-fig. 1).

Localities mentioned in the text and shown on text-fig. 1 are An-t-Sron, Loch
Eriboll (1), Skiag Bridge (2), Loch Awe quarry (3), Knockan Cliff (4), Allt nan
Righreon and Loch an Nid (5), Meall a’Ghiubhais, Kinlochewe (6), and Ord, Skye (7).

In the 1960s and 1970s new collections of olenellid trilobites were made by the

Institute of Geological Sciences (Bowie et al. 1966; Brand 1965) and by John Cowie,
Kenneth McNamara, Susan Radford, and John Branegan from various localities

including especially the recently excavated roadstone quarry at Loch Awe, south of

Inchnadamph, Ross and Cromarty (see above and text-figs. 1-3). Descriptions and
illustrations of some of the fossils dealt with in this paper were published by Peach

and Horne (1892), Peach (1894), Peach et al. (1907), Walcott (1910), and Lake (1937)

but in these earlier works only drawings were used without photographs.

The purpose of this paper is to redescribe the species in the light of the new dis-

coveries at Loch Awe, and to describe a new species, Olenellus hamoculus. Specimens

were qualitatively designated ; significant variable features were then measured and
plotted on graphs (text-figs. 2, 3) to illustrate the relationships established.

Descriptive terminology and techniques. Terms used in the systematic descriptions follow Harrington et at.

(in Moore 1959) except that the terms ‘extra-ocular area' and ‘inter-ocular area’ are used in place of ‘gena’

(Moore 1959, p. 0120); ‘intergenal spine' is preferred to ‘metagenal spine'. One new term, ‘epipalpebral

furrow', is introduced to describe the longitudinal furrow in the eye lobe.

The parameters plotted in text-figs. 2 and 3 are associated with those morphologic features which are

often described as being of specific significance among olenellids, e.g. relative length of eye lobe (text-

fig. 2a, b), glabellar shape (text-fig. 3a), relative length of preglabellar field (text-fig. 3b).

Text-fig. 3b shows that the relative sagittal length of the cephalon and preglabellar field has little specific

importance when differentiating between these three olenellids. Text-fig. la and b illustrate the importance

of eye length, whilst text-fig. 3a shows how the glabella shape can vary interspecifically.

The number of specimens measured, n, varies due to some cephala being incomplete so that not all

parameters were obtainable.

All measurements were made with eye lobes in a horizontal plane.

Associated faunas and the zone represented

In addition the fauna includes; the trilobite Olenelloides armatus, Peach; the

brachiopods: Micromitra sp., Lingulella zeus Walcott, Paterina sp., Kutorgina sp.,

Acrothele subsidua White, the gastropod Murchisonial sp.; miscellanea: Hvolithes

sp., Salterella spp., Coleoloides sp., echinodermata ind., Crustacea ind., and the worm
trace fossil Planolites sp.

Elements of the faunal assemblage probably correlate with those from the younger

part of the Lower Cambrian given in Fritz’s (1972) Bonnia-Olenellus Zone, although

the Scottish trilobite fauna is limited in its representation of genera. Fritz (1972, p. 7)

lists genera that are commonly present in the zone as Antagmus , Bonnia , Laudonia,

Olenellus , Onchocephalus , and Zacanthopsis. The base of the Bonnia-Olenellus Zone
is placed by Fritz at the first appearance of Olenellus. The underlying Nevadella Zone
contains the diagnostic genera Bradyfallotaspis, Holmiella, and Nevadella but

Olenellus is, by definition, absent. Olenellus is also absent in strata overlying the

Bonnia-Olenellus Zone.



text-fig. 1. Part of north-west Scotland with selected fossiliferous Lower Cambrian
‘Fucoid’ Beds localities (National Grid references given) along the outcrop (shown
diagrammatically by a black line) from Durness to Skye. 1, An-t-Sron, Loch Eriboll

(NC 442 582); 2, Skiag Bridge (NC 235 245); 3, Loch Awe quarry (NC 251 158);

4, Knockan Cliff (NC 192 093); 5, Allt nan Righreon (NH 095 794) and Loch an Nid
(NH 083 747); 6, Meall a’Ghiubhais, Kinlochewe (NH 979 655); 7, Ord, Skye

(NG 613 122).



Exsogittal

length

of

eye

lobe

(mm)

Exsogittol

distance

from

posterior

of

eye

lobe

to

posterior

of

cepholon(mm)

618 PALAEONTOLOGY, VOLUME 21

40-i

= O. lapworthi ; n 30

® = O. hamoculus, n. 22

x = O. reticulatus , n. 86
X X

•

XXX
X

X

20-

10-

0 --

0

X X x<

X
X« X X
XX «X XX
• X X

• X
X * • X X
XX «X X

X XX
x» xixmx x

X X XJOOfc

X WX •( •
X X >» W X
•c zm

xw*#xxx
* X
X w

X ®x
cm

x

T"
10

T"
15 20

(a)
i

25

Sogittol length of cepholon (mm)

text-fig. 2a, b, differentiation of O. lapworthi from O. reticulatus and O. hamoculus.



Sagittal

dimension

of

Preglabellar

field

(mm)

Transverse

width

of

occipital

ring

(mm)

COWIE AND McNAMARA: OLENELLUS 619

:

5-

0-

15 -

I OH

>5-

0--

0

= O. lapworthi

.

n. 27

• =0. hamocu/us-, n. 24

x = O. reticulatus ; n. 80

x

9

XX X ®

XX® SW9X X ®XX X XX

X)«)« • X XX • X® XX
X8XK < XX® >0(X X

X KXX X

UK m XX. X< X X XXK ® X X X X

*®X» XX X

• X XX

m
X

X

X

X

("This specimen, though

possessing a very short

<[
preglabellar field, perhaps

emphasised by distortion,

shows all the other charac-

teristics of O. lapworlhi

T
5 10 15

Sagittal length of cephalon(mm)

“T~
20

(b)
1

25

text-fig. 3a, differentiation of O. hamoculus from O. lapworthi and O. reticulatus. b, relation of preglabellar

field to sagittal cephalic length.



620 PALAEONTOLOGY, VOLUME 21

Age equivalence between the ’Fucoid’ Beds of Scotland and the Bastion Formation
of East Greenland (Cowie and Adams 1957) can be based on the faunas which include

fairly closely comparable species of Olenellus from similar lithologies.

Specimens are lodged in the Institute of Geological Sciences, in Edinburgh (GSE) and in London
(GSM), the British Museum Natural History (BM), and the Department of Geology, University of St.

Andrews (F).

SYSTEMATIC PALAEONTOLOGY

Family olenellidae Vogdes, 1893

Genus olenellus Billings, 1861

Type species. Olenus thompsoni Hall, 1859, from the Lower Cambrian of Georgia Township, Vermont.

Remarks. The relationship between Olenellus and Paedeumias has been discussed

recently by Fritz (1972) and Cowie (1968). For the purposes of this paper the alloca-

tion of Paedeumias to Olenellus suggested by Fritz is accepted.

Olenellus lapworthi Peach and Horne, 1892

Plate 69, figs. 1-6

1892 Olenellus lapworthi Peach and Horne, pp. 227-242, pi. 5, figs. 2-4, 6.

71892 Olenellus lapworthi Peach and Horne, pi. 5, figs. 7, 9, 10, 12, 13, non 11.

1894 Olenellus lapworthi Peach; Peach, pp. 662-664, pi. 29, fig. 1.

1894 Olenellus lapworthi var. elongatus Peach, p. 664, pi. 29, fig. 4.

1907 Olenellus lapworthi Peach and Horne; Peach et al. pp. 401. 404, 413, 415.

1910 Olenellus lapworthi Peach; Walcott, pp. 331-332, pi. 39, figs. 4-76, non 1-3.

1937 Olenellus lapworthi Peach; Lake, pp. 238-240, pi. 33, fig. 10, non 11; pi. 34, figs. 1, 2, 5,

non 3, 4, 6.

EXPLANATION OF PLATE 69

All specimens from the Fucoid Beds.

Figs. 1-6. Olenellus lapworthi Peach and Horne, 1892. 1, GSE 5364, internal mould of lectotype cephalon

from Allt nan Righreon, Dundonnell
;
x 15. Figured by Peach and Horne 1 892, pi. 5, fig. 2. 2, GSE 5360,

latex cast of external mould of incomplete dorsal exoskeleton from Meall a’Ghiubhais, Kinlochewe;

x8. Figured by Walcott 1910, pi. 39, fig. 5. 3-5, GSE 13301, 13304, 13310, internal moulds of cephala

from Loch Awe quarry, near Inchnadamph; x 3, x2, x2-5. 6, BM I 11189, internal mould of frag-

mentary dorsal exoskeleton showing impression of hypostome on glabella; from Meall a’Ghiubhais,

Kinlochewe; x2-5.

Figs. 7-15. Olenellus reticulatus Peach, 1894. 7, GSE 5343, internal mould of lectotype cephalon from

same locality as Fig. 6; x 1 5. 8, BM I 1 1 190, internal mould of hypostome from same locality as Fig. 6;

x 3. 9, GSE 5344, internal mould of paralectotype cephalon from Allt nan Righreon, Dundonnell; x T5.

Figured by Peach 1894, pi. 30, fig. 5. 10-12, GSE 13295, internal mould of cephalon from Loch Awe
quarry, near Inchnadamph. Dorsal, left-lateral, and anterior views; x2. 13, 14, GSE 13324, 13325,

internal moulds of small cephala from same locality as figs. 10-12; x4, x3. 15, GSE 5342, external

mould of paralectotype cephalon from Meall a’Ghiubhais, Kinlochewe; x 1. Figured by Peach 1894,

pi. 30, fig. 2.
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1937 Wannerial sp.; Lake, pp. 246-247, pi. 35, fig. 5.

1951 Paedeumias hanseni Poulsen; Poulsen, p. 161.

71957 Olenellus lapworthi Peach; Palmer, p. 120.

1960 Olenellus lapworthi Peach; Kielan, p. 87.

1965 Olenellus lapworthi Peach; Brand, p. 286.

1972 Olenellus lapworthi Peach; Cowie et al., p. 28.

1972 Paedeumias hanseni Poulsen; Cowie et al., p. 28.

1974 Olenellus lapworthi Peach; Cowie, p. 136.

1 974 Paedeumias hanseni Poulsen ; Cowie, p. 1 36.

Lectotype. An incomplete cranidium, GSE 5364 (PI. 69, fig. 1), from the ‘Fucoid’ Beds, Lower Cambrian
at Allt nan Righreon (Allt Righ Ian) NH 095 794 near the hill-track 7 km south of Dundonnell, Ross and
Cromarty, Scotland; figured by Peach and Horne (1892, pi. 5, fig. 2); herein selected.

Dimensions of lectotype.
mm

Sagittal length of cephalon 17-5

Maximum width of cephalon 35-4

Sagittal dimension of preglabellar field 1-4

Sagittal length from anterior cephalic margin to anterior glabellar furrow (3p) 9-3

Exsagittal length of eye lobe 7-7

Exsagittal distance from posterior tip of eye lobe to posterior border of cephalon 2-5

Paralectotypes. Incomplete cephala GSE 458, GSE 457, GSE 456, GSE 5366, figured by Peach and Horne

(1892, pi. 5, figs. 3-6 respectively); same horizon and locality as lectotype.

Material , horizons, and localities. Peach and Horne based this species on a small amount of poorly preserved,

fragmentary material from Allt nan Righreon which was figured in their paper of 1892. In 1893 collections

from Meall a'Ghiubhais gave better evidence. Though a little flattened in shale the fossils are quite well

preserved and contain some complete specimens. O. lapworthi occurs a little more frequently at this locality

than O. reticulatus Peach, 1 894. Recent collections from the quarry at Loch Awe have yielded approximately

twenty-five well-preserved cephala of O. lapworthi and numerous fragments ; here this species is in a minority,

comprising about 17% of the total number of well-preserved olenellid cephala. Thoracic segments are very

rare and are almost invariably found isolated thus making their specific assignment difficult.

Diagnosis. Preglabellar field long; occupies one-fifth cephalic length in small speci-

mens, one-tenth in long ones; frontal lobe well-rounded anteriorly; eye lobes are

strongly curved and long, reaching at least as far back as the occipital ring; small

inter-ocular area. Posterior border almost straight with genal angle in transverse line

with occipital ring. Posterior of frontal lobe less than half cephalic length (sag.) from
posterior of occipital ring. Exoskeleton faintly reticulated.

Description. Cephalon varies between semicircular (PI. 69, fig. 3) and paraboloid

(PI. 69, fig. 4), the majority being semicircular; bordered by narrow, convex rim that

slightly widens and flattens as it approaches genal angle. Posterior border very narrow

at axial furrow, widening to genal angle; directed transversely out from axial furrow

initially, then curving slightly forward distally to slightly advanced genal angle.

Intergenal angle two-thirds posterior margin length from axial furrow; border

thickens slightly at intergenal angle (PI. 69, fig. 4). In immature specimens intergenal

angle at half posterior width from axial furrow and genal angle in a more advanced

position (PI. 69, fig. 2). Genal spine continues line of lateral border, being directed

slightly outward posteriorly; extends for over half length of cephalon. Glabella

widest anteriorly narrowing to lp furrow then slightly widening to occipital ring.

Frontal lobe moderately convex and occupies more than half of glabellar length in
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large specimens, less than half in small ones; occupies one-quarter of cephalic width;

well rounded frontally (PI. 69, fig. 3); posterior situated at over half cephalic length

from anterior border. Ratio ofcephalon length to preglabellar and frontal lobe length

varies between 1 : 0-53 and 1 :0-59. The frontal lobe is almost equal to the width of

the occipital ring. In O. reticulatus the frontal lobe is a little broader relatively. There

are three pairs of glabellar furrows: 3p furrow transglabellar; directed strongly

forward abaxially at 45°, then curves back through a right angle to direct backward

as it enters axial furrow. 2p furrow not transglabellar; parallel to anterior furrow

adaxially, but abaxially becomes divergent resulting in anterior glabellar lobe

lengthening (exsag.) distally, nearly geniculate, then narrowing abruptly close to

axial furrow; gently recurved backward at axial furrow where it abruptly shallows

(PI. 69, fig. 5). 3p and 2p furrows situated close to each other, resulting in 3p lobe

being narrower (sag. and exsag.) than 2p lobe as Ip furrow is situated further from

2p furrow. Ip furrow not transglabellar; wider (exsag.) than anterior and median
furrows, consisting ofshort, abaxially situated slits, directed gently forward (abaxially).

Occipital furrow similar to posterior glabellar furrow. Node situated postero-medially

on occipital ring (PI. 69, fig. 1). Moderately long preglabellar field (PI. 69, fig. 3)

occupies one-tenth or more glabellar length in large specimens, up to one-fifth in small

ones (PI. 69, fig. 2). From postero-lateral part of frontal lobe eye lobe arches out

strongly, making an angle of about 140° with frontal lobe. It is long (text-fig. 2b),

occupying two-fifths cephalic length in mature specimens, one-half in small ones,

strongly curved, wide ( tr.) with a gently convex dorsal surface ; well-curved inner edge,

more strongly curved outer edge, eye lobe being furthest from glabella opposite lp

furrow; posteriorly terminates opposite and close to occipital ring, in some examples

(PI. 69, fig. 3) almost reaching posterior border; post-ocular cephalic length is about

one-tenth total cephalic length (text-fig. 2a). Eye surface occupied outer edge of eye

lobe, being now represented by a narrow furrow (PI. 69, fig. 5). Shallow epipalpebral

furrow is sometimes present. Inter-ocular area almost enclosed; small and slightly

raised. Extra-ocular area broad, low, sloping very gently laterally. Hypostome is

unknown. Thorax composed of fourteen segments (PI. 69, fig. 6); third segment

macro-pleural, being longer (exsag.) than any of other pleurae, and extended postero-

laterally as long pleural spine. Axis tapers gradually posteriorly. In mature specimens

(PI. 69, fig. 6) pleurae (to fulcrum) occupies slightly more than one-third thoracic

width anteriorly as they narrow (tr.) posteriorly more strongly than axis. In immature
specimens pleurae occupy less than one-third thoracic width anteriorly. First, second,

fourth, fifth pleurae develop very short spines laterally; those posterior to fifth seg-

ment develop longer pleural spines. Pleurae depressed medially, bounded anteriorly

and posteriorly by raised pleural bands. Posterior axial ring bears long spine which
is almost as long as thorax (PI. 69, fig. 6).

Discussion. Peach’s paper (1894), in which further species of Olenellus were described,

illustrated specimens, many of them articulated, from the Fucoid Beds of Meall

a’Ghiubhais, Kinlochewe. As suggested by Peach (1894) the specimens of O. lapworthi

from Meall a’Ghiubhais are generally smaller than the O. reticulatus specimens but

the converse is true at the Loch Awe locality. This species shows a small degree of

intraspecific variation, as has been alluded to in the description; this involves small



624 PALAEONTOLOGY, VOLUME 21

variation in length of preglabellar field (contrast PI. 69, fig. 3 and PI. 69, fig. 6), eye

lobe (contrast PI. 69, fig. 3 and PI. 69, fig. 1), position of genal angle, and over-all

cephalic shape (contrast PI. 69, fig. 1 and PI. 69, fig. 4). The specimens described by
Peach and by Peach and Horne tend to be semicircular, but many collected from
Loch Awe tend toward a more parabolic outline. Comparisons with other forms

present in the Fucoid Beds will be made under the relevant discussions.

Other species similar to O. lapworthi stre : O. transitans(Walcott, 1910), O. thompsoni

(Hall, 1859), O. hanseni{Poulsen, 1932), and O. svalbardensis{ Kielan, 1960). O. transi-

tans can be distinguished by its narrower glabella and slighty longer eye lobe, more
distally positioned intergenal angle, larger inter-ocular area and smaller frontal lobe

(see Walcott 1910, p. 338), whilst O. thompsoni , another North American form, lacks

a preglabellar field and possesses a broader border. O. hanseni, from the Lower
Cambrian of Ella Island, East Greenland, is very similar to O. lapworthi, differing

only in having a slightly longer eye lobe which reaches to the posterior border.

O. svalbardensis, from the Slakli Series in Spitsbergen, possesses a shorter preglabellar

field, broader and more advanced genal angle.

Olenellus reticulatus Peach, 1894

Plate 69, figs. 7-15; Plate 70, figs. 1, 2, 12

1892 Olenellus lapworthi Peach and Horne, pi. 5, figs. 1, 7, 8.

1894 Olenellus reticulatus Peach, pp. 665-666, pi. 30, figs. 1-5, 76-14; pi. 31, figs. 1-7.

1894 Olenellus lapworthi Peach (pars.); Peach, pi. 29, figs. 2, 5.

1894 Olenellus lapworthi var. elongatus Peach (pars.), pi. 29, fig. 3.

1894 Olenellus gigas Peach, text-fig. 1, p. 667.

1907 Olenellus reticulatus Peach; Peach et al., pi. 52, fig. 4, 4a, b.

1907 Olenellus lapworthi Peach; Peach el al., pi. 52, figs. 2, 3.

1910 Olenellus reticulatus Peach; Walcott, pp. 335-336, pi. 39, figs. 8-13, 714.

1910 Olenellus lapworthi Peach (pars.); Walcott, pi. 39, figs. 1-3.

1937 Olenellus reticulatus Peach; Lake, pp. 240-243, pi. 34, figs. 1-19, 10, 11.

1937 Olenellus lapworthi Peach (pars.); Lake, pi. 34, figs. 1, 3, 4, 6.

71937 Wanneria ?sp.; Lake, pp. 246-247 (pars.), pi. 35, fig. 4.

1951 Wanneria nathorsti Poulsen; Poulsen, p. 161.

1957 Olenellus reticulatus Peach; Palmer, p. 120.

1972 Olenellus reticulatus Peach; Cowie et al., p. 28.

1972 Wanneria nathorsti Poulsen; Cowie et al., p. 28.

1974 Olenellus reticulatus Peach; Cowie, p. 136.

1974 Wanneria nathorsti Poulsen; Cowie, p. 136.

Lectotype. An incomplete cephalon, GSE 5343 (PI. 69, fig. 7), from the ‘Fucoid’ Beds, Lower Cambrian on

the northern slopes of Meall a’Ghiubhais, 5-5 km WNW. of Kinlochewe, Ross and Cromarty, Scotland,

figured by Peach (1894, pi. 30, fig. 1); herein selected.

Dimensions of lectotype.

Sagittal length of cephalon

Maximum width of cephalon

Sagittal dimension of preglabellar field

Sagittal length from anterior cephalic margin to anterior glabellar

furrow (3p)

Exsagittal length of eye lobe

Exsagittal distance from posterior tip of eye lobe to posterior border

of cephalon

mm
25-5 (estimated)

42 0 (estimated)

2-4

14-8

8-5
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Paralectotypes. Two incomplete cephala, GSE 5342 and GSE 5344, one incomplete articulated specimen,

GSE 5350, and an incomplete thorax GSE 5351 ; same horizon and locality as lectotype; figured by Peach

(1894, pi. 30, figs. 2, 4, 5; pi. 31, fig. 4 respectively).

Material , horizons , and localities. In addition to the numerous, well-preserved, though generally incomplete,

cephala from the type locality at Meall a’Ghiubhais, this species has been found at Allt nan Righreon

(Peach and Horne, 1892, pi. 5, fig. 1 ;
this specimen has a shorter eye lobe than is evident from Peach and

Horne’s drawing). Recent collecting at the Loch Awe quarry (text-fig. 1) has yielded more than 100 well-

preserved cephala and countless fragmentary specimens. This species occurs a little less frequently at Meall

a'Ghiubhais than O. lapworthi, but at the Loch Awe quarry it comprises about 65% of the olenellid fauna.

At all these localities it is restricted to the Fucoid Beds, Lower Cambrian.

Diagnosis. Preglabellar field short; frontal lobe tapered anteriorly. Eye lobes short,

posterior tips being in line with lp lobe and gently curved. Genal angle slightly

advanced from normal position, distal part of posterior border is concave forward

from intergenal to genal angle. Exoskeleton coarsely reticulate.

Remarks. This species differs from O. lapworthi in the following respects

:

(a) preglabellar field shorter, occupying one-tenth cephalic length in small indi-

viduals, and more than one-tenth in large ones;

(b) frontal lobe tapers anteriorly (PI. 69, figs. 14, 15); posterior set at one-half

cephalic length from anterior margin

;

(c) frontal lobe occupies one-third cephalic width in large individuals, and between

one-third to one-quarter in small ones;

(d) eye lobe less strongly curved, making an angle of about 1 60° with the frontal lobe

;

short, extending for two-fifths cephalic length in small individuals, a little over

one-third in large ones (text-fig. 26); terminates opposite Ip lobe;

(e) postocular cephalic length is one-fifth cephalic length (text-fig. 2a);

{f) interocular area is broader posteriorly;

(g) genal angle slightly more advanced, distal part of posterior border being concave

forward (PI. 69, fig. 10);

(h) exoskeleton coarsely reticulated (PI. 69, fig. 15);

(z) thoracic pleurae (to fulcrum) narrower anteriorly, being less than one-third

axial width (PI. 70, fig. 12).

Although having suffered some degree of distortion, the often paraboloid form of

the cephalon is considered to be a real, not apparent effect. This is demonstrated by
Plate 69, figs. 10-17, the specimen showing no flattening and little lateral compression,

but having a paraboloid form. In Plate 69, fig. 15 the specimen is seen to have been

flattened and consequently appears to be a little broader.

Elypostome (PI. 69, fig. 8) is a little longer than broad. Anterior lobe strongly

swollen, semicircular; occupies five-sixths hypostomal length. Medial furrow deep,

curved gently convex posteriorly. Posterior lobe is very short and crescentic. Posterior

border very narrow (sag.) medially, widens laterally into postero-lateral spine.

Discussion. Variation in cephalic shape has been noted and may be partly related to

local environmental conditions; specimens from the Loch Awe quarry being charac-

terized by a preponderance of more paraboloid forms, whilst those from Meall

a’Ghiubhais tend to be more semicircular. Another variation which occurs between
specimens from these two localities is in size; those from Loch Awe tending to be
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smaller than the associated O. lapworthi whilst at Meall a’Ghiubhais the converse

is true (Peach 1894, p. 665). These two factors would seem to be interrelated, the

cephalon being parabolic in small individuals, becoming more semicircular in

the more mature stage (McNamara 1978, text-fig. 4). In large individuals of O. reti-

culatus the genal angle is positioned a little further forward than in less mature individ-

uals. The difference between the posterior border in large forms of this species and
large forms of O. hamoculus lies in the distal section; in O. reticulatus it is concave
forward whilst in O. hamoculus it is convex forward. The shallow epipalpebral furrow

(PI. 69, fig. 10 and PI. 70, fig. 1) extends into the frontal lobe as a single furrow and
does not appear to bifurcate as in the olenellid Wanneria llundgreni (Moberg) figured

by Bergstrom (1973, figs. 1, 17, 18d).

The possibility that lapworthi and reticulatus are sexual dimorphs has been
examined but because of the above and other factors (see McNamara 1978) there

seem to be no firm grounds for invoking this speculation.

One specimen of O. reticulatus has an indented genal angle (PI. 70, fig. 2). This was
not caused by post-ecdysial mechanical breakage because the raised cephalic border

is intact and follows the line of the indentation. Thus the border had been regenerated

after the living trilobite had lost its genal spine and postero-lateral genal area, probably

from having been attacked by a predator, perhaps shortly after ecdysis. Burling (1916)

described and figured a specimen of O. robsenensis with healed, broken pleurae in

a position a little posterior to that of the O. reticulatus specimen. The shortness of

the eye of O. reticulatus may account for the damage to the genal angle. From the

position of the furrow on the distal part of the eye lobe which carried the eye surface,

it can be inferred that, as the eye surface did not extend to the very posterior tip of

the eye lobe, the horizontal range of vision was approximately 80°, ranging from just

in front of the genal angle to a point on the border in line ( tr .) with the middle of the

frontal lobe. Thus this species could have been vulnerable to attack from the posterior,

so perhaps accounting for the injured parts being in a similar position in both the

Scottish specimen and Burling’s specimen.

What Peach (1894, p. 665, fig. 2) considered to be the telson of this species is in

fact an extended axial spine borne, in O. reticulatus, by the fourteenth thoracic seg-

ment. An opisthothorax and true telson have not been observed in this species.

O. reticulatus bears very short eye lobes in comparison to many species of Olenellus,

though O. truemani Walcott, 1913, O
.
fremonti (Walcott, 1910), and some individuals

of O. gilberti Meek, 1874 also have short eye lobes. Although the eye lobes of

O. truemani are of similar length to those of O. reticulatus, they are broader; it also

has a shorter preglabellar field. O. fremonti has both short eye lobes and an advanced
genal angle, but its frontal lobe abuts against the anterior border. The form from the

Eager Formation in Canada referred by Best (1952) to O. gilberti, has eye lobes as

short as those of O. reticulatus, a distinct preglabellar field and slightly advanced

genal angle. The difference between the two species lies in the extraocular area which

is much narrower in O. reticulatus as the glabella is proportionately broader. Poulsen

(1951) referred a specimen of O. reticulatus to Wanneria nathorsti Poulsen (1932),

from the Ella Island Formation, East Greenland, but W. nathorsti possesses a much
broader border and lacks a preglabellar field.

O. gigas is considered to be a large specimen of O. reticulatus. The specimen
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(GSE 467) figured by Peach (1894, text-fig. 1, p. 667), Walcott (1910, pi. 40, fig. 1),

and Lake (1937, pi. 35, fig. 3) has prominent reticulation, short, gently curved eye

lobes, the posterior tip of which was probably in line with the lp as in O. reticulatus.

The anterior of the specimen is very poorly preserved thus the dimensions of the pre-

glabellar field cannot be ascertained.

Olenellus hamoculus sp. nov.

Plate 70, figs. 3-9

Derivation ofname. Hamus—hooked; oculus—eye.

Holotype. Complete cephalon, GSE 13302 (PI. 70, fig. 3), from the ‘Fucoid’ Beds, Lower Cambrian, Loch
Awe, Sutherland. The locality is a roadside quarry 170 m E. 10° S. of the north-eastern inlet of Loch Awe
(NC 251 158).

Dimensions of holotype. mm
Sagittal length of cephalon 10 0

Maximum width of cephalon 18 0

Sagittal dimension of preglabellar field 0-8

Sagittal length from anterior cephalic margin to anterior glabellar furrow (3p) 5-3

Exsagittal distance from posterior tip of eye lobe to posterior border of cephalon 2-9

Paratypes. Six cephala GSM 102276, GSE 13305, GSE 13300, GSE 13298, GSE 13303, GSE 13307, same
horizon and locality as holotype.

Material , horizon , and locality. Twenty-five well-preserved and numerous fragmentary cephala are known
from the type locality in the ‘Fucoid’ Beds at Loch Awe.

Diagnosis. Cephalon generally sub-ellipsoidal
;
anterior border almost transverse to

gently rounded
;
genal angle advanced ; distal part of posterior border convex forward.

Frontal lobe is well rounded and approximately same width as occipital ring (text-

fig. 3a); posterior of frontal lobe less than half cephalic length from anterior border.

Eye lobes short, strongly curved, and broad.

Description. Cephalic outline varies between sub-semicircular, particularly in young
forms (PI. 70, figs. 4, 6) and sub-ellipsoidal in more mature forms (PI. 70, fig. 3);

anterior border nearly straight adaxially; bordered by narrow, rounded rim which
flattens and widens only slightly towards genal angle. Posterior border less convex

than anterior border; directed almost straight out from axial furrow then, half-way

to genal angle in mature specimens (PI. 70, fig. 3), slightly less than half-way in small

cephala (PI. 70, fig. 6), directed sharply forward in a forwardly convex curve, forming

an intergenal angle of approximately 150°, the genal angle thus being in an advanced
position level with or generally forward of the occipital furrow. At intergenal angle

there is a thickening of the border which, in some specimens, develops into a small

posteriorly directed node (PI. 70, fig. 9). Genal spine half as long as cephalon; con-

tinues line of postero-lateral border. Glabella ‘hour-glass’ shaped, frontal lobe being

of similar width (tr.) to occipital ring (text-fig. 3a); slightly vaulted transversely;

occupies one-quarter width of cephalon. Posterior of frontal lobe situated at more
than half cephalic length (sag.) from posterior of occipital ring. Anterior frontal lobe
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declines into a short preglabellar field which occupies slightly under one-tenth total

cephalic length in large individuals, and slightly more than one-tenth in small ones

(PI. 70, fig. 4). Glabella bears three pairs of glabellar furrows: 3p furrow trans-

glabellar; directed gently forward abaxially, then strongly recurved back around
lateral extremity of 3p lobe; 2p furrow set close to 3p furrow, though it is less strongly

recurved distally; lp furrow, which is only faintly transglabellar, is set further back
from 2p furrow than that is from 3p furrow. Flat central glabellar area, one-quarter

posterior-glabellar width, is present between gently convex lp lobes (PI. 70, figs. 5, 8).

Occipital furrow is similar to lp furrow, though it is not transglabellar. Occipital

ring as long (sag. and exsag.) as lp lobe; bears a prominent node postero-medially

(PI. 70, figs. 3, 9). Posterior half of ring lies behind line of posterior border. From
postero-lateral part of frontal lobe, eye lobe arches out strongly, making an angle of

about 140° with frontal lobe; it is short, occupying one-third of cephalic length

(text-fig. 2b), and broad; it has a strongly curved outer margin but a less strongly

curved inner one; posterior tip recurves towards glabella, being situated opposite

mid-point of lp lobe (PI. 70, fig. 9). Post-ocular cephalic length is one-fifth total

cephalic length (text-fig. 2a). In one specimen (PI. 70, fig. 9) there is a faint intergenal

ridge extending to intergenal angle. Epipalpebral furrow well developed, particularly

in mature specimens; continues faintly into frontal lobe (PI. 70, figs. 6, 9). Inter-

ocular area small, slightly raised above extraocular level, which is wide, almost flat,

gently downsloping to narrow border furrow. Other parts are unknown.

Discussion. O. hamoculus is distinguished from O. lapworthi in the following ways:

(a) the cephalon tends toward a sub-ellipsoidal shape, whereas it is sub-parabolic

to sub-semicircular in O. lapworthi
;

(b) the posterior border has a sharp intergenal angle with concomitant well advanced

genal angle, whereas it is straight out to much more distally placed intergenal

angle in O. lapworthi. The genal angle is hardly advanced in O. lapworthi
;

(c) eye lobe shorter and more strongly curved.

EXPLANATION OF PLATE 70

All specimens from the Fucoid Beds except F17 (fig. 10).

Figs. 1,2, 12. Olenellus reticulatus Peach, 1894. 1, GSE 5372, internal mould of cephalon from Meall

a’Ghiubhais, Kinlochewe; x2. Figured by Lake 1937, pi. 34, fig. 1. 2, GSE 13309, internal mould of

cephalon from Loch Awe quarry, near Inchnadamph; showing a healed wound of the cephalic border;

x 2-5. 12, GSE 5350, two incomplete dorsal exoskeletons from same locality as fig. 1 ; x 2. Figured by

Peach 1894, pi. 30, fig. 5.

Figs. 3-9. Olenellus hamoculus sp. nov., internal moulds of cephala from Loch Awe quarry, near Inchna-

damph. 3, GSE 13302, holotype; x 3. 4, GSE 13305, paratype; x 5. 5, GSE 13303, paratype; x4.

6, GSE 13300, paratype; x 4. 7, GSE 13307, paratype; x 3. 8, GSE 13298, paratype; x 2-25. 9, GSM
102276, paratype; x4-25.

Figs. 10, 1 i. Olenellus intermedius Peach 1894. 10, FI 7, silicified incomplete cephalon from the Salterella

Grit, Skiag Bridge; x7. 11, GSE 5367, internal mould of cephalon from Meall a’Ghiubhais, Kin-

lochewe; holotype; x6. Figured also by Lake 1937, pi. 35, fig. 1.
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O. hamoculus is distinguished from O. reticulatus in the following ways

:

(a) the eye lobe is more strongly curved (contrast PI. 70, figs. 2, 3);

(b) the frontal lobe is more rounded anteriorly and its posterior is situated more
anteriorly;

(c) the genal angle is in a more advanced position, the distal part of the posterior

border being convex forward, not concave forward as in O. reticulatus.

A species of Olenellus which is morphologically similar to O. hamoculus is O. eager-

ensis Best, 1952, from the Eager Formation, British Columbia. It compares in having

the well-advanced genal angle, short, hooked eye lobe, ‘hour-glass’ shaped glabella,

and almost transverse anterior border. The differences lie in the preglabellar field,

which is not present in O. eagerensis, and the frontal lobe, which is not as strongly

swollen in O. hamoculus. The similarities between these two species is probably

a reflection of their occupation of similar niches (McNamara 1978) and does not

indicate any inherent close genetic relationship as they were geographically widely

separated (Cowie 1971, figs. 1, 4).

Similarity can also be noted between O. hamoculus and O. mohavensis (Crickmay,

1933) from Lower Cambrian shales in the Mohave Desert, California, U.S.A., which
has slightly longer and less strongly curved eye lobe; shorter preglabellar field and
frontal lobe almost touching anterior rim, even in immature individuals.

Olenellus intermedius Peach, 1894

Plate 70, figs. 10, 1

1

1894 Olenellus intermedius Peach; pp. 666-668, pi. 32, fig. 7.

1910 Olenellus intermedius Peach; Walcott, p. 332.

1937 Olenellusl intermedius Peach; Lake, pp. 244-245; pi. 35, fig. 1, non 2.

Holotype. Holotype is by monotypy. An almost complete cephalon, GSE 5367, from the ‘Fucoid’ Beds,

Lower Cambrian, Meall a’Ghiubhais, Scotland, figured by Peach 1894, pi. 32, fig. 7.

Dimensions of holotype. mm
Sagittal length of cephalon 3 0

Maximum width of cephalon 7 0

Sagittal dimensions of preglabellar field 015
Sagittal length from anterior cephalic region to anterior glabellar furrow (3p) 1-3

Exsagittal length of eye lobe 0-9

Exsagittal distance from posterior tip of eye lobe to posterior border of cephalon 1 0

Material ,
horizons , and localities. In addition to the holotype one other cephalon is known from the same

horizon and locality as the holotype. The cephalon which Lake (1937) referred to this species is a small

meraspid cephalon (1-2 mm, sagittal length) of O. reticulatus. A third, silicified, specimen (PL 70, fig. 10)

is known from the Salterella Grit at Skiag Bridge (text -fig. 1).

Diagnosis. Anterior margin almost transverse; eye lobes short; preglabellar field

very short; frontal lobe short (sag.)-, extraocular area narrow; intergenal angle close

to axial furrow. Glabellar furrows nearly transverse; none are clearly transglabellar,

but sometimes a very faint connection across the glabella can be seen.

Description. Cephalon hexagonal shaped, broader than long; border almost trans-

verse anteriorly; genal angle advanced, being in line with lp lobe. Intergenal angle
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set approximately one-third distance from axial furrow to genal angle ; bears a short

spine which continues as the raised intergenal ridge which traverses cheek in a gentle

curve and meets axial furrow by lp lobe; posterior furrow which demarcates this

intergenal ridge more pronounced than anterior one. Preglabellar field very short,

being one-twentieth the cephalic length in the holotype (PL 70, fig. 1 1).

Glabella widest anteriorly across frontal lobe, narrowing at 2p furrows, then

widening slightly to occipital ring. Frontal lobe short, occupying two-fifths glabellar

length. 3p furrow curved; 2p furrow nearly straight and transverse; lp furrow slightly

curved, running a little backward adaxially; none of the furrows is transglabellar.

Occipital furrow transverse and shallow medially, runs slightly forward abaxially

and is deeper. Occipital ring bears prominent occipital node. Eye lobe arches strongly

from the frontal lobe but is gently curved and short, occupying a little under one-third

cephalic length; posterior tip in line with lp furrow. Interocular area is slightly

swollen. Extraocular area narrow; flat close to eye lobe, gently declines both laterally

and posteriorly. Marginal furrow is moderately impressed.

Discussion. Walcott (1910, p. 332) considered O. intermedius to be an immature form
of O. lapworthi on account of the advanced position of the genal angle. The young
forms of O. lapworthi 2-3 mm in length, though tending to have a more advanced
genal angle than the mature form, possess a long eye lobe which, as in more mature
forms, reaches to the occipital ring; so O. intermedius cannot be considered a young
form of O. lapworthi. Lake (1937, pp. 244-245) placed the species questioningly

within the genus Olenellus and included within it a specimen which had earlier been
figured by Walcott (1910, pi. 39, fig. 8) and considered by him to be a young form of

O. reticulatus. The specimen, though broken and very poorly preserved, has a longer

eye lobe than O. intermedius, the posterior tips being in line with the Ip lobe; thus, as

Walcott suggested, it probably represents an immature form of O. reticulatus.

Both Walcott and Lake either questioned the validity of this species or were un-

certain as to its true generic position, but the discovery oftwo further specimens would
appear to validate the species. It is most closely related to O. hamoculus which has

a similarly advanced genal angle but differs in possessing shorter, less strongly curved

eye lobes, more transverse anterior cephalic border, and shorter (sag.) preglabellar

field.

Bristolia bristolensis (Resser, 1928) and B. insolens (Resser, 1928) from the Lower
Cambrian of Nevada similarly have a short eye lobe, glabella impinging against the

anterior border, and almost transverse 2p furrow, but the anterior two pairs of

glabellar furrows are transglabellar, the eye lobe lies much closer to the glabella,

and the genal angle is in a far more advanced position.

SIGNIFICANCE, PALAEOGEOGR APHIC AND BIOGEOGRAPHIC
RELEVANCE OF THE FAUNA

The olenellid fauna of the Fucoid Beds is undoubtedly a North American Pacific

Province association and the zonal significance is probably to date the ‘Fucoid Beds’

as in the younger part of the Lower Cambrian—the Bonnia- Olenellus Zone (Fritz

1972). Deposition of the Fucoid Beds will have thus been in the north-western shelf

sea (text-fig. 4).
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text-fig. 4. Part-palinspastic map for the Cambrian Period of the north Atlantic region. The barrier

between the Pacific and Acado-Baltic Provinces of the Olenellid Realm, possibly deeper water of the

Iapetus Ocean, is of unknown width and is not intended to be to any scale.

The faunal provinces of the Lower Cambrian of arctic North America, Greenland,

Spitsbergen, and Scotland have been discussed by Cowie (1960, 1971) and Palmer

(1969, 1972, 1973, 1974). The Olenellid Realm is divided into: (1) the Acado-Baltic

Province with characteristic trilobites which include Callavia , Holmia , Kjerulfia ,

Strenuaeva , and Strenuella , and (2) the Pacific Province with characteristic trilobites

which include Bcithynotus , Bonnia, Bonniella , Nevadia , Nevadella, Olenellus, and
Protypus.

In text-fig. 4 a palaeogeographical reconstruction has been made for the Cambrian
Period which may be close to the Lower Cambrian situation. On this interpretation

the Acado-Baltic Province was separated from the Pacific Province by the ancient

ocean of Iapetus (Harland 1973; Harland and Gayer 1972). The faunal provinces

would then lie on either side of this geographical barrier which prevented mixing of

elements of the two provinces. North-west Scotland would have been on the north-

west side of Iapetus with Greenland, Spitsbergen, and maritime Canada.
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PAEDOMORPHOSIS IN SCOTTISH
OLENELLID TRILOBITES
(EARLY CAMBRIAN)

by KENNETH J. MCNAMARA

Abstract. Olenellus ( Olenelloides) armatus Peach, 1894 has been restudied and interpreted as having evolved by

paedomorphosis. By comparison with olenellid ontogenies, O. (Olenellus) hamoculus, O. (Olenellus) intermedius , and

O. (Olenellus) reticulatus, also from the ‘Fucoid’ Beds, are likewise considered to have evolved by paedomorphosis

from O. ( Olenellus) lapworthi. Paedomorphosis may have occurred in response to adaptation to zones of higher oxygen

content, in shallower water. The paedomorphic mechanism was progenesis which may have been triggered off by the

higher temperatures of the shallower water environment which the olenellid larvae occupied.

During a restudy of the curious little olenellid trilobite Olenellus ( Olenelloides)

armatus Peach, 1894 from the ‘Fucoid’ Beds of north-west Scotland, it soon became
apparent that this species, far from being genetically very different from the other

four species of Olenellus which are also present in these beds {O. ( Olenellus ) inter-

medius Peach, 1894; O. (Olenellus) reticulatus Peach, 1894; O. ( Olenellus) lapworthi

Peach and Horne, 1892; and O. ( Olenellus) hamoculus Cowie and McNamara, 1978),

is closely related to them. The development of diverse olenellid species is not dis-

tinctive of the ‘Fucoid’ Beds but is a feature of many other olenellid-bearing Lower
Cambrian rocks. This profusion of forms has caused many problems in olenellid

taxonomy with new genera and species being erected and placed in synonymy with

great frequency. It is hoped that this study will not only help to elucidate the evolu-

tionary mechanisms operating within the Scottish olenellids, but also assist in

explaining some of the vagaries of olenellid taxonomy in general.

In his study of O. ( Olenelloides ) armatus , Peach (1894, pi. 32, figs. 1-6) illustrated

only four specimens. He used one of these, the part and counterpart of an incomplete,

articulated individual, as the basis for a reconstruction which has become the standard

representation of the species (Raw 1957; Moberg 1899; Poulsen in Moore 1959). As
the specimen on which Peach based his reconstruction is very poorly preserved and
is distorted, Peach’s drawing is misleading in its representation of the number of

thoracic segments, orientation of the spines, and other minor features. A new recon-

struction based on all four known articulated specimens is presented (text-fig. 1).

O. ( Olenelloides) armatus has been regarded by many previous workers (see below)

as either ‘larval’, ‘immature’, ‘primitive’, ‘degenerate’, or ‘aberrant’. Many even

doubted its specific validity, whilst Hupe (1953a) considered it sufficiently distinct

to warrant placing within a monotypic subfamily. In the present study it is hoped to

clarify its taxonomic situation.

Terminology. This largely follows Harrington (in Moore 1959), except that ‘procranidial spine’ is preferred

to ‘perfixigenal spine’ and ‘intergenal spine’ to ‘metafixigenal spine’. The term 'intergenal ridge’ is introduced

to describe the pleural extension of the preoccipital segment. Palmer (1957, p. 106) is followed in using the

[Palaeontology, Vol. 21, Part 3, 1978, pp. 635-655, pi. 71.]
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term ‘interocular area’ for the ‘fixigene’ of Hupe (1953a, p. 117), The genal area outside the eye lobe is

termed the ‘extraocular area’. The eye lobe is separated into the anterior and posterior eye ridges, between

which lies the ‘epipalpebral furrow’. Hypostome terminology follows Palmer (1957, p. 107).

‘Paedomorphosis’ was defined by de Beer (1958) as ‘phylogenetic effects produced by introducing

youthful characters into the line of adults’, whilst ‘progenesis’ is a term introduced by Giard (1887) to

describe precocious sexual maturation of the reproductive organs while the organism is still in the condition

of a larva. De Beer (1958, p. 63) included progenesis with neoteny, as the end result, retention of larval

features in the adult stage, is the same. He also included paedogenesis (von Baer 1866) with neoteny, but

the mechanisms of both progenesis and paedogenesis are very different from that of neoteny resulting in

variation in the maximum size of the adult. In neoteny the pre-adult rate of development of the organism

(including its sexual development) is delayed or arrested, resulting in retention of larval characters in the

adult. Due to a prolonged period in the pre-adult stage, the pre-adult rate of growth is prolonged, con-

sequently the neotenous adult is larger than the non-neotenous adult. Paedogenesis is restricted to organisms

which reproduce in a larval stage, but parthenogenetically, as in some Coleoptera.

Where progenesis has occurred, however, rate of development continues at normal pace until precocious

sexual maturation occurs and stops, or severely restricts, the further development ofmany organs. The short

period in the pre-adult stage only allows a small degree of fast juvenile growth, with a consequence that the

adult progenetic form cannot reach as large a size as the non-progenetic form. Whereas previously neoteny

has been thought to be the only mechanism producing paedomorphic evolution (de Beer 1958, p. 64),

evidence is produced here to show that progenesis has been the paedomorphic mechanism in the olenellid

trilobites in north-west Scotland. Gould (1977) has recently, independently, come to similar conclusions

concerning the paedomorphic processes.

SYSTEMATIC PALAEONTOLOGY

Family olenellidae Vogdes, 1893

Subfamily olenellinae Vogdes, 1893

[incl. olenelloidinae Hupe, 19536]

Genus olenellus Billings, 1861

Subgenus olenelloides Peach, 1894

Type species. Olenellus (Olenelloides) armatus Peach, 1894; from the ‘Fucoid’ Beds (Lower Cambrian),

Meall a’Ghiubhais, Ross and Cromarty, Scotland.

Remarks. Although Peach (1894) erected Olenelloides as a subgenus, he did not present

the species as ‘0.
(Olenelloides) armatus', but as "Olenelloides armatus'

.

Consequently,

later workers used the name in a generic sense without justification. It will be shown
that although O. ( Olenelloides) armatus is morphologically very distinct from con-

temporaneous olenellids from the same horizon, genetically it was probably very

closely related to them. Thus Olenelloides is retained in its original sense as a subgenus

of Olenellus.

Olenellus ( Olenelloides) armatus Peach, 1894

Plate 71, figs. 1-9; text-fig. 1

1894 Olenellus (Olenelloides) armatus Peach; pp. 668-670, pi. 32, figs. 1-6.

1897 Olenelloides armatus Peach; Beecher, p. 191.

1899 Olenelloides armatus Peach; Moberg, pp. 315-316, pi. 13, fig. 6.

1910 Olenelloides armatus Peach; Walcott, pp. 345-350, pi. 40, figs. 2, 3.

1920 Olenelloides armatus Peach; Raymond, p. 129.

1925 Olenelloides armatus Peach; Raw, p. 287.

1937 Olenelloides armatus Peach; Lake, p. 248, pi. 35, figs. 7-9.

1937 Olenelloides armatus Peach; Raw, pp. 582-583, 590.
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1938 Olenelloides armatus Peach; Lake, pp. 249-250, pi. 36, fig. 1.

1942 Olenelloides armatus Peach; Stormer, pp. 65, 106.

1953a Olenelloides armatus Peach; Hupe, p. 123.

1953fi Olenelloides armatus Peach; Hupe, p. 75.

1957 Olenelloides armatus Peach; Palmer, pp. 121-122.

1957 Olenelloides armatus Peach; Raw, pp. 149, 150, 158; text-fig. 1.

1971 Olenelloides armatus Peach; Hu, pp. 63, 71, 79.

1973 Olenelloides armatus Peach; Bergstrom, p. 313.

Lectotype. Herein designated; an almost complete cephalon (GSE 472) from the ‘Fucoid’ Beds, Lower

Cambrian, on the northern slopes of Meall a’Ghiubhais, Ross and Cromarty (locality 6 in text-fig. 1 of

Cowie and McNamara 1978); figured by Peach (1894, pi. 32, fig. 4) and Lake (1938, pi. 36, fig. 1); figured

Plate 71, fig. 1, herein.

Material, locality , and horizon. The only material available is in the Geological Survey Collection made by
Mr. A. Macconochie in the latter part of the nineteenth century. Recent attempts have failed to reveal the

beds which yielded O. (Olenelloides) armatus. The specimens are mainly housed in the Institute of Geological

Sciences in Edinburgh (GSE), a small number also being housed in the Institute of Geological Sciences in

London (GSM). Four articulated specimens, thirty-three largely complete and fourteen fragmentary

cephala, and two hypostomes are known from the same horizon and locality as the lectotype. The specimens

are preserved as ochreous internal and external moulds in a dark-grey, yellow-weathering shale.

Diagnosis. Exoskeleton long and narrow; small. Cephalon hexagonal, bearing long,

equidimensional procranidial, genal and intergenal spines; genal angle in line with

2p glabellar lobe. Frontal lobe short, abutting against anterior border. Eye lobe very

short and strongly curved. 2p glabellar furrow transglabellar; all glabellar furrows

except 3p, directed almost transversely. Interocular area strongly lobate and similar

in width to very narrow extraocular area.

Hypostome denticulate; posterior lobe

large, occupying one-third area occupied

by anterior lobe. Thorax composed of

nine segments; pleural regions very

narrow (tr.).

Remarks. O. ( Olenelloides) armatus was
adequately described by Peach (1894,

pp. 669-670), Walcott (1910, pp. 347-

350), and Lake (1938, pp. 248-249).

However, a number of further features of

specific importance can be added to their

descriptions. The anterior cephalic border

is almost transverse, but arched slightly

forward where frontal lobe abuts border

(PI. 71, fig. 1). Antero-lateral margin
slightly concave and three-quarters as

long as anterior margin. Postero-lateral

margin strongly concave and equal in

length to antero-lateral margin. Posterior

margin transverse; width (tr.), and width

of occipital ring, equal to that of anterior

margin. 3p and 2p glabellar furrows
text-fig. 1. New reconstruction of O. (Olenelloides)

armatus Peach, 1894.
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transglabellar, 2p being almost transverse; lp furrow not transglabellar. Occipital

ring a little wider (tr.) than frontal lobe; antero-laterally bears faint lobe (PL 71,

fig. 1). Eye lobe short, posterior tip in line with 2p lobe in mature specimens (PI. 71,

fig. 1), but 2p furrow in immature individuals (PI. 71, fig. 7).

Hypostome (PI. 71, fig. 6) is described for the first time; its length (sag.) is twice

width (tr.) across anterior lobe. Anterior border is strongly convex; marginal flange

short. Width (tr.) across anterior wings is twice width across anterior lobe. Anterior

lobe moderately inflated and three times as long (sag.) as posterior lobe. Intervening

middle furrow well impressed; deepening abaxially. Posterior furrow strongly

impressed, whilst posterior border broad and convex, bearing ?thirteen small

denticles. The two known specimens occur on a block with seven cephala of O. (O.)

armatus, and are of corresponding size. Morphologically the hypostome is very

similar to a late stage III meraspid olenellid hypostome (Palmer 1957, pi. 19, fig. 8).

It differs from other hypostomes of the ‘Fucoid’ Beds (Cowie and McNamara 1978,

pi. 69, fig. 8) in its elongate shape, large posterior lobe, and prominently denticulate

posterior margin.

Differing numbers of thoracic segments have been attributed to O. (Olenelloides)

armatus. Eight segments were observed by Peach (1894, p. 669), Lake (1938, p. 249),

and Poulsen (in Moore 1959, p. 0197). Walcott (1910, pp. 346, 349), however, could

only distinguish seven, as could Hupe (19536, p. 75). Peach’s conclusion was based

on the incomplete, distorted specimen referred to above, whilst Walcott (1910, pi. 40,

fig. 3) used the external mould of another articulated individual. The posterior of this

specimen has been damaged, but the internal mould has not. This shows (PI. 71,

fig. 4) three small pleural spines posterior to the elongate sixth, making a total of

nine segments.

Another supposed characteristic of O. (Olenelloides) armatus is the ‘macropleural’

third and sixth segments (Raw 1957, p. 149), yet the sixth segment, although bearing

a long pleural spine, does not have a larger pleura than the preceding segment
;
further-

more, the seventh, eighth, and ninth segments bear relatively long spines. Thus the

thorax possesses a spinose third segment, first, second, fourth, and fifth pleurae

without spines, whilst the succeeding pleurae are spinose. This is exactly the same
situation as encountered in O. (Olenellus) reticulatus and O. (Olenellus) lapworthi

(Cowie and McNamara 1978, pi. 69, fig. 2). The specimens do not show the develop-

ment of a spinose fourth pleura thus Lake’s (1938, p. 250) assertion that it bears

EXPLANATION OF PLATE 71

Figs. 1-9. Olenellus (Olenelloides) armatus Peach, ‘Fucoid’ Beds, Lower Cambrian; Meall a’Ghiubhais,

Kinlochewe (Cowie and McNamara 1978, text-fig. 1, locality 6). 1, GSE 472; dorsal view of internal

mould of incomplete cephalon, x8; lectotype, figured by Peach (1894, pi. 32, fig. 4). 2, GSE 5373g;

dorsal view of internal mould of cephalon, x 12; figured by Walcott (1910, pi. 40, fig. 2). 3, GSM
10660a; dorsal view of internal mould of cephalon, x 10. 4, GSE 5381a; dorsal view of internal mould

of articulated specimen, x 10; figured by Walcott (1910, pi. 40, fig. 3) and Lake (1936, pi. 35, fig. 8).

5, GSE 13320b; dorsal view of cast of external mould of cephalon, x 10. 6, GSE 5373f; ventral view of

internal mould of hypostome, x 20. 7, GSE 1 3320c
;
dorsal view of cast of external mould of incomplete

meraspid cephalon, x 30. 8, GSE 13321 ;
dorsal view of internal mould of incomplete cephalon, X 12.

9, GSE 5373j ;
dorsal view of cast of external mould of cephalon, x 10.



PLATE 71

McNAMARA, Olenellus (Olenelloides) armatus



640 PALAEONTOLOGY, VOLUME 21

a spine cannot be substantiated. The thorax of O. (Olenelloides) armatus is very

similar to that of a meraspid stage of Elliptocephala asaphoides Emmons as illustrated

by Whittington (1957a, pi. 115, fig. 2 and text-fig. 2c herein). This meraspis possesses

a cephalon only 0-5 mm in length, but the thorax, like that of O. ( Olenelloides) armatus,

has very narrow ( tr .) pleurae, nine segments, and a prominent macropleural third

segment, although pleurae posterior to the fifth do not appear to show any evidence

of long pleural spines.

The smallest cephala known of O. ( Olenelloides) armatus are a little over TO mm
in length; the largest 4-8 mm. During ontogeny the glabella becomes proportionally

broader, slightly more so anteriorly and posteriorly producing an hour-glass shaped
glabella. In a cephalon 1-3 mm long the interocular area is wider and as strongly

vaulted as the eye lobe (PI. 71, fig. 7) but in cephala 2-4 mm long the interocular area

(which is connected by the intergenal ridge to the intergenal spine) is much narrower

and lower (PL 71, fig. 2). As cephalic length increases from 1 mm to 2 mm, the frontal

lobe doubles its length. This causes the anterior margin, which is almost transverse

in immature forms, to become gently convex anteriorly (PI. 71, fig. 2; text-fig. 3a, b).

There is also an increase in length of the eye lobe posteriorly with growth, the posterior

tip extending from opposite the 2p furrow in the immature form, to the 2p lobe in

mature forms. As the eye lobe extended posteriorly so too did the genal angle, resulting

in lengthening of the antero-lateral margin whilst the postero-lateral shortened

(PI. 71, figs. 1,7).

In erecting the species, O. ( Olenelloides) armatus. Peach (1894) was confident that

this form was not an early ontogenetic stage of one of the other olenellids present at

the same horizon, though he did comment (Peach 1894, p. 668) on its similarity to

larval stages of other olenellids. Beecher (1897, p. 191), however, considered the

elongate cephalon to be a larval feature and the disposition of the genal and inter-

genal spines indicated that the species was an immature form of Olenellus, an opinion

also held by Raymond (1920, p. 129). Walcott (1910, p. 346) likewise considered that

it represented a larval form of Olenellus, though he thought Olenelloides warranted

generic status, being ‘a degenerate form of the Mesonacidae (Olenellidae) that came
into existence shortly before the decadence and disappearance of the family’. Raw
(1925, p. 287) thought it an adult and considered the taxon justifiable. Hupe (1953a,

p. 123; 19536, p. 75) tentatively suggested that O. (Olenelloides) armatus may have

arisen by neoteny on account of the character of the thorax. He considered that

neoteny would have occurred at the meraspid stage when O. ( Olenelloides) armatus

possessed seven thoracic segments (which he regarded as the full complement in this

species). This idea has not been elaborated by later workers, Raw (1957, p. 158) con-

sidering it to be ’aberrant’, whilst Bergstrom (1973, p. 313) thought O. ( Olenelloides)

armatus was based on a larval specimen. However, cephala of the other four species

of Olenellus from the Fucoid Beds (Cowie and McNamara 1978) exhibit the dis-

tinguishing characters of their species (text-fig. 4), even when smaller than specimens

of O. (Olenelloides) armatus. Walcott (1910, pi. 40, fig. 3) figured a specimen of

O. (Olenelloides) armatus beside one of O. (Olenelloides) reticulatus Peach, 1894, both

of which are the same size yet show the individual characters of the two species. Thus

O. (Olenelloides) armatus is not merely a larval form, but a distinct species.

O. (Olenelloides) armatus bears some resemblance to O. (Olenellus) intermedius
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from the same horizon (Cowie and McNamara 1 978, pi. 70, figs. 10, 11). Both possess

a transverse anterior margin, frontal lobe set close to the anterior border, and short,

hooked eye lobe of similar length. O. (Olenellus) intermedius , however, has a much
broader extraocular area and lower interocular area; it lacks procranidial spines and
has a genal angle set further back. Hu (1971, p. 79, pi. 9, figs. 20-31) described

O. (Olenellus) canadiensis from British Columbia, though he referred the species to

Laudonia. However, Laudonia is characterized not only by the possession of an

advanced genal angle, but also by short eye lobe, strongly inflated frontal lobe, and

broad cephalic border (Harrington 1956, pi. 15, fig. 4), features lacking in Hu’s

species. As Hu points out, the 1 mm long meraspid cephalon of O. ( Olenellus )

canadiensis compares strongly with O. ( O/enelloides) armatus in the disposition of

the cephalic spines. This stage also possesses a narrow extraocular area and glabella

of similar proportions to O. ( O/enelloides) armatus , but the longer eye lobe, sub-

sequent loss of the procranidial spine, and rounding of the anterior cephalic margin

in larger individuals serve to distinguish this species from O. (O/enelloides) armatus.

THE PAEDOMORPHIC ORIGIN OF THE SCOTTISH OLENELLIDS

Clark (1964) considered that paedomorphosis occurred several times during the

history of the early Metazoa. This suggested to him that sexual maturation with

respect to somatic development was not very precisely controlled in these animals.

At this early period in their stage of development hormonal mechanisms, particularly

those controlling growth and reproduction, are likely to have made their first

appearance and were probably relatively imperfect. At this period, more than any
other, paedomorphosis is likely to have been a relatively common occurrence.

The Olenellidae are amongst the earliest-known trilobites and four of the five

species present in the early Cambrian rocks of north-west Scotland can be considered

to have evolved by paedomorphosis. O. (O/enelloides) armatus will have undergone
progenesis at the earliest stage, followed by O. ( Olenellus) intermedius, O. ( Olenellus)

hamoculus, and O. ( Olenellus) reticulatus. O. ( Olenellus ) lapworthi probably represents

the non-paedomorphic form which has passed through all its moult stages before

reaching sexual maturity and is thus the ancestral species to the four paedomorphic
species. That the four species evolved by paedomorphosis and are not simply pro-

genetic phenotypic variants of O. (Olenellus) lapworthi is illustrated by later develop-

mental changes in shape of the cephalon and glabella during growth in the holaspid

period.

To discover how the Scottish olenellids may have arisen by paedomorphosis, their

ontogenetic growth has first to be considered. Unfortunately, early growth stages of

Olenellus are lacking from the ‘Fucoid’ Beds. A few late meraspids are known (Walcott

1910, pi. 39, figs. 6, 8) but it is the earlier growth stages which show the most important

morphological changes; thus one must turn to ontogenies of other olenellids. The
most well-documented olenellid ontogenies are given by Palmer (1957) for O. (Ole-

nellus) gilherti and O. (Olenellus) clarki , by Whittington (1957u) for Elliptocephala

asaphoides, and by Hu (1971) for O. (Olenellus) truemani and O. (Olenellus) canadiensis.

The ontogenetic changes in Olenellus and Elliptocephala (text-fig. 2) can be sum-
marized as a broadening of the cephalon, largely due to widening of the extraocular
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area, whilst the interocular area becomes narrower and deflates; the frontal lobe

migrates posteriorly causing the glabellar furrows to increase in sinuosity; the eye

lobe and genal angle migrate posteriorly causing the anterior margin to become more
rounded, whilst the intergenal angle migrates toward the genal angle, its spine

degenerating at the expense of the genal spine. The thoracic pleural width increases

at a faster rate than the axial width as new segments are added. Bristolia shows
(Palmer in press, pi. 1, figs. 1-9, 11) the opposite developmental trends to Olenellus ,

the eye lobe shortening and, consequently, the genal angle and spine migrating

anteriorly. There is no posterior movement of the frontal lobe, but a slight anterior

expansion occurs in late meraspids and holaspids.

text-fig. 2. Ontogeny ofElliptocephala asaphoides (after Whittington 1957a); a-c, meraspids, d-f\ holaspids.

These described olenellid ontogenies are for species which possess a long eye lobe

even in early meraspids, whereas most of the species of Olenellus from north-west

Scotland possess a short eye lobe. There is often an intimate relationship between the

position of the posterior tip of the eye lobe and the genal angle, short-eyed forms, such

as Bristolia bristolensis ( Resser, 1928), B. insolens( Resser, 1928), O.fremonti Walcott,

1910, Laudonia bispinosa Harrington, 1956, and O. (Olenellus) eagerensis Best, 1952,

generally possessing an advanced genal angle, although Peachella, which also has

a short eye lobe, possesses a very broad-based, short genal spine which cannot be

regarded as being in an advanced position (Walcott 1910, pi. 40, fig. 17; Palmer in

press, pi. 5, figs. 1-9).

The anterior eye ridge, which bears the eye surface, may be regarded as being part

of the same primary somite as the extraocular area and anterior and lateral cephalic
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border (the genal segment); the extent of the pleural segment of this somite is reflected

not only by the position of the genal angle and spine, but also by the eye lobe which

will remain in a constant relative position. Thus the posterior migration of the genal

angle which occurs during ontogeny is accompanied by a similar posterior migration

of the eye lobe. The posterior eye ridge is regarded as being part of the palpebral

segment continuous with the posterior of the frontal lobe (text-fig. 3). The pleural

extension of the intergenal segment, however, migrates anteriorly during ontogeny.

The distribution of these three cephalic segments is illustrated in two of the Scottish

olenellid species to indicate the closer similarity of O. ( O/enelloides) armatus to

olenellid meraspid cephala (Palmer, 1957, text-fig. 8), particularly with respect to the

intergenal segment. These segments correspond to the macropleural segments of

Palmer (1957, pp. 122-123) with some modification to the anterior part of the

cephalon.

text-fig. 3. Cephala of a, O. (Olenellus) lapworthi and b , O. (Olenelloides) armatus, showing suggested

distribution of macropleural segments.

By placing the five species of Olenellus from north-west Scotland in the sequence:

O. ( Olenelloides) armatus , O. ( Olenellus ) intermedins, O. ( Olenellus) hamoculus,

O. (Olenellus) reticulatus, O. (Olenellus) lapworthi (text-fig. 4), the following morpho-
logical trends can be seen

:

(a) Cephalon. The cephalic shape varies both interspecifically, and intraspecifically.

The anterior margin of the cephalon of the three earliest paedomorphs is almost

transverse, but is more rounded in the other two species. The cephalon of the first

three species has a hexagonal or subcircular outline, whereas in O. (Olenellus)

reticulatus and O. ( Olenellus) lapworthi it is parabolic in the former and semicircular

in the latter. This tendency for a change from hexagonal or subcircular to parabolic

or semicircular also occurs during growth within each species (text-fig. 4). This change
in cephalic shape through the five species occurs within all olenellid ontogenies

described, particularly in those described by Whittington (1957a, b ) and Palmer

(1957).
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The maximum length of the cephalon of O. ( Olenelloides) armatus is less than that

of O. ( Olenellus) hamoculus (O . ( Olenellus) intermedius is not known from sufficient

specimens) which is less than that of O. (Olenellus) reticulatus, which in turn is less

than that of O. ( Olenellus) lapworthi (text-figs. 4, 6) though Cowie and McNamara
(1978) have assigned the two large specimens of "O. gigas' to O. (Olenellus) reticulatus

(see below). Thus after progenesis occurred, growth of the cephalon continued at

a much reduced rate, but probably by a consistent growth factor within each species.

Rate of growth slackens in many aquatic invertebrates at the onset of sexual maturity

(Newell 1949, p. 1 17). Gurney (1942, pp. 20, 82) has shown that in the Copepoda and
Decapoda morphological development ceases with the ripening of the gonads, there

being a marked decline in the rate of growth, as the initially rapid rate of growth is

prematurely terminated. Thus as the species which evolved by paedomorphosis from
the earliest growth stage, i.e. O. ( Olenelloides) armatus, underwent progenesis when
very small, it cannot have reached the same dimensions as the species which developed

by paedomorphosis at a later stage in their development (text-fig. 5).

(b ) Genae. The extraocular area increases in width appreciably between O. (Olenel-

loides) armatus and O. ( Olenellus) intermedius (text-fig. 4a, c), but slightly through

to O. (Olenellus) lapworthi as a function both of increase in over-all cephalic width

and also of decrease in width of interocular area. Both increasing extraocular and
decreasing interocular widths are well documented in ontogenies of Olenellus.

(c) Preglabellar field. There is the tendency during the ontogeny of Olenellus and
Elliptocephala for the preglabellar field to increase in length initially, then decrease.

The preglabellar field is absent in O. (Olenelloides) armatus (text-fig. 4a), it is very

short in O. (Olenellus) intermedius (text-fig. 4c), longer in O. (Olenellus) hamoculus

(text-fig. 4c), shorter in O. (Olenellus) reticulatus (text-fig. 4g), but then longer in

O
.
(Olenellus) lapworthi (text-fig. 4/). Insmallcephala(3mm in length) of O. (Olenellus)

hamoculus, O. ( Olenellus) reticulatus, and O. (Olenellus) lapworthi, the preglabellar

field is shortest in O. (Olenellus) hamoculus (text-fig. 4f), whilst in O. (Olenellus)

reticulatus (text-fig. 4h) and O. (Olenellus) lapworthi (text-fig. 4j) they are of similar

length. It is in the adult of O. (Olenellus) reticulatus that the preglabellar field shortens,

the reason for which is discussed below in section g.

(d) Genal angle. The genal angle is very advanced in O. (Olenelloides) armatus (text-

fig. 4a) (opposite the 2p lobe), moderately advanced in O. (Olenellus) intermedius

(text-fig. 4c) and O. (Olenellus) hamoculus (text-fig. 4c) (opposite the lp lobe), slightly

advanced in O. (Olenellus) reticulatus (text-fig. 4g), particularly in larger specimens

(opposite the occipital furrow), almost normal (opposite the occipital ring) in

O. (Olenellus) lapworthi (text-fig. 4/). This sequence corresponds to the posterior

migration of the genal angle in the ontogeny of E. asaphoides (Whittington 1957«).

An anterior migration in senile specimens has been noticed by Fritz (1972, p. 16) in

O. (Olenellus) truemani Walcott. In forms where the genal angle is in an advanced

position due to the species having evolved by paedomorphosis from an early larval

stage, the margin between the genal and intergenal angles is straight or concave

outwards; in late paedomorphs and non-paedomorphs the slight anterior migration

of the genal angle in senile forms results in the same margin being convex outwards.
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text-fig. 4. Reconstruction of adult and juvenile cephala of: a, b, O. armatus
;
c, d, O. intermedius

; e,f,

O. hamoculus-,g, h, O. reticulatus
; /, /, O. lapworthi. Reconstruction d is hypothetical. Scale represents 1 mm.
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(e) Intergenal angle and spine. During the ontogeny of E. asaphoides and O. (Olenellus)

gilberti the intergenal spine degenerates, whilst the intergenal angle migrates laterally

(text-fig. 2). The extent of lateral migration in mature specimens varies between the

Scottish species (text-fig. 4). In O. ( Olenelloides) armatus the intergenal angle is set

close against the glabella; it is only one-third the posterior margin width from the

axial furrow. In late paedomorphs the intergenal angle of specimens approximately
10 mm in length is set less than half the posterior margin length in O. (Olenellus

)

hamoculus, a little over half-way in O. (Olenellus) reticulatus
, and well over half-way

in O. ( Olenellus) lapworthi.

(f) Procranidial spine. This is present in O. ( Olenelloides) armatus but absent in the

other species. Whittington (19576, p. 433) was of the opinion that this spine was
absent or not preserved in E. asaphoides, but it is clearly visible on the smallest

meraspis he figured (Whittington 1957o, pi. 115, fig. 1). In some olenellids, e.g.

O. ( Olenellus) truemani (Hu, 1971), the spines are not present at all, whereas in others,

such as O. ( Olenellus ) canadiensis (Hu, 1971), they persist well into the later meraspid

stages. In O. (Olenellus )
gilberti they persist until meraspid stage III (Palmer 1957).

Raw (1937, p. 583) thought that the procranidial spine migrated during ontogeny

to form the genal spine in the adult, but this has been shown by Palmer (1957) and
Whittington (1957a, b) to be a misunderstanding.

(g) Frontal lobe. Text-fig. 5 illustrates histograms showing the ratios of frontal lobe

and preglabellar field length against total cephalic length, to illustrate the relative

position of the medial part of the 3p furrow in the five species. The ratio increases

through the five species indicating that the posterior of the frontal lobe migrated

posteriorly. Mean values for O. ( Olenelloides) armatus through to O. ( Olenellus)

lapworthi for the five species read: 0-3533, 0-4400, 0-4664, 0-5003, 0-5590. Similar

measurements were taken of the illustrations of ontogenetic stages of E. asaphoides

from Whittington (1957a, pi. 1 1 5, figs. 1-6); the values are: 0-35, 0-44, 0-47, 0-51, 0-56.

Similar measurements were taken for O. ( Olenellus) gilberti from illustrations of

Palmer (1957, pi. 19, figs. 1, 6, 2, 11, 15, 12, 16, and 19); ratios were: 0-30, 0-41,

0-43, 0-44, 0-47, 0-50, 0-53, 0-56
;
these represent stages I-V. Similarly for O. (Olenellus)

clarki (Palmer 1957, pi. 19, figs. 5, 10, 4, 14, 17, 20), the ratios increased from 0-35

to 0-56. The anterior of the frontal lobe migrates progressively back from O. (Olenel-

loides) armatus through to O. (Olenellus) hamoculus(text-fig. 4a-f), but in O. (Olenellus)

reticulatus there is an anterior expansion in the adult, resulting in the development

of an anteriorly tapered frontal lobe (text-fig. 4g), whereas it is well-rounded in

O. (Olenellus) lapworthi (text-fig. 4/) as the anterior expansion has not occurred. The
posterior migration of the frontal lobe and its increased inflation represents an increase

in size of the stomach (Cisne 1975, p. 52, figs. 8, 9; Sturmer and Bergstrom 1973,

p. 122). Thus the mouth, which was situated postero-ventral to the stomach (Cisne

1975, p. 52), moved progressively backward. If O. (Olenellus) reticulatus evolved by

paedomorphosis from a late larval stage ancestor, and is therefore closest to O. (Ole-

nellus) lapworthi
,

its probable progenitor, their modes of life and feeding were no
doubt very similar. The anterior expansion of the frontal lobe of O. (Olenellus)

reticulatus probably occurred in response to the need for a stomach of optimum size

which was not fully attained during growth, as progenesis prematurely stopped the
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growth of the stomach. The frontal lobe of O. ( Olenellus) lapworthi extends more
posteriorly than that of O. (Olenellus ) reticulatus

,

but the frontal lobe of O. (Olenellus

)

reticulatus reaches further forward. The ratio of frontal lobe length to cephalic length

remains constant in the two species, however, being 2:5; this ratio is 1 : 3 in O. (Ole-

nellus) hamocu/us.

(/?) Glabella. The glabella of O. ( Olenelloides) armatus is almost cylindrical (text-

fig. 4a , b), whereas O. ( Olenellus) intermedius through to O. ( Olenellus) hamoculus
(text-fig. 4c-/) it broadens, preferentially anteriorly and posteriorly, a distinct ‘hour-

glass’ shape being developed. The glabella is more ‘club-shaped’ in O. (Olenellus)

reticulatus (text-fig. 4g) and O. ( Olenellus) lapworthi (text-fig. 4/) on account of the

greater inflation of the frontal lobe. Such a trend, cylindrical to ‘hour-glass’ to ‘club-

shaped’, is inherent in olenellid ontogeny. The 2p furrow is almost transverse in

O. ( Olenelloides) armatus , as in an early meraspis (Palmer 1957, pi. 19, fig. 11),

becoming directed increasingly strongly posteriorly through to O. ( Olenellus) lap-

worthi .
,
as in ontogeny.

(/) Eye lobe. There is an increase in length of the eye lobe during the ontogeny of

Elliptocephala (text-fig. 2); a similar increase is also seen in Holmia hyperborea

Poulsen, 1974; similarly, a small degree of posterior migration occurs in the long-

eyed forms O. ( Olenellus) clarki , O. ( Olenellus)
gilberti , as illustrated in the d'Arcy

Thompson grids by Palmer (1957, text-fig. 2), O. ( Olenellus )
paraoculus Fritz, 1972,

O. ( Olenellus) sequomalus Fritz, 1972, and O. (Olenellus)
puertoblancoensis (Lochman,

1952) in Fritz (1972). Bristolia shows a reverse trend, the eye lobe shortening through

ontogeny (Palmer, in press, pi. 1, figs. 1-9) indicating that Bristolia is not closely

related to Olenellus or Elliptocephala. A similar increase in the length of the eye lobe

is apparent in O. ( Olenelloides) armatus through to O. (Olenellus) lapworthi. The
posterior tip of the eye lobe is in line with the 2p furrow in very small specimens of

O. ( Olenelloides ) armatus

,

the 2p lobe in large specimens of O. ( Olenelloides) armatus,

the lp furrow in O. ( Olenellus) intermedius, the lp lobe in O. ( Olenellus) hamoculus
and O. ( Olenellus) reticulatus, and the occipital ring in O. ( Olenellus) lapworthi (text-

fig. 4). In the species which evolved by paedomorphosis at an early stage, the eye lobe

curves strongly out from the frontal lobe. In the late paedomorphs it is directed less

strongly out from the frontal lobe and is consequently less strongly curved. The
posterior tip of the eye lobe becomes positioned closer to the glabella in the late

paedomorphs. Thus, although the posterior tip of the eye lobe of O. (Olenellus)

hamoculus reaches as far back as that of O. ( Olenellus) reticulatus, the more strongly

curved nature implies that O. (Olenellus) hamoculus arose by paedomorphosis from

an earlier larval stage than O. ( Olenellus) reticulatus. The epipalpebral furrow is

absent in the earliest meraspids of Olenellus, not appearing in O. ( Olenellus) gilberti

until stage V (Palmer 1957). Similarly, it is absent in the early meraspids of E. asa-

plioides (Whittington 1957a, pi. 115). It is absent in both O. ( Olenelloides) armatus

and O. ( Olenellus) intermedius, but present in the other species. Consequently it

would seem that both O. ( Olenelloides) armatus and O. ( Olenellus ) intermedius

may have evolved paedomorphically from earlier growth stages than stage V of the

meraspid period.
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(j) Hypostome. This is only known for O. ( O/enel/oides) armatus and O. ( Olenellus

)

reticulatus. The hypostome of O. ( Olenelloides) armatus is very similar to one of the

stage III olenellid meraspids (Palmer 1957, pi. 19, fig. 8). The hypostome of O. {Ole-

nellus) reticulatus (Cowie and McNamara 1978, pi. 69, fig. 8) compares more closely

with that of the holaspis of O. {Olenellus) gilberti, the anterior lobe being more swollen

than in O. {Olenellus) armatus ,
the posterior lobe having degenerated at its expense,

and the border denticles having been reduced in number and relative size.

{k) Thorax. During the ontogeny of E. asaphoides eighteen thoracic segments were

generated whereas in O. {Olenellus) gilberti only fourteen were developed. Con-
comitantly the pleurae broadened with respect to the axis, their lateral extent being

demarkated by the position of the intergenal angle. Although the thorax is not known
for either O. {Olenellus) intermedius or O. {Olenellus) hamoculus , it would be expected

that the thoracic widths increase through the five species as the intergenal angle

becomes positioned more laterally. The pleurae of O. {Olenelloides) armatus are very

narrow (PI. 71, fig. 4), occupying only one-third the axial width, whilst in O. {Olenellus)

reticulatus the pleurae are almost equal in width to the axis (Cowie and McNamara
1978, pi. 70, fig. 12).

Four of the five species of Olenellus from north-west Scotland can thus be regarded

as having evolved by paedomorphosis due to sexual maturity having been reached at

different times owing to progenesis having occurred in the ancestral species (text-

fig. 6). O. {Olenelloides) armatus is thought to have evolved by paedomorphosis from

text-fig. 6. Diagrammatic graph to illustrate changes in morphology and size with growth of the five

Scottish species of Olenellus.
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an early meraspid larval stage when only nine thoracic segments had been generated.

The similarity of the thorax of O. ( Olenelloides) armatus to the meraspid thorax of

E. asaphoides has been commented on above. The presence of only nine thoracic

segments, whereas all other species of Olenellus possess fourteen, indicates that

progenesis occurred when only nine thoracic segments had been generated.

The meraspis of E. asaphoides which possesses nine thoracic segments has, like

O. (Olenelloides) armatus
,
prominent intergenal spines which are similar in size to

the genal spines (Whittington 1957a, pi. 1 15, fig. 2; text-fig. 2c herein). Whittington

(1957a, fig. 2b) illustrated a meraspis of O. (Olenellus ) yorkensis Resser and Howell
at the stage where it possessed nine thoracic segments. Like O. ( Olenelloides) armatus
it too possesses three pairs of cephalic spines whilst, as in O. ( Olenelloides) armatus ,

the thoracic axis is broad in relation to the pleurae at this stage. O. ( Olenellus) inter-

medius evolved from a slightly later meraspid larval stage, but probably prior to

stage V of Palmer (1957). O. ( Olenellus) hamoculus probably represents a paedo-

morphic species which evolved from a late meraspis, post stage V. O. ( Olenellus)

reticulatus evolved by paedomorphosis from a very early holaspis as it possesses

the full complement of thoracic segments. O. ( Olenellus) lapworthi probably repre-

sents a non-paedomorphic species of Olenellus and is probably the ancestral species

from which the other contemporaneous species evolved by paedomorphosis. Palmer

(1957, p. 114) calculated that O. (Olenellus) gilbert

i

underwent ecdysis at least twenty-

nine times. At each ecdysis O. ( Olenellus) lapworthi would have had the possibility of

undergoing progenesis, but the successful paedomorphic evolution of new species

occurred only at four distinct stages where ecological niches were available into which

the new species could fit. The imperfections which were probably inherent in the

hormonal mechanisms of these early trilobites would explain the occurrence of

precocious maturation and the seemingly relative ease with which this method of

evolution took place.

In the context of this discussion what is important is not only the growth factor as

discussed by Palmer (1957, p. 110) but the degree of morphological change (text-

fig. 6), a parameter difficult to quantify. A great amount of change occurred in

cephalic morphology in meraspids of E. asaphoides between 1 and 3 mm in length and
meraspids of O. (Olenelloides) armatus between 1 and 2 mm in length. It is largely

during this period that most of the important physiological changes are liable to have

been taking place in the trilobite larva. Unfortunately, specimens less than 3 mm in

length are not known for any of the Scottish species apart from O. (Olenelloides)

armatus ; but it can probably be reasonably assumed that as each paedomorph shows
its characteristic features when 3 mm in length, progenesis occurred when the

cephalon was smaller.

The paedomorphic species of Olenellus found in north-west Scotland may not be

the only examples of this phenomenon. Best (1952) described both O. (Olenellus)

"gilberti' and O. (Olenellus) eagerensis Best from the same horizon and locality in

British Columbia. O. (Olenellus) eagerensis may have developed by paedomorphosis

from O. (Olenellus) "gilberti

\

The species which Best calls O. ( Olenellus) gilberti

differs quite considerably from that which Palmer (1957) referred to that species. It

has a short eye lobe, slightly advanced genal angle, very short preglabellar field, and

is thus best referred to O. (Olenellus) truemani. The paedomorphic condition of
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O. (Olenellus) eagerensis is illustrated by the more advanced genal angle, intergenal

angle set close to the glabella, frontal lobe close against the anterior border, less

sinuous 2p furrow, more anteriorly positioned 3p furrow, shorter eye lobe, narrower

extraocular area, and narrower thoracic pleurae.

Although Bristolia shows many reverse developmental trends in comparison with

Olenellus
,
species described by Resser (1928) can still perhaps be regarded as having

evolved by paedomorphosis, B. bristolensis having evolved from B. insolens by
paedomorphosis.

PALAEOECOLOGICAL CONSIDERATIONS

It is now necessary to try and consider why paedomorphosis should have been such

an important evolutionary mechanism operating on the early Cambrian olenellid

fauna of north-west Scotland, and what adaptational advantage it conferred. Jell (in

press) elegantly shows how genal caeca in many groups of trilobites can be regarded

as having served a respiratory function. The caeca are only present on the extraocular

area of the Olenellidae (Fritz 1972, pi. 11, fig. 13), so those species with the broadest

extraocular area bear the greatest number of caeca. The very small extraocular areas

and absence of caeca in O. ( Olenelloides) armatus and olenellid meraspids may per-

haps be attributed to their adaptation to highly oxygenated upper waters. The increase

in extraocular area during ontogenetic sequences in Olenellus can perhaps be best

explained by the adaptation to living in less oxygenated conditions as the pelagic

larva becomes benthonic. Growth of the extraocular area is greater than would be

expected from normal allometric growth of the cephalon. Palmer's (1957, text-fig. 2)

illustration of the rate of growth of the cephalon of O. gilberti shows how the extra-

ocular area developed at a much greater rate than the rate at which the glabella and

eye lobes grew.

Lochman (1956, p. 1377) considered that El/iptocephala asaphoides inhabited deep

water (400-600 ft) where the oxygen content and food content were low. O. ( Olenellus)

thompsoni , however, she regarded as having occupied shallow coastal waters a few

inches to a few hundred feet in depth where the oxygen and food contents were higher.

The middle meraspis of E. asaphoides (Whittington 1957a, pi. 1 15, figs. 2, 5 ; Lochman
1956, pi. 6, fig. 10) bears a striking resemblance to species of O. ( Olenellus

)

not only

with regard to cephalic characters, but also with respect to the presence of a third

macropleural thoracic segment which is lost during the early holaspid period.

Whereas O. ( Olenellus) has fourteen thoracic segments, E/liptocephala possesses

eighteen; thus O. ( Olenellus) may have evolved from El/iptocephala , which it post-

dates, by paedomorphosis, arrestation of development having occurred in Ellipto-

cephala after the generation of only fourteen thoracic segments. E/liptocephala

probably occupied an outer shelf situation and is found associated with a cosmo-
politan, open-ocean fauna like that of an Acado-Baltic assemblage. O. ( Olenellus),

however, was restricted to continental shelves (Fletcher pers. comm.). The develop-

ment of broad genal areas in some later species of O. ( Olenellus), and their occurrence

in deeper-water areas on the continental shelf (such as the occurrence of O. ( Olenellus

)

thompsoni in the Parker Shale of Vermont) suggests a reversion within some species

of O. ( Olenellus ) to living in a deeper water, less well-oxygenated environment.
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text-fig. 7. Diagrammatic representation of the effect of depth in controlling paedomorphism.

Text-fig. 7 illustrates the mechanism whereby the active, free-swimming olenellid

larvae may have been adapted to higher-oxygenated conditions in shallower water.

Progenesis would have resulted in the individual being able to remain at this level of

oxygenation and depth of water, though it may well have become benthonic, inhabit-

ing shallower water, when adult, than its progenitor. The enlargement of the frontal

lobe in late stage meraspids and early holaspids may be regarded as an adaptation to

a benthonic environment. Likewise, the tumid frontal lobe of the non-paedomorph
and late paedomorphs suggests a benthonic mode of life. The frontal lobe of O. (Ole

-

nelloides) armatus is relatively less tumid which, in addition to the development of

a spinose cephalon, broad axis, and narrow pleurae, suggests that it may have been

planktonic throughout its life. The earliest paedomorphs originally developed by

progenesis from the youngest larvae of the non-paedomorph which inhabited the

upper waters. The later paedomorphs developed from later-stage larvae in pro-

gressively deeper water (text-fig. 7). The paedomorph is regarded as having inhabited

the same depth ofwater as the larvae of the non-paedomorph from which it developed,

but having occupied a benthonic environment.

If the supposition is made that O. ( Olenellus) lapworthi lived in deeper water than

O. (Olenellus) reticulatus, which in turn lived in deeper water than O. (Olenellus)

hamoculus, and so on (text-fig. 7), this may imply a direct correlation between increas-

ing size and increasing depth of water, and thus decreasing temperature. Newell
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(1949, p. 120) and Bonner (1968, p. 5) have suggested that in some cold-blooded

organisms, lower temperature has caused a delaying of sexual maturity, so that the

gonads are not ripe until the organism is much larger than its counterpart living in

a higher-temperature environment. The delaying of sexual maturity favours increased

rate of growth. If one looks at this idea from another angle, then the occupation of

an environment of higher temperature may, at times, cause premature ripening of the

gonads, i.e. progenesis would occur. Thus water temperature may have been the

initial controlling factor in triggering off progenesis and so causing the paedomorphic
evolution of new species of Olenellus in north-west Scotland. As illustrated in text-

fig. 7, the stratification of the olenellid larvae, with progressively more mature stages

inhabiting progressively deeper zones and the paedomorphs settling in shallower

water than the larvae, but water of similar temperature, is fundamental to the paedo-

morphic mechanism in these olenellids. Bogorov (1932) has shown that larvae of the

decapod crustacean Calanus finmarchicus inhabit different strata at different stages

of larval life. This has been shown (Gurney 1942, p. 92; Kikuchi 1927) to be controlled

by phototaxis, the earliest larvae being attracted to light, but subsequent larvae being

increasingly negatively phototactic.

The two very large specimens of O. ( Olenellus) reticulatus (‘gigas ’ of Peach 1894,

p. 666) which are over twice the size of the next largest O. ( Olenellus) reticulatus,

probably represent individuals which never attained sexual maturity. Rothschild

(1936) and Rothschild and Rothschild (1939) have shown that parasitic castration in

pulmonates prolongs the early rapid rate of growth and results in larger individuals

than the norm.

DISCUSSION

Whether paedomorphosis can be regarded as having played, and may still be playing

an important role as an evolutionary mechanism, is still open to debate. Garstang

(1928) laid great emphasis on the role of paedomorphosis in the phylogeny of the

tunicates, whilst de Beer ( 1 958), in an excellent discussion of the subject, tried to apply

this evolutionary mechanism to many phyla. Gould (1968) has shown how paedo-

morphosis has been operative in the land snail Peocilozonites and how this rapid,

saltating method of evolving may help explain some aspects of allopatric speciation.

Gurney (1942, p. 22) has suggested that the Copepoda may have arisen from the

Decapoda by paedomorphosis. He has further shown that decapod larvae often show
paedomorphic characteristics, giant larvae, which have undergone neoteny, occur-

ring quite frequently
;
these show the normal development of the sexual organs, but the

retention of larval mouth parts and legs. Very few concrete examples of paedo-
morphosis in trilobites have been documented, although Stubblefield (1936) con-

sidered that proparian trilobites evolved from opisthoparian trilobites by ‘neoteny’.

He was also of the opinion that the ‘dwarfed forms’ the Burlingiidae, Norwoodiidae,
and Eodiscidae represent ‘neotenous’ forms as they retain larval features, and never

exceed 12 mm in length. The small size indicates that the paedomorphic mechanism
which gave rise to these families, and possibly to proparian trilobites, was progenesis,

not neoteny. Whittington (1957b, p. 460) considered the evidence for the importance

of ‘neoteny’ as a process in evolution of trilobites as tenuous; however, Stormer
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(1942) and Hupe (19536) have regarded ‘neoteny’ (i.e. paedomorphosis) as an
important evolutionary process in trilobites. Recently Clarkson (1971, 1975) has

suggested that the schizocroal eye of trilobites may have been paedomorphic.
The olenellids from north-west Scotland, in response to the availability of un-

occupied ecological niches, assisted by imperfections in their hormonal mechanisms,
seem to have evolved with great rapidity and fluidity by means of paedomorphosis.
Large-scale morphological changes were able to occur with only very small genetic

changes taking place. It is plausible that the explosive radiations which characterize

the onset of many phyletic lineages, may, in part, have been facilitated by paedo-
morphosis.
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GROWTH AND FORM OF FINSPINES IN

HYBODONT SHARKS

by JOHN G. MAISEY

Abstract. Hybodontiform finspines have certain diagnostic features. The following are the most important : the

longitudinal (axial) ornament is costate apically but tends to break up basally; there are posterior hook-denticles

(probably secondarily fused to the spine, because abnormalities include partial non-sequence of denticle rows, also

supernumerary denticles); osteodentine of the finspine outer layer is layered anteriorly, and this is interpreted in

developmental terms. In common with other finspines, much of the spine was covered by an integument in life, and

a certain amount of wound-healing was possible.

T he primitively phalacanthous order Hybodontiformes (sensu Maisey 1975) includes

such forms as Hybodus and Acrodus, Asteraccmthus (Strophodus ), Lonchidion ,

Lissodus, and certain Palaeozoic fishes including Tristychius. This arrangement is

based on differences in finspine morphology from those of other phalacanthous

sharks, a criterion not previously applied, although it offers an apparently natural

division. Hybodonts and ctenacanths were recognized as separate, but without clear

distinctions (e.g. Schaeffer 1967; Miles 1971). Their finspines are similar in gross

morphology but consistently differ in certain structural details. Hybodont finspine

structure sets the group apart from all other phalacanthous sharks. The ancestors

of modern spiny sharks cannot therefore have been hybodonts, but probably stemmed
from a ctenacanth stock.

Material All specimen numbers quoted refer to the British Museum (Natural History).

Geological range ofhybodont sharks. The earliest remains of well-preserved hybodonts
are from the lower Carboniferous. These include Tristychius and other (as yet

undescribed) fishes from the Calciferous Sandstone of Scotland. The group is repre-

sented in the Permo-Trias by sparse remains of Arctacanthus, Lissodus , and teeth

and finspines of Hybodus , Acrodus ,
and Asteracanthus. Hybodonts were gradually

replaced by modern sharks from the Jurassic onwards. At the end of the Cretaceous

Hybodus and Acrodus were extinct but Asteracanthus may have lingered into the

Palaeocene (Tate 1894; Chapman and Pritchard 1904). The group therefore probably

became extinct during the early Tertiary.

Gross morphology of finspines. Hybodontiform finspines are elongate and gently

curved posteriorly. There are sharp hook-denticles on the posterior wall, usually in

two series (Plate 72, fig. 1). Denticles on certain Wealden finspines from virtually

a single median series. This is derived from two series in which alternate denticles

are suppressed on either side of the posterior midline (Patterson 1966). A ridge is

sometimes present between the adjacent denticle rows. Where the series are closely

spaced, this ridge winds between the alternating denticles. There is considerable

variation in denticle distribution. The denticles are always confined to the posterior

[Palaeontology, Vol. 21, Part 3, 1978, pp. 657-666, pi. 72.)
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surface of the finspine, never extending on to its sides. Ctenacanthiform finspines

(Ctenacanthus , Sphenacanthus, etc.) lack large posterior denticles. Instead, small

denticles lie in postero-lateral series on the spine sides. Euselachian finspines usually

lack any form of tuberculation.

The remaining spine ornament is longitudinally arranged, forming ribs (costae)

in Hybodus
,
Acrodus, Lissodus, and Palaeozoic forms (including Tristychius). The

tuberculate ornament of Asteracanthus is arranged in longitudinal series (Stromer

1927; Peyer 1946). In this form, however, short lengths of costae are sometimes
developed coaxial with the tubercle rows, especially near the spine apex (Plate 72,

fig. 5). In Hybodus and Acrodus the costae are sometimes broken up into short lengths,

even into tubercles, at their lower ends (Plate 72, fig. 4). To generalize, the antero-

lateral ornament is generally costate nearer the spine apex, even in Asteracanthus,

and is often broken up nearer the spine base, even in Hybodus and Acrodus. Seen this

way, the difference between Asteracanthus and Hybodus finspine ornament is small.

As the finspine grew, this axial ornament would have been extended basally. The
foregoing observations suggest that the growth pattern of hybodont finspines could

change from a juvenile (costate) one to a later (tuberculate) pattern. This transition

occurred early in Asteracanthus ontogeny, but only occurred in very old (possibly

gerontic) Hybodus and Acrodus. Asteracanthus semiverrucosus Egerton is an interest-

ing example of a half-costate, half-tuberculate finspine (see Egerton 1854, 1855;

Woodward 1916, fig. 8).

The unornamented spine base coincides approximately with that part which is

inserted in the body, as with all selachian finspines. The basal opening extends up
almost to the lowest posterior denticles. This level is highly variable, as is the shape

of the opening (text-fig. 1 a). Above it the spine is approximately oval in cross-section.

The posterior wall is convex, with denticles near its midline. In euselachians and
ctenacanths this area is flat or slightly concave and devoid of denticles.

The anterior ornament of Hybodus, Acrodus, and Asteracanthus finspines is usually

sharply divided off from the rest of the spine. Only rarely, e.g. in Tristychius and

lower Cretaceous finspines described by Patterson (1966), does the ribbing lack a well-

defined lower limit. Costae invariably extend further anteriorly than postero-laterally,

and are sometimes interrupted by nodal points indicating pauses in growth. Numerical

increase of axial units (costae or tubercle rows) is effected by bifurcation of earlier

units, and by intercalation of new units between older ones. Bifurcation or inter-

calation almost always occurs at nodal points. Adjacent nodes of neighbouring

costae correspond to growth lines on the enamelled ornament ofeuselachian finspines.

text-fig. 1 . a, variation in extent of ornament and level of posterior closure in finspines from
:
(i) Hybodus

obtusus P6886; (ii) H. marginalis PI 1921; (iii) Acrodus nobilis P2819. B, variation in posterior denticles:

(i) normal: Asteracanthus ornatissimus P6867; (ii) duplication, both rows: Hybodus sp. 32548; (iii) super-

numerary denticles, both sides : Asteracanthus ornatissimus 403 1 8 ;
(iv) supernumerary denticles and partial

non-sequence: Hybodus obtusus P6887; (v) partial non-sequence and duplication of rows: Hybodus sp.

41222; (vi) partial non-sequence, one row: H. acutus 41400. C,D, Asteracanthus ornatissimus P 12521 finspine;

c—apex, showing wound-healing; D—right side, showing circular lesions. E, Hybodus sp. 39852; growth

lines in lateral and posterior views, with unrelated denticle distribution.
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A few specimens actually display growth lines, e.g. 39852 (text-fig. 1e) and H. brevi-

costatus PI 3268 (Patterson 1966, pi. 3, figs. 1 and 2).

Abnormal finspines. Several specimens have unusual denticle arrangements. Part of

either row can be missing (H . acutus 41400, text-fig. 1b, vi, Asteracanthus P2210),

or even an entire row. Where denticles are absent, the opposite row is not necessarily

affected. Both rows can simultaneously or alternately lack denticles, e.g. PI 3268.

Some finspines have partial denticle rows in addition to the primary pair, or even

an isolated supernumerary denticle (text-fig. 1b, ii-v). Of these examples, P6687 and
40318 are particularly interesting as they display both non-sequence of denticles in

the primary rows, and supernumerary denticle rows in apparently random fashion.

These unusual examples demonstrate the independence of denticles from the rest

of the spine. Variation in their arrangement suggests that they are secondarily attached

to the finspine as it grows (text-fig. 2a). This process was presumably disrupted in the

abnormal specimens, since the finspines are otherwise normal. Further evidence of

secondary fusion of denticles to the finspine is found on 39852 (text-fig. 1e). Here,

some denticles lie on growth lines, while others lie between them. Denticle formation

is not therefore correlated with periods of spine growth, but is irregular.

Injuries and repair. Circular lesions are developed on the spine sides of P 12521

Asteracanthus (text-fig. Id). The ornament is stripped away to expose underlying

osteodentine. These lesions were probably acquired in life, for they are restricted to

the exserted part of the spine ; none is seen on the inserted part. Although lesions occur

on both sides of the spine, they do not match, and are therefore likely to represent

bite-marks. They may, however, have been made by an unknown, superficially

attached, and possibly parasitic organism.

Sessile armoured Cirripedia, e.g. Xenobalanus, sometimes develop on squalid

finspines and other shark dorsal fins, but are not parasitic (Barnes 1963). Parasitic

cirripeds (orders Acrothoracica, Rhizocephala, and Ascothoracica) are devoid of

calcareous plates, but today only infest invertebrates. A hybodont finspine would
have provided a firm substrate and steady nutrient supply for a parasite. By contrast,

thickly enamelled modern selachian finspines would better withstand parasitic attack.

Jaekel (1890) described a damaged Acrodus nobilis finspine in which there is

evidence of extensive wound-healing. PI 2521 (Asteracanthus

)

displays similar injury

and wound-healing at its tip. There are massive deposits of dentine which partly

enclose at least one posterior denticle. Several centimetres of the spine apex have

evidently been lost (text-fig. lc, d). Scleroblastic tissue must have been present at the

apex to allow wound-healing to take place.

Internal structure of the spine trunk. The trunk is the main body of the finspine. It

includes the unornamented lower portion and also spine tissues at higher levels which

are overlain by ornament. There is an outer, highly vascularized osteodentine layer,

within which a lamellar layer with few canals is developed apically. Many longitudinal

canals run along much of the spine length through the osteodentine, and are linked

to each other by a complex system of irregularly branching transverse and radial

canals. The longitudinal canals have a semi-ordered arrangement in concentric series
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text-fig. 2. a, diagrammatic sequence showing secondary attachment of denticles to hnspine; b, Hybodus
brevicostatus PI 3268; detail of posterior wall, showing denticles surrounded by smooth osteodentine;

c, diagrams of intercostal grooves (above) in outer trunk osteodentine (shown layered), with cutaneous

veins interpreted (below) beneath epidermis (vertical shading).
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text-fig. 3. a-f, progressive development of finspine trunk (diagrammatic)
; note late development of inner

(lamellar) dentine (in black); G, detail of section shown in Plate 72, fig. 8; there is a major structural inter-

face running between ‘inner’ and ‘outer osteodentine’ ; the inner layer clearly pre-dates the outer.

(text-fig. 3; PI. 72, figs. 6, 7). The largest longitudinal canal lies anteriorly. It is flanked

by successively smaller ones, but the median posterior ridge which sometimes runs

between denticles also contains a large canal (PL 72, fig. 7). The lamellar layer is

penetrated by radial canals which lack any fibrous trabecular framework. These link

osteodentine canals, which do have a trabecular framework around them, to the

spine central cavity. The spine surface is pitted by hundreds of pores where canals

emerge from the spine. Those emerging between costae or tubercles are joined up by

shallow intercostal grooves, giving the impression of a subcutaneous vascular net-

work (text-fig. 2c; PI. 72, figs. 2, 4, 5). This can be traced down to the level of spine

EXPLANATION OF PLATE 72

Figs. 1 , 2. Hybodontiform finspine, Lower Carboniferous, BM(NH) unregistered specimen ; Tristychius? sp.

1 ,
apex of spine with two denticle rows. 2, lower unornamented part, showing intercostal grooves (for

cutaneous veins?).

Fig. 3. Hybodus sp. 41222 finspine posterior denticles; both primary rows partly duplicated.

Fig. 4. Acrodus nobilis P38543
;
detail of costae broken up into elongate ‘islands’ and surrounded by inter-

costal trunk dentine with intercostal grooves.

Fig. 5. Asteracanthus ornatissimus P2210; detail of tubercles with short costae coaxial with tubercle rows.

Figs. 6, 7. Lonchidionl sp. P47208; finspine transverse section above level of posterior closure. 6, detail of

layered osteodentine. 7, complete section (anterior to right).

Fig. 8. Acrodus curtus BM(NH) unregistered specimen; detail of layered osteodentine in transverse section

(area outlined in inset; s = saddle).
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insertion; below this, pores over the surface produce a more spongy appearance. The
major longitudinal canals within the osteodentine emerge at the surface much nearer

the spine base, except for the posterior one, which opens just above the level of

posterior closure.

The trabecular osteodentine is stratified or layered in transverse sections, except

very near the spine base, and shows that dentine apposition was centrifugal (i.e. the

newer layers lie outside the older rather than inside them as in a pulp cavity). Sharp
structural interfaces resembling irregular growth rings and prominent colour-banding

help to define successive dentine layers (Maisey 1975, fig. 1). Layering is less pro-

nounced in the posterior region, but consideration of the shape of superficial growth
lines explains this. Anteriorly, centrifugal thickening of the spine occurs at right

angles to the spine’s major axis, whereas posteriorly dentine is deposited more
obliquely to that axis. In transverse section, the anterior region resembles a tree trunk

sawn straight across whilst the posterior region resembles a more oblique slice. This

also explains why the junction between trabecular and lamellar dentine is clearer at

the front than at the back. Lamellar dentine is centripetally deposited, as in a tooth

pulp cavity. Topographically it corresponds to the inner layer of euselachian finspines

(Stromer 1927; Maisey 1975) but is only present above the level of posterior closure.

Trunk development. The oldest part of the spine is its apex; newer dentine formed at its

base. In addition, earlier-formed dentine was secondarily thickened by deposits of

newer dentine within canals and in the central cavity. Text-fig. 3 shows diagram-

matically how the spine trunk may have grown. The series a-f could either represent

successive levels within a finspine (if a-f are imagined to get progressively smaller)

or a developmental sequence at a single level (with a-f the same size; ontogenetically

earlier parts of the spine will have thicker deposits in the adult than in the juvenile,

simply because dentinogenesis is also an ongoing process independent of spine

growth).

The trunk base displays the simplest structure (text-fig. 3a) and consists only of

newly formed osteodentine. At progressively higher levels (or later stages), other

layers of osteodentine overlie the original layer, thickening the trunk walls so that

its transverse profile changes, particularly just below the ornament base. This thicken-

ing has been termed a ‘saddle’ (Maisey 1974) because it saddles the earlier deposits

and provides a basis for the anterior ornament (PI. 72, fig. 8). A saddle is more evident

in some finspines than in others, possibly providing a means of distinguishing anterior

and posterior spines. In articulated Hybodus hauffianus the saddle is more prominent

in the (more erect) posterior spine. Topographically and structurally the saddle

corresponds to the anterior carina of certain euselachian finspines (e.g. Etmopterus ,

Centrophorus), because in each case the anterior ornament is developed upon an

outgrowth of the trunk outer layer.

Finspine insertion. Articulated H. hauffianus , H. fraasi ,
Lissodus, and Acrodus have

anterior finspines inserted at about 35-45° to the vertebral axis. The posterior spine

is more erect (up to 75° from the vertebral axis). Finspines terminate basally just above

calcified neurapophyses, and partly enclose a triangular basal cartilage (Woodward
1 9 1 5, fig. 4). Finspine ornament probably continued just below the level of insertion,

as in modern sharks. This area would have been overlain by scleroblastic tissue and
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by cutaneous veins draining the intercostal grooves. It is likely that at least the inter-

costal regions and much of the posterior face were covered by soft tissue, first because

numerous vascular canals open here, and secondly because limited apical wound-
healing was possible. The posterior denticles may have been surrounded by epithelium,

as in sting-rays (Halstead 1970), but cannot have been a particularly effective striking

organ (Evans 1924). The spine was rigidly inserted and incapable of being used in the

same way as a sting-ray spine. The dorsal fin would also interfere with the spine’s

offensive capability.

CONCLUSIONS

Hybodontiform sharks can best be recognized by the finspine morphology. Their

teeth are well known, but few complete dentitions are available. Those which have

been described illustrate enormous dental variation, and the form-genera Hybodus,

Acrodus , and Asteracanthus may require amendment or even suppression as further

discoveries are made. For example, it is impossible to distinguish between Hybodus
and Acrodus finspines, so all forms having teeth and finspines of this type are best

regarded as close relatives.

Very few distinct species can be recognized with certainty. Similar taxonomic

problems occur with modern carcharhinids. Asteracanthus (Strophodus) consistently

differs from other hybodontiforms in its dentition and finspine ornament. However
the different dental arrangement may simply be related to dietary specializations,

while the finspine ornament has been shown here to be an ontogenetic variation on
a basic pattern. How closely Asteracanthus and other Mesozoic hybodontiforms are

related is therefore rather uncertain, although a fairly close relationship seems most

likely.

Earlier (late Palaeozoic) hybodontiforms have similar finspine structure to their

Mesozoic descendants, and the group seems fairly distinct from other sharks in the

early Carboniferous. Further study of Palaeozoic forms is required before anything

more definite can be said about the origins of the group. It is apparent from other

finds that modern phalacanthous sharks are not descended from hybodontiforms,

but rather from a more ctenacanth-like ancestor (Maisey 1977).
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A REAPPRAISAL OF THE EARLY PERMIAN
AMPHIBIANS MEMONOMENOS DYSCRITON

AND CRICOTILLUS BRACHYDENS

by ANDREW R. MILNER

Abstract. Memonomenos dyscriton Steen from the Autunian of Kost’alov in Czechoslovakia is a temnospondyl

amphibian of the family Archegosauridae, and not an anthracosaur as previously believed. Because of its close

similarity to Archegosaurus decheni it is transferred to the same genus as a distinct species, A. dyscriton comb. nov.

It appears to have been an inhabitant of a large stratified perennial lake in the Krkonose-piedmont basin. Other

material referred to the genus
‘Memonomenos ’ is not generically or specifically determinate. Another supposed

anthracosaur, Cricotillus brachydens Case, from the Permian of Orlando, Oklahoma, is reidentified as large uro-

cordylid nectridean material subjectively synonymous with Crossotelos annulatus Case. The North American genus

Archeria represents the only lineage of anthracosaur (sens. Panchen) to survive into the Permian.

In the final part of his Fauna der Gaskohle
,
published in 1901, Anton Fric described

a new species of labyrinthodont, Sclerocephalus credneri
,
based on a specimen from

the Permian of Ruprechtice in north-east Bohemia. To this taxon he referred several

large labyrinthodont specimens from other localities in Bohemia including one

slender skull, which he had briefly noted in an earlier publication (Fric 1896), from
the Permian 'Brandschiefer’ at Kost’alov in north-central Bohemia. This locality had
been known since 1869 and had produced several articulated skeletons of palaeo-

niscids and xenacanth sharks but no tetrapod fossils were found until the 1880s when
Herr Benda, a schoolmaster, found the remains of two amphibians. One was the

labyrinthodont skull mentioned above and the other was a urocordylid which Fric

named Ptyonius bendai. Fric noted that the labyrinthodont skull was poorly preserved

and that it was impossible to identify it with certainty.

In 1938 Steen designated this skull the type and only specimen of a new genus and
species, Memonomenos dyscriton. In her description Steen did not place the genus

within a systematic framework but described it under an ‘incertae sedis’ heading

placed between descriptions of anthracosaurs and rhachitomes. At the time that

Steen’s account was published the accepted concept of labyrinthodont phylogeny

was that of Watson (1919, 1926) in which the rhachitomous temnospondyls were

derived from embolomerous precursors. Steen’s description and its placing suggests

that she considered M. dyscriton to be an intermediate form. Steen diagnosed

M. dyscriton on the basis of the small tabular horns which, she suggested, were a relic

of the larger anthracosaurian tabular horns. In her figure of the specimen she depicts

a very small postparietal-supratemporal suture separating the tabular from the

parietal, and the figure suggests the probable presence of intertemporal ossifications

and marginally situated external nares. The skull is long and slender and similar in

over-all proportions to those of some of the British Carboniferous eogyrinid anthra-

cosaurs.

[Palaeontology, Vol. 21, Part 3, 1978, pp. 667-686.)
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In his ‘Review of the Labyrinthodontia’, Romer (1947) demonstrated that anthra-

cosaurs and temnospondyls were phylogenetically distinct in the Upper Carboniferous,

and therefore that the Permian M. dyscriton had to belong to one group or the other.

On the basis of Steen’s description Romer placed Memonomenos in the anthracosaurs

;

he has been followed in this by subsequent authors (e.g. Panchen 1970), no other

first-hand studies of the specimen having been made. One significance of this identifi-

cation is that M. dyscriton purports to be the only determinate post-Carboniferous

anthracosaur apart from the North American archeriids. Romer (1945) also referred

some late Carboniferous anthracosaur material from Kounova, Czechoslovakia, to

the genus Memonomenos as M. simplex.

The genus Cricotillus is based on a skull fragment from the Lower Permian of

Oklahoma which Case (1902) described as C. brachydens. In 1911, Case doubtfully

referred a second skull fragment from the same locality to this species. Case (1911)

and Olson (1970) identify this material as belonging to a cricotid anthracosaur.

Williston (1910) and Panchen (1970) have both suggested that it is not anthraco-

saurian but is skull material of the nectridean genus Crossotelos, which occurs at the

same locality.

In 1971, the author was able to examine the type of M. dyscriton. This has permitted

the following redescription and systematic reassessment of the specimen. The identity

of the type material of Cricotillus is also critically discussed.

The following abbreviations are used in the specimen numbers given in this work:
B.M. (N.H.), British Museum (Natural History), London; G.S.I., Geological Survey

of India; K.U., Paleontological Museum, University of Kansas; N.M.P., National

Museum, Prague.

SYSTEMATIC PALAEONTOLOGY

Class AMPHIBIA

Order temnospondyli
Superfamily eryopoidea Save-Soderbergh, 1935, sens. nov.

Emended diagnosis. (Applicable to post-metamorphosis animals only.) Superficially crocodile-like am-
phibians growing to 3 metres total length. Preorbital snout elongated, in particular the nasals, frontals,

and vomers. Premaxillae with a common medial suture almost as long as their outer antero-posterior length.

Septomaxilla small and unornamented, situated within external nares, not extending on to the dermal skull

roof. Lachrymal not contacting orbit margin, being excluded by the prefrontal-jugal contact anterior to

the orbit. The centre of ossification of the jugal is level with the orbit and the jugal extends broadly anteriorly

to suture with the lachrymal and prefrontal. No dorsal exposure of the palatine in the orbit margin. Inter-

temporal bones absent. Pineal foramen retained in large individuals. Open otic notch present but pro-

portionally small tympanic region, much of posterior edge of squamosal being convex and not bordering

tympanum. The posterior edge of the ectopterygoid borders on the subtemporal fossa with no intervening

pterygoid outgrowth. The palatine rami of the pterygoids narrow anteriorly and do not suture with the

parasphenoid. The basisphenoid-pterygoid connection may be an articulating surface or a narrow suture

but is not broadly sutured. Vertebrae rhachitomous, tending to stereospondyly in Parioxys. Where con-

dition is known, twenty-three to twenty-four presacral vertebrae present.

Included families and genera. Eryopidae: Eryops (inc. Glaukerpeton), Onchiodon (inc. Pelosaurus), Osteo-

phorus. Actinodontidae : Actinodon (inc. Lysipterygium), Sclerocephalus ,
Cheliderpeton. Archegosauridae

:

Archegosaurus (inc. Memonomenos), Platyops, Prionosuchus. Melosauridae: Melosaurus (inc. Trypho-

suchus). Intasuchidae : Intasuchus ,
Syndiodosuchus. Parioxyidae: Parioxys.
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Remarks. The superfamily Eryopoidea (also referred to as Eryopoideae by Save-

Soderbergh (1935) and Eryopsoidea by Romer (1947)) is ill-defined and has been very

variable in its content, apart from the Eryopidae. Romer (1947) combined within it

the Eryopsidae (correctly Eryopidae), the Dissorophidae, the Trematopsidae (cor-

rectly Trematopidae), and Zatracheidae (correctly Zatrachydidae). The genus

Parioxys was included in the Trematopidae. This grouping of families was defined

as being rhachitomous temnospondyls with otic notches, no intertemporal bones, and
a fixed basisphenoid-pterygoid suture. Romer placed similar forms with a mobile

basisphenoid-pterygoid articulation in another superfamily, the Micropholoidea,

comprised of the Micropholidae, Archegosauridae (inc. Melosaurus), Chenopro-
sopidae, and Lysipterygiidae. The artificial nature of these two superfamilies soon

became apparent. Langston (1953) demonstrated that the Chenoprosopidae belonged

to the superfamily Edopoidea, while it also became clear that fusion of the braincase

and pterygoids in temnospondyls was an ontogenetic phenomenon affected by size,

age, and neoteny (Romer 1968, p. 77). By 1966 Romer had expanded his earlier con-

cept of the Eryopoidea to include the Archegosauridae, the new Russian family

Intasuchidae, the Melosauridae, and the Parioxyidae, the latter two families founded

on the genera Melosaurus and Parioxys respectively. The Micropholidae was sub-

merged within the Dissorophidae.

More recently, Bolt (1969), has proposed removal of the Dissorophidae, Trema-
topidae, and his new family Doleserpetontidae to a monophyletic superfamily, the

Dissorophoidea, to which Boy (19726) has since added the Micromelerpetontidae

and the reinstated Branchiosauridae. However, no author has subsequently con-

sidered the nature of the Eryopoidea remaining after removal of the dissorophoids.

The principal purpose of this work is redescription of some misidentified material

but, rather than assign it to a superfamily which, by default, exists undiagnosed and
with undefined content, I have attempted to establish the diagnosis and contents of

a redefined Eryopoidea.

The superfamily as defined above is a group showing little variation in the funda-

mental interrelationships of bones, the principal diversity being in the relative

proportions of the skull and the appendicular skeleton and in the type of dentition.

The diagnosis serves to distinguish the Eryopoidea from the three other contem-

porary temnospondyl superfamilies, the Edopoidea, Trimerorhachoidea, and
Dissorophoidea. However, because of good representation in the fossil record, the

eryopoids show continuity with several descendant lineages included in the super-

families Trematosauroidea, Rhinesuchoidea, and Capitosauroidea. Any attempt to

demarcate a boundary between these superfamilies and their eryopoid predecessors

is difficult and inherently arbitrary. It would be preferable to construct a phylogenetic

framework within the Temnospondyli in which the eryopoid descendants would be

included within the Eryopoidea or a comparable taxon. I have attempted neither this

nor the establishment of any sister-group relationships in this paper as much more
fundamental morphological and systematic work needs to be undertaken on the

Temnospondyli as a whole, before cladistic relationships within this order can be

established.

I have excluded the Zatrachydidae from the Eryopoidea, as this family of aberrant

amphibians not merely has some very diagnostic autapomorphic characters, but lacks
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some of the character states which would permit ready inclusion in the Edopoidea,

Dissorophoidea, or Eryopoidea. Until a detailed study of the cladistic relationships

of these superfamilies is made, it would be preferable to leave this family in an
indeterminate position within the Temnospondyli.

Family archegosauridae Lydekker, 1885

Diagnosis. (Applicable to post-metamorphosis animals only.) Preorbital snout long and slender, narrowing
sharply just anterior to orbits. Lachrymal contacts neither external naris nor orbit margin. Interfrontal

absent. At level of orbit, jugal is no wider than the orbit itself. The parietal and supratemporal are antero-

posteriorly elongate and the latter shares a long common suture with the squamosal. Otic notch small. Jaw
suspensorium level with or slightly behind level of occipitals. Lateral line system present where detectable.

Two pairs of anterior palatal vacuities present, the premaxillary vacuities and the internal nares, the latter

situated three to four naris-lengths behind the external nares. Anterior ramus of pterygoid narrows to

a point and does not contact vomer or parasphenoid. Marginal dentition of 40 teeth per jaw ramus. Palatine

tusk followed by a long row of palatal teeth medial to maxillary teeth. Hyoidean ossifications may be present.

Interclavicle large and rhomboidal, twice as long as broad. Clavicles large and ventrally expanded, over-

lapping interclavicle. Ilium not dorsally expanded. Humerus short, not massive.

Genus archegosaurus Goldfuss, 1847

Type species. Archegosaurus decheni Goldfuss, 1847.

Diagnosis. External naris always nearly terminal, preceded by no more than own length of premaxilla. No
terminal tusk-bearing expansion and anterior end of snout or lower jaws. In adult, jaw suspension behind

level of occiput. Premaxilla bears about eight teeth, and maxilla up to thirty marginal teeth. No uncinate

processes on ribs.

Referred species. A. ornatus Woodward, 1905, A. kashmiriensis Tewari, 1960.

Archegosaurus dyscriton (Steen) comb. nov.

Text -figs. 1, 2

1938 Memonomenos dyscriton Steen, p. 240; fig. 26.

Material. Holotype and only specimen N.M.P. 6163 (referred to as C.G.H. 6163 by Steen (1938) but the

prefix C.G.H. refers to a display catalogue).

Horizon. The Kost’alov-Kalna horizon in the upper part of the Libstat Formation within the Krkonose-

piedmont limnic basin in north-western Czechoslovakia (Holub 1972). The sedimentary sequence of this

basin is believed to extend from basal sediments of Westphalian (Upper Carboniferous) age to uppermost

horizons of Saxonian (Permian) age. The Kost’alov-Kalna horizon is believed to be of Upper Autunian

age (Andreas and Haubold 1975), and the Autunian is considered to be the lowest stage of the Permian by

most European and North American workers. The stratigraphy and palaeoenvironments of the Krkonose-

piedmont basin are discussed in relation to the amphibian material later in this paper.

Locality. Kost’alov, a village in the north-east Bohemian region of Czechoslovakia, 17 km east of Turnov
and 36 km west of Trutnov.

Diagnosis. Similar to A. decheni but snout elongation occurs much more slowly relative to absolute size.

Ratio of prepineal skull length: postpineal skull length of about 41:1 in skull of 144±1 mm midline

length. In A. decheni and A. kashmiriensis such a ratio occurs when the skull is between 60 and 80 mm long.

Description. The specimen N.M.P. 6163 (text-fig. 1) is preserved in a black, faintly

laminated, bituminous limestone as a dorsoventrally crushed skull and pectoral

girdle, visible in dorsal aspect. The mineralized bone is present and is pale brown in



MILNER: EARLY PERMIAN AMPHIBIANS 671

text-fig. 1. Archegosaurus dyscriton (Steen) comb,

nov., holotype, and only specimen as preserved.

For the identity of the dermal bones of the skull

roof, see text-fig. 2. Abbreviations: A, angular;

CL, clavicle; CLE, cleithrum; D, dentary; ICL,

interclavicle
; PT, pterygoid ; SCL?, possible sclerotic

plates.

text-fig. 2. Archegosaurus dyscriton (Steen) comb,

nov., restoration of the skull in dorsal and lateral

aspect. Marginal dentition is hypothetical. Abbre-

viations for this text-fig. and text-fig. 6: F, frontal;

IT, intertemporal; J, jugal; L, lachrymal; M,
maxilla; N, nasal; P, parietal; PF, postfrontal;

PM, premaxilla; PO, postorbital; PP, postparietal

;

PR, prefrontal; Q, quadrate; QJ, quadratojugal;

SQ, squamosal ; ST, supratemporal
;
T, tabular.

colour. There is no counterpart. As noted by Fric and Steen the preservation is not

good and most of the surface ornamentation of the dermal bone had been lost. The
radiating striations depicted on the cranial bones (text-fig. 1) are semi-diagrammatic

and are intended to depict the centre of ossification of each bone rather than its

precise appearance. The dorsal surface of the skull roof is sufficiently damaged that

the bones are, in some instances, visible in horizontal section. Most sutures are clearly

visible and, by tracing the interfaces between sets of radiating striations on neighbour-

ing bones, the more obscure sutures can be traced. The skull is exposed in dorsal

aspect and, although text-fig. 1 may at first suggest that the pectoral girdle overlays

the skull, this is not so. Those parts of the skull which were superimposed on the

clavicles and interclavicle had been crushed upwards and probably became detached

when the specimen was re-exposed. The pectoral girdle is still below the level of the

skull roof.
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Skull. The skull is about 144 mm long along the midline. The central part of the back
of the skull table is broken off, so that the accurate length cannot be measured ; how-
ever, it can be deduced to within a millimetre or two. Most of the sutures are simple,

many are undulating, but there is not the interdigitation of dermal roofing bones
associated with large and adult labyrinthodonts. There is thus no reason to assume
that the size of the specimen represents the normal adult size for the species.

Both premaxillae (interpreted as anterior parts of the lower jaws by Steen) are

visible and show the animal to have possessed a narrow squared-off snout and large,

slightly elongated external nares. No premaxillary teeth are preserved. The lachrymals

do not contact either the external nares or the anterior margins of the orbits. Nasals,

lachrymals, frontals, and prefrontals are all antero-posteriorly elongate, their

appearance indicating that they have elongated during growth. Prefrontal and post-

frontal meet medially to the orbit, excluding the frontal from the orbit margin. The
jugal extends broadly around the outer edge of the orbit and is about as wide as the

orbit itself. The postorbitals are backwardly extending triangular bones, longer than

wide. Study of the radiating bone ossification patterns behind the orbit convinces me
that intertemporal ossifications were not present (Steen indicated that they were

possibly present), the supratemporals suturing directly with the postorbitals. Parietals

and supratemporals are antero-posteriorly elongate. The pineal foramen is partly

visible and is between 2 and 3 mm across. The tabular bears a small posterior pro-

jection as described by Steen, but the postparietal-supratemporal suture is longer

than Steen indicated and the tabular is further from the parietal than she depicted

(Steen 1938, fig. 26). The squamosal and quadratojugal extend backwards, so that

the level of the jaw suspensorium is behind that of the occiput. Behind the left

squamosal is a sliver of bone which might be a dorsally exposed part of a quadrate.

In the outer margin of the left orbit is exposed a crescent of palatal bone which can

only be interpreted as the dorsal surface of the palatine ramus of a triradiate pterygoid

of the type associated with temnospondyls with large interpterygoid vacuities. In the

right orbit are visible a few tiny plates of bone which may be sclerotic plates. Both

rami of the lower jaw are visible, being spread out to either side of the skull, but little

of their structure can be ascertained. Part of the anterior margin of the angular is

visible on the right ramus. The general shape of the mandibles suggests that they were

slender and not deep in the angular region. No teeth are exposed on the specimen.

Pectoral girdle. This is exposed from the dorsal side and so no ornamentation is

visible. The interclavicle is large and of rhomboidal type. It is only partly preserved

but there is part of a broad posterior extension present. The clavicles are expanded
ventrally and broadly overlap the interclavicle. Part of the left cleithrum is also

present.

Remarks. From the description and text-figs. 1 and 2, it can be seen that N.M.P. 6163

is not an anthracosaur as defined by Panchen (1975). There are no intertemporals, no

tabular-parietal contact, the external nares are large, oval, and not marginal and, most

significantly, there were large interpterygoid vacuities. These characters indicate that

the specimen is a temnospondyl. Characters which permit reference to the super-

family Eryopoidea include the long snout, the prefrontal-lachrymal-jugal con-

figuration, the absence of intertemporals, and the small otic notches. The very slender
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snout, jugals, and elongate skull table correspond to the proportions of a small skull

of an archegosaur, and I can find no feature which would justify this specimen being

retained in a genus separate from Archegosaurus. Our knowledge of Archegosaurus

is based primarily on abundant material of the type species A. decheni Goldfuss from

the Autunian of Lebach in the Saar region ofWest Germany. The only other described

material now referred to this genus is that from the Permo-Carboniferous Ganga-

mopteris beds of Kashmir, specimens of which have been described as A. ornatus

Woodward, 1905 and A. kashmiriensis Tewari, 1960. Material from the Zone O
Permian of European Russia has been listed as Archegosaurus sp. but not described

(Olson 1957). Thus N.M.P. 6163 is contemporary with known Archegosaurus species

in so far as correlations are reliable, and occurs within the known geographic range

of the genus. Comparison of N.M.P. 6163 with material of A. decheni reveals no
differences in the number and interrelations of the visible bones of the skull. The
over-all proportions are similar, though not identical, to A. decheni of the same size

and it is therefore suggested that N.M.P. 6163 is referable to the genus Archegosaurus

and hence that Memonomenos be reduced in synonymy with Archegosaurus.

Specific identity. Intuitive observation of the skull of N.M.P. 6163 suggested that its

snout was proportionately slightly shorter than in skulls of A. decheni of comparable
size. The assemblage of A. decheni specimens from Lebach includes skulls from mid-

line length 25 mm (Meyer 1858, p. 220) to at least 225 mm(B.M. (N.H.) R. 1785), and,

over this size-range, the proportions of the skull change radically as noted by Meyer

(1858) and Romer (1939). The small animals had very short snouts and probably fed

on small pelagic or benthic animals by suction-gulping. This interpretation is sup-

ported by the presence of gill-raker ossicles in small specimens and also by an ossified

basibranchial not found in large specimens, which is probably associated with gulping

musculature. The largest known individuals had long slender gharial-like snouts

bearing rows of pointed recurved teeth and must have been snapping piscivores living

in a fish-rich lake (Boy 1972a). The relative length of the snout increases constantly

with growth in A . decheni and a short morphometric study was undertaken to establish

whether N.M.P. 6163 fell within the growth series of A. decheni. Measurements were

taken from twenty-three skulls of A. decheni ,
fifteen in collections in the British

Museum (Natural History) and eight from Meyer’s figures of some of his better

specimens. Data for A. kashmiriensis from Tewari (1962) was also incorporated, but

the only specimen of A. ornatus lacks the anterior snout and could not be used in this

comparison. Dimensions were taken between major features of the skull (e.g. edges

of naris, orbit, or skull margin) and not between sutures, as the latter are rarely

symmetrical and do not give comparable fixed points between specimens. Further-

more, many skull roofing bones have suture faces which are not perpendicular to

their outer surfaces but are sloping, with the result that dorsal and ventral dimensions

of a dermal bone may be different. The dimensions used are depicted in text-fig. 3,

and the resultant measurements and ratios are given in Table 1. The number of

Lebach specimens which could be measured usefully was limited to twenty-three by
the requirement for the complete snout to be present.

Dimensions S and P are parameters of the skull table, the slowest-growing part of

the skull, and were used as a basis for comparison with dimensions A and N, which



text-fig. 3. Archegosaurus dyscriton (Steen) comb,
nov., skull in dorsal view showing dimensions taken

as basis for morphometric study.

table 1. Cranial dimensions and proportions in three species of Archegosaurus. Data forming the basis of

the plots in text-figs. 4 and 5. Dimensions as depicted in text-fig. 3.

A. decheni

A+P N S N:S A P A : P

Meyer, pi. 14, fig. 8 25 8 9 0-88 18 7 2-57

B.M. (N.H.) R. 42755 34 10 12 0-83 25 9 2-78

B.M. (N.H.) R. 1748 49 17 15 M3 38 11 3-45

B.M. (N.H.) R. 1749 49 19 16 119 39 10 3-90

Meyer, pi. 14, fig. 12 67 27 19 1-42 54 13 4-15

B.M. (N.H.) R. 35798/9 69 29 22 1-32 55 14 3-93

B.M. (N.H.) R. 29001 70 — — — 57 13 4-38

B.M. (N.H.) R. 33069 78 34 21 1 62 63 15 4-20

Meyer, pi. 12, fig. 3 80 37 24 1-54 66 14 4-71

B.M. (N.H.) R. 40044 91 37 27 1-37 75 16 4-69

B.M. (N.H.) R. 40043 96 41 28 1 46 80 16 5-00

Meyer, pi. 12, fig. 5 103 47 27 1-74 87 16 5-44

B.M. (N.H.) R. 1787 116 57 32 1-78 97 19 5-11

Meyer, pi. 12, fig. 4 118 54 35 1-54 100 18 5-56

Meyer, pi. 12, fig. 1 120 52 34 1-53 100 20 5-00

B.M. (N.H.) RM298 126 55 32 1-72 105 19 5-55

B.M. (N.H.) R. 1786 129 52 36 1-44 108 21 5 14

B.M. (N.H.) R. 42806 152 76 40 1-90 128 24 5-33

Meyer, pi. 23, fig. 1 169 — — — 142 27 5-26

Meyer, pi. 11, fig. 5 — 81 45 1-80 — 26 —
B.M. (N.H.) R. 35806/7 180 — — — 152 28 5-43

B.M. (N.H.) R. 35796/7 205 87 57 1-53 172 30 5-73

B.M. (N.H.) R. 1785

A. kashmiriensis

225 100 58 1-72 193 32 6-03

G.S.l. 18017 130 64 40 1 60 108 22 4 91

A. dyscriton

N.M.P. 6163 144±1 50 48 1-04 116 28±1 4-14±

0 16
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text-fig. 4. Bivariate plots of cranial dimensions of Archegosaurus. The scale on all axes is

logarithmic and the dimensions on which the plots are based are tabulated in Table 1. The
symbols used are as follows: 9 = A. decheni', = A. kashmiriensis ;

X = A. dyscriton.

are parameters of the rapidly growing snout. Text-fig. 4 depicts bivariate plots of

A and N against S on the abcissa. A clear result is obtained and the procedure was
not repeated using P as in N.M.P. 6163, this dimension can only be estimated to

within 2 mm because of damage to the skull table. It can be seen that, in both growth
series, N.M.P. 6163 falls distinctly outside the sequence for A. decheni, while A. kash-

miriensis falls within it. This is brought out more clearly in the comparisons in

text-fig. 5. Here two different ratios of snout to skull-table dimensions, namely A:P
and N:S, are plotted against absolute midline skull length (A-f P). The dimension P
had to be used for N.M.P. 6163 in this comparison and was estimated as 28 ±1 mm,
this degree of error being indicated in text-fig. 5a. The results were sufficiently pro-

nounced to be worth using, even allowing for the uncertainty over the precise dimen-
sion of P. It can be seen that, for the A. decheni specimens, A:P is about 2-5:1 in

a 25 mm skull and about 6:1 in a 225 mm skull. The ratio appears to increase linearly

in direct relationship to the absolute size expressed logarithmically, with some scatter

due to biological variability and the effects of post-mortem crushing. While the plot

for A. kashmiriensis falls within the scatter for A. decheni , that for N.M.P. 6163 is

very substantially outside. N.M.P. 6163 has an A:P ratio of 4T4±0T6 in a skull of

144^= 1 mm midline length, while the same proportions occur in A. decheni at between

60 and 80 mm midline length. Text-fig. 5b shows comparable results from plotting

N : S against absolute size.

Thus it appears that N.M.P. 6163, while very similar to A. decheni , has a slower rate

of allometric snout growth in relation to absolute growth and hence it has similar
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proportions to an A. decheni of half the absolute size. It is thus morphometrically
distinguishable from A. decheni and therefore I am retaining the specific name for

this specimen, which is thus the holotype of the new combination A. dyscriton.

6 -

_A

p

a

x

2 1 1 1 1 1 0-5 1 I 1 I I

20 50 100 150 200 250 20 50 100 150 200 250

A + P MIDLINE SKULL LENGTH in mm A + P MIDLINE SKULL LENGTH in mm.

text-fig. 5. Bivariate plots of cranial proportions against absolute skull length in Archegosaurus.

The scale on the abcissae is logarithmic and the dimensions and ratios used are tabulated in

Table 1. The symbols used are as follows
: + = A.decheni;'? = A. kashmiriensis', x = A. dyscriton.

In (a) the arrows bracketing the A. dyscriton plot indicate the range of possible ratios because of

slight uncertainty over the postparietal dimension ‘P\

The apparently slower rate of snout elongation in A. dyscriton has several possible

explanations, which cannot be verified without further material. As A. dyscriton is

of similar shape to a smaller A. decheni
;

it could be a partly grown individual of a

decheni-like animal with a much larger adult. The cranial sutures of N.M.P. 6163

show little interdigitation, which suggests that it was not a mature individual, sup-

porting this hypothesis. Alternatively it could be an individual, mature or otherwise,

of a species with a different feeding technique, which required a different snout

morphology to that of A. decheni. Because of the poor correlation between Autunian

limnic basinal sequences, it is not currently possible to determine whether A. dyscriton

is earlier or later than A. decheni and, even if this were known, it might be of no con-

sequence. If the two species do represent different feeding morphologies, they could

have existed in parallel throughout the Autunian without any ancestor-descendant

relationship, even in a general sense.
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THE KRKONOSE-PIEDMONT BASIN, STRATIGRAPHY AND
PALAEOENVIRONMENT

Neither Fric nor Steen give much information about the formation from which the

Kosfalov assemblage was obtained, but in recent years much stratigraphic work has

been undertaken on the Permo-Carboniferous limnic basins of Czechoslovakia.

A briefdescription of the Kosfalov horizon and the palaeoenvironment ofA . dvscriton

is now possible.

The village of Kost’alov is situated in the north Bohemian region ofCzechoslovakia.

Permian sediments of a limnic basin, the Krkonose-piedmont basin, are exposed in

this area. The exposed strata indicate an elongate basin extending about 50 km in an

east-west direction and 20 km in a north-south direction, with the Kost’alov locality

in the western part of the basin. Sedimentation in this basin is now believed to have

occurred principally during the Autunian (Andreas and Haubold 1975). Post-

Autunian deposits have apparently been eroded over much of the basin, but Saxonian

conglomerates follow the Autunian over parts of the eastern basin. Most of the sedi-

ments are of ‘red-bed’ type, reddish-brown mudstones, micaceous sandstones, and
claystones, sometimes part of deltaic fans and always unfossiliferous. They indicate

a semi-arid climate and a basin system which usually had little standing water in it.

Flowever, occasional ‘grey’ horizons also occur; these may include grey-green mud-
stone and siltstones, coal seams, copper ore, and, occasionally, bituminous marlstone

such as the fossiliferous Brandschiefer at Kosfalov. These horizons frequently serve

as local stratigraphical markers and, because they were laid down in anaerobic and
sometimes basic conditions, they are fossiliferous. They indicate the intermittent

presence in the basin of a lake with humid, vegetation-rich surroundings.

Havlena (1964) has divided the sediments of the Krkonose basin into four major
sequences, namely the Stupna and Semily members which she identified as Stephanian,

the Libstat formation identified as Lower Autunian, and the Lomnice member
identified as Upper Autunian. However, recent biostratigraphical evidence suggests

that the entire sequence is Autunian. Using footprint faunules, Andreas and Haubold
(1975) identify the Stupna and Semily members as Lower Autunian, and the Libstat

and Lomnice members as Upper Autunian.

Three horizons in the Krkonose basin have produced tetrapod remains, almost all

of which are undescribed. The Lower Autunian Stupna member includes the pro-

ductive Plouznice horizon which at the type locality of Plouznice has produced

a fauna of xenacanths, acanthodians, palaeoniscoids, and small temnospondyls,

possibly Branchiosaurus sens, strict. The lower part of the Upper Autunian Libstat

member consists predominantly of grey beds and is known as the Rudnik horizon.

At Rudnik, a vertebrate fauna occurs in bituminous marlstone and, as at Plouznice,

consists of xenacanths, acanthodians, palaeoniscoids, and small temnospondyls. At
the uppermost part of the Libstat formation is a sequence of mudstones and lime-

stone nodules followed by the grey Kosfalov-Kalna horizon. This horizon is extensive

and, at the edge of the basin, it transgresses over earlier Palaeozoic rocks, suggesting

that for this short period the lake within the basin was at its most extensive (Holub
1 972). Within the unproductive grey beds are lenses of limestone and bituminous marl-

stone which contain the most extensive vertebrate fauna in the basin, although many of
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the species are represented only by single specimens. There are two vertebrate-bearing

localities, one at Horni Kalna, which has produced only palaeoniscoids, the other at

Kost’alov, which has produced xenacanths, acanthodians, palaeoniscoids, the lung-

fish Ctenodus , and four types of tetrapod. These are: A. dyscriton (represented by the

single specimen redescribed in this paper) ; an undescribed temnospondyl specimen
which Holub (1958) refers to Cheliderpeton (correctly, I believe); a specimen of a

urocordylid amphibian described by Fritsch (1901) as Ptyonius bendai , and some small

specimens which Holub (1958) refers to Branchiosaurus sp.

Holub (1972) interprets the Kost’alov-Kalna beds as being formed during a humid
phase of the Autunian, at which time the Krkonose basin was filled by a large lake.

Holub et a/. (1975) note that very few horizons in the Autunian of Czechoslovakia

have this character, and their palaeogeographic map of the Bohemian region in the

late Stephanian and Autunian shows the central Krkonose basin to be the second

largest of only four small depositional areas indicative of perennial lakes. Thus the

large lake environment seems to have been rare in this area at this time. The matrix

in which the animal remains are preserved also supports the interpretation that this

is a lake fauna. It is very carbon-rich, suggesting an anaerobic-preserving environ-

ment, and in section can be seen to be very finely laminated, suggesting no post-

depositional disturbance of sediment by water currents or scavengers. The articulated

nature of many of the vertebrate remains indicate little post-mortem transport or

decomposition, but that the animals fell into an anaerobic environment immediately

after death. All this suggests a large lake with an oxygenated circulating epilimnion

inhabited by vertebrates and a stagnant anaerobic hypolimnion where they were

preserved undisturbed after death. The only other Autunian assemblage in Europe
which appears to have been a product of such an environment is that at Lebach.

Boy (1972a) has reviewed the palaeoecology of the Lebach locality and concluded

that it was the bottom of a large stratified lake with epilimnion and hypolimnion.

Faunally, Lebach and Kost’alov have some distinct similarities if the poor Kosfalov
assemblage is assumed to be representative. The two assemblages both contain a

diversity of fish including xenacanth sharks and dipnoans, and both have the genus

Archegosaurus which does not occur in other European Autunian assemblages.

Actinodontid temnospondyls occur at both localities but are not restricted to this

type ofassemblage and are frequent in assemblages derived from shallow or ephemeral

lakes.

In conclusion, it appears that A. dyscriton was an inhabitant of a large stratified

perennial lake in a humid vegetation-rich basin. Such lakes were apparently very local

and short-lived during the Autunian in Europe and it is likely that the genus Archego-

saurus also lived in at least one other environment from which it could colonize such

large lakes, perhaps large rivers.

THE TAXONOMIC STATUS OF 'MEMONOMENO S' SIMPLEX

Some of the material from the Stephanian of Kounova in Czechoslovakia was
described by Fric (1885) as six species of the genus Macromerion. The type species

Macromerion schwarzenbergi was based primarily on sphenacodont pelycosaur
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material to which it now exclusively applies. Other material referred to M. schwarzen-

bergi, and material which formed the basis of M. simplex ,
was identified by Romer

(1945) as belonging to an anthracosaurian labyrinthodont. He made this material

the basis of a new combination Memonomenos simplex
,
referring Fric’s species to the

genus Memonomenos because the type species of the latter was the only apparent

embolomerous anthracosaur from the Permo-Carboniferous of Czechoslovakia.

The reference to Memonomenos was not based on any morphological criteria, as

‘M.’ dvseriton consists of a skull and pectoral girdle while "M." simplex was based

on postcranial material, particularly ilia and vertebrae.

Panchen (1970) observed that the type of M. simplex was an ilium which, while

being of labyrinthodont type, was not necessarily anthracosaurian and was quite

possibly loxommatid. The only certainly anthracosaurian bones which Panchen
identifies are an incomplete pelvis and a vertebral centrum of a large embolomere,
both specimens being part of Fric’s M. schwarzenbergi , neither being types. Thus the

Kounova anthracosaur has no valid specific name, as pointed out by Panchen (1970),

and, because Memonomenos has been shown to be a junior synonym ofArcliegosaurus ,

no valid generic name either. Pending discovery of further material from this area,

the Kounova material is indeterminate at family level and below, and within the

framework of systematics proposed by Panchen (1975), should be referred to as

incertae sedis within the Infraorder Embolomeri. The material remains noteworthy

as the latest known European embolomerous anthracosaur material, even though
it is not determinate below infraordinal level.

THE AFFINITIES OF CRICOTILLUS BRACHYDENS

With the removal of
‘Memonomenos ’ the only anthracosaur genera identified from

post-Carboniferous deposits are Archeria and Cricotillus from the Lower Permian of

North America. Archeria is one of the better-known anthracosaurs, based on much
material from Texas, Oklahoma, Kansas, and New Mexico. Cricotillus is known from
two skull fragments from the Wellington Formation of Orlando, Oklahoma, which
were first described by Case (1902).

Case (1902) described a fragment of an elongate snout K.U. 349, as C. brachydens

and a poorly preserved posterior skull, K.U. 350, as Trimerorhachis leptorhynchus.

In the same paper he described some postcranial material from the same assemblage

as Crossotelos annulatus. In a later account. Case (191 1) identified Cricotillus brachy-

dens as a cricotid anthracosaur; T. leptorhynchus as indeterminate but possibly the

same animal as C. brachydens, and Crossotelos annulatus as a nectridean. Olson has

reviewed the fauna (Olson 1967) and the two skull fragments (Olson 1970) and has

argued that the two specimens belong to a characteristic small cricotid anthracosaur

for which the name Cricotillus brachydens is valid. In a paper written independently

of Olson’s latter analysis, Panchen (1970) doubts that the material is anthracosaurian

but suggests, following Williston (1910, p. 271), that it could be cranial material of

the nectridean Crossotelos annulatus which is frequent at the same locality. Panchen
also reclassifies the embolomerous anthracosaurs into the families Eogyrinidae and
Archeriidae based on diagnostic cranial morphology, and rejects Cricotus as the basis
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of a family as it is not associated with cranial material and cannot be assigned to a

family with complete certainty, although a few minor postcranial features suggest

that it is an archeriid.

Olson’s new description of the Cricotillus material includes several features which
suggest that its affinities are with the urocordylid nectrideans rather than the anthraco-

saurs, despite his own interpretation. The following comparisons are based on
descriptions of the urocordylid genera Sauropleura from Linton, Ohio (Steen 1931)

and ‘

Urocordylus’, Nyrany, Czechoslovakia (Steen 1938), and on descriptions of

Archeria material from Texas (Panchen 1970).

The skull table of K.U. 350 is noted by Olson (1970) to be labyrinthodont-like but

no more so than that of urocordylids. Unlike other nectrideans but like anthracosaurs,

urocordylids possess a distinct, possibly kinetic dorsal skull table, an otic notch,

a posteriorly extending jaw suspensorium, and a similar complement of dermal

roofing bones. Hence the general resemblance of K.U. 350 to labyrinthodonts extends

to urocordylids. More specific resemblances occur. Olson (1970, fig. 1b) depicts

a single medial bone anterior to the parietals. The possession of a single medial frontal

is characteristic of urocordylids and does not occur in any known anthracosaur.

Olson notes that the parietals are antero-posteriorly slender and that the pineal

foramen is situated far forward between the parietals. The parietals are more slender

than in any known anthracosaur, but no more so than in, for example, Sauropleura

marshi , figured by Steen ( 1938, fig. 2e). The anterior position of the pineal is normal,

both in urocordylids and in Archeria.

Olson notes splint-like temporal bones bordering the parietals. He identifies these

with the intertemporals and supratemporals of anthracosaurs, but in all known
anthracosaurs the bones are rectangular and the intertemporal extends between the

postfrontal and postorbital, whereas in Cricotillus it apparently separates the post-

orbital and squamosal. Urocordylids, however, possess splint-like supratemporals

of exactly the shape and position depicted in Cricotillus. S. marshi from Linton (Steen

1938, fig. 2e) shows a long slender extension of the postorbital corresponding to

Olson’s intertemporal’ in Cricotillus , which could thus be this structure separated

from the main body of the postorbital by a crack. The slender bones bordering the

parietal thus correspond to the urocordylid but not to the anthracosaur condition

(text-fig. 6). Olson notes that the tabulars in K.U. 350 would have contacted the

parietals, a condition shared by urocordylids and anthracosaurs.

The dentition of K.U. 349 and 350 consists of spaced, recurved pointed marginal

teeth. As Olson notes, these are unlike those of Archeria which are chisel-like, blunt,

and closely appressed, and he makes this a diagnostic feature of Cricotillus. Steen

(1938, fig. 3a) figures a palate of
1

Urocordylus ’ scalaris in which recurved pointed

teeth can be seen to be present. The lower jaw of K.U. 350 is shallower than in

anthracosaurs but like that of urocordylids, although this could be a size-linked

feature.

The anterior skull fragment, K.U. 349, which forms the holotype of C. hrachydens
,

was interpreted as a snout by Case and as part of the lower jaw rami by Olson. Case

interpreted the ornamented bones as nasals wedged between maxillae. Olson notes

that this is impossible and briefly considers an alternative possibility, namely that

they are nasals wedged between premaxillae in an elongated snout anterior to the
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text-fig. 6. Comparison of posterior halves of skulls of three Permo-

Carboniferous amphibians, a , b, ‘ Cricotillus brachydens in dorsal

and lateral aspect, based on figures and information given by Olson

(1970). c, Urocordylid skull based on
‘

Urocordylus ’ scalaris as

figured by Steen (1938, text-fig. 2c). d, Archeriid skull based on

Archeria crassidisca as figured by Panchen (1970, figs. 1 1 b. 16a); the

sutures represented by dotted lines are after Broom (1913) and

Cope and Matthew (1915).

external nares, and that ventrally the snout is made up of slender vomers wedged
between premaxillae anterior to the internal nares. He rejects this solution on the

grounds that it would be a modification unlike that in any known tetrapod, consisting

of a slender snout made up of premaxillae, vomers, and nasals with internal and
external nares set far back at a broader base of the snout. Instead Olson prefers an
interpretation that K.U. 349 is an anterior portion of the lower jaw rami made up of

dentaries, splenials, and postsplenials. However, in ‘ U.' scalaris (Steen 1 938, figs. 2c, 3a)

the nasals can be seen to extend forwards between the premaxillae and are almost

completely anterior to the external nares which are set well back on the snout. The
vomers are long and slender and extend to the anterior end of the snout and hence

must be appressed between the premaxillae. The position of the internal nares is

undescribed, but they are unlikely to have been anterior to the external nares. In

S. marshi (Steen 1938, fig. 2e), a very slender-snouted form, the nasals also extend

between the premaxillae as very slender bones and, although Steen depicts elongate

narial cavities between nasals and premaxillae, the external nares must have been

situated posteriorly next to the lachrymal. A snout of a large specimen of S. marshi

would resemble that of K.U. 349 in this configuration of bones. I suggest therefore

that K.U. 349 is, in fact, the anterior end of a snout and that it belongs to an individual
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of similar skull size to K.U. 350 and does not represent lowerjaws of a larger individual

as Olson concludes. The two specimens, collected from the same locality, could have

belonged to a single skull.

On the basis of the above interpretation of the morphology of K.U. 349 and 350,

I suggest that they are parts of the skull of a large urocordylid nectridean. The skull,

based on K.U. 350, has a length of 48 mm from the anterior edge of the orbit to the

posterior edge of the jaw suspensorium. The largest
‘

Urocordylus

'

skull from Nyrany
(Steen 1938, fig. lc) has a corresponding length of 37 mm, its jaw suspensorium being

similarly elongated posteriorly. The growth series of skulls of
i

U.’
>

scalaris depicted

by Steen (1938, fig. 2a-c) shows proportional reduction in relative orbit size and
elongation of the jaw suspensorium with growth. The size of orbit and length ofjaw
suspensorium in K.U. 350 are extensions of these trends. So, on the basis of their

structure and proportions, the two skull fragments are consistent with what one would
expect in a very large urocordylid.

Other material from the Orlando locality supports this interpretation. The vertebrae

named Crossotelos annulatus by Case also belong to a very large urocordylid nec-

tridean. The caudal vertebrae show the characteristic slender neural spines and fused

haemal arches of nectrideans and the proportions of these structures and their ter-

minal striations characterize them as being urocordylid rather than keraterpetontid,

the latter having shorter neural spines and haemal arches. The size of the Orlando
vertebrae and associated dorsal vertebrae indicate a much larger urocordylid than

described from the Carboniferous. The dimensions of a large caudal vertebra of

Crossotelos based on figures of Case (191 1) are 3-0 cm total height and 0-95 cm length.

This is twice that of the largest Nyrany ‘

Urocordylus

'

in linear dimensions and
suggests the possibility of skulls even larger than that of Cricotillus. Hence on the

basis of postcranial material alone, it can be seen that a large urocordylid was present

in the Orlando assemblage, so the presence of urocordylid skulls up to and above the

size of Cricotillus could be anticipated.

In conclusion I suggest that Crossotelos annulatus, Cricotillus brachydens, and

Trimerorhachis leptorhynchus, all first published by Case in 1902, all refer to frag-

ments of a single species of large urocordylid nectridean and not an archeriid anthra-

cosaur. T. leptorhynchus is a nomen oblitum as noted by Olson (1970, p. 360), while

the other two binomina appeared simultaneously in 1 902. As the Crossotelos annulatus

material has been consistently referred to the Nectridea, this would, in the interest

of stability, be the most appropriate binomen for the material and it is suggested

that Cricotillus brachydens become the subjective junior synonym. Even the name
Crossotelos annulatus may prove not to be definitive for this material, as direct

comparison with the Carboniferous urocordylids may demonstrate that the Orlando

animal is generically or even specifically identifiable with one of them.

DISCUSSION

Apart from the reduction in synonymy of two superfluous genera, the systematic

reassignments made in this study alter our understanding of the diversity and distribu-

tion of the anthracosaurs, both chronologically and geographically.
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Embolomerous anthracosaurs first appear as fossils in the Namurian rocks ofNova
Scotia and Scotland (Andrews et at. 1977) but are known in their greatest diversity

from Westphalian and Stephanian horizons in Europe and North America. Panchen

(1970, 1975) divides the Infraorder Embolomeri into three families, the Eogyrinidae,

the Archeriidae, and, more doubtfully embolomerous, the Anthracosauridae

(Panchen, 1977). These families are primarily defined on the basis of cranial mor-
phology associated with feeding, and for this reason the family name Cricotidae

based on the skull-less Cricotus material was rejected by Panchen (1970). There is

a great apparent diversity of eogyrinids in the Westphalian and Stephanian, material

of this age from Czechoslovakia, the British Isles, Nova Scotia, and north-eastern

U.S.A. being referred to nine or ten genera. However, discovery of more adequate

comparative material might well reduce the apparent range of genera from the

British Isles (Pteroplax , Pholiderpeton, Eogyrinus , and Palaeoherpeton) and also

from north-east U.S.A. (Leptophractus, Neopteroplax, and Eobaphetes (not an

anthracosaurid) ; Panchen (1977)). The only probable archeriid from the Car-

boniferous is Cricotus from the Stephanian of North America, and the only known
anthracosaurid material of any age is the Anthracosaurus material from the West-

phalian of the British Isles (Panchen 1977).

With the removal of
‘Memonomenos' and

‘

Cricotillus’ from the Embolomeri the

only Permian material now known is North American and consists of some embo-
lomerous centra, possibly eogyrinid, from the ‘Prideaux pocket’ of Texas (Romer
1963) and abundant material of the type archeriid Archeria from many localities.

Thus, on the basis of known material, it appears that the Eogyrinidae became
extinct throughout their range in Euramerica at around the Stephanian-Permian

boundary, while the Archeriidae, so far known only from North America, survived

throughout the Wolfcampian in the form of the single widespread genus Archeria.

The extinction of both families seems to be directly relatable to the decline of the

respective environments which they inhabited. Most eogyrinids are associated with

lacustrine deposits and appear to have been large piscivorous lake dwellers (Panchen

1970). In the British Westphalian coal measures eogyrinids are associated with diverse

fish assemblages including osteolepidids such as Megalichthys and a limited charac-

teristic assemblage of amphibians including the loxommatid genera Baphetes and
Megalocephalus, the ai'stopod Ophiderpeton , and the keraterpetontid nectrideans

Keraterpeton and Batrachiderpeton. A later example of such a lacustrine fauna is

that from Kounova in Czechoslovakia, of Stephanian age, where the indeterminate,

probably eogyrinid, material is accompanied by Ophiderpeton and Megalichthys as

well as transported remains of terrestrial tetrapods of Texas red-bed type (Romer
1945). The tetrapod-rich pond or small lake assemblages from the Westphalian D of

Linton, Ohio, and Nyrany, Czechoslovakia, are each known from many hundreds

of specimens, but at both, eogyrinids and loxommatids are rare components of the

assemblage, while osteolepidids are apparently absent. Ophiderpeton is represented

by a few tens of specimens at each locality but no strictly Keraterpeton-like material

has been described from either. Diceratosaurus from Linton being a more amphibious
keraterpetontid than Keraterpeton while Scincosaurus from Nyrany is not a kera-

terpetontid at all (Angela C. Milner, pers. comm.). It is therefore suggested that the

eogyrinids formed part of a specialist lacustrine complex of amphibians and fish
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which ecologically barely extended into coal swamp pool assemblages such as Linton
and Nyrany. This eogyrinidAoxommatid-Ophiderpeton-Keraterpeton-Megalichthys
complex does not apparently extend into the Permian at all, whereas most other

families of tetrapods from Linton and Nyrany have Permian representatives. The
demise of this complex during the Stephanian throughout Euramerica seems to have

been due to the loss of continuity and reduction in number of large lakes in space and
time to the extent that a continuity of populations could not be maintained. The
Armorican orogeny in central Euramerica during the late Carboniferous had the effect

of breaking up the pan-continental system of lakes, swamps, and forests into a series

of valleys and basins, separated by fold mountains, particularly in European Eur-

america. During the Early Permian, increasing deposition of red-beds followed by
a cessation of limnic and estuarine deposition throughout Euramerica, suggests that

progressive drying was taking place, due partly to further land uplift and consequent

drop in the water table, and partly due to over-all global climatic change resulting

from the termination of the late Palaeozoic Gondwana glaciation. In these circum-

stances large lakes would have become less frequent and more isolated and in time,

as new lakes evolved, they would have been colonized from neighbouring smaller

water bodies rather than from more distant large lakes. The few large fish-rich lakes

of the European Autunian, faunally represented by localities such as Lebach,

Kosfalov, and certain Autun basin localities, have a characteristic amphibian fauna.

The niches for large piscivorous amphibia are filled by eryopoid temnospondyls such

as the long-snouted Archegosaurus and the shorter-snouted Actinodon, Seleroceplmlus,

and Cheliderpeton. These taxa are all absent from the Permian of North America
where the principal large piscivorous amphibians appear to be trimerorhachoids

such as Trimerorhachis and Neldasaurus. The simultaneous decline of eogyrinids

across Euramerica and their apparent replacement by different taxa in different

regions of Euramerica suggests that their demise was due to such a change in the

physical environment followed by recolonization of the niche by other groups, rather

than straightforward biological competition in a constant physical environment.

The Permian anthracosaur Archeria is characterized by a long snout bearing a

specialized dentition of small, uniform, marginal teeth with horizontal chisel-like

edges, set in continuous rows. Such a dentition gives a continuous surface for grip-

ping or nipping small soft-bodied invertebrates rather than impaling fish. One can

envisage Archeria probing into mud or vegetation with its long snout, gripping any

moving object between two rows of such teeth. In localities such as the Geraldine and
Briar Creek bone-beds, Archeria is associated with terrestrial and semi-terrestrial

tetrapods such as Dimetrodon , Edaphosaurus, and Eryops, in conditions suggesting

pools in bog deposits (Romer 1957). In other localities where Archeria occurs with

other presumed aquatic genera, e.g. Archer City bone-bed and Rattlesnake Canyon,
there is nevertheless a substantial terrestrial component of dissorophids and capto-

rhinomorphs. These associations suggest that Archeria , though obviously aquatic

was not, like the eogyrinids, a dweller in large lakes, but lived in smaller water bodies

much closer to the terrestrial environment, such as deltaic pools and rivers. In such

an environment its survival into the Permian would not have been imperilled until

extremely dry conditions prevailed over equatorial Laurasia, as happened eventually

in the Permian.
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A NEW DASYCLADACEAN ALGA FROM THE
PALAEOGENE OF KURDISTAN

by GRAHAM F. ELLIOTT

Abstract. Hamulusella sedalanensis gen. et sp. nov., a Tethyan Palaeocene alga (Dasycladaceae) from Kurdistan

shows an external morphology of serial conical segments known in other dasycladaceans, but has an unusual internal

primary branch-structure distinguished by a short proximal extension below the stem-cell connection.

The calcareous algae of the Palaeocene of the western Tethys, both red and green

families, form a rich and varied microflora. The new genus described below is an

addition to the Dasycladaceae of the Middle East (Elliott 1968), an assemblage

whose members show considerable variety in structure. Although small and rare, the

peculiarities of the new dasycladacean show yet another variant on the basic structures

of the family.

SYSTEMATIC DESCRIPTION

Order dasycladales
Family dasycladaceae s.l.

Tribe incerta sedis

Genus hamulusella gen. nov.

Diagnosis. Calcified, truncated-cone-shaped serial segments, the distal ends wider;

each with about twelve primary branches showing a short proximal portion below

the connection with the stem-cell and a longer distal portion above it
;
branches open-

ing to apertures at the distal edge.

Type species. H. sedalanensis sp. nov.; Palaeocene of north-eastern Iraq and western Iran. (Latin hamulus,

a little hook; a reference to the outline of the branches.)

Hamulusella sedalanensis sp. nov.

Plate 73, figs. 1-4

Description. The species is known only from random but distinctive cuts in thin-

section. They indicate small, truncated-cone-shaped serial calcified segments, circular

in transverse section, with exteriorly concave outer walls so that in each unit the upper
or distal diameter is larger than the lower or proximal diameter. The central tubular

stem-cell cavity varies only slightly in diameter, so that the thick calcified ‘wall’

increases in width distally in each unit. This increase varies widely between segments

of different sizes, perhaps indicating different positions in the original thallus. Because

of the limited evidence, qualified by the obliquity of some of the sections, all available

measurements are set out in Table 1.

[Palaeontology, Vol. 21, Part 3, 1978, pp. 687-691, pi. 73.]
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table 1 . Dimensions of segments of Hamulusella (in microns).

Example I 2 3

Height 225 225 -

Diameter (max.) 270 270 324

Diameter (min.) 234 216 -

Stem-cell 99- 99- 117

diameter 126 126

Branch 27- - -

thickness 27+

Stem-cell
connection
diameter

18 - -

4 5 6 7 8

315 342 - 360

522 531 630 1017(est.) 630+

336 336 342

135- 126- 180 297
153 144

27- 27- — 45-
54 54 72

27 18 - 27

Within the thick wall each segment contains about twelve primary branches. In

each the short communication with the stem-cell occurs at about a quarter of the

segment height from the base; the lower part of the branch is directed downwards
(proximally) into a short cul-de-sac while the distal part curves up and outwards,

widening to a maximum just within the outer distal rim of the unit, before reaching

the outside through an aperture probably on or adjacent to the rim. In the largest

example there is a suggestion near the aperture of branch-division into secondaries,

but this is not certain and the appearance may be due to preservation. Such division

was, however, very likely in life.

Not more than two conjoined segments have been seen, but there probably would
have been many more in life, as seen in living green algae including the dasycladacean

Cymopolia , to form at least a uniserial thallus and possibly a multiserial one, though

there is no evidence at all of the latter.

EXPLANATION OF PLATE 73

Figs. 1-4. Thin-sections of Hamulusella sedalanensis gen. et sp. nov., from the Kolosh Formation

(Palaeocene-Lower Eocene) of Sedalan, Sulaimaniya, Iraq. All x 100. 1, vertical section of two seg-

ments, showing the distinctive hook-like branch-form and stem-cell connection; Syntype V.41606.

2, oblique-transverse section; Syntype V.32492. 3, part of large example showing presumed incipient

branch-division at the aperture of the large lower branch (top left)
;
the apparent basal connection of

the upper branch with the stem-cell (upper centre) is an artefact due to crystal boundaries obliquely cut;

the true connection does not occur in the plane of section; V.41606. 4, oblique section of two seg-

ments; the central radial structure is that of a segment of the codiacid Ovulites morelleti Elliott,

adventitiously wedged in the stem-cell cavity of Hamulusella ; V.41606.
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Material. Syntypes, British Museum (Natural History), Department of Palaeontology, nos. V.41606,

V. 32492 (PI. 73, figs. 1,2); from the Kolosh Formation (Palaeocene-Lower Eocene); 1-5 km south-west

of Sedalan, 48 km north-west of Sulaimaniya, north-east Iraq. Further thin-sections from the same locality

and horizon are present on the same two slides. Other material comprises a thin-section (no. V.20744)

from Palaeocene-Lower Eocene beds, south-west of Gahvareh, 64 km west of Kermanshah, Iran.

Associated biotas. At Sedalan Hamulusella occurs rarely in a richly algal rock with Belzungia silvestrii

(Pfender) Massieux, Clypeina sp., Elianella elegans Pfender and Basse (Parachaetetes asvapatii Pia auct.,

see Hagn and Ott 1975), Furcoporella diplopora Pia, Halimeda nana Pia, Jania sp., Neomeris sp., Ovulites

morelleti Elliott, Pagodaporella wetzeli Elliott, Terquemella cf. globularis Elliott. The foraminifer Lockhartia

diversa Smout, corals and sponges are also present.

In the Gahvareh sample Hamulusella occurs with Clypeina merienda Elliott, Cymopolia kurdistanensis

Elliott, Ethelia alba (Pfender) Massieux and Denizot ( Pseudolithothamnium), Elianella elegans , Furcoporella

diplopora , Neomeris sp., and corals.

Remarks. Both samples are from old collections. The Iraqi samples, collected by E. W. K. Andrau about

1 926 1 927, came from 1 5 km south-west of Sedalan (45° 00' E.
,
35° 45' N. ; unpublished report), from what

would now be called near the top of the green-rock sands of the Kolosh Formation. However, the rich

microflora and perhaps the matrix, indicate a tongue or development of the Sinjar Formation facies of the

same age (see Van Bellen (1959, p. 279) and Elliott (1968, p. 96) for the stratigraphical and algal relations

respectively of these two formations). The Iranian sample was collected by B. K. N. Wyllie in 1919. As later

mapped (British Petroleum Company, Ltd. ( 1956), map sheet north 1 -38) Gahvareh (46° 25' E., 34° 19' N.)

is very close to the Maestrichtian-Eocene boundary, i.e. a similar situation to Sedalan. From Sedalan to

Gahvareh is about 210 km south-east along the strike of the Zagros Mountains.

Discussion. The distinctive character of this little dasycladacean is its branch-form.

Although calcified verticils of simple primaries occur in various genera, e.g. the

Cretaceous Acroporella (which when well preserved shows terminal branch-division

as suggested for Hamulusella
;
see Praturlon and Radoicic 1974), such branches are

usually directed horizontally or distally. The proximally directed angle or elbow of

Hamulusella is most unusual. In genera with elaborately divided branches part may
occasionally be proximal to the stem-cell connection, e.g. the Permian Imperiella

(Elliott and Siissli 1975), but this is not really comparable.

No remains of reproductive bodies have been seen in Hamulusella. Both the elbow

and subapertural swelling could be connected with this, but there is no evidence

preserved.

In external morphology, by contrast, this alga repeats a growth form known from
the Palaeozoic, Mesozoic, and Cenozoic; Kochansky-Devide and Gusic (1971) have

drawn attention to this phenomenon in dasycladaceans generally. Hamulusella is

very similar to the Permian Salopekiella (Milanovic 1965): the resemblance in near-

vertical section is homoeomorphic. Salopekiella has, however, two verticils per seg-

ment of straight, usually outwardly and distally directed branches. The chances of a

Permian genus, known from only one Mesozoic record, reappearing in the Palaeocene

are slight. Gymnocodium nummuliticum Pfender, an alleged occurrence of a Permian

genus in the Egyptian Eocene, was re-examined by Massieux (1966, p. 144) who
interpreted it as probably very badly preserved Halimeda , a largely Cenozoic genus.

My own record of G. nummuliticum from the Hadhramaut (Elliott in Beydoun 1964,

p. 72) referred to just such a specimen and added nothing to knowledge of structure.

Another alga which Hamulusella somewhat resembles is the rather doubtful

Clypeina parvula as described by Carozzi (1948) from the Jurassic. Here, however.
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the segments are conspicuously fluted externally, and the internal content of the

alleged fertile whorls is again quite different.

C. elliotti Beckmann and Beckmann (1966, Segonzac 1976), from the Palaeocene-

Lower Eocene of Cuba, is of similar size and general morphology, but the adjacent

sporangial cavities of fertile whorls occupy more space within the segments than do
the branches of Hamulusella; also they do not have the distinctive form of the latter.

In C. elliotti the distal peripheries are stellate due to slight external vertical fluting

of the segments.

The distinctive simplicity of Hamulusella makes it difficult to refer to a tribe, until

such time as this system, if continued, is revised for all the post-Palaeozoic dasycla-

daceans. Like the accompanying Furcoporella , it is at present best regarded as incerta

sedis within the Dasycladaceae.
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EARLY DEVONIAN PLANT FOSSILS FROM
A SOUTHERN ENGLAND BOREHOLE

by W. G. CHALONER, A. HILL, and E. C. W. ROGERSON

Abstract. Vegetative specimens of the psilopsid Sawdonia ornata and sporangia of Dciwsonites arcuatus are described

from borehole cores of Emsian age from Oxfordshire. The material has been investigated by hydrofluoric acid macera-

tion, examination by SEM of plant surfaces and latex replicas, and light microscopy of oxidized cuticles and polished

rock surfaces. The spines of Sawdonia have become flattened in a vertical plane as a result ofcompression phenomena

;

the stomata were sunken. The processes of compression and collapse of plant tissue are evidently a function of the

scale of the organs concerned, and so operate differently in axes, spines, and stomata of Sawdonia. The Dawsonites

sporangia are in pairs with opposed longitudinal dehiscence slits and spiralized mechanical tissue in the wall. Spores

found adhering to sporangial fragments are of Apiculiretusispora type.

The plant fossils described here were obtained from cores from the Institute of

Geological Sciences borehole at Apley Barn, Witney, in Oxfordshire. Some of the

plants were observed directly on the fractured core surfaces, while others were

extracted from the matrix by bulk maceration with hydrofluoric acid. The plant-

bearing shales and sandstones lie between 1290 m and 1420 m below O.D. in the

borehole; they underlie beds containing a late Devonian fauna and are associated

with a spore assemblage dated as Emsian (see Poole 1969, who gave a detailed log

of the borehole; also Chaloner 1963; Richardson 1967; Chaloner and Richardson

(1977). In the account of the stratigraphy of the borehole, Poole (1969, p. 25) records

the identification by one of us (W. G. C.) of
‘

Psilophyton' and Hostimella, as seen

on the cleaved core surfaces; although palynological preparations were made from
small samples of rock matrix, no further investigation of the plant macrofossils was
attempted at that time. However, the recent work of Zdebska (1972, 1975) drew our

attention to the potential of subjecting this type of borehole material to bulk macera-

tion with hydrofluoric acid. This and other methods of investigation are described

below. In the following account, no formal revision of the plant taxa is attempted,

but significant new features revealed by SEM and other means are briefly reviewed.

MATERIAL AND METHODS
The plants occur largely as coalified compression fossils in grey mudstones, shales, and sandstones. Locally,

parts of the internal structures are preserved in pyrites. The compressed coalified plant material was
extracted from the matrix by halving promising cores with a vertical cut on a rock saw, disaggregating the

matrix with 30% hydrofluoric acid, washing, decanting, and sieving off the plant fragments from the residue.

The vertical cut faces of cores were photographed under alcohol immersion (PI. 76, figs. 7, 8). Latex was
poured on to patches of pyritized tissue, as exposed on a fractured surface, and a mould of the pyritized

tissue surface obtained (cf. Chaloner and Gay 1973). These replicas, and the dried fragments obtained by

HF maceration, were mounted on stubs, coated with gold in a Polaron sputter-coater, and examined under

a Cambridge S600 SEM. It was found that certain features of the plants could be demonstrated most

convincingly in the form of stereo-pairs of photographs, which can be viewed to give a three-dimensional

image of the fossil (PI. 74, figs. 1-4). Such stereo-pairs illustrate features of topography of the stem surface,

[Palaeontology, Vol. 21, Part 3, 1978, pp. 693-707, pis. 74-76.]
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the spines, and sporangia which could not be satisfactorily shown in any other way. The stereo-pairs were

generally taken with the stub viewed at a tilt angle of 45°, by rotating it through 7-10° between the two
photographs. These rotational pairs (PI. 74) show the plant material on the stub surface sloping towards

the observer. SEM study of the plant surface was supplemented by macerating fragments with Schulze’s

solution followed by alkali, and examining the cuticle preparation obtained by transmitted light microscopy.

All the Witney specimens described and figured here are deposited in the Institute of Geological Sciences,

London (I.G.S.).

THE PLANT FOSSILS

Three types of determinable fragments of plants were obtained on sieving the macera-

tion residues. These were Sawdonia ornata (Dawson) Hueber, Dawsonites arcuatus

Halle, and Pachytheca Hooker sp. In addition some small fragments of cuticle, some
apparently of arthropods and others resembling Nematothallus Lang, were also

encountered. Only the Sawdonia and Dawsonites gave significant new information,

and these two alone are dealt with here.

Order zosterophyllales
Family zosterophyllaceae

Genus sawdonia Hueber, 1971

Sawdonia ornata (Dawson, 1871) Hueber

Plate 74, figs. 3, 4; Plate 75, figs. 1-6; Plate 76, figs. 1-5, 7, 8

Discussion. Recent revisions of S. ornata have been published by Hueber (1971) and

Zdebska (1972), and we accept the synonymy suggested by those authors. This species

represents part of the old concept of Psilophyton princeps
,
as used by Dawson and

many subsequent authors. Hueber outlines the basis for separating Sawdonia (with

lateral sporangia) from Psilophyton (with terminal fusiform sporangia). Zdebska adds

to our knowledge of the type species of Sawdonia on the basis of material from a Polish

borehole. Ananiev and Stepanov (1968) have described and figured axes bearing the

globose lateral sporangia in material from Minusinsk (U.S.S.R.), and although they

refer it to Psilophyton their species appears to conform with S. ornata (Dawson)
Hueber. A new species of Sawdonia has also recently been described from Canada
by Gensel et al. (1975) which extends our concept of the genus. Banks et al. (1975)

have also described a new species of Psilophyton preserved with internal structure

and this confirms the distinction between this genus and Sawdonia.

Stem fragments that we attribute to Sawdonia occur abundantly in macerated cores

from between 1414 and 1417 m. None of the fragments show sporangia in attachment,

nor have any sporangia comparable to those of Russian (Ananiev and Stepanov 1 968)

and Canadian (Gensel et al. 1975) material been found associated with them. How-
ever, the spiny stems, often with circinately coiled tips show striking agreement with

Gaspe (Hueber 1968; Lang 1931) material. In particular they agree in the detail of

the fluted spines, with swollen, darkened tips, in the papillate epidermal cells, and

in the character of the stomata. On this basis we attribute our plants to S. ornata.

While our material is too fragmentary to offer any basis for formal revision of the

species, our specimens contribute to knowledge of it in three respects, as dealt

with below.
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The stem compressions and spine shape. Most of the fragments obtained by bulk

maceration show the axis flattened to an almost ribbon-like form, with a slightly

concavo-convex cross-section. We interpret this as corresponding to collapse of an

originally cylindrical axis into its lower half (the convex surface), with considerable

compression (and coalification) of the stem tissue. This generally corresponds to

Walton’s (1936) representation of compression of a plant organ in relatively less

compressible matrix, when there was no pith cavity or other pathway for mud to

enter the stem. However, the resulting slightly concavo-convex stem compression

shows significant differences in the appearance of the spines on the two surfaces. On
the generally concave (upper) surface the spines are very markedly flattened in a

(vertical) plane parallel to the axis on which they are borne (PI. 74, fig. 3), while those

on the generally convex (lower) surface are not so flattened but have more or less

conical bases (PI. 75, figs. 2-4). At first sight this spine flattening seems puzzling; there

is no theoretical reason why any force in the matrix should act directionally so as to

flatten all the spines in parallel vertical planes. Indeed, Walton (1936) suggested, with

good reason, that forces of compaction in the matrix were essentially hydrostatic;

there was, for example, no force causing a collapsing stem to spread out sideways.

We therefore conclude that the flattening of the spines might rather have been brought

about by the upper half of the cylinder of stem (of semicircular cross-section) accom-
modating to a width equal to its own diameter. (A comparable process in spore

compression has recently been described by Harris 1974.) This would cause the spine

bases in the upper surface to ‘close’ in relation to the general stem surface (text-

fig. 1a, b). The spines on the lower (generally slightly convex) axial surface tend to be

less flattened, to have a rather strongly fluted base, and to be generally shorter than

those on the upper surface (text-fig. 1b; PI. 75, figs. 2-4). We believe that this results

from two features of the lower surface fossilization environment : a
,
once the spines

had lodged in the mud the underside of the axis was cut offfrom a supply of sediment

;

the spines therefore underwent compaction together with the surrounding matrix,

so becoming considerably shortened (text-fig. 1 ); 6, as the internal tissue of the stem

became ‘macerated’ by biological degradation, organic matter would tend to accrue

in the pockets of the compressing spines. On the upper surface, in contrast, the spine

‘contents’ would tend to drop down into the axial cavity as it collapsed. But the spines

would continue to stand up as sediment accrued around them. This sediment would
undergo some compaction around the spines which became flattened in the vertical

plane as the axial surface on which they stood was reduced in width. We believe that

this mechanism may explain the different states of the spines on the two surfaces.

We see no evidence of dorsiventral (or other bifacial) differentiation of the axes

before fossilization; examination of many axes on the matrix (e.g. PI. 76, fig. 4),

showing spines in profile at their margins, suggests a more or less even distribution

of comparable spines around the axes.

It is important to note that in such a model of the compression-and-collapse

process, not only do the spines on the upper and lower surfaces undergo different

degrees of compression, but the spines on the upper surface undergo far less (vertical)

compression than the stem itself. Thus the stem, changing from a cylinder to a ribbon

of coaly matter, has undergone compaction in a ratio in excess of 20 : 1 (PI. 76, fig. 8),

while the upright spines on the upper surface can have undergone little vertical
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compaction as the sediment accumulated
around them. They have the same order

of length (c. 2-3 mm) as spines seen in

profile at the flattened axis margin which
have presumably not been shortened at

all. The spines on the upper and lower

surfaces and the axes bearing them have

therefore been subjected to three entirely

different compression regimes, with

resulting differences in character.

It should be acknowledged that spine

flattening was suggested by Edwards
(1924, fig. 3) on the basis of the shape of

the truncated spine base, seen as a slit in

the cuticle of S. ornata from Gaspe. He
described the spines as ‘flattened verti-

cally’ and said that they ‘were very thin’.

More recently, in their account of S.

acanthotheca, Gensel et al. (1975) note

that the spines on the sporangia of that

species are in places ‘scale-like’ and
suggest that this aspect of the spines is

‘probably due to flattening during fos-

silization’.

In our material there is some variation

in spine size, even allowing that many
apices are broken off; this variability is

seen even in the young, still circinately

coiled tips of the axes (PI. 75, fig. 1). Where intact spine apices are present, they show
slightly swollen darkened tips, with a fluted surface (PI. 74, fig. 3). These tips appear

dark in an SEM, possibly on account of a difference in composition, or perhaps simply

B

text-fig. 1 A, diagram showing a Sawdonia axis in

cross-section, its lower surface and spines lodged

in mud, before compaction of the matrix, b, the

same axis, following compression ; continued supply

of sediment to the upper surface, accompanying

compaction has sustained the spine length, while

the spines on the lower surface are much shortened.

EXPLANATION OF PLATE 74

SEM stereo-pairs of Dawsonites sporangia and Sawdonia axes; magnification given in each case is in the

horizontal plane; stub angle ranges from 20° to 70°. I.G.S. stubs: 1, EGP 8742a; 2, 8744a; 3, 8742b;

4, 8745a.

Fig. 1. Pair of sporangia of Dawsonites sp., truncated by fracture of the matrix, showing the opposed

dehiscence slits (centre), the thick distal wall at either side, and the tapetal membrane lining the sporangial

cavity; x 50.

Fig. 2. Tip of a sporangium of D. arcuatus (shown at lower magnification on PI. 75, fig. 7) showing the

twisting of the bifid apex; x 50.

Fig. 3. Spines, flattened in a vertical plane, seen on the upper surface of a compressed Sawdonia ornata axis.

Note dark spine tips; x 25.

Fig. 4. Stoma of S. ornata showing the guard cells lying slightly below the epidermal surface, and the com-

pressed and overhanging sides of the stomatal depression (cf. PI. 76, fig. 3); x 1000.
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as the effect of a greater thickness at the apex causing a lower intensity of secondary

emission. This corresponds to the (optical) darkness of the spine tips seen by trans-

mitted light microscopy (Lang 1931 ;
Zdebska 1972), which appears to be a distinctive

feature of the spines which characterizes this species. Lang has discussed fully the

possibility that the spine tip was secretory in nature, and emphasizes that the lack of

stomata would favour a function of the spine as being something other than simply

a photosynthetic emergence. Our own observations under SEM confirm both the

swollen aspect of the spine tip and (with all the limitations of such negative evidence)

the lack of stomata.

Epidermal papillae. The presence of a single elongated papilla or cuticular ridge on
each epidermal cell of S. ornata was noted by Edwards (1924) and subsequently by
Lang (1931) and Zdebska (1972). SEM observation indicates that these were quite

prominent features of the external topography of the stem surface (PI. 75, fig. 5),

and not simply a darkening or internal thickening of the periclinal epidermal cell

wall. It is noteworthy that these papillae and the swollen spines tips are lacking in the

only other known species of Sawdonia , S. acanthotheca; so that while they appear

to be a helpful specific feature, they cannot be used for separating Sawdonia from
Psilophyton s.s.

We have found no evidence of the hair bases described by Edwards (1924) and
Zdebska (1972). However, as our observations were only based on a few minute areas

of cuticle, this negative evidence is not very significant. It may be noted that Lang
(1931) was also unable to find evidence of the hair bases in Gaspe material, although

he was aware of Edwards’ record of their occurrence.

Stomata. Stomata were observed in the Witney material, both in SEM observation

of the outer stem surface (PI. 74, fig. 4), and in small fragments of stem cuticle pre-

pared by oxidation with Schulze’s solution (PI. 76, fig. 1). The cuticle so prepared

was very fragile and we were unable to get large fragments of the size of those prepared

by Edwards (1924) from Gaspe.

Edwards first noted the interesting feature of what appear to be two crescentric

cuticular thickenings more or less encircling the stomatal pore. He figures these (1924,

fig. 2; our PI. 76, figs. 2, 3 are of his material) and remarks that ‘the outer walls of the

cells flanking the stomatal pores are thickened and frequently have a crescentric

form’. Zdebska (1972) has made a very searching study of the stomata in the Polish

material and extends our understanding beyond the interpretation of Edwards and
Lang. She notes the important point that Edwards’s crescentric thickenings, as seen

in careful focusing, are above the general cuticular surface. Our own observation on

the Witney macerated cuticle (PI. 76, fig. 1) confirms this point. On this basis she

suggests that the stomatal aperture was surrounded in life by a cuticular ridge on the

epidermal surface forming a low rim encircling the stomatal aperture (Zdebska

1972, text-fig. 5).

Our SEM observations of the unoxidized outer stem surface suggest a different

possible explanation for these crescentric ridges. The stereo-pair (PI. 74, fig. 4) makes
it clear that the guard cells were sunken below the general stem surface (text-fig. 2a);

the lateral walls of this stomatal depression were steep, even overhung (text-fig. 2aa),
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text-fig. 2. a, diagrammatic section of the epidermis of Sawdonia as it was in life; the cuticle is

stippled; the stoma lies in a depression (a), b, diagrammatic sectional view and (below) a surface

view of the fossil cuticle showing the effect of collapse during compression ; the originally steep sides

of the stomatal depression have buckled to form folds (b)
protruding slightly above the cuticle

surface; these are seen as dark crescentic features on either side of the guard cells (below), c-d, dia-

grammatic views of a Carboniferous Densospore, showing analagous behaviour on compression;

the uncompressed spore, c, collapses in a coal matrix so that the equatorial thickening (cingulum)

is left as a prominent feature of the compressed spore, d (drawn from a vertical section of a British

Upper Carboniferous coal, x 700). This has been interpreted by some authors as an original feature

of the spore (a ‘cuesta’) protruding from the proximal surface (e). It is here suggested that as in the

Sawdonia cuticle, this less compressible feature is a product of collapse on compression, and was not

a prominence on the original object.

while those at the poles of the stoma were at a more gentle gradient. While we there-

fore endorse Zdebska’s (1972) observation that the ridges (text-fig. 2bb) are a genuine

diagnostic feature of the fossil cuticle we believe that their ‘raised’ character may be

a product of collapse of the cuticle on the vertical sides of the stomatal depression

rather than a structure elevated above the stem surface in life, as she suggests. If, as

we believe, our material is conspecific with that from Opole (Poland), we interpret

the stomatal structure described by Zdebska as due to collapse (the effect of com-
paction of plant-plus-matrix) of sunken stomata, producing a ridge where the more
competent vertically orientated cuticle of the depression margin resisted this collapse.

As Zdebska (1972) points out, the thickenings adjoining the stomata (collapsed

sides of the stomatal depression, in our interpretation) may not be equally developed

on either side of the stoma (e.g. her pi. 8, figs. 1, 2). We believe that this is a result of

the epidermis lying somewhat obliquely in the matrix, as the sediment underwent
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compaction. The stoma from the cleared cuticle fragment of our Witney specimens
is of this type (PL 76, fig. 1 ). This can be matched with a comparable stoma from Gaspe
S. ornata (PI. 76, fig. 2) and a symmetrical one from the same source (PI. 76, fig. 3).

We would emphasize that we agree entirely with Zdebska’s observation of her fossil

cuticle, and differ only in the interpretation of the original structure which gave rise

to it.

The fact that stomatal depressions may survive as a recognizable feature of the

topography of otherwise highly compressed plant organs has been noted in other

plant compression fossils (Chaloner and Collinson 1975). The collapse of the stomatal

depressions in our Sawdonia is evidently much less pronounced than the change from
the cylindrical to the flattened ‘ribbon’ of compressed axis on which it is situated.

No doubt some matrix lay in the stomatal depression at the time of fossilization,

giving it some support; and possibly encrustation of mineral matter on the epidermal

surface (see Chaloner and Collinson 1975, p. 89) helped to give it rigidity as the matrix

underwent compaction.

The collapse of the stomatal depression in Sawdonia has an interesting analogy

with the behaviour of the thick-walled Densospores in Carboniferous coals (text-

fig. 2c-e). These lycopod spores had a thick cingulum, which evidently formed a rigid

feature of the exine, resisting collapse as the spore lumen closed on compaction

of the coal matrix. As a result the spore, when seen in a coal thin-section cut perpen-

dicular to the bedding, shows the proximal and distal faces of the spore in juxta-

position (text-fig. 2d) while the less compressible cingulum becomes the highest

feature of the flattened spore. This produces the distinctive outline of Densospores
seen in a coal section which has been referred to as ‘biconcave’ or ‘dumb-bell shaped’

(Schopf el al. 1944). The ridge around the spore lumen resulting from this differential

collapse phenomenon can be seen in spores extracted by maceration, being the first

part of the spore to give a sharp image on focusing down on to it from above. Staplin

and Jansonius (1964) have referred to this feature in Densospores as a ‘cuesta’

(cf. text-fig. 2e). We believe that the cuesta (like the cuticular ridge observed by

Zdebska) of some fossil Densospores appeared as a topographic feature only after

compression, rather than having been an original feature of the topography of the

uncompressed spore (cf. text-fig. 2bb and d). We interpret both Zdebska’s ridge and

EXPLANATION OF PLATE 75

SEMs of Sawdonia ornata arid Dawsonites arcuatus
;
magnification given in each case is in the horizontal

plane; stub angle ranges from 17° to 68°. I.G.S. stubs: 1, EGP 8744b; 2, EGP 8743a; 3 and 4, EGP
8743b; 5, EGP 8745b; 6, EGP 8745c; 7, EGP 8744a.

Fig. 1. Circinately coiled tip of S. ornata (apex at top right, truncated axis at top left); note varied spine

length; x 12.

Figs. 2-4. Spines from lower surface of compressed axis of S. ornata shortened by compaction of matrix.

2, x 40. 3, detail from lower surface ofanother specimen showing fluting of spine base
;
x 300. 4, circular

cross-section where spine was broken off; x 140.

Fig. 5. Papillae on axial surface; x280.

Fig. 6. Xylem elements removed on latex replica from fractured surface of stele of S. ornata showing spiral

(or ?annular) thickenings replaced by pyrite; x 130.

Fig. 7. Sporangium of D. arcuatus, with fractured base of paired sporangium at top left; x 12. A different

view of the apex (bottom right) is shown in Plate 74, fig. 2.
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the Densospore ‘cuesta’ as products of the same mechanism of differential resistance

to collapse on fossilization.

Stelar anatomy. Several of the axes evidently underwent partial permineralization

with pyrite before biological degradation of the internal structure was complete.

Where this occurred, compression of the stem tissue did not progress as far as in

non-pyritized specimens (cf. PI. 76, fig. 7 with fig. 8, where localized pyritization has

occurred in the stele and in some of the spines, which have resisted collapse). Several

axes were encountered on cut polished faces (see Matten 1973) showing imperfectly

preserved steles suggesting a more or less ellipsoidal cross-section, but the exarch/

endarch character could not be clearly discerned. One axis showed pyritized vascular

elements seen in a longitudinal fracture plane. A single spine seen at the edge of the

axis confirmed that it was Sawdonia. Pyritized xylem elements were pulled from this

axis while trying to take a latex replica of the surface. These showed what appear to

be spiral or possibly annular thickening (PI. 75, fig. 6) ;
they thus confirm the observa-

tions of fragmentary xylem elements of S. ornata seen by light microscopy in material

from New York (Hueber and Grierson 1961) and Poland (Zdebska 1972). It is

interesting to note the difference between these elements and those of Psilophyton

dawsonii Banks et ai, 1975, which show very distinctive pit-like areas between their

scalariform thickenings.

Division tracheophyta
Genus incertae sedis dawsonites Halle

Dawsonites arcuatus Halle, 1916

Plate 74, fig. 2; Plate 75, fig. 7; Plate 76, fig. 6

Discussion. The name Dawsonites was instituted by Halle (1916) for clusters of fusi-

form sporangia of the type that Dawson (1871) had attributed to P. princeps. Halle,

doubting this connection with Psilophyton
,
proposed a distinct name so that such

sporangia could be referred to without presupposing their affinity with that genus.

Hoeg (1967) has given a very full review of the species attributed to Dawsonites
,
taking

a rather broader generic concept than that of earlier authors. Hueber and Banks

EXPLANATION OF PLATE 76

Sawdonia ornata and Dawsonites arcuatus from the Witney Borehole and Gaspe, Canada.

Fig. 1 . Macerated cuticle of S. ornata , from Witney, showing stomatal aperture and arcuate folds, especially

at left, formed by collapse of the stomatal depression; I.G.S. slide PF 4789; x 750.

Figs. 2, 3. Cuticle of S. ornata with stomata from Gaspe (figured W. N. Edwards 1924) showing similar

folds at one (fig. 2) or both (fig. 3) sides of the stomatal aperture
;
British Museum (Natural History),

Palaeontology Dept., slide V 149180.

Figs. 4, 5. Axes of S. ornata exposed on the core surface, photographed under xylene. 4, I.G.S. EGP 8743,

x 2. 5, note the circinately coiled apex; I.G.S. EGP 8742, x 2.

Fig. 6. Spore (composite photograph of three focal planes) adhering to the tapetal membrane from a

sporangium of D. arcuatus\ I.G.S. slide PF 4790, x 1000.

Figs. 7, 8. Transverse sections of axes of S. ornata (seen in polished vertical sections of cores); both I.G.S.

EGP 8744. 7, axis with spines, showing pyritization at centre extending into spine bases; x30. 8, more
completely collapsed axis without pyritization; note slight concavity of stem cross-section (cf. text-

fig. 1b); x20.
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(1967) re-examined Dawson’s (1871) material and have shown that P. princeps s.s.

(in contradistinction to S. ornata) did indeed bear sporangia of the D. arcuatus type.

Banks et al. (1975) and Kasper et al. (1974) discuss fully the tortuous history of the

use of the names Dawsonites and Psilophyton. Andrews and his co-workers have
adopted the course of using the generic name Psilophyton in a broad sense to include

early Devonian plants with either smooth or spiny axes, and terminal ovoid or fusi-

form sporangia (e.g. P.forbesii, P. microspinosum, P. dapsile). They reserve the name
Dawsonites in a restricted sense, much as Halle conceived it, for ‘fragmentary

sporangia’ (Kasper et al. 1974). Banks et al. (1975) similarly acknowledge the need

for the form genus Dawsonites, for detached fusiform sporangia. We favour this

restricted use of Dawsonites since a number of genera (including Psilophyton s.s.;

Trimerophyton Hopping, 1956; Oocampsa Andrews, Gensel, and Kasper, 1975; and
Rellimia Leclercq and Bonamo, 1973) bore clusters of fusiform sporangia with longi-

tudinal dehiscence, which if found as detached organs would generally conform to

the genus Dawsonites as Halle proposed it. For this reason, although we believe that

the present fossils probably represent sporangia of the type borne by P. princeps

Dawson s.s., we do not feel that the genus Dawsonites can be regarded as comprising

sporangia borne solely by members of the subdivision Trimerophytina (as suggested

in Chaloner 1972). At present it seems preferable to treat Dawsonites as a tracheophyte

genus incertae sedis as indicated above.

Structure of the sporangia. A few detached fusiform sporangia were encountered in

our residues; these were examined under the binocular microscope and some were

coated and examined under SEM while others were cleaned by oxidative maceration

in the hope of obtaining evidence of spore contents. Our sporangia were typically

2x7 mm, fusiform in shape with longitudinal dehiscence, and appear generally to

conform with the specimens attributed to P. princeps from Gaspe figured by Hueber

(1968). Although we found no intact pairs of sporangia, several showed the truncated

base of one sporangium attached close to the base of an intact one (PI. 75, fig. 7, at

left). Several of the sporangia show what appears to be an extension of the dehiscence

slit across the apex of the sporangium to give it a cleft with the two apical lobes

twisted across one another (see stereo-pair, PI. 74, fig. 2). We tried at first to interpret

this as being two sporangia twisted around one another (cf. the twisting shown in

Hueber’s 1968 figs. 16, 17); but an examination of several specimens suggests rather

that each sporangium had some mechanical tissue in the wall which imparted a

tendency to twist (on drying out?) and thus presumably assisted dehiscence (cf. the

two halves of the legume pod of Gorse, Ulex, where considerable torsional stress is

built up in the carpel causing explosive seed discharge, and a twisting of the pod).

We note that two of Hueber’s sporangia (1968, fig. 17) show minute apical clefts,

similar to ours, as does the sporangium of P. dawsonii figured by Banks et al. (1975,

top right, pi. 23, fig. 51).

A further specimen (PI. 74, fig. 1) shows what we interpret as a pair of sporangia

truncated by fracture of the enclosing rock matrix, with opposed dehiscence slits.

We believe that this pair of sporangia, already dehisced, became filled with matrix,

which on removal with HF left the sporangia unflattened. Lang (1931) described

similar sporangia which he attributed to P. princeps s.s. from Gaspe, ‘preserved in the
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round, the cavity being filled with a cast of fine mineral material’. However, we query

the assignment of this pair of sporangia to D. arcuatus as they are considerably smaller

(c. 800 [xm diameter, less than half that of intact sporangia). They are of interest in

showing the opposed dehiscence slits, an inner (tapetal?) membrane detached from

the sporangial wall, and showing the greatest thickness of the sporangium walls on
the outwardly directed faces. In these three details this pair of sporangia resembles

those of P. dawsonii Banks et al., 1975, as seen in petrified material from Gaspe.

Spores in situ. We macerated some of the flattened sporangia under Schulze’s solution,

with only partial success. We obtained no spore masses but only occasional spores

adhering to fragments of the rather distinctive ‘sacs’ (?tapetal membrane) which are

evidently similar to those figured by Hueber (1968) and Banks et al. (1975) from
Canadian Psilophyton. Our Witney specimens show the same type of irregular cell

outlines, presumably representing the shape of cells at the periphery of the tapetum.

The fact that the few spores we found were adhering to this somewhat wrinkled mem-
brane made them difficult subjects for photography (PI. 76, fig. 6).

We assume that most of our sporangia had shed the bulk of their spores before

fossilization, and that the spores attached to the tapetal membrane represent a residue

of their contents rather than contaminants. However, in these circumstances, the

possibility of contamination cannot be ruled out. The spores show a mean diameter

of 50 (itm (range for four specimens: 45-55 jum). They have an ornament of minute

(1 jam or less) sculptural elements (coni or papillae) over much of the surface. There are

imperfectly defined curvaturae and the triradiate suture extends for about two-thirds

of the radius. There are three dark patches in the exine in the interradial areas, close

to the apex, but at the apex itself the exine is translucent as elsewhere. These spores

are generally similar to those figured by Hueber (1968) and Banks et al. (1975) from
Psilophyton sporangia. The closest species of dispersed spore seems to be Apiculiretusi-

spora brandtii Streel (see, for example, the specimens from the Emsian-Eifelian Battery

Point formation, Gaspe, figured by McGregor 1973). As McGregor points out

A. brandtii is evidently closely comparable to the spores figured by Lang (1932) from
D. arcuatus from the Strathmore Group (Emsian) of Scotland.

Our in situ spores are also very similar to the slightly larger dispersed spores from
adjoining cores in the Witney borehole described and figured by Chaloner (1963) as

‘ Cyclogranisporites sp.' It may be noted that this broadly defined genus was used

at that time as a designation for spores later segregated as Apiculiretusispora.

McGregor and Owens (1966), for example, attributed spores from Gaspe to
‘

Cyclo-

granisporites sp .’ which McGregor (1973) subsequently assigned to A. brandtii.

Banks et al. (1975) discuss fully the problem of relating in situ spores of their

P. dawsonii to an appropriate dispersed-spore species; this is aggravated by the

tendency of the outer layer of exine to come away, leaving the spore with a sculpture-

less surface beneath. The same problem is considered in relation to dispersed spores

by McGregor (1973). We did not see clear evidence of this detachment of an outer

exine layer in our material, but we had access to only a few partially obscured speci-

mens. It is a little disconcerting that spores essentially similar to ours were also

reported by Edwards (1968) adhering to sporangial walls of a very different plant,

Krithodeophyton croftii , from the Siegenian of Wales. We suspect that this is the
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similarity of spores of basically rather simple organization in unrelated plants rather

than being of any systematic significance, or the result ofcontamination in either case.

Association o/Sawdonia tmt/Dawsonites. The occurrence of our Dawsonites sporangia

in the same cores as S. ornata repeats an association noted in several occurrences

elsewhere. These include Gaspe (the cause of the original confusion of Psilophyton

and Sawdonia in Dawson's material) and the Strathmore Group in Scotland (Lang
1932; see also Zdebska 1972). Since the globose lateral sporangia of Sawdonia are

so totally unlike the fusiform terminal ones of Psilophyton we assume that this

association is purely fortuitous in these three instances. At most, it may reflect an
ecological association of the two plants.
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A NEW PERMINERALIZED MARATTIALEAN
FERN FROM THE PENNSYLVANIAN OF

ILLINOIS

by JAMES R. JENNINGS and MICHAEL A. MILLAY

Abstract. Ironstone nodules from a Middle Pennsylvanian locality near Carterville (Illinois) have yielded both

fertile and sterile foliage of a new species of Scolecopteris. Permineralized specimens were studied utilizing polished

surfaces and a modified liquid peel technique. Scolecopteris macrospora sp. nov. has ovate-elongate pinnules measur-

ing 2-9 mm long and 2-5 mm wide, with a strong midvein that produces seldom-branched laterals that meet the

margin at a 60° angle. Synangia are borne abaxially in a single row on each side of the midrib on pinnules with dissected

margins. Synangia are composed of four to five radially arranged, closely appressed sporangia with acute apices.

The outer-facing sporangial walls are one to two cells in thickness basally and become progressively thicker distally,

spores range from 42 to 66 in diameter and possess a prominent trilete suture and papillate sculpturing. The new
species appears similar to S. elegans and 5. minor, but differs in the greater amount of sterile tissue present centrally

in the synangium, in foliage type, and in spore morphology.

Almost all species of the fossil marattialean genus Scolecopteris have been described

from calcareous or siliceous petrifactions. A few examples of well-preserved com-
pression or partial petrifaction specimens are recorded in the literature; however,

these specimens seldom have preserved the anatomical information necessary for

adequate characterization of species of Scolecopteris. Compression specimens do
provide the valuable information on marattialean foliage morphology that is difficult

to obtain from the generally fragmentary remains present in petrifactions. The present

report describes fertile and sterile marattialean foliage from ‘ironstone nodules’ that

are, in part, sufficiently well preserved anatomically to assign confidently to the genus

Scolecopteris. Furthermore, the investigation of this fertile foliage has revealed all

the features necessary to distinguish it from previously described species in this genus.

The specimens studied are present in ironstone (sideritic) nodules in which the

fertile pinnules have been infiltrated with calcite whereas the sterile foliage is preserved

as compression or impression. These nodules were obtained from the Anna Shale

Member of the Carbondale Formation (Willman et al. 1975), which directly overlies

the Herrin (Illinois No. 6) Coal, of Middle Pennsylvanian age (Kosanke et al. 1960).

The shale is exposed in an abandoned strip coal mine in Sec. 4, T. 9 S, R. 1 E.,

Williamson Co., Illinois (Herrin 15 ft Quadrangle), about half a mile (0-8 km) from
Carterville, Illinois.

Frond morphology was first studied on split-nodule surfaces which were sub-

sequently glued back together. The nodules were then ground to expose the specimen,

which was then polished and photographed (PI. 77, fig. 4; PI. 78, fig. 1). Polished

surfaces were etched with 3% hydrochloric acid, dried, and covered with a solution

of cellulose acetate and Duco cement (® Dupont Co.) dissolved in butyl acetate and

acetone. This modification of the liquid peel technique was necessary because the

organic material would not adhere adequately to cellulose acetate or nitrocellulose

peels produced in the conventional manner.

[Palaeontology, Vol. 21, Part 3, 1978, pp. 709-716, pis. 77-78.]
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SYSTEMATIC DESCRIPTION

Order marattiales

Genus scolecopteris Zenker

Scolecopteris macrospora sp. nov.

Plate 77, figs. 1-4; Plate 78, figs. 1-6

Diagnosis. Radially symmetrical, pedicellate synangia consisting of four to five

elongate sporangia, each laterally attached for entire length prior to dehiscence,

becoming separate after dehiscence, distally to the central cellular area in the synangial

base ; synangia up to 1-5 mm wide and 1-8 mm long
;
pedicel composed of thick-walled

parenchyma, tissue of pedicel continuous between the bases of the sporangia centrally

in lower quarter of synangium ; outward-facing sporangial walls one to two cells thick

basally becoming much thicker in distal half of synangium; inward-facing sporangial

walls uniseriate, of empty elongate cells; sporangial apices acute, solid, and cellular.

Synangia abaxial in a single row flanking pinnule midrib; pinnules dimorphic, fertile

pinnules with down-turned incised margin, 4 10 mm long by 3-5 mm wide, pinnule

spacing 5 mm; sterile pinnules with entire margins, 2-9 mm long by 2-5 mm wide,

ovate-elongate, borne at an angle to pinna, with constricted base or occasionally with

decurrent trailing margin, midvein strong, giving rise to laterals alternately at 0-4 mm
intervals, lateral veins occasionally divided and meeting margin at 60° angle; ultimate

pinnae spacing 12 mm on same side of penultimate pinna. Spores radial, spherical,

measuring 42-66 in diameter, trilete suture extends nearly to spore amb, lasurae

thin, ornamentation of uniformly spaced papillae which occasionally coalesce

laterally; exine 1-5 ^m thick.

Holotype. Specimen No. 63082 in the University of Michigan Museum of Paleontology type and figured

collection (PI. 77, figs. 3, 4; PI. 78, figs. 1-6).

Stratigraphic occurrence. Anna Shale above the Elerrin (Illinois No. 6) Coal, Carbondale Formation,

Kewanee Group, Middle Pennsylvanian.

Description. The new species Scolecopteris macrospora is based on five specimens in

ironstone nodules which are partly or entirely fertile. The most complete specimen

(PI. 77, fig. 1) is primarily sterile and is useful in showing the wide pinna spacing and
the morphology of the terminal pinnules. Sterile pinnules vary somewhat in size

along the pinna axis, ranging from 2 to 9 mm long and 2 to 5 mm wide. Fertile pinnules

may occur in groups or singly among the sterile pinnules (PI. 77, fig. 1 arrows), and

tend to be larger, measuring 4-10 mm long. Sterile pinnules are elongate-oval in

EXPLANATION OF PLATE 77

Scolecopteris macrospora sp. nov.

Fig. 1. Predominantly sterile specimen showing pinnule venation. Note fertile areas (at arrows). UMMP
no. 63080, x 2.

Fig. 2. Pinna exhibiting basal fertile area. UMMP no. 63081, x 3.

Fig. 3. Well-preserved specimen from which the illustrated anatomical preparations were obtained.

UMMP no. 63082, x2.

Fig. 4. Paradermal section of pinnule pair exposed on polished and etched surface of nodule. Synangia are

sectioned transversely at various levels. UMMP no. 63082. x7.
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outline with a constricted base (PI. 77, fig. 2), although a number of pinnules are

decurrent on their trailing margins (PI. 77, fig. 1). Pinnules are borne at an angle of
60° on the pinna and have a spacing of 4-6 mm. The pinnules have a straight midvein
which extends to the apex and produces laterals with a spacing of approximately

0-

4 mm. The lateral veins form an angle of 60° with respect to the midvein and may
occasionally fork once (PI. 77, figs. 1, 2). Apart from their larger size and the presence

of synangia, the lamina of the fertile pinnules differs from that of the sterile pinnules

in having a dissected margin (PI. 78, fig. 1). The dissections occur opposite each

synangium and extend approximately to synangium midlevels. The laminar exten-

sions therefore are positioned between synangia and extend to the synangial apices

(PI. 77, fig. 4; PI. 78, fig. 1).

Although little histological detail of the pinnules is preserved, the cellular con-

struction of the synangia was readily determined. The synangia are composed of

four to five elongate sporangia, which are closely appressed throughout their length

prior to dehiscence (PI. 78, fig. 1). The synangia are radially symmetrical, although

numerous specimens give the impression of slight bilateral symmetry as a result of

preservational phenomena (PI. 77, fig. 4; PI. 78, figs. 4-6). Synangia measure up to

1-

8 mm long and average T5 mm in diameter. The sporangial cavities are largest

towards the base of the synangium (0-4 mm in diameter) and taper distally. The distal

third of each sporangium is extended into a solid, cellular, acute apex that appears

triangular in transverse sections (PI. 78, fig. 1). The sporangia surround a central

cellular mass in the basal quarter of the synangium (PI. 78, fig. 4), and enclose a central

cavity distally (PI. 78, figs. 1, 5, 6). The outward-facing sporangial walls are only

one to two cells in thickness in the lower half of the synangium (PI. 78, figs. 4, 5), but

rapidly increase in thickness distally (PI. 78, fig. 6) culminating in the solid cellular

sporangial apices. When preserved the inward-facing sporangial walls are uni-

seriate and composed of empty cells which appear square in transverse section (PI. 78,

fig. 5, at arrow). Spore release involves both a lateral separation of sporangia and
rupture along the inner midline of each sporangium.

Synangial pedicels are poorly preserved, but have the same cellular composition

as the tissue present in the basal quarter of the synangium (PI. 78, fig. 2). No vascular

tissue was observed in the pedicel or synangium base.

EXPLANATION OF PLATE 78

Scolecopteris macrospora sp. nov.

Fig. 1. Polished and etched surface of fertile pinnule in paradermal section. Synangial apices in transverse

section alternate with extensions of dissected pinnule margin (arrows). UMMP no. 63082, x 10.

Fig. 2. Oblique section of synangium with in situ spores. Arrows indicate portion of pedicel and central

tissue of synangium. UMMP no. 63082, x 30.

Fig. 3. Trilete spore with papillate ornamentation. UMMP no. 63082, x 1000.

Fig. 4. Transverse section of several synangia near base showing central parenchymatous tissue. UMMP
no. 63082, x 30.

Fig. 5. Transverse section near synangium midlevels where outward-facing sporangial walls are thin.

Arrow indicates cells of inward-facing sporangial wall. UMMP no. 63082, x 30.

Fig. 6. Transverse section distal to that of previous figure showing thicker sporangial walls. Little of the

inward-facing sporangial wall is preserved. UMMP no. 63082, x 30.
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The spores of S. macrospora are spherical and measure 42-66 (av. 52 /un) in

diameter. The arms of the trilete suture extend nearly to the spore margins as seen

in polar view, and average 18 in length (PI. 78, fig. 3). The lasurae are very thin,

and the exine is approximately 1-5 in thickness. The spore ornamentation consists

of papillae which are 0-5-1-0 ^m in diameter and may be 0-5- TO in height.

Papillae may be round topped or taper slightly apically. There are occasional examples
of lateral fusion of sculptural elements resulting in short chains.

DISCUSSION

The genus Scolecopteris Zenker (1837) at present includes approximately nine species

of anatomically preserved fertile foliage. The diagnostic feature of the genus is the

anatomical construction of the synangia, since in most instances neither the spores

nor foliage have been adequately characterized. In S. macrospora the synangia have

outward-facing sporangial walls which are thin basally and become quite thick

distally. This organization is identical to the situation in the generitype S. elegans

(Zenker) Strasburger (1874) and the common North American (coal ball) species

S. minor Hoskins (1926). Other synangial types found in species of Scolecopteris

include those with uniformly thick outward-facing sporangial walls as seen in

S. illinoensis Ewart (1961) and S. oliveri Scott (1932), and forms with very thin

sporangial walls such as S. latifolia Graham (1934) and S. incisifolia Mamay (1950).

There appears to be a correlation between synangium wall construction and the

degree of protection afforded by the pinnule margins (Millay 1976). S. macrospora

is consistent with this suggestion since the exposed areas of the synangium are the

only portions protected by a thick sporangial wall.

The synangial base in S', macrospora contains a large amount of parenchymatous

tissue centrally, a feature not present in S. elegans or S. minor. The central cavity in

the synangium, delimited by the sporangial apices, is a characteristic feature of most

species of Scolecopteris.

The spores of S. macrospora are larger than those known from most other ana-

tomically preserved members of the genus. The spores of both S. iowensis Mamay
and S. major Mamay (1950) average over 40 /xm in diameter and are spherical with

a large trilete suture. These scolecopterids are fundamentally different, however,

because they have thick-walled synangia. Large spores have also been isolated from

various fertile pecopterid foliage forms including Pecopteris lobulata, P. longifolia,

P. miltoni , and P. oreinervosa (Laveine 1970). However, these compression species

bear little resemblance to the foliage of S. macrospora. If found dispersed the spores

of S. macrospora would probably be placed in Verrucosisporites (Ibrahim) Smith and

Butterworth (1967).

The sterile foliage of S. macrospora is not conspecific with any species of Pecopteris

with which we are familiar, and does not fit into any of the groups proposed by

Corsin (1951) for pecopterid foliage. Unlike S. macrospora
,
most pecopterids are

characterized by broadly attached pinnules, arcuate lateral veins that intersect the

pinnule margin at right angles, and by pinnules that are not greatly different in linear

dimensions from adjacent pinnules. Although each character of the foliage of

S. macrospora is known for one pecopterid species or another, the combination of
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these features in one specimen has not been reported previously. The general aspect

of the pinnules of P. polymorpha Brongniart is reminiscent of S. macrospora in having

obliquely orientated pinnules with a narrow base, and in the orientation of the lateral

veins. However, the straight, unbranched lateral veins of S. macrospora contrast with

the arcuate, branched lateral veins of P. polymorpha.

This new species of fertile marattialean foliage has been assigned to Scolecopteris

because we believe that it is well-enough preserved to characterize adequately and
document that it is specifically distinct. For cases in which it is not possible to deter-

mine the anatomy of the synangial walls, the specimen is best assigned to the form

genus Asterotheca Presl (in Corda 1845) or simply referred to as fertile Pecopteris.

There has been some discussion in the literature regarding whether there is a structural

basis to the generic boundaries between Asterotheca and Scolecopteris or whether the

two genera are simply preservation types of the same fertile foliage (Andrews 1943;

Barthel 1975; Hirmer 1927; Radforth 1942; Stur 1883). Present evidence weighs

heavily in favour of the interpretation that the genera represent preservation types

(Mamay 1950; Millay 1976, 1977). As the number of species of Scolecopteris increases

it becomes progressively more important to characterize each species adequately.

In a recent paper by Barthel (1975) some silicified marattialean foliage is named as

a new species of Scolecopteris based mainly on its foliage form (P. lepidorachis

Brong.). While considering the distinctness of S. lepidorachis Barthel, it should be

noted that the foliage form is known for only a few other species of Scolecopteris

(Millay 1976). Among these, a majority had foliage of the P. arborescens type

(»S. elegans, S. illinoensis, S. minor , S. minor var. parvifolia Mamay). From this it

would appear that foliage form by itself is not ultimately diagnostic in the recognition

of species of Scolecopteris.

As more members of this fern order are described the remarkable heterogeneity

becomes more clearly evident and underscores the necessity for more complete

descriptions. The present study illustrates the quality of preservation sometimes
present in ‘ironstone nodules’ which may provide the means for the identification of

taxa usually recognized only in other preservational modes.
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FUNGAL SPORES OF THE GENUS
CTENOSPOR1TES FROM THE EARLY
TERTIARY OF SOUTHERN ENGLAND

by P. H. SMITH

Abstract. Dispersed fungal spores from Late Eocene deposits from the Hampshire Basin are placed in the genus

Ctenosporites Elsik and Jansonius. The population studied shows continuous morphological variation between

individuals conforming with C. eskerensis Elsik and Jansonius and with C. wolfei Elsik and Jansonius. C. wolfei is

therefore placed in synonymy with C. eskerensis. Although previously described from Canadian and South Australian

Tertiary assemblages, this is the first European Tertiary record of this highly distinctive genus.

The genus Ctenosporites Elsik and Jansonius (1974) has been erected for certain

highly distinctive fossil structures of fungal origin. Although first thought to be

restricted to the Canadian north-west Pacific and Arctic regions, it has since been

shown to occur in an early Middle Eocene deposit from Maslin Bay, South Australia

(Lange and Smith 1975u, 19756). Ctenosporites has now been observed in the course

of an examination of dispersed fungal spores from the Leaf Bed, Bed X (Tawney and
Keeping 1883) of the Lower Headon deposits (uppermost Eocene or basal Oligocene)

from Hordle Cliff (Grid reference SZ 262923), Hampshire.

A sufficiently high frequency of occurrence (more than one per thousand fungal

spores counted) has enabled comparative studies based upon a large population

sample to be made. Description of the morphological variation found, and some
comments upon the delimitation of species as described by Elsik and Jansonius

(1974) are presented.

MATERIALS AND METHODS

Small samples of matrix were pared to remove the outer surface exposed at the time

of collection and thus to expose new faces and minimize the risk of contamination

with recent fungal spores. The matrix was treated with concentrated hydrofluoric

acid followed by concentrated hydrochloric acid. The dissociated matrix was washed

with distilled water and centrifuged several times. The organic material was con-

centrated by centrifugation in zinc bromide (S.G. 2-2). After further washing, the

organic material was mounted in glycerine jelly for microscopical examination.

TAXONOMY

Lange and Smith (1971) have stressed the inherent difficulties in the nomenclature and
taxonomy of dispersed fossil fungal spores and have urged that taxonomic distinc-

tions and limits be drawn only on the basis of large-scale population studies. Adequate
species circumscription depends upon the availability for comparative study of the

[Palaeontology, Vol. 21, Part 3, 1978, pp. 717-722.]
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entire continuum of variability. Elsik and Jansonius (1974), in erecting the genus

Ctenosporites , recognized two species distinguished largely upon the pattern of lateral

branching and the shape, if present, of the apical cell of the basal filament. Using the

population-study method, the morphological variation present in the Hordle Cliff

material appears to have at least three major foci when the pattern of lateral branching

is considered. Two of these correspond to those branching patterns already designated

by Elsik and Jansonius as separating C. eskerensis from C. wolfei. The major specific

difference, as published, is the tendency of the lateral branches to curve and reach

a common level parallel to the apical cell of the basal filament in C. eskerensis (text-

fig. 4f, h) whilst the lateral branches of C. wolfei (text-fig. 4c, e, g) do not exhibit the

same degree of curvature. The tips of the lateral branches therefore do not reach

a common level parallel with the apical cell. These two conditions are shown diagram-

matically in text-fig. 1 a, b
;
text-figs. 1 c, and 4d

, j show the form of branching charac-

terizing the third focus, found in the Hordle Cliff material. Here the lateral branches

tend to be more nearly perpendicular to the basal filament than in the first two forms.

text-fig. 1 . Diagrammatic representations of the branching pattern in

a, Ctenosporites eskerensis
, sensu Elsik and Jansonius; b, Ctenosporites wolfei ,

sensu Elsik and Jansonius; c, JJordle Cliff form, ac, hyaline apical cell;

bf, thickened cells of basal filament; lb, lateral branch; be, hyaline basal cell.

Whether this variant of branching pattern is sufficient basis to create a third species

is highly questionable. Elsik and Jansonius (1974) also place great weight upon the

presence or absence of an entire (intact?) hyaline apical cell of the basal filament as

a character separating the two species described. In both the Australian material (see

Lange and Smith, 1975a, fig. 1 ; 19756, fig. 29) and the English material, spores have

been found showing the branching pattern of C. wolfei but with intact apical cells,

calling into question the presence or absence of the apical cell as a sound diagnostic

character. The number of non-hyaline, thick-walled cells of the basal filament has

also been used to separate the two species, C. eskerensis (7 cells) and C. wolfei

(4-5 cells).

The Hordle Cliff material showed such a wide spectrum of forms, that in order to

ascertain whether this could be accommodated in the two described species, measure-

ments of three parameters were made on a sample of 500 spores. The parameters used

were the number of thick-walled basal filament cells, the number of lateral branches,

and the number of cells in the longest lateral branch. The results of these counts are

represented graphically in text-fig. 2.
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text-fig. 2. Graphic representation of the distribution of three

parameters measured in the Hordle Cliff population : a, number

of cells in longest lateral branch ; b, n umber of lateral branches

;

c, number of thick-walled cells in basal filament, w, C. wolfei

sensu Elsik and Jansonius; e, C. eskerensis sensu Elsik and

Jansonius.

The wide morphological variation observed might be accommodated by two
alternative taxonomic procedures. One extreme course would be to recognize fifty

or so new species, to cover the number ofmorphological forms observed. Alternatively

(and more practically), the generic concept of Elsik and Jansonius (1974) could be

accepted, recognizing a single species with wide and continuous variation. The
variants within this highly distinctive taxon, although not warranting elevation to

specific or subspecific level, are significant enough to warrant cataloguing and
illustrating as comprehensively as possible (Lange and Smith 1971, \915b).

Ctenosporites eskerensis (Elsik and Jansonius, 1974) emend.

Type species. C. eskerensis Elsik and Jansonius (1974) (p. 957, pi. 1, fig. 1).

Synonymy

.

C. wolfei Elsik and Jansonius (1974) figs. 2-4.

C. cf. wolfei Lange and Smith (1975a) fig. I

Ctenosporites sp. Lange and Smith (19756).

‘Unidentified fungi’, Hills (1965) plate 15, fig. 16.

Emended diagnosis. Multicellular structure of fungal origin; basal (main) filament consisting of a variable

number (3-9) of thickened cells; with or without a more hyaline basal (attachment?) cell; apical hyaline
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cell may be present
; lateral filaments, although always more or less parallel to one another, showing varying

degrees of curvature towards apex of basal filament; lateral filaments usually decreasing in septation from
base to apex of basal filament.

Discussion of Hordle Cliff material. The specimens figured as text-figs. 3a-e and 4a

are interpreted as immature forms, due to the relative lack of thickening of the basal

filament cells. Corresponding forms from the South Australian material are illustrated

by Lange and Smith (19756, figs. 1 and 21).

text-fig. 3. Camera lucida drawings of variation in spore

morphology shown in Hordle Cliff population. Scale bar, 25 ^m.

The specimens shown in text-figs. 36, k and 4f h correspond to the species C. esker-

ensis (senso strictu) as originally described by Elsik and Jansonius (1974). That

shown in text-fig. 3/ would have been placed in C. eskerensis, due to the presence of

an intact apical cell, whilst that shown in text-fig. 3m would have been designated

C. wolfei due to the lack of an intact apical cell. Text-fig. 3o, p shows forms which

have lateral filaments almost perpendicular to the basal filament but differ in the

presence of an intact, or broken apical cell, whilst text-fig. 3q differs only in the absence

of an apical cell and in possessing a thin-walled penultimate basal filament cell.
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text-fig. 4. Photomicrographs of some morphological variations found in Hordle Cliff material. Magnifica-

tion x 1000. Specimens illustrated in text-figs. 3 and 4 are from slides V58924-V58926, deposited in the

British Museum (Natural History).

Although the majority of the forms observed in the Hordle Cliff material are

characterized by the unilateral branching pattern, several structures were found which
correspond to the form illustrated by Lange and Smith (19756, fig. 10). This particular

form, or a closely similar structure, has also been catalogued and illustrated as ‘Fungal

Spore A’ by Clarke ( 1 965) from Upper Cretaceous deposits from Colorado. As stated

by Lange and Smith (19756) this form is probably a member of the genus Ctenosporites

but, due to the possession of a branching pattern which is not unilateral, it cannot be

assigned to the genus as it is presently delimited.

CONCLUSION

The occurrence of Ctenosporites in deposits from the Hampshire Basin widens the

recorded distribution of the taxon within early Tertiary floras whilst still maintaining

a stratigraphic restriction to the Eocene and Oligocene Periods. Although no modern
fungal genus has been shown to have spores with the characteristic unilateral branch-

ing of Ctenosporites
, it is thought to have affinities with the conidia of the saprophytic

dematiaceous hyphomycete Dictyosporium , which are branched, cheiroid spores

usually flattened in one plane (Ellis 1 97 1 ,
fig. 25, p. 56). Conidial stages of D. toruloides

,

figured as Speira toruloides, from dead wood, herbaceous stems, and occasionally

leaves, in marsh and fen conditions (Ellis et al. 1951), show a certain degree of

similarity with the branching pattern of Ctenosporites. The lack of host-specificity
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in Dictyosporium (Ellis 1974) corresponds with the apparent lack of host specificity

already noted for Ctenosporites (Lange and Smith \915b).

The inclusion of such a wide variation of spore morphology within a single species

is justified by an examination of extant species of Fungi Imperfecti. A similar range

of variation is often found within the spores of a single species. Underlying causes of

this variation have been shown to include such environmental factors as the nutri-

tional status of the substrate. Brown and Horne (1926) demonstrated that in Fusarium
species a low carbon/nitrogen ratio led to the production of short spores with few

septa; and conversely that long spores with increased septation resulted from a high

carbon/nitrogen ratio in the substrate. Although the mode of nutrition, either parasitic

or saprophytic, cannot be inferred from dispersed spores, the apparent lack of host-

specificity in Ctenosporites could well be a contributing factor in the wide range of

spore morphology observed. If Ctenosporites was an element of a floristically diverse

community, this would present a large number of alternative substrates with corre-

spondingly variable nutrient levels available for utilization. Substrate variability

could be a contributing factor in the morphological variation of the mature spore of

Ctenosporites.

This first European record for C. eskerensis broadens the known distribution of this

taxon and, as with the previous records, other fungal remains found in association

with this spore type are indicative of moist, warm, climatic conditions. The fungal

remains thus bear out the earlier conclusions of Reid and Chandler (1933) and Daley

(1972) that higher rainfall and elevated temperature characterized the Palaeogene

climate of southern Britain.
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MIDDLE AND UPPER ORDOVICIAN
CONODONT AND GRAPTOLITE

BIOSTRATIGRAPHY OF THE MARATHON,
TEXAS GRAPTOLITE ZONE REFERENCE

STANDARD

by STIG M. BERGSTROM

Abstract. Samples from the Marathon Ordovician succession, by many considered the reference standard for the

Pacific Province graptolite zone succession in North America, have produced numerous conodonts, which provide

new information on the correlation of the graptolite succession and the mutual relations between Pacific Province

graptolite zones. North Atlantic Province conodont zones, and European Province graptolite zones. Most of the

Marathon Glyptograptus cf. G. teretiusculus Zone is equivalent to the Baltoscandian G. teretiusculus Zone and the

lower subzone of the Pygodus anserinus conodont Zone. The base of the Marathon and Baltoscandian Nemagraptus

gracilis Zone occupies the same stratigraphic level, but no strata corresponding to the highest part of the Balto-

scandian N. gracilis Zone have been found at Marathon, where a large hiatus separates the Woods Hollow Shale

from the overlying Maravillas Formation. The basal part of the Maravillas, the reference interval of Berry’s Ortho-

graptus trucatus var. intermedius Zone, is of Maysvillian (late Ordovician) age and represents the Amorphognathus

ordovicicus conodont Zone and is probably coeval with the Pleurograptus linearis Zone. Its stratigraphic incomplete-

ness and other factors make the Marathon succession a less than ideal reference standard for the North American
Middle and Upper Ordovician graptolite zone succession.

Graptolites have traditionally served as the principal fossils for long-distance

correlations of shaly Ordovician rocks. However, like most other organisms in the

Ordovician fossil record, graptolites exhibit a striking provincialism, and two main
provinces, the European (Atlantic) and the Pacific Provinces, have been recognized

by most workers. Provincial differences in the graptolite faunas are most conspicuous

in rocks of Lower and early Middle Ordovician (Arenig through Llanvirn) age, but

some provincial distinctions have been recognized also in younger parts of the

system. Inter-provincial correlations between units in the graptolite zone successions

established in each of these provinces have been difficult in several intervals and have
remained controversial even after recent re-evaluations.

For a long time, the classical sections for the Ordovician graptolite zonal succession

in North America have been those in the New York-Quebec area (Ruedemann 1904,

1908; Berry 1962; Riva 1969, 1972, 1974). Although some of the exposures in this

area are magnificent, many are structurally complex, and the graptolites are rarely

sufficiently well preserved to permit isolation by means of acids. Further, some parts

of the Ordovician succession are not known to be represented by graptolitic strata.

Recent comprehensive studies by Berry (1962, 1963, 1970, 1973) and Riva (1969,

1972, 1974, 1976) have added much new information on the zonal assemblages and
their stratigraphic significance, but much remains to be learned about the vertical

ranges of individual species and many forms are in need of taxonomic re-assessment.

[Palaeontology, Vol. 21, Part 4, 1978, pp. 723-758, pis. 79-80.]
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Through the well-known work of Berry (1960), the Ordovician Pacific Province

graptolite faunal succession in the Marathon area, south-western Texas, was shown
to be one of the most remarkable in North America. In the Marathon Ordovician

succession, Berry (1960) recognized 15 graptolite zones, which were correlated with

zonal units elsewhere in North America, Australia, and Europe. The Marathon
succession was considered to be without appreciable gaps and it has subsequently

been widely regarded as the reference standard of the Ordovician graptolite zone
succession of Pacific Province type in North America.

However, even a superficial inspection of the graptolite species lists of the various

zones of the Middle and Upper Ordovician ofNew York-Quebec and Texas, respec-

tively, reveals some rather striking differences, and the faunal basis for precise

correlation of the various units in the post-gracilis—pre-complanatus part of the

successions in the two areas has not been very strong. After a re-evaluation of the

New York-Quebec succession, Riva (1969, 1972, 1974) concluded that several of

the upper Middle and lower Upper Ordovician graptolite zones recognized there

apparently are missing in the Marathon succession. It was not clear whether this is

due to gaps in the succession, provincialism, or local environmental control, lack of

collections from certain intervals, or other factors. Rickard and Fisher (1973) sug-

gested that the differences between Berry’s and Riva’s zonal successions were basically

a matter of differences in definition of individual graptolite zones rather than the

relative stratigraphic completeness of the successions in the two areas. They attempted

a correlation between Berry’s and Riva’s zonal schemes (Rickard and Fisher 1973,

text-fig. 1) showing no gaps in the zonal successions in either New York-Quebec or

Texas. Evidently, this implies that if Berry’s zones are taken to have the same strati-

graphic scope as in the Marathon succession, where they were originally recognized,

the latter succession has to be interpreted to be without major gaps. A comparison
between the interpretations by Riva (1972, 1974) and Rickard and Fisher (1973) is

given in text-fig. 1

.

The Marathon succession is undoubtedly one of the most widely known Ordovician

sequences in North America and its graptolite zone succession has figured prominently

in both the national and international biostratigraphic literature since 1960. In view

of this, and of the fact that it appeared that the biostratigraphic problem outlined

above had reached the stage where it was unlikely that graptolites alone could

provide decisive data, it was thought appropriate to investigate ifnew and informative

data on the problem could be gained from other biostratigraphically useful fossils

such as conodonts. A study of conodonts looked particularly promising because

large parts of the Marathon succession consist of limestones that can be readily

digested in weak acids. Such a study was also of considerable interest because it could

be expected to provide critical direct ties between graptolite zones in a key Pacific

Province succession and the standard conodont zones of the North Atlantic Province.

In view of the fact that recent studies (Bergstrom 1971, 1973u, 19776) have made
it possible to calibrate the North Atlantic Province conodont zone succession

with the European Province graptolite zone succession, a study of the Mara-
thon conodonts also had the potential of indirectly producing new data on the

mutual relations between Pacific Province and European Province graptolite

zones.
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This paper is concerned with the biostratigraphy of only a portion of the Middle

and Upper Ordovician in the Marathon area. Although informative data are available

also on the older part of the succession (Bergstrom 1977a), they will be presented

separately. It should be noted that the terms Middle and Upper (Late) Ordovician

are used throughout this paper in their usual North American sense, that is, to

denote Champlainian and Cincinnatian age strata, respectively. The interpretation

of the mutual relations between these units follows that set out by Sweet and Bergstrom

(1971).

N Am RIVA (1972, 1974) RICKARD & FISHER (1973) British

Series Eastern North America Texas (Berry, 1960) Berry Riva Series
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text-fig. 1. Comparison of different interpretations of relations between recently proposed late Middle

and Upper Ordovician graptolite zonal schemes in North America. Left half of diagram shows relations

between New York-Quebec and Texas graptolite zones according to Riva ( 1 972, 1 974). Right half illustrates

relations between Berry’s (1960) and Riva’s (1969, 1972, 1974) zones as interpreted by Rickard and Fisher

(1973).
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GEOLOGICAL LRAMEWORK

The Marathon region is situated in south-western Texas (text-fig. 2) and represents

one of the southernmost outcrop areas of the belt of deformed Palaeozoic rocks,

commonly known as the Ouachita system (Flawn 1961), which can be traced along

the whole southern margin of the North American craton. The exposed Ordovician

rocks in the area are all allochthonous, having been thrust an unknown, but probably

relatively short, distance toward the north-west (King 1938). They exhibit much
folding and faulting but are not notably metamorphosed.
The Ordovician succession, with a total thickness of 700-800 m, is customarily

subdivided into five formations, which are, in ascending order, the Marathon Lime-

stone, Alsate Shale, Fort Pena Formation, Woods Hollow Shale, and the Maravillas

Formation. Only the last two, together with the upper part of the Fort Pena Forma-
tion, are of post-Lower Ordovician age and will be dealt with in this paper.

The Eort Pena, which has a thickness of 40-200 m (McBride 1969a), consists of limestone, shale, chert,

conglomerate, and boulder beds. Many beds in the formation show evidence of being turbidites and recent

studies (McBride 1969a) suggest that these strata were deposited on the continental slope at water depths

in excess of 10-20 m. Graptolites (Berry 1960) and conodonts (Bradshaw 1969) indicate that the formation

is of Arenig and Llanvirn age, although it is possible that its uppermost part may be as young as Llandeilo.

The contact between the Port Pena and the overlying Woods Hollow Shale appears transitional in outcrop

(King 1938) but it is rarely well exposed.

The Woods Hollow, which reaches an estimated maximum thickness of 150-200 m, includes a generally

very poorly exposed and structurally complex succession of dominant shale and mudstone with scattered

beds of sandstone, siltstone, conglomerate, and limestone. There are also boulder beds, especially in the

upper part of the formation. Many of the beds show turbidite characteristics (McBride 19696). Recent

interpretations (Thompson and McBride 1 964 ; McBride 1 967, 1 969b) favour a relatively deep water environ-

ment of deposition, probably on the continental slope, for the Woods Hollow. Graptolites (Berry 1960)

indicate a Middle Ordovician age for the entire formation.

The Woods Hollow is overlain by the Maravillas Pormation, which has a maximum thickness of ISO-

175 m. The contact between the shales of the Woods Hollow below and the interbedded limestones and dark

cherts of the Maravillas above is quite distinct in most places and is also marked locally by a prominent

conglomerate. The nature of this contact has been controversial; some workers (e.g. King 1938; Wilson

1954a) have considered it a disconformity, but others (Berry 1960; Thompson and McBride 1964) have

interpreted it as conformable.

The Maravillas is a lithologically very distinctive unit of interbedded dark chert and limestone with

beds of shale, conglomerate, and dolomite. Some beds are apparently turbidites deposited on the continental

slope. In the past, this formation— like the others in the Marathon Ordovician—was thought to have been

deposited in shallow water but recent investigations (Thompson and McBride 1964; McBride 1970) have

brought forward evidence that has been taken to suggest a deep water environment ofdeposition. Graptolites

occur throughout the unit and have been interpreted to indicate either a Middle and Upper Ordovician age

(Berry 1960) or an Upper Ordovician age (Riva 1972, 1974) only.

The interpretation of the nature of the upper contact of the Maravillas is also controversial. Although it

is generally distinct in the held, it has been variously interpreted as conformable or marking a major gap

in the succession. The overlying Caballos Novaculite has yielded early Devonian conodonts (Graves 1952;

Ziegler 1971, p. 239) but the conodont-bearing beds are at least 40 m above the base of the unit, and in the

absence of finds of diagnostic fossils the age of the lower part of the Caballos remains uncertain. Most past

workers have considered the Caballos to be of Devonian age in its entirety and hence separated from

the Maravillas by a prominent unconformity; however, some recent workers (McBride and Thompson
1970) have suggested that the lower Caballos is of Silurian age, with the Maravillas-Caballos contact

conformable and not representing a significant break in deposition. It should be noted that there is still

another, apparently previously unpublished, possibility, namely that at least a portion of the lower Caballos

is of latest Ordovician age. This possibility is discussed further below (p. 732).
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text-fig. 2. Sketch map of the major portion of the Marathon Ordovician area (dotted; after King 1938)

showing location of collecting sites. For further information on localities see Appendix 1. The Marathon
anticlinorium includes the area from the town of Marathon toward the south-west; the Dogger Flat

anticlinorium includes the area from Lightning Hills to Three-Mile Hill. Inset map shows areas of Ordo-
vician exposures mentioned in the text in Texas and adjacent states. Baylor Mountain is located immediately

adjacent to Beach Mountain and is included in the latter outcrop area on the map.
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GRAPTOLITE BIOSTRATIGRAPHY

The Middle and Upper Ordovician rocks of the Marathon area are not richly fossili-

ferous and graptolites are the only relatively common megafossils in practically all

of the succession. Although their presence in both the shales and the limestones of

the region has been known since the early geological exploration of the area (Baker

and Bowman 1917; King 1931, 1938; Ruedemann 1947), the first comprehensive

study is that by Berry (1960), which is likely to remain the standard reference on
Marathon graptolites. During the course of my own field work in the area 1 have

visited most of Berry’s localities, as well as many other exposures, and it is my
impression that it will be difficult to add substantially to the lists of species, and
graptolitic localities and stratigraphic intervals given in his monograph. It is clear,

however, that many forms will have to be re-assessed taxonomically, especially when
isolated specimens become available, and there is little doubt that some of the

graptolite-bearing limestones in the Marathon area will produce excellent material

for such work. A taxonomic revision of the Marathon graptolites is entirely outside

the scope of this study. However, thanks to the courtesy of Dr. John Riva, who has

re-studied the types of Berry’s illustrated specimens, I have received a list of his

identifications of these particular specimens. This list is given in Appendix 2. Because

future detailed work on isolated specimens like that recently performed by Finney

(1977) is also likely to make some of Riva’s determinations obsolete, and the fact that

Riva’s re-investigation includes only Berry’s types and not his entire collections,

I have chosen to use Berry’s specific and subspecific designations in the present paper,

especially as this facilitates direct comparison with his study.

Berry (1960) recognized fifteen Ordovician graptolite zones, six of which are

represented in the Woods Hollow-Maravillas interval. Many of these zones were first

distinguished in the Marathon area and should have their reference sections there

even if no such sections have as yet been selected formally. Surprisingly, no range

charts showing the detailed vertical distribution of graptolite species through the

various formations have ever been published. However, the excellent information

given by Berry (1960) about his many collecting localities and their graptolites makes
it relatively easy to assemble the data diagrammatically. In view of the significance

ofthis graptolite faunal succession for both national and international biostratigraphy,

such a distribution summary, even if somewhat incomplete, has considerable interest

and also serves as a convenient basis for an evaluation of the graptolite succession.

Text-figs. 3 and 4 illustrate the known ranges of graptoloid species listed by Berry

(1960) in collections with approximately defined stratigraphic position within the

Woods Hollow and the Maravillas. It should be noted that, apart from not including

imprecisely located collections, these diagrams are generalized and imperfect in that

factors such as structural complications, poor exposures, variable formation

thickness from locality to locality, etc. necessarily make determination of exact

collecting levels within the formations subject to errors, especially in a summary
diagram. In an attempt to eliminate at least some of the effects of the considerable

difference in total thickness of the Maravillas in the Marathon and Dogger Flat

anticlinoria, respectively, the faunal successions of the two areas are shown separately

in text-fig. 4. These diagrams invite some comments on the graptolite biostratigraphy,

and each formation will be discussed separately below.
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The Woods Hollow Shale

Berry (1960) recognized three zones within the Woods Hollow, in ascending order,

the Glyptograptus cf. G. teretiusculus Zone (Zone 10), the Nemagraptus gracilis Zone
(Zone 11), and the Climacograptus bicornis Zone (Zone 12).

The Glyptograptus cf. G. teretiusculus Zone. Although Berry’s collection 49 from 4 m above the base of

the Woods Hollow was referred to the N. gracilis Zone, his text makes it plain (Berry 1960, pp. 23, 25)

that the basal 7-13 m of the formation was included in the G. cf. G. teretiusculus Zone. On the basis of

the stratigraphically well located samples, one can only conclude that the boundary between Zones 10

and 1 1 falls somewhere between the levels of Berry’s collections 46A and 139 in an interval without control

that is approximately 14 m thick. The graptolite fauna of Zone 10 is impoverished in the Marathon area

and the species present are not very distinctive. Early forms of Dicellograptus and Nemagraptus, as well

as other characteristic forms present in the G. teretiusculus Zone in Scandinavia, have not been found

there and this might be one of the reasons why Marathon Zone 10 has also been correlated, in my view

incorrectly (see below p. 745), with the Didymograptus murchisoni Zone (Skevington 1963, 1971, 1973,

1976). It should be noted that Erdtmann (1976, table 6) lists N. gracilis from Zone 10 in the Woods Hollow

as well as from the same zone in the Athens Shale of Alabama. This is either an error or based on previously

unpublished collections because there is no published information of such occurrences in the literature.

The Nemagraptus gracilis Zone. The graptolite fauna of this zone is varied and, by and large, very similar

to that of the same zone elsewhere in North America (Riva 1974; Berry 1962; Finney 1977) and Europe

(Nilsson 1977). Unfortunately, graptolite control is poor in the middle part of the Woods Hollow. This

is apparently due to lack of exposures of that part of the formation, the only good section being the strato-

type, which is not graptolitic in that particular interval (Berry 1960, p. 112).

The Climacograptus bicornis Zone. The upper 50 m of the Woods Hollow was distinguished as the C. bicornis

Zone by Berry (1960, p. 26). The boundary between this unit and the N. gracilis Zone is between the levels

of Berry’s collections 103 and 122 in a 26 m thick interval without graptolite control. According to Riva

(1972, 1974) the Marathon C. bicornis Zone contains ‘the same fauna' as the N. gracilis Zone and should

be included with the latter. However, the faunal differences noted by Berry (1960, p. 26) should not be

neglected {cf. text-fig. 3), especially as some of them are recognizable also in the carefully studied sections

in Sweden (Nilsson 1977) and the Southern Appalachians (Finney 1977). Although it is questionable that

the C. bicornis graptolite assemblage, as distinguished by Berry (1960), is distinctive enough to merit its

use for the definition of a separate zone, it might well prove useful in the classification at the subzonal

level, if the N. gracilis Zone is subdivided. In this connection it should be pointed out that Berry (1960)

recorded Diplograptus multidens (Elies and Wood) from the upper part of the Woods Hollow Shale in the

Solitario area 75 km south-west of the Marathon area, and D. multidens var. diminutus Ruedemann from

the upper part of the same formation in the latter area. This is likely to have been the prime reason for

the recognition of the D. multidens Zone in the upper part of the Woods Hollow (Erdtmann 1976, table 7).

The Woods Hollow succession at Solitario is structurally complex, poorly exposed, and little known.

Further, a re-study of the poorly preserved rhabdosome fragment from Solitario identified as D. multidens

suggests (Riva, pers. comm. 1975) that it is more properly referred to as Amplexograptus sp. Likewise, the

record of D. multidens diminutus is of questionable biostratigraphic significance even if the specimens

indeed are conspecific with Ruedemann’s form. Clark and Strachan (1955, p. 696) considered this ‘variety’

as conspecific with Diplograptusl molestus Thorslund, which ranges from the lower part of the N. gracilis

Zone to the top of the Dicranograptus clingani Zone in Baltoscandia (Nilsson 1977; Jaanusson and Skoglund

1963). In view of the fact that practically all the graptolite species listed by Berry (1960) from the upper

Woods Hollow are known from the N. gracilis Zone elsewhere, and the forms typical of the D. multidens

Zone are missing, there is no compelling graptolite evidence justifying reference of the upper part of the

Woods Hollow to the D. multidens Zone.

The Maravillas Formation

The Maravillas Formation is far better exposed than the Woods Hollow and both

its shales and limestones contain relatively abundant, and locally, well preserved
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graptolites. Berry (1960) recognized three zones in the formation, in ascending order,

the Orthograptus truncatus var. intermedins Zone (now frequently referred to as the

Orthograptus "intermedius' Zone (Zone 13)), the Orthograptus quadrimucronatus

Zone (Zone 14), and the Dicellograptus complanatus Zone (Zone 15).

The Orthograptus truncatus var. intermedius Zone. Especially in the Marathon antichnorium, the lower

part of the Maravillas Formation has yielded graptolites in several sections and this portion of the forma-

tion is one of the best graptolite-controlled intervals, as far as closely spaced collections are concerned, in

the entire Marathon Ordovician succession. It is, therefore, amazing that the base of this zone, as well as

the zone itself, is associated with a highly controversial biostratigraphic problem involving interpretations

ranging from a stratigraphically virtually complete succession (Berry 1960; McBride and Thompson 1970)

to a proposed wide gap beneath the Maravillas, corresponding to most of the late Middle Ordovician as

well as a portion of the Upper Ordovician (Riva 1969, 1972, 1974). The base of Zone 13 is taken to coincide

with the base of the Maravillas and the top of the same zone in the Marathon anticlinorium is at an unknown
horizon in a 10 m thick interval between the levels of Berry’s collections 86B and 73A.

The graptolite fauna of this zone is relatively varied in the Marathon area, but it differs in several respects

from presumably contemporaneous faunas in, for instance, New York-Quebec. These differences have

been interpreted as reflecting provinciality in graptolite faunas of this age in different parts of North America

(Riva 1969, pp. 551-553; Berry 1970, p. 306), but could conceivably also be due to differences in age, or

local environmental control of the species distribution. Riva (1972, 1974) proposed that most of Berry’s

Zone 13 is equivalent to the Climacograptus spiniferus Zone of New York-Quebec, and this opinion was

adopted by Erdtmann (1976, table 9). A comparison between the faunal lists given by Riva (1974) for the

various New York-Quebec graptolite zones and the zonal assemblage in the Marathon area suggests that

this is a reasonable interpretation although the available graptolite evidence can hardly be regarded as

decisive in the case of the lowermost Maravillas, which is below the known local range of C. spiniferus.

The Orthograptus quadrimucronatus Zone. As indicated in text-fig. 4, there are relatively few strati-

graphically well-dated collections from the middle portion of the Maravillas, and those listed by Berry

(1960) are mainly from the Dogger Flat anticlinorium. In the Marathon anticlinorium, the top of the zone

apparently falls between the levels of Berry’s collections 86A and 1 38 in a 15m thick interval without

graptolite control. The number of species in the Marathon Zone 14 is relatively low and most of those

recorded are either not present in New York-Quebec or represent stratigraphically undiagnostic forms.

Further, the key zonal species in the latter region are not known from the Marathon area. Riva (1972,

1974) equates Zone 14 with his Climacograptus pygmaeus Zone and part of his Amplexograptus (formerly

Climacograptus) manitoulinensis Zone, which seems reasonable although the species presently known to be

common between the Marathon area and New York-Quebec hardly permit a very precise correlation.

The Dicellograptus complanatus Zone. The uppermost portion of the Maravillas has yielded many repre-

sentatives of the characteristic assemblage of the widespread D. complanatus Zone, here taken in the scope

as it is commonly recognized in North America. The uppermost part of this zone is likely to correspond to

at least part of the D. anceps Zone of Britain (Riva 1972, 1974; Erdtmann 1976). Interestingly enough, the

Marathon succession has not yielded the characteristic forms of the youngest Ordovician graptolite zones;

there is now evidence from several parts of the world (Lesperance 1974; Nikitin 1976) that the latest

Ordovician, as the system is now customarily defined, corresponds to at least a portion of the Glypto-

graptuspersculptus Zone, which may be a partial equivalent to the Amplexograptusprominens Zone (formerly

Climacograptus prominens-elongatus Zone) recognized by Riva (1969, 1972, 1974) in the uppermost Ordo-

vician of Anticosti Island. If there is no notable gap between the Maravillas and the overlying Caballos

Novaculite, as has been suggested in some recent papers (McBride and Thompson 1970), then equivalents

to the latest Ordovician should be present in the lowermost portion of the Caballos. No graptolites or other

stratigraphically diagnostic fossils are, however, known from this part of the Caballos and its lithological

character gives little hope of successful fossil recovery. Attempts to confirm a latest Ordovician age for the

lower Caballos by means of acid-resistant microfossils such as acritarchs and chitinozoans have been

unsuccessful. Several samples were collected from this stratigraphic interval in 1975 but they all proved to

be barren. Thus, in the absence of decisive fossil evidence, discussions about a possible Ordovician, Silurian,

or even Devonian age of the lower part of the Caballos are bound to remain purely speculative.



BERGSTROM: ORDOVICIAN BIOSTRATIGRAPHY, TEXAS 733

CONODONT BIOSTRATIGRAPHY

The first studies on Ordovician conodonts from the Marathon area were made by
Graves and Ellison (1941), who briefly described collections from all the various

formations. The fact that they gave the approximate stratigraphic position of each

of their samples greatly enhances the biostratigraphic value of their pioneer paper.

More recent conodont work in the area includes that on the Fort Pena by Bradshaw

(1969); this study, as well as one on the Maravillas conodonts (Bradshaw in prepara-

tion), are mainly taxonomic in character. Bergstrom and Cooper (1974) studied some
Lower Ordovician conodonts and their biostratigraphic significance, and further

data on the conodont biostratigraphy of the area have been published by the writer

in a few preliminary papers (Bergstrom 1 974c/, 1976, 1977a).

The conodont data of the present study are based on about 50 5-10 kg samples

from twelve sections of the Woods Hollow and/or Maravillas (for particulars regard-

ing sampled sections and sample levels, see Appendix I; the location of sections

studied is given in text-fig. 2). Most exposures mentioned or described by Berry ( 1 960),

as well as several other sections, were studied, and samples were collected from care-

fully selected levels. Great efforts were made to secure representative samples from
stratigraphically carefully located levels in critical intervals such as near formational

boundaries and graptolitic beds.

With very few exceptions, the samples proved to be productive of conodonts

although the frequency of these fossils varies greatly from less than ten to many
hundred specimens per kilogram. The state of preservation varies from excellent to

barely adequate for specific determination. The specimens show a colour alteration

index (CAI) (Epstein et a/. 1977) ranging from 1-1-5 to 3-4, indicating a heating of

the host strata from less than 90 °C to 200-300 °C. Interestingly, and as one might

expect, the degree of conodont metamorphism increases, in general, from west to

east; in the western sections, such as those at Alsate Creek and Roberts Ranch Road,
the elements show little, if any, metamorphism (CAI 1-1-5) suggesting a heating of

less than 90 °C; near Fort Pena Colorada, 4-5 km east of the area just mentioned, the

CAI is 1-5-2 indicating a heating up toward 140 °C; and in the Woods Hollow
Mountains and Lightning Hills a further 10-17 km to the east, the CAI is 3-4 suggest-

ing a heating of 200-300 °C. No conodonts are as yet available from the south-

easternmost localities of Ordovician rocks in the region such as those near Old Jones

(Slaughter) Ranch, but it is likely that the CAI there will prove to be 4-5, or

even higher. A similar, gradually increasing conodont metamorphism, reflecting

progressively higher heating of the host strata in a peripheral direction from the

stable continental interior, was previously best known from the Southern and Central

Appalachians (Epstein et al. 1977).

The Woods Hollow conodont succession

Apart from its calcareous basalmost portion, the Woods Hollow is very poorly

exposed in the Marathon area and most exposures of the unit, except those of its

top and bottom, consist of short sections of strongly folded and faulted beds with

indeterminate precise stratigraphic position within the formation. The only rela-

tively tectonically undisturbed section known is the type section in the Woods Hollow
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Mountains (Berry’s section XI). It provides good exposure of a major portion of the

formation, but also in that section the upper 25-30 m are largely covered. Another
factor that complicates conodont work is the fact that most of the Woods Hollow
consists of hard shales and mudstones undigestible in weak acids and the few lime-

stone beds that occur scattered through the formation may, at least in some cases,

be turbidites with redeposited fossils. In view of this, it is probably more difficult to

obtain good and representative collections covering the conodont faunal succession

through the Woods Hollow than in the case of any other Ordovician formation in the

Marathon region.

The Woods Hollow conodont collections at hand include 27 samples representing

nine sections, which were collected by myself in 1 974 and 1975. Thanks to the courtesy

of Dr. Lael Bradshaw, I have also had access to four additional samples from a

locality not visited by me. All these collections include a total of more than 10 200

conodont elements.

Most, but not all, of the samples from limestone ledges in the lower 25 m of the

formation at the western localities (sections 4, 7, 8, 10) have proved to yield large

numbers of excellently preserved specimens, among which forms of Histiodella ,

Multioistodus, and a characteristic undescribed platform species are particularly

prominent (see Table 1, sample 75B20-2). Unfortunately, this Histiodella-

Multioistodus species association, which evidently represents Fauna 3-4 of Sweet

et al. ( 1971), is out of place stratigraphically here and it is interpreted as redeposited

by turbidite flows (see below, p. 748). Other collections from the lower portion of

the Woods Hollow at the localities mentioned are dominated by Periodon and several

species of simple cones, representing types best known from the North Atlantic

Province. No representatives of stratigraphically highly diagnostic species have as

yet been found in the collections of this type, and their precise age in terms ofconodont
biostratigraphic units cannot be assessed. However, it seems reasonable to suggest

that collections of this type may well be composed largely of the remains ofconodonts

that inhabited the environment in which the sampled limestone beds were formed.

In terms of conodont biostratigraphy, the currently best controlled section of the

lower and middle part of the Woods Hollow is its type section (text-fig. 5) in the Woods
Hollow Mountains (section 1). A set of samples from limestone beds in the lower

100 m of that section has yielded some 1900 conodont elements representing more
than 20 multielement species, several of which are significant biostratigraphically

(table 1, sample 75B26-10). Such species include Pygodus anserinus Lamont and

Lindstrom (PI. 79, figs. 1, 2) and a form of the Polyplacognathus friendsvillensis-

P. sweeti lineage (PI. 79, figs. 12, 13), both of which range through the entire sampled

portion of the type Woods Hollow, and Phragmodus flexuosus Moskalenko (PI. 79,

fig. 1 6), which is present in most samples except the three topmost ones. The occurrence

of the two first species mentioned is highly significant because it shows that, in terms

of North Atlantic Province conodont units (Bergstrom 1973/?; Bergstrom and Carnes

1976), the lower 100 m of the type Woods Hollow in its entirety belongs in the

Pygodus anserinus Zone. Further, the type of Polyplacognathus present is the same
as that referred to as P. friendsvillensis-P. sweeti transition by Bergstrom and Carnes

(1976, fig. 2: 4), which is restricted to the lower subzone, and the lowermost part of

the upper subzone, of the Pygodus anserinus Zone. The presence of Phragmodus
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table 1. Conodonts in three samples from the Woods Hollow Shale. For sample locations see Appendix I.

Because of their very high abundance in sample 75B20-2, only a fraction of the total number of specimens

of species marked with + were picked.

SPECIES SAMPLES

75B23-2 75B26-10 75B20-2

‘

Acontiodus ’ cooperi Sweet and Bergstrom 4 6 0

Belodella sp. A 11 0 0

Belodella n. sp. 0 0 13

Belodina monitorensis Ethington and Schumacher 243 0 0
‘

Cordvlodus ' horridus Barnes and Poplawski 0 0 13

Cordylodus ramosus Hadding 0 9 0

Drepanoistodus sp. cf. D. suberectus (Branson and Mehl) 79 12 0

Eoneoprioniodus sp. 37 7 166+
‘

Gothodus ' marathonensis Bradshaw 0 0 4

Histiodella sinuosa var. A McHargue 0 0 27+
Leptochirognathus sp. 0 37 0

Multioistodus sp. 0 0 35 +
Oistodus multicorrugatus Harris 0 0 1

'Oistodus' sp. 0 0 5+
Panderodus sp. A 0 0 8

Panderodus sp. B 92 2 0

Periodon aculeatus Hadding 195 63 27

Phragmodus flexuosus Moskalenko 28 34 0

Plectodina sp. 48 44 0

Polyplacognathus friendsvillensis-sweeti transition 17 7 0
' Protopanderodus' asymmetricus Barnes and Poplawski 0 0 2
‘

Protopanderodus' giganteus (Sweet and Bergstrom) 0 28 0
‘

Protopanderodus' sp. cf. P. strigatus Barnes and 0 0 14

Poplawski

Protopanderodus varicostatus Sweet and Bergstrom 28 19 0

Pygodus anserinus Lamont and Lindstrom 0 3 0

Staufferella sp. cf. S. falcata (Stauffer) 6 0 0

n. gen. n. sp. Raring 4 1 0

Platform conodont n. gen. n. sp. 0 0 18

Fibrous conodonts indet. 62 83 0

Indet. conodonts 27 4 20

Total 875 359 353 +

flexuosus ,
as well as several species of unidentified fibrous forms, Leptochirognathus

sp., and Multioistodus sp., suggests correlation also with Fauna 6 of Sweet et a/.

(1971; see also Bannigan Boger 1976). It should be noted that, by and large, the

conodont fauna does not change appreciably through the sampled portion of the

type Woods Hollow; this might be taken as further evidence that the formation has

a relatively limited biostratigraphic range.

Due to the virtual absence of limestone beds in the few and poor outcrops of the

topmost Woods Hollow, there seemed to be little hope of obtaining satisfactory

conodont control of that interval. However, quite fortuitously, a thin and laterally

impersistent bed of brownish, finely crystalline limestone was discovered in 1974
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only about 8 m below the top of the Woods Hollow in the well-known section on the

hillside 06 km north-east of the Picnic Grounds at Old Fort Pena Colorada (Berry’s

sect. XII). This section is particularly significant because it is the source of the

youngest (in terms of stratigraphic distance beneath the local top of the formation)

stratigraphically well-dated graptolite collections from the Woods Hollow in the

Marathon area (collections 100 and 105 of Berry (1960); see text-fig. 3). These col-

lections have been interpreted previously as representing the C. bicornis graptolite

Zone (Berry 1960, p. 126).

Samples of the Old Fort Pena Colorada limestone bed have produced some 875

conodont elements representing more than 20 multielement species (text-fig. 6;

Table 1, sample 75B23-2). The conodont fauna of this bed is closely similar to that

of the type Woods Hollow and includes representatives of Phragmodus flexuosus as

well as the Polyplacognathus friendsvillensis-P . sweet

i

transition. The latter form
suggests a biostratigraphic position no higher than the upper subzone of the

P. anserinus Zone, which corresponds to a portion of the Baltoscandian N. gracilis

EXPLANATION OF PLATE 79

Figs. 1, 2. Pygodus anserinus Lamont and Lindstrom. 1, OSU 33401, lateral view of haddingodiform
element, sample 75B26-10, x 95. 2, OSU 33402, upper view ofpygodontiform element, sample 75B26-10,

x 95.

Figs. 3-5. Periodon aculeatus Hadding. 3, OSU 33403, lateral view of periodontiform element, sample

74B32-2, x 95. 4, OSU 33404, lateral view of prioniodiniform element, sample 74B32-2, x 95. 5, OSU
33405, lateral view of falodontiform element, sample 74B32-2, x 95.

Figs. 6, 7. Protoprioniodus varicostatus (Sweet and Bergstrom). 6, OSU 33406, lateral view of acontiodonti-

form element, sample 74B32-2, x 95. 7, OSU 33407, lateral view of scandodiform element, sample

74B32-2, x 95.

Fig. 8. Gen. et sp. nov. Raring. OSU 33408, lateral view of almost complete element, sample 75B26-4, x 50.

Figs. 9, 10. Belodella nevadensis (Ethington and Schumacher). 9, OSU 33409, lateral view of belodelliform

element, sample 74B32-2, x 150. 10, OSU 33410, lateral view of oistodontiform element, sample

74B32-2, x 130.

Fig. 11. Leptochirognathus quadrants Branson and Mehl. OSU 33411, posterior view, sample 75B26-7, x 95.

Figs. 12, 13. Polyplacognathus friendsvillensis-sweeti transition. 12, OSU 33412, bifid lateral process of

polyplacognathiform element, sample 75B26-10, x95. 13, OSU 33413, upper view of ambalodiform

element, sample 75B26-10, x95.

Figs. 14, 15. Polyplacognathus sweeti Bergstrom (typical form). 14, OSU 33414, upper view of fragmentary

polyplacognathiform element (note simple antero-lateral process), sample LR-WH-1 1, x95. 15, OSU
33415, upper view of mature ambalodiform element, sample LR-WH-1 1 , x 95.

Fig. 16. Phragmodus flexuosus Moskalenko. OSU 33416, lateral view of phragmodontiform element,

sample 75B26-4, x95.

Fig. 17. Gen. et sp. nov. OSU 33417, upper view of dextral amorphognathiform element, sample 75B20-2,

x 82.

Figs. 18, 19. Belodinamonitorensis Ethington and Schumacher. 18, OSU 3341 8, lateral view ofbelodontiform

element, sample 74B32-2, x95. 19, OSU 33419, lateral view of eobelodontiform element, sample

74B32-2, x95. Note ‘wrinkle zone’ on base of both elements.

Fig. 20. Cordylodus ramosus Hadding. OSU 33420, lateral view, sample 75B26-10, x90.

All specimens figured in Pis. 79 and 80 are in the type collection of the Orton Geological Museum at the

Ohio State University (OSU).
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BERGSTROM, Ordovician conodonts
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Zone (Bergstrom 1971, 1973a, 1973/?). Although the conodont-producing bed is

2-3 m below the lowest graptolite sample (Berry’s collection 100), its stratigraphic

position is apparently high in the interval referred to as the C. bicornis Zone by
Berry (1960), which was said to include as much as the top 50 m (150-160 ft.) of

the Woods Hollow.

Additional, but less precise, conodont control of the upper Woods Hollow is

provided by a few samples collected from a section at Lightning Ranch and very

kindly made available by Dr. Lael Bradshaw. That section is not suitable for detailed

measuring and the precise stratigraphic position of the samples within the Woods
Hollow is unknown. Nevertheless, one of her samples (LR-WH-1 1), which was col-

lected within the top 25-30m of the formation, is significant biostratigraphically in that

it contains, among others, elements of the typical form of Polyplacognathus sweeti

(PI. 79, figs. 14, 15). The latter form belongs to the rapidly evolving P.friendsvillensis-

P. sweeti lineage (Bergstrom and Carnes 1976, text-fig. 2) and suggests the presence

of strata of the Pygodus anserinus Zone younger than those at the Fort Pena Colorada
section. Although this shows that the Woods Hollow is likely to extend higher strati-

graphically at Lightning Ranch than at Old Fort Pena Colorada, there is no evidence

in the collections at hand of conodonts characteristic of strata younger than the

P. anserinus Zone; indeed, even the topmost part of that zone may be missing in the

area in view of the fact that it is characterized by another form of the Polyplacognathus

friendsvi/lensis-P. sweeti lineage (P. sweeti (late form) of Bergstrom and Carnes

(1976, text-fig. 2: 6)) and that form has not been found in the Marathon area.

As indicated in text-fig. 6, the upper subzone of the Pygodus anserinus Zone corre-

sponds to a portion of the N. gracilis Zone below its topmost part (see also Bergstrom

1971, 1973a), at least as that zone is defined in Europe. Accordingly, it can be con-

cluded that the P. anserinus Zone conodonts from the upper part of the C. bicornis

Zone in the Woods Hollow support the idea that this zone, in its type area, does not

extend above strata elsewhere included in the N. gracilis Zone.

The lower Maravillas conodont biostratigraphy

Although the actual contact between the Woods Hollow and the overlying

Maravillas is exposed only at a few localities in the Marathon area, there are rela-

tively numerous outcrops of portions of the lower part of the latter formation.

Because the present study is concerned primarily with the nature of the controversial

Woods Hollow-Maravillas contact and the age of the Woods Hollow and lowermost
Maravillas rather than with the conodont faunal succession through the Maravillas,

which is now being described by Dr. Lael Bradshaw, no effort was made to sample

from strata higher than Berry’s (1960) Orthograptus truncatus var. intermedius Zone.
Samples from that zone were collected from the lowermost 8 m of the Maravillas at

five localities (sections 2, 3, 5, 9, 11). Nine of the samples proved productive and
yielded a total of more than 2100 conodont elements. Many of these are excellently

preserved and even nearly complete specimens of delicate and easily broken elements

of species such as Amorphognathus ordovicicus Branson and Mehl are not uncommon.
The best conodont control of the lower Maravillas, which extends down to within

the lower 0-5 m of the unit, has been obtained from samples collected in the well-

known sections (2, 3) along the ridge north-east of the Picnic Grounds (Berry’s
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sections XV and XII). A good exposure of the basal contact is on the hillside 3-5 km
south of the Marathon railroad station (text-fig. 7), where the Maravillas overlies the

Woods Hollow without a basal conglomerate. Productive samples from the lower-

most Maravillas were also collected from sections north of Sunshine Springs (Berry’s

section XIII) and in the Payne Hills (section 1 1).

The composite section in text-fig. 6 is based on data from sections 2 and 3, and
gives a somewhat schematic review of the lithological succession in the lowermost

Maravillas at these localities. This figure also illustrates the stratigraphic position of

conodont and graptolite (Berry 1960) samples as well as the vertical distribution of

some of the multielement conodont species present in the samples; for additional

data see Table 2. The conodont species associations in the samples from the lower

Maravillas are all very similar and it is obvious that they all represent the same
conodont zonal unit. Important species include Amorphognathus ordovicicus (PI. 80,

figs. 1-11), Dapsilodus mutatus (Branson and Mehl) (PI. 80, figs. 21-23), a species of

Protopanderodus close to, but not identical with, P. insculptus (Branson and Mehl),

Periodon grandis (Ethington), Phragmodus undatus Branson and Mehl, some species

of Belodina (PI. 80, figs. 24-26) and Plectodina (PI. 80, figs. 12-20), and several species

of simple cones.

table 2. Conodonts in three samples from the basal Maravillas Formation. For sample locations, see

Appendix 1 and text-fig. 6.

SPECIES

74B28-2

SAMPLES

74B28-1 74B24-3

Amorphognathus ordovicicus Branson and Mehl 943 52 22

Belodina spp. 64 4 2

Dapsilodus mutatus (Branson and Mehl) 83 1 1

Drepanoistodus sp. cf. D. suberectus (Branson and Mehl) 86 3 1

Panderodus spp. 172 14 1

Peroidon grandis (Ethington) 21 1 0

Phragmodus undatus Branson and Mehl 40 2 0

Plectodina n. sp. 17 0 0

Plectodina sp. 20 42 1

Protopanderodus n. sp. cf. P. insculptus (Branson and
Mehl)

12 3 1

Indet. conodonts 6 3 2

Total 1464 125 31

This conodont fauna is quite similar to that of ‘the Maquoketa-Thebes’ of Missouri

(Branson and Mehl 1933) and it has much in common also with those of the Fremont
of Colorado (Shatzer 1976), the Bighorn of the north-western Midcontinent, and the

Montoya of western Texas and New Mexico (Sweet in preparation), as well as with

those of the Allen Bay and Irene Bay in the Canadian Arctic (Weyant 1968; Barnes

1974). All these units contain conodonts indicative of Fauna 1 2 of Sweet et al. (1971;

see also Sweet and Bergstrom 1976), which is characteristic of an interval from some-

where in the lower Maysvillian through the Richmondian. On the basis of conodonts,

one can therefore conclude that the basalmost Maravillas is no older than Maysvillian

in at least the sections studied, which in all likelihood are representative of the entire
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text-fig. 7. The Woods Hollow-Maravillas boundary
interval at section 9, 3-5 km south of Marathon railroad

station. Note absence of conglomerate in basalmost

Maravillas at this locality. Samples 75B24-1 and 75B24-2

were barren but 75B24-3 yielded Amorphognathus ordo-

vicicus and other conodonts of the A. ordovicicus Zone.

Lithological symbols: black, chert; bricks, limestone;

horizontal lines, mudstone and shale
;
ovals, conglomerate.

area. Particularly significant from the biostratigraphic point of view is the presence

of abundant typical specimens of the zonal index Amorphognathus ordovicicus. This

is the currently youngest known species in the A . tvaerensis-A . ordovicicus evolutionary

lineage (Bergstrom 1971; Sweet and Bergstrom 1971, text-fig. 5) and its presence

shows that the base of the Maravillas is no older than the A. ordovicicus Zone in

terms of the North Atlantic conodont zone succession (text-fig. 6) and corresponds to

EXPLANATION OF PLATE 80

Figs. 111. Amorphognathus ordovicicus Branson and Mehl. 1, OSU 33421, upper view of asymmetrical

dextral amorphognathiform element, x 70. 2, OSU 33422, lower view of same type of element, x 75.

3, OSU 33423, upper view of asymmetrical sinistral amorphognathiform element, x 75. 4, OSU 33424,

antero-lower view of ambalodiform element, xl35. 5, OSU 33425, lower view of ambalodiform

element, x 135. 6, OSU 33426, lateral view of dextral ambalodiform element, x 135. 7, OSU 33427,

antero-lateral view of holodontiform element, x 130. 8, OSU 33428, lateral view of cordylodontiform

(ligonodiniform) element, x 135. 9, OSU 33429, lateral view of hibbardelliform element, xl35.

10, OSU 33430, lateral view of keislognathiform element, x 135. 1 1, OSU 33431, lateral view of tetra-

prioniodontiform element, x 135. All elements from sample 74B28-2.

Figs. 1 2 16. Plectodina flexuosa (Branson and Mehl). 12, OSU 33432, lateral view of ozarkodiniform

element, x 105. 13, OSU 33433, lateral view of cyrtoniodontiform element, x 105. 14, OSU 33434,

posterior view of zygognathiform element, x 140. 15, OSU 33435, lateral view of cordylodontiform

element, x 140. 16, OSU 33436, posterior view of trichonodelliform element, x 140. All elements from

sample 74B28-1

.

Figs. 17-20. Plectodina sp. nov. 17, OSU 33437, lateral view of ozarkodiniform element, x 1 18. 18, OSU
33438, lateralviewofcyrtoniodontiformelement, x 111. 19,OSU33439,lateralviewofcordylodontiform

element, x 1 10. 20, 33440, posterior view of zygognathiform element, x 107. All elements from sample

74B28-2.

Figs. 21-23. Dapsilodus mutatus (Branson and Mehl). 21, OSU 33441, lateral view of fragmentary element

possibly belonging to this species, x 135. 22, OSU 33442, lateral view of fragmentary element, x 113.

23, OSU 33443, lateral view of more complete element, x 120. All elements from sample 74B28-2.

Fig. 24. Belodina ornata (Branson and Mehl). OSU 33444, lateral view, x 117. Sample 74B28-2.

Fig. 25. Belodina inclinata ( Branson and Mehl). OSU 33445, lateral view, sample 74B28-2, x 241.

Fig. 26. Belodina sp. OSU 33446, lateral view, sample 74B23-1, x 136.
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a level in the European Pleurograptus linearis Zone. In the Marathon area, I have

found no evidence at all of the presence of the A. tvaerensis and the A. superbus zones,

which normally occupy the interval between the Pygodus anserinus and the A. ordo-

vicicus zones (text-fig. 6) and which corresponds to a large portion of the upper

Middle, as well as the lower Upper, Ordovician. Accordingly, it is reasonable to

conclude that there is a considerable gap in this part of the Marathon succession, and
interestingly, the conodont evidence is in this respect in close agreement with that of

the graptolites as interpreted by Riva (1972, 1974). Obviously, it is quite conceivable

that a portion of this hiatus is not due to non-deposition but to pre-Maravillas erosion

of Middle and early Upper Ordovician strata. To test this possibility, a number of

clasts from the basal Maravillas conglomerates were examined for possible presence

of re-deposited post-P. anserinus, pre-A. ordovicicus Zone conodonts but no such

forms were found. Thus, at present we have no faunal evidence of the former existence

in the Marathon area of pre-Maravillas strata younger than the present top of the

Woods Hollow.

As will be discussed below, the presence of this major unconformity clearly has

an important bearing on the status of the Marathon succession as a suitable standard

for the Middle and Upper Ordovician graptolite zone sequence in North America.

RELATIONS BETWEEN GRAPTOLITE AND CONODONT ZONAL UNITS
AND THEIR IMPLICATIONS

Although the graptolite faunal provinciality is not as marked during the time interval

dealt with in the present study as during earlier parts of the Ordovician, it is, neverthe-

less, recognizable, especially at the sub-generic level. Such regional differences in the

composition of the graptolite faunas have caused problems and controversy in the

inter-provincial correlations of graptolite zonal units. The Marathon succession

represents the Pacific Province and some of its graptolite assemblages differ sub-

stantially from those of the European Province. The conodont data assembled for

this study add useful information to our previously poor knowledge of the relations

between Pacific Province graptolite zones and North Atlantic Province conodont

zones. Further, because the relations between these conodont zones and European
Province graptolite zones are now relatively well known (Bergstrom 1971, 1973«,

1977b), the conodont data from the Marathon succession can be used also for

interpretation of the mutual relations between some graptolite zones of the Pacific

and European Province successions, respectively. These matters are discussed

briefly below and the results are summarized schematically in text-fig. 8.

The Glyptograptus teretiusculus Zone

The new conodont data from the portion of the type Woods Hollow referred to the

Glyptograptus cf. G. teretiusculus Zone by Berry (1960) show that at least the upper

two-thirds of this zone is coeval with the upper portion of the G. teretiusculus Zone
of Baltoscandia, both units having conodont faunas of the lower subzone of the

P. anserinus Zone. The precise age of the uppermost Fort Pena, which Berry (1960)

also referred to his G. cf. G. teretiusculus Zone, is still uncertain although the fact that

the Fort Pena-Woods Hollow contact appears transitional (King 1938; Berry 1960)
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may be taken as a suggestion that the uppermost Fort Pena does not differ greatly

in age from the lowermost Woods Hollow. The suggestion (e.g. see Skevington 1963,

1971, 1973, 1976) that the G. cf. G. teretiusculus Zone of Texas is coeval with the

D. murchisoni Zone of the European Province is not in agreement with the Marathon
conodont data, at least with respect to the upper two-thirds of Berry’s zone in its

type area. It is also of interest to note that the same relations between conodont and

graptolite zones as in the Marathon area prevail in the Athens Shale of Alabama; as

shown by recent detailed studies (Finney 1977), the N. gracilis Zone there is underlain

by graptolitic strata referable to the G. teretiusculus Zone. The P. serrus-P. anserinus

zonal boundary is in the latter zone where it occupies such a stratigraphic position

N. Am. MARATON GRAPTOLITE ZONES CONODONT ZONES British

Series FORMATIONS
Berry (1960) Riva (1974) Baltoscandia

& SUBZONES Series

<
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Maravillas
0. truncatus

v. intermedius
Climacograptus

Pleurograptus

linearis

A morphognathus
ordovicicus ASH- GILL
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1 1 III
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X

C. bicornis Nemagraptus Nemagraptus
Upper

PygodusWoods Hollow
Nemagraptus
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gracilis gracilis
LLI
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z

Glyptogr. cf
Not dealt with

Glyptograptus Lower

<
_J

Fort Pena G. teretiusculus teretiusculus

text-fig. 8. Relations between Woods Hollow Shale and Maravillas Formation, graptolite and conodont

zones, and North American and British series as suggested by the present study. Note the considerable

vertical extent of the late Champlainian-early Cincinnatian unconformity in the Marathon area.

in relation to the top of the G. teretiusculus Zone that it is quite reasonable to suggest

that in the Marathon area, this zonal boundary is likely to be in the uppermost

Fort Pena. Unfortunately, only a single, specifically undeterminable Pygodus
element is as yet known from that formation (Bergstrom and Cooper 1974), and

further studies are needed to establish the precise position of this critical zonal

boundary in the Marathon succession.

The conodont data now available support the conclusion that the base of the

N. gracilis Zone, as currently defined in Baltoscandia (Hede 1951; Bergstrom and
Nilsson 1974; Nilsson 1977), the Southern Appalachians (Finney 1977), and the

Marathon area (Berry 1960) is at the same stratigraphical level, at least within the
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resolution of the current conodont biostratigraphy which, in this particular interval,

is more refined than that provided by the graptolites. Because the base of the N. gracilis

Zone in the areas just mentioned has been placed at the level of the first appearance of

N. gracilis itself, it seems that the appearance of this species was contemporaneous
over a very large area and, indeed, represents a reference level ofmajor biostratigraphic

importance. This is contrary to the opinion expressed by Skevington (1971, p. 200)

in a useful review paper on the G. teretiusculus Zone, who advocated that the base of

the N. gracilis Zone be defined as the level of \ . . the entrance of Dicellograptus and
Nemagraptus, and particularly the former, irrespective of the (present known) species

concerned ’. The fact that representatives of both these genera are known from well

down in the P. serrus Zone in Baltoscandia, but are unknown below the P. anserinus

Zone in North America, suggests that in order to avoid miscorrelations, the practice

should be retained to define the base of the N. gracilis Zone at the first appearance of

its zonal index.

The Nemagraptus gracilis Zone

Nemagraptus gracilis and several of its zonal associates are known from many
localities in both the Pacific and European Provinces and the N. gracilis Zone is one

of the most widely recognized Ordovician graptolite zones, traditionally providing

one of the key reference levels for intercontinental correlations within the system.

Conodonts are previously known from graptolitic strata of this zone in north-

western Europe as well as the Southern Appalachians (Bergstrom 1971, 1973/?;

Bergstrom and Nilsson 1974), and the relations between North Atlantic conodont

zones and the European N. gracilis Zone are now relatively well understood (text-

fig. 6). Although many, if not most, of its conodont species are different from those

of the corresponding strata in Baltoscandia, enough key conodonts are present in the

Marathon N. gracilis Zone to show that the conodont-graptolite zone relations

there are substantially the same as in Baltoscandia and the Appalachians. As noted

above, the absence of the diagnostic forms of the Amorphognathus tvaerensis Zone,

the lower part of which is coeval with the uppermost part of the N. gracilis Zone
(text-fig. 6), may be taken as an indication that the uppermost part of the latter zone,

as defined in Baltoscandia and the Appalachians, may not be present in the Marathon
area. The suggestion by Erdtmann (1976, table 7) that the Woods EIollow includes

equivalents to strata as young as the Baltoscandic Idavere lacks support in the

conodont faunas.

The range of Phragmodusflexuosus through virtually the entire Marathon N. gracilis

Zone is pertinent to the correlation between graptolite zones and the Midcontinent

Faunas recognized by Sweet et al. (1971; see also Sweet and Bergstrom 1976); it

shows that the upper portion of the interval of Fauna 6 of Sweet et al. (1971), which

coincides with the upper part of the range of P. flexuosus, corresponds at least broadly

to the N. gracilis Zone, which is in agreement with the conditions in the Southern

Appalachians (Sweet and Bergstrom 1973). Unfortunately, the conodonts of the

N. gracilis Zone in New York-Quebec remain unknown and no comparison can be

made with that area at present.
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The Orthograptus ‘intermedius’ (O. truncatus var. intermedius) Zone

This unit was first defined in the Marathon area and its original stratigraphic range

is accordingly the interval in the lower part of the Maravillas that contains its typical

graptolite assemblage. As noted above, this graptolite zone falls entirely within the

Amorphognathus ordovicicus Zone in the North Atlantic Province conodont zone

succession. The lower part of this zone apparently corresponds to the Pleurograptus

linearis Zone in Baltoscandia. In New York State, the lower boundary of the A. ordo-

vicicus Zone is in the Hillier Limestone (Bergstrom 1971), which according to Riva

(1969) and Rickard (1973) corresponds to a portion of the Climacograptus spiniferus

Zone. Riva (1969, 1972, 1974) interpreted the Marathon Orthograptus ‘ intermedius
’

Zone as corresponding to the upper two-thirds of the C. spiniferus Zone and the lower-

most part of the overlying C. pygmaeus Zone (text-fig. 1), which is in close agreement

with the new conodont data from the Marathon area. In this interpretation, the rela-

tions between conodont and graptolite zones are the same in the Marathon area and
New York.

The fact that the base of the A. ordovicicus Zone is no older than Maysvillian in

the North American Upper Ordovician standard sequence in the Cincinnati area

(Sweet and Bergstrom 1971, p. 622) makes it plain that the base of the Marathon
O. ‘intermedius ’ Zone is also Maysvillian in age and not much older as suggested in

several papers. However, it is important to note that the pre-Maysvillian age assigned

to strata included in the O. ‘ intermedius ’ Zone at many localities especially in the

Northern Appalachians is no doubt correct because of the frequent use of the zonal

designation also for rocks lacking correlatives in the Marathon area. Berry (1970)

discussed the status of his zone and emended it by subdividing it into two subzones,

the lower one essentially corresponding to Riva’s (1970, 1972) Corynoides americanus

and Orthograptus ruedemanni zones, the upper one to Riva’s Climacograptus spiniferus

Zone. As shown above, both graptolite and conodont data indicate that equivalents

to Riva’s Corynoides americanus and Orthograptus ruedemanni Zones are lacking in

the Marathon area and that the base of the O. ''intermedius'' Zone there corresponds

to a level well up in the Climacograptus spiniferus Zone ofNew York, that is, the upper
subzone of the O. ‘intermedius ’ Zone as defined by Berry (1970). Accordingly, it can

be concluded that the re-definition of the latter zone has formally extended its strati-

graphic range substantially downward to include a large portion of the upper Middle

Ordovician not represented in the Marathon sections where the zone was originally

recognized. Obviously, it is important to keep this revision of the stratigraphic scope
of the zone in mind when its use in local and regional correlations is being evaluated.

REDEPOSITION OF FOSSILS

It has long been known that certain intervals in the Marathon succession contain

‘exotic’ boulders, which on fossil evidence can be shown to be out of place strati-

graphically. Such boulder occurrences are reported from most, if not all, of the

Marathon Ordovician formations. The best documented ones are probably those in

the upper Woods Hollow (King 1938; Wilson 1954a; Berry 1960) and the Marathon
Limestone (Young 1969). Many of these boulders represent rock types not known
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otherwise in the Marathon area while others are not greatly different lithologically

from the in situ rocks. The fact that most boulder bed occurrences are in the western

portion of the area, along with the observation that many boulders represent shallow-

water carbonates of shelf-type, suggest a shelf margin to the west or north-west as

a probable source area. From this, detached boulders were transported oceanward
as gravity flows down the upper slope into the somewhat deeper-water slope environ-

ment in which the in situ Marathon rocks were deposited. That this transport was
not restricted to boulder-sized material is shown by the fact that many beds in the

Ordovician succession exhibit graded bedding, sole marks, and other features

suggesting that they are turbidites (Young 1969; McBride 1969a, 19696). Interestingly,

the source of the transported material might, at least in part, have been within the

present Marathon area itself, namely the unexposed, presumably autochthonous,

shelf deposits that from deep drillings (Flawn 1961, pp. 56, 57) are known to underlie

the allochthonous slope rocks now exposed in the area. In a recent stimulating paper,

Taylor and Cook (1976) developed a model of shelf-slope transition environment

with debris-flows, which was based on studies of late Cambrian-early Ordovician

strata in eastern Nevada. This model provides a meaningful explanation to many of

the features observed in the Marathon Ordovician succession.

Clearly, the apparent common presence of redeposited material in the Marathon
succession has an important bearing on its biostratigraphic interpretation because

the age shown by redeposited fossils will be only the maximum, and not necessarily

the true age of a particular bed. Although this was kept in mind during the field work
and collecting was concentrated, as much as feasible, on beds showing no obvious

evidence of containing redeposited material, subsequent analysis of the samples in

the laboratory has revealed at least two instances of redeposited fossils.

The most striking of these is the collection ofconodonts obtained from what looked

like a ‘normal' limestone bed in the upper portion of the Woods Hollow on the north-

west slope of Three-Mile Hill (section 6). The conodont elements are well preserved

but are of Lower, rather than Middle, Ordovician age, being representatives of

Fauna C of Ethington and Clark (1971). Another instance of apparently redeposited

conodonts is the presence, in the uppermost Fort Pena and lower Woods Hollow at

some western sections, of very abundant and excellently preserved specimens of

Histiodella , Multioistodus and several other Midcontinent province genera (Table 1,

sample 75B20-2), evidently representing Faunas 3-4 of Sweet et al. (1971). Such

faunas are well known from the Joins-Oil Creek formations in Oklahoma and

equivalent Whiterockian strata in the Great Basin. Because faunas of this type are

present in beds as old as the Eoplacognathus suecicus Subzone in the latter area, and
the basalmost part ofthe type Woods Hollow represents the much younger P. anserinus

Zone, it seems highly unlikely that they would range through this long stratigraphic

interval without notable change, especially as they contain platform conodonts of

complex types that otherwise exhibit very rapid evolution. Further, at some localities

the basalmost Woods Hollow has yielded a different Midcontinent Province conodont

association, which represents Fauna 6 of Sweet et al. (1971). Unless the basalmost

portion of the Woods Hollow is of very different age in different sections, which seems

unlikely, one is forced to conclude that the conodont elements of Fauna 3-4 are

redeposited in this particular interval. This conclusion is supported by the fact that
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at least some of the beds containing these conodont elements are conglomeratic with

abundant clasts of a size down to a fraction of a centimetre.

The possible presence of reworked conodont elements does not greatly affect the

dating of the basal Maravillas as Maysvillian because this is a maximum age based

on the presence of abundant elements of the A. ordovicicus Zone. It is of interest to

note that one sample (74B28-2) from a conglomeratic bed at section 2 has yielded

a few fragmentary specimens of Pygodus sp. and some simple cones together with an

excellent representation of species of the A. ordovicicus Zone. I think there is little

doubt that the former elements are reworked and originate from the Woods Hollow.

The significance of debris-flow redeposition of conodont elements in the middle

and upper parts of the Woods Hollow is somewhat more uncertain. Several of the

thin limestone beds in the Woods Hollow type section are conglomeratic and/or

contain worn megafossil debris. Such beds can be suspected to represent debris-flow

deposits. Other beds in this particular interval lack evidence of this type, may contain

graptolites oriented along bedding planes, and appear to be ‘normal’ in situ slope

deposits. Samples from such beds form the bulk of my Woods Hollow conodont
collection. The fact that the mutual relations between conodont and graptolite

faunal successions in the Woods Hollow are in excellent agreement with those at

localities elsewhere, which show no evidence of debris-flow deposits, suggests that

even if redeposited specimens are present in some samples, it is unlikely that in this

case they affect notably the establishment of the true age of the in situ deposits. There-

fore, I find it justified to conclude that the stratigraphic range of the Woods Hollow
shown by the new conodont data is likely to be reliable. Obviously, this conclusion

could be confirmed if it were possible to separate the in situ specimens from the

transported ones by, for instance, differences in mode of preservation, specific

ecological requirements, etc. As far as mode of preservation is concerned, there

seems to be no notable difference. This may be explained by the fact that the majority

of the redeposited specimens were probably transported enclosed in limestone clasts.

Specific environmental requirements or preferences of individual conodont taxa

are still poorly known although considerable advances in this field of study have

been made in the last few years (Barnes 1976). The data on individual conodont taxa

represented in the Marathon succession, in the cases where they are available at all,

are still both controversial and uncertain (e.g. see Bergstrom and Carnes 1976) and,

therefore, currently of little use for safe separation of taxa in terms of their preferred

living environment. Accordingly, neither of these methods provides critical assistance

in solving the problem of elucidating the original living environment of individual

Marathon conodont taxa.

SIGNIFICANCE OF THE WOODS HOLLOW-M ARAVILLAS
UNCONFORMITY

The presence of a considerable stratigraphic gap between the Woods Hollow and the

Maravillas has obviously a bearing also on the interpretation of the environment of

deposition of this part of the Marathon succession. King (1938) proposed that the

prominent conglomerates present locally in the basal portion of the Maravillas were
laid down in shallow water and provide evidence of an uplift associated with an
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orogenic event of Taconic age. In a more recent study, Thompson and McBride
(1964; see also McBride 1970) advocated a rather different view, namely that the

conglomerates and associated graded calcarenites represent deep-water slide deposits.

Interestingly, these ideas may not be in such an unresolvable conflict as they might
appear at first sight.

First, it should be noted that a late Middle and early Upper Ordovician strati-

graphic gap is by no means unique for the Marathon area but rather is a regional

feature traceable over very large areas in the western and south-western United
States, although the magnitude of this gap varies from area to area (Sweet and
Bergstrom 1976, text-fig. 3). For instance, in the Middle-Upper Ordovician exposures

closest geographically to Marathon, which are in the Franklin, Beach, and Baylor
Mountains in westernmost Texas about 300 km to the north-west (text-fig. 2), the

late Ordovician Montoya Group, a likely equivalent to the Maravillas, rests with

a prominent unconformity on rocks of Lower to Middle Ordovician age (Suhm and
Ethington 1975). In the Llano Uplift about 500 km east of Marathon, the late

Ordovician Burnam Limestone directly overlies strata of the early Ordovician

Ellenburger Group (Merrill 1965). Further, in the important Arbuckle Mountains
succession in southern Oklahoma, about 750 km north-east of Marathon, conodonts
and other fossils indicate that the upper Tulip Creek and lowermost Bromide (lower

Mountain Lake Member) formations are the local equivalents of the Woods Hollow.

Higher Bromide strata (upper Mountain Lake and Poolville Members) contain

A. tvaerensis Zone conodonts (Sweet and Bergstrom 1973) and are clearly younger

than the Woods Hollow. Yet, the Bromide is separated from the overlying Viola

Limestone by what is generally interpreted as a prominent unconformity (e.g. see

Ham 1961, p. 212); although the magnitude of this unconformity is controversial, it

clearly falls within the time span represented by the Woods Hollow-Maravillas

hiatus.

Although it can be argued that these sequences, as well as many others in the

Southwest and West with similar unconformities, differ from the succession in the

Marathon area by representing a shelf rather than continental slope environment of

deposition, they nevertheless all preserve a record of a widespread regression during

parts of middle and late Ordovician time. Accordingly, it is not unreasonable to

suggest that, provided the Marathon slope environment of deposition was not in

very deep water, it could well have been affected by the same regional regression.

This idea is supported by some evidence from the Ouachita Mountains in Oklahoma-
Arkansas (text-fig. 2), the easternmost outcrop area of the Ouachita system, where

the Middle and Upper Ordovician are represented by a dark shale and chert succes-

sion that is likely to have been deposited at considerably greater water depth than

the equivalent strata in the Arbuckle Mountains. In the Ouachita Mountains, the

Middle Ordovician Womble Shale with N. gracilis Zone (and possibly slightly

younger) graptolites (Decker 1952), as well as P. anserinus and A. tvaerensis Zones

conodonts (Repetski and Ethington 1977) is overlain by the Bigfork Chert that has

yielded fossils interpreted to be of late Ordovician age (Bradshaw 1974). The bio-

stratigraphic control is as yet not sufficiently detailed to permit an estimate of

the precise magnitude of the hiatus that apparently seperates the Womble and the

Bigfork, but it is clearly smaller than that between the Woods Hollow and the
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text-fig. 9. Diagrammatic interpretation of the depositional regime of the lower

portion of the Maravillas Formation. The model is a modification of that of Taylor

and Cook (1976). The Maravillas is considered to have been laid down on the upper

portion of a south-east-facing continental slope (in area marked by arrows and the

letter ‘M’) to which turbidity-flows brought shelf and shelf-slope material from the

north-west. Inclination of continental slope is possibly much exaggerated.

Maravillas. This regressional phase might conceivably have been followed by a rela-

tively rapid transgression, which in the Marathon area was initially associated during

Maysvillian time with the deposition of coarse conglomerates locally and limestone

beds with much redeposited material over larger areas. Even if this deposition was
largely, if not entirely, below wave base, the water depth was not necessarily very

great during early Maravillas time. Transport of boulders and carbonate debris by
slumping can apparently take place down a continental slope with an inclination of

no more than a few degrees (Taylor and Cook 1976). Particularly if the environment

of deposition of the lower Maravillas was not far from the continental shelf-slope

break, it is, therefore, not too difficult to visualize how relatively abundant
allochthonous material could have been transported into this environment from the

adjacent shelf even in relatively shallow water (text-fig. 9).

SUMMARY AND CONCLUSIONS

The present investigation of conodonts from the same localities, and in many cases

the same narrow stratigraphic intervals, as those that yielded the graptolites that

form the basis of the Middle-Upper Ordovician North American graptolite zone

succession introduced by Berry (1960) have yielded important new data on the
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biostratigraphy of the Marathon sequence and its relations to graptolite and conodont
sequences elsewhere. The principal biostratigraphic results may be summarized as

follows:

1. Conodonts from the G. cf. G. teretiusculus Zone in the basal Woods Hollow at its

type section belong to the lower subzone of the P. anserinus Zone. Because this sub-

zone is present in the G. teretiusculus Zone of Baltoscandia, it is suggested that at

least the major part of the Texas zone is coeval with the latter zone rather than with

the D. murchisoni Zone as proposed by some writers.

2. The base of the N. gracilis Zone, as defined in Texas, Baltoscandia, and the Southern

Appalacians, appears to be at the same stratigraphic level in these areas. Thus, it is

concluded that, contrary to some previous suggestions, the appearance of N. gracilis

itself was evidently essentially contemporaneous over a large area and it is believed

to represent a stratigraphically very useful reference level. On the other hand, the

first appearance of Dicellograptus and other species of Nemagraptus was evidently

earlier in Baltoscandia than in Texas and it is, apparently, unreliable as a basis for

precise correlation.

3. Both graptolites and conodonts suggest that the Marathon C. bicornis Zone
corresponds to an upper part of the N. gracilis Zone as that zone is defined in Balto-

scandia and in the eastern United States. Indeed, no firm evidence has been found in

the Marathon area of the presence of strata corresponding to the uppermost part

of the N. gracilis Zone as that zone is defined in the areas just mentioned. Accordingly,

there seems to be no particular reason to recognize a C. bicornis Zone, or even

a D. multidens Zone, in the Marathon succession.

4. The Woods Hollow and Maravillas formations are shown to be separated by

a hiatus corresponding to the late Middle and early Upper Ordovician. In terms of

Baltoscandian graptolite zones, this gap includes the D. multidens and the D. clingani

zones along with at least part of the N. gracilis Zone and possibly also a part of the

P. linearis Zone. This stratigraphic gap occupies the same position as a prominent

regional unconformity that can be traced over a very large area in the south-western

and western part of the North American craton.

5. In the Marathon area, where it was first recognized, the O. ‘intermedius" Zone (the

O. truncatus var. intermedius Zone of Berry (I960)) is shown to correspond to strata

no older than the A. ordovicicus conodont Zone, which is in agreement with Riva’s

(1972, 1974) suggestion that it is coeval with part of the New York-Quebec C. spini-

ferus Zone. It is also noted that in the latter area, the original scope of the

O. ‘intermedius ’ Zone has been extended considerably downward to include a sizeable

portion of the late Middle and early Upper Ordovician which is not known to be

represented in the Marathon succession.

6. The existence of a prominent unconformity in the Marathon Middle-Upper
Ordovician succession clearly has implications for the use of this succession as

a graptolite zone standard. It is suggested that its stratigraphic incompleteness, along

with the lack of graptolites at some significant intervals and its relative inaccessi-

bility, make the Marathon succession less than ideal as a standard for the Pacific

Province zonal succession in North America. It appears that in the case of this
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particular stratigraphic interval, the New York-Quebec zone succession, regardless

of how it is defined in terms of graptolite zones, is superior in most respects to those

successions currently known from other areas in North America.

7. The environment of deposition of the Marathon Fort Pena-Maravillas succession

is interpreted to have been on the upper continental slope and at least partly near

the shelf-slope break. Although lithological evidence for this is unclear and some-

what controversial, the area might well have been emergent during late Middle and
early Upper Ordovician time. There seems to be good reason to accept the idea that

many of the coarse-grained limestone beds are turbidites. Although some of these

beds yield abundant conodonts which are out of place stratigraphically and hence

interpreted as redeposited, it is concluded that conodont collections from other beds

are likely to provide a reliable age for their host strata. It is also concluded that the

existence of redeposited fossils in some intervals at some localities in all probability

has little bearing on the interpretation of the existence and stratigraphic scope of the

Middle-Upper Ordovician unconformity in the area.

The Ordovician succession in the Marathon area is unique not only in North
America but probably in the entire world in that it provides an unparalleled oppor-

tunity to tie together directly graptolite and conodont zones through virtually the

entire system. Preliminary studies show that it also offers great promise of yielding

significant representations of acritarch and chitinozoan faunal successions. Clearly,

in order to make it possible to extract the maximum amount of useful biostratigraphic

information from the fossil faunas, it is necessary to intergrate, as much as possible,

detailed data from all fossil groups, including the microfossils, and relate these data

to appropriate models of depositional environments as reconstructed on lithological

and other types of evidence. Such integrated studies have been carried out in the

Ordovician of Baltoscandia (e.g. Jaanusson 1976) but are just beginning to be

attempted in North America. The present project may be viewed as a modest beginning

of such a study in the Marathon Ordovician rocks, but clearly much more data are

needed before the faunal dynamics (Jaanusson 1976) of this succession can be properly

evaluated and understood.
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APPENDIX 1

Collecting localities

Section 1. Type section of Woods Hollow Shale 9 km south-east of Marathon on south-eastern slope of

anticlinal valley in which Old Louis Granger Place is located. Measured section is the same as section XI
of Berry (1960. pp. 112, 113) and the Granger Place section of King (1938, pi. 2). For sample levels see

text-fig. 5.

Section 2. Maravillas Formation in section on cliff along creek just north-east of Picnic Grounds about
1-2 km south of Old Fort Pena Colorada. This is section XV of Berry (1960, p. 113). For sample levels see

text-fig. 6.

Section 3. Woods Hollow Shale and Maravillas Formation in exposure on hillside about 0-4 km north-

east of section 2. Section XII of Berry (1960, p. 113). For sample levels see text-fig. 6. Two additional

samples (77B2-1 and 77B2-2) were collected 15 and 30 m respectively below top of the Woods Hollow
Shale. The level of 74B32-2 is the same as that of 75B23-2.

Section 4. Woods Hollow Shale as exposed in the bed of Alsate Creek (4a) and on nearby field (46) 3-5 km
west-south-west of Old Fort Pena Colorada. These outcrops are about 0-3 km north-east of section XVIII
of Berry (1960, pp. 116, 117). Sample 75B18-1 was collected at section 4b from a limestone ledge about

25 m above base of Woods Hollow Shale at a spot half-way between Alsate Creek and the Fort Pena ridge

to the north. Samples 75B19-1, 75B19-2, and 75B19-3 were collected 0-5, 3, and 8 m, respectively above

base of about 10 m thick continuous section of the Woods Hollow. Provided there are no undetected

structural complications, this exposure is estimated to represent an interval about 50 m above the base of

the formation. This is section 4a.

Section 5. Basal Maravillas Formation and upper Woods Hollow Shale in hillside exposures on ridge

north of Sunshine Springs, 10-6 km south-west of Marathon. Section XIII of Berry (1960, pp. 113, 114).

Sample 75B21-1 was collected 0-5 m above base of Maravillas Formation; 75B21-2 was taken from a lime-

stone bed at an undeterminable level in the upper third of Woods Hollow Formation.

Section 6. Woods Hollow Shale in section on north side ofThree-Mile Hill about 25 km south of Marathon.

Section XVII of Berry (1960, p. 116). Samples 75B25-1 and 75B25-2 were collected from the top 25 m of

the Woods Hollow Shale but structural complications make the section unsuitable for detailed measuring.

Section 7. Basalmost Woods Hollow Shale in section near Roberts Ranch Road at loc. 81 of Berry (1960,

p. 124), which is 12-8 km S 55° W of Marathon. Sample 75BI6-1 was collected from within 1 m of the

gradational basal contact of the Woods Hollow Shale.

Section 8. Basal Woods Hollow Shale in hillside exposure on south-east side of ridge east of Roberts Ranch
road 10-4 km S 51° W of Marathon. Section X of Berry (1960, p. 112). Sample 75B20-2 was collected

3 m above base of formation.

Section 9. Basal Maravillas Formation and uppermost Woods Hollow Shale on hillside at north end of

ridge 3-5 km south of Marathon station. For sample levels, see text-fig. 7.

Section 10. Lowermost Woods Hollow Shale in outcrops on south-east side of ridge 0-6 km south-east of

Roberts Ranch road 11-5 km S 55° W of Marathon. Near section IX of Berry (1960, p. Ill) and about

0-25 km south-east of end of southern portion of section 4 of King (1938, pi. 16). Sample 74B20-1 was

collected about 10 m above base of the Woods Hollow Shale; sample 74B20-2 about 3 m lower strati-

graphically.

Section 1 1. Maravillas Formation in hillside exposure on ridge in western part of Payne Hills south-east

of Dugout Creek road, 15 km west-south-west of Marathon. Sample 75B27-3 was collected from topmost

part of the Maravillas Formation.

Section 12. Woods Hollow Shale in field exposure in Lightning Hills. For details of this section see Bradshaw

(1969, p. 1138), who collected sample LR-WH-11 and several other samples from the upper half of the

formation at this locality.
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APPENDIX 2

Notesfrom re-study ofsome Marathon graptolites

According to Riva (pers. comm. 1977), a re-study of Berry’s type specimens of Marathon graptolites kept

at Yale University suggests the following up-dated taxonomic designations. It should be stressed that

because only the types have been examined, it is not now appropriate to use these designations in text-

fig. 3 and 4 where the ranges are based on all stratigraphically well-located collections in Berry (1960).

Berry’s designations are mentioned first below.

Species listed in text-fig. 3: Glyptograptus teretiusculus siccatus = Climacograptus brevis; Climacograptus

eximius = Pseudoclimacograptus modestus : Glyptograptus teretiusculus euglyphus = G. euglyphus; Climaco-

graptus scharenbergi cf. stenostoma = Pseudoclimacograptus stenostoma ;
Dicranograptus brevicaulis =

D. parvangulus; Climacograptus parvus^ Pseudoclimacograptus scharenbergi
;
Orthograptus whitfieldi =

Hallograptus mucronatus.

Species listed in text-fig. 4 : Climacograptus mississippiensis= C. tubuliferus ; Climacograptus cf. C. ulrichi =
C. putillus; Orthograptus truncatus abbreviatus = O. amplexicaulis

;
Climacograptus hastatus= C. trijidus:

Climacograptus minimus = C. putillus
;
Orthograptus truncatus intermedins O. amplexicaulis ; O. quadri-

mucronatus angustus = 0. quadrimucronatus ;
Retiograptus pulcherrimus = O

.
quadrimucronatus;

O. truncatus pertenuis = O . amplexicaulis ; O. aff. truncatus =0. amplexicaulis ; O. truncatus recurrens =
O. amplexicaulis.
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A FUNCTIONAL CLASSIFICATION OF THE
CORONAL PORES OF REGULAR ECHINOIDS

by ANDREW B. SMITH

Abstract. Six morphologically distinct types of ambulacral pore, found in a survey of Recent regular echinoids, are

described and correlated with the structure of their tube feet. A functional interpretation of pore structure provides

considerable information about the tube foot supported and allows the reconstruction of tube feet from fossil echinoid

tests. Morphological information, such as the presence or absence of a septum, the thickness of the stem retractor

muscle, the presence or absence of a terminal sucking disc and the size of that disc, can all be inferred from the

structure of the ambulacral pores. Ecological interpretations concerning the animal's life style, the energy of the

environment, the nature of the substrate, the depth, and the temperature can all be advanced once the form of tube

feet can be identified. In Britain all but the simplest coronal tube feet make their appearance during the Jurassic.

The tube feet of Recent echinoids are known to have a variety of structures and
functions. They may be involved in locomotion, adhesion, absorption and digestion,

gaseous exchange, excretion, burial, feeding, or simple chemosensory reception.

These organs are almost entirely composed of soft tissue and are rarely found

preserved in the fossil record. The structure of Recent echinoid tube feet is well

documented. Most early workers provided only external descriptions of the podia,

but more detailed light microscope work has been carried out by Hamann (1887),

Smith (1937), and Nichols (1959b; 1959c; 1961) showing the complexity of these

structures. Generalized discussions on the variation in structure of tube feet are given

by Loven (1883), Cuenot (1948), Hyman (1955), Durham (1966), and Nichols (1968),

while a much fuller and more systematic study of tube feet and ampullae has been

carried out by Fenner (1973). In addition to these light microscopy studies, more
details on the fine structure of tube feet have been provided by transmission electron

microscopy (T.E.M.). These include studies on the sucker (Coleman 1969), tube foot

wall (Kawaguti 1964), epidermis (Kawaguti and Kamishima 1964), and ampulla

(Kawaguti 1965) of echinoids and on the smooth muscle of tube feet (Dolder 1972)

and on muscle attachment (Uhlmann 1968) in other echinoderms.

Tube feet are external extensions of the water vascular system, and each tube foot is

connected with an internal ampulla by either one or two pores which pass through

the ambulacral plates. On the outer surface of the test there is an area surrounding

the pores which is modified to support the tube foot. The structure of this, the periporal

area, reflects the structure and function of the tube foot supported. Although the

variation in the structure of echinoid tube feet is widely recognized, the correspond-

ing variation in ambulacral pore morphology has largely been ignored. The accurate

drawings of Loven (1883) provided the first detailed record of ambulacral pore

structure and its variation, though no explanations or interpretations were given.

Nichols (1959n; 1959b; 1961), as well as providing histological details of the tube feet

of Echinocardium , Echinus , and Cidaris , also illustrated the pore structure associated

with each tube foot type and pointed out that the structure of ambulacral pores might

[Palaeontology, Vol. 21, Part 4, 1978, pp. 759-789, pis. 81 84.]
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provide information about the morphology of tube feet in fossil echinoids. In one
paper (Nichols, 1959a) he uses the ambulacral pore structure in interpreting the

structure and function of tube feet of the Cretaceous heart urchin Micraster
,
though

insufficient information was available on Recent species at that time to allow accurate

reconstruction. Smith (1978) has recently used the pore structure of two Jurassic

irregular echinoids in reconstructing their tube feet and interpreting their life style.

Bonnet (1926) has detailed the structure of the ambulacral pores as they pass through

the plate.

The aim of this paper is to provide accurate details of the structure of the ambulacral

pores of Recent echinoids and to correlate pore morphology with the structure of the

tube foot supported. The functional and ecological inferences which may be drawn
from various morphological features will also be discussed.

MATERIALS AND METHODS

Recent echinoids from as many different families and from as many different habitats

as possible were examined and a list of species examined, along with details of their

habitat, is given in the Appendix. The histology of oral, ambital and aboral tube feet

and ampullae of a large number of species was examined. Animals, if not already

preserved, were fixed in a 25% aqueous gluteraldehyde solution. Small pieces of

ambulacral column were cut out using a dentist’s drill and decalcified in a 10% solu-

tion of E.D.T.A. neutralized to a pH of about 7 with NaOH. Decalcification took

between one and ten days depending upon the thickness of the test. Specimens were

then carefully washed in running water for thirty minutes, dehydrated and embedded
in paraffin wax. Serial sections, of between 6 ^m and 10 /xni thickness, were cut using

a microtome and were then stained using the Modified Masson’s Technique (see

Humason 1972) but substituting two minutes in Aniline Blue for the recommended
ten seconds or so in Light Green.

Small pieces of ambulacral column were also removed and placed in a 20% solution

of NaOCl for about thirty minutes in order to digest away organic tissue. These

cleaned pieces of test were washed in water, dried, and then coated in gold using the

Polaron E5000 splatter coater. They were then attached to stubs and placed in

a scanning electron microscope (S.E.M.). In addition the pore structure of a number
of other Recent echinoids was examined using a high-powered binocular microscope.

The ambulacral pores of fossil echinoids were also examined using the S.E.M.

STRUCTURE OF CORONAL PORES AND TUBE FEET

A typical tube foot, as described in detail by Nichols (1961), consists of a long

cylindrical tube terminating in a sucking disc (see text-fig. 1). This sucker has a two-

part skeletal framework, an upper rosette, and a lower frame, both composed of four

identical elements. The podial wall consists of a number of layers (text-fig. 1b).

Externally there is an epidermal layer with a sub-epidermal nerve plexus, of varying

thickness, at its base. Internal to this lies a connective tissue layer which T.E.M. work
has shown to be composed of collagen fibres (Kawaguti 1964). This can be subdivided

into an outer mass of longitudinally running fibres, which may incorporate spicules



text-fig. 1. Longitudinal section of an oral tube foot of Stomopneustes variolaris (P3 type). Inset shows P3
isopore associated with this tube foot.
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especially in the upper part of the stem, and a thin inner layer of circularly running

fibres, which may give rise to a septum in the lower part of the tube foot. A third

series of fibres lying external to the longitudinal fibres and running circularly is

present in very few tube feet. Longitudinal retractor muscle fibres lie internal to the

connective tissue layer and their nuclei are found towards the lumen of the podium.
A thin layer of epidermal cells, lying amongst the nuclei, lines the lumen.

The connective-tissue layer of the tube foot inserts into the test. Collagen fibres

penetrate a short distance into the stereom and are bound round the skeletal trabe-

culae in the manner described by Nichols and Currey (1968). Penetration is, at the

most, only down to the second trabecular layer and, for the most part, fibres are only

fastened round the surface trabecular layer. This close association of collagen fibres

and trabeculae in the attachment area imparts a distinctive stereom lattice structure

which can be readily identified in most genera (PI. 83, fig. 1 ; text-fig. 1). The interporal

partition, which separates the two pores, may have a variety of shapes (text-fig. 2;

text-fig. 3). This interporal area, where it lies within the tube foot lumen, is covered

with a single layer of squamous to cuboidal epithelial cells bearing cilia. The septum,

where present, runs along the mid-line of the interporal partition, joining the parti-

tion’s epithelial layer but not actually penetrating into the stereom. The pore lining

consists of a basal, very thin, connective-tissue membrane, which may or may not

have fine muscle fibres closely associated with it, overlain by densely packed cuboidal

epithelial cells with horseshoe-shaped nuclei and with many cilia. The adradial pore

bears a groove, termed the neural canal, which is never completely isolated from the

pore and always abuts on to the adoral plate suture. This houses a branch of the radial

nerve which splits into two parts externally, one running straight up the tube foot

from the neural canal, the other linking with the subepidermal nerve plexus of the

plate surface. The neural groove associated with the neural canal marks the main
passageway of this nerve and may be quite extensive. Internally the pores diverge

(see Bonnet (1928) for details) and open into the ampulla, a flattened thin-walled

structure (text-fig. lc, d). There is a one-way valve controlling the flow of coelomic

fluid to and from the radial water canal. This consists of a wedge of connective tissue

blocking the branch of the radial water canal save for a narrow central slit with

abradially directed lips. Muscle fibres run from the lips of the valve to the wall and,

upon contraction, will hold the passageway open.

EXPLANATION OF PLATE 81

S.E.M. photomicrographs of echinoid ambulacral pores. Top of photomicrograph adapical.

Fig. 1. Phormosoma placenta ; aboral PI isopore.

Fig. 2. Calveriosoma hystrix', aboral PI isopore.

Fig. 3. Salenocidaris profundi; aboral PI isopore.

Fig. 4. Austrocidaris canaliculata; aboral PI isopore.

Fig. 5. Centrostephanus nitidus ; aboral PI isopore.

Fig. 6. Austrocidaris canaliculata', oral P2 isopore.

Fig. 7. Echinus acutus', oral P2 isopore.

Fig. 8. Sphaerechinus granularis\ aboral P2 isopores.

Scale bar: 1, 2, 3, 4, 6, 8 = 100 ^m; 5, 7 = 200 pm.
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All coronal pore structures of regular echinoids possess two more or less equal-

sized pores per tube foot. These are therefore termed isopores to distinguish them from
structures where the two pores are markedly unequal in size (anispores) or where
only a single pore penetrates the test {unipores). Further subdivision of coronal

isopores is made on the presence or absence of a conjugate groove giving two categories

of isopores
:
partitioned and conjugate.

Partitioned isopores. These possess two approximately equal-sized pores, the perradial

one ofwhich bears a small neural canal. They are oval to circular in outline and possess

an interporal partition which is commonly ridged or domed. Four types of parti-

tioned isopores, here designated by the symbol P, can be differentiated on the basis

of attachment area breadth, pore size, and interporal partition shape.

PI isopores (PI. 81, figs. 1-5; text-fig. 2). These are distinguished by the poor
development of an attachment area around the pores. There are two types of PI

isopores; small, rounded isopores with a continuous but narrow attachment area,

and larger, more elongate isopores with a less clearly defined attachment area. The
small subcircular isopores of cidarids and salenioids possess a sharp but narrow
attachment area broken only by the neural canal (PI. 81, figs. 3, 4). The attachment
area consists of a row of one or two trabeculae raised above the level of the rest

of the stereom and always has a breadth of less than about 25 pm. The interporal

partition is narrow and commonly ridged. The pores are quite small. In larger and
more elongate isopores the attachment area is well defined only above and below
the interporal partition and is lacking laterally (PI. 81, fig. 5). The isopores of

echinothurioids may lack any sign of a specialized attachment area whatsoever

(PI. 81, figs. 1, 2).

The tube feet associated with PI isopores lack suckers and are thin-walled (text-

fig. 2). The apex of the tube foot lacks any skeletal framework and is developed into

a small sensory pad. The connective-tissue layer of the stem is very thin and spicules

are never common, though vertical rows of single spicules may be associated with the

septum. Muscle fibres are small and sparse and form a single layer closely associated

with the connective-tissue layer. A septum is always well developed. Slight differences

in the structure of the tube foot are found accompanying the differences observed in

the isopores. The large isopores with the discontinuous attachment area have very

long flattened tube feet. These possess a central septum which runs almost to the apex

of the lumen. The apical sensory pad is poorly developed and the connective tissue

and muscle layers are extremely thin, their combined thickness being only 1 pm to

3 pm. The connective-tissue layer has only circular-running fibres. The small rounded

isopores, on the other hand, support slightly thicker-walled tube feet with both

circular and longitudinal connective-tissue fibres. The thickness of the connective

tissue and muscle layers combined is about 5 pm to 10 fim. The septum is not quite as

extensive, reaching about three quarters of the way up the tube foot lumen. A terminal

sensory pad is always developed.

P2 isopores (PI. 81, figs. 7, 8; PI. 82, figs. 1-8; text-fig. 2). An attachment area,

continuous except for the neural canal, is present in P2 isopores. It may be quite

distinct (PI. 82, fig. 1) or may be very difficult to make out (PI. 82, fig. 2). The pores

tend to be moderately large and form a major part of the isopore. The attachment
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text-fig. 2. Longitudinal sections of the tube feet of Centrostephanus nitidus (PI type), Echinus esculentus

(aboral P2 type), and Arbacia lixula (P4 type). Associated isopores are illustrated beneath each tube foot.

Stippling as in text-fig. 1.
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area has a variable breadth of between 30 ^m and 80 p.m though in places it may be

narrower. The interporal partition is usually arched (PL 82, fig. 8).

The tube foot associated with P2 isopores possesses a small terminal sucker with

a diameter of between 300 jum and 600 ^.m. The morphology of this terminal sucking

disc is similar to that shown in text-fig. 1a. The connective-tissue layer, with both
circular and longitudinal fibres, is moderately well developed in the stem and has

a thickness of between 7 ^m and 25 ^m . Levator muscles, as well as retractor muscles,

are present. The thickness of the retractor muscle-fibre layer varies along the length

of the stem but is never more than a few fibres thick. These muscle fibres attach to the

connective-tissue layer of the tube foot immediately above where this inserts into the

stereom. A septum is present and extends between one-third and two-thirds of

the length of the tube foot lumen.

P3 isopores (PI. 83, figs. 1-4; text-fig. 1). Pores are relatively smaller and are

rounded. They are surrounded by a broad attachment area continuous except for

the neural canal. The attachment area is readily identifiable and has a breadth of

between 100 /xm and 200 /urn though in small isopores it might be slightly narrower.

In small P3 isopores the maximum breadth of the attachment area, measured between

the pore and the periphery, is always greater than the pore diameter. The interporal

partition may be reduced to a small knob by encroachment of the attachment area

(PI. 83, fig. 3) or may be narrow and convex if the isopore is large (PI. 83, fig. 1). The
isopore usually has a subcircular outline.

P3 isopores support tube feet with terminal sucking discs (text-fig. 1 a). The diameter

of these discs depends primarily upon the diameter of the stem and is found in most
cases to lie between 700 /xm and 900 jixrn. The stem has a well-developed connective-

tissue layer between 10 /xin and 60 in thickness and a thick retractor muscle-fibre

layer which varies in thickness along the length of the stem. The connective tissue

inserts into the outer margin of the attachment area and a thin layer also extends

inwards over the whole of the attachment area. This layer penetrates the stereom

and is bound round the surface trabeculae. The retractor muscle fibres attach on to

this basal connective-tissue layer. This insertion may well be similar to that described

by Uhlmann (1968) for muscle attachment in asteroids. A septum is present in these

tube feet. Where the interporal partition is long and relatively narrow, this septum

EXPLANATION OF PLATE 82

S.E.M. photomicrographs of echinoid ambulacral pores. Top of photomicrograph adapical unless other-

wise indicated.

Fig. 1. Psammechinus miliaris ; aboral P2 isopore.

Fig. 2. Tripneustes gratilla; ambital P2 isopore.

Fig. 3. Echinus esculentus', aboral P2 isopore.

Fig. 4. Centrostephanus longispinus ;
sub-ambital P1/P2 intermediate isopore.

Fig. 5. C. nitidus ', oral P2 isopore. Top of photomicrograph adoral.

Fig. 6. Echinostrephus moiaris ; adoral P2 isopore.

Fig. 7. Temnopleurus hardwicki
;
oral P2 isopore.

Fig. 8. Stomopneustes variolaris', aboral P2 isopore, side view. Adoral to the left.

Scale bar: 1, 2, 3 = 200 ^m; 4, 5, 6, 7, 8 = 100 (im.
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usually extends to about one-third of the length of the lumen but where an interporal

knob is developed the septum is shorter.

P4 isopores (PL 83, figs. 5, 6; PI. 84, figs. 1, 2, 6; text-fig. 2). Both pores are small

and are separated by a large interporal partition. The attachment area is very broad,

being greater than 200 /xm in breadth around most of its length. The isopore is more or

less circular in outline and quite distinctive.

The associated tube foot bears a large and well-developed terminal sucking disc

closely similar to that present in P3-type tube feet (text-fig. 1a) but larger in diameter.

For example the diameter of the terminal sucker is between 1000 pm and 1200 pm
in Arbacia specimens. A connective-tissue layer is well developed in the stem and
has a thickness of about 20 pm to 30 ^m. The retractor muscles are developed to such

an extent that the lower one-third of the tube foot appears when contracted to have

no lumen. These muscle fibres attach on to the stereom via a connective-tissue basal

layer, as described previously. A septum is completely lacking and the bulbous

interporal partition is covered with a single layer of ciliated epithelial cells.

These four categories of partitioned isopores are readily recognizable but define

arbitrary regions in a continuum. There is a complete series of isopores from those

having no attachment area to those with an attachment area of considerable breadth.

Intermediates are often encountered and it may be impossible to assign such isopores

to any one type with certainty. A corresponding variation in tube foot morphology
is likewise found. It is quite common to find intermediate tube feet at the ambitus.

For example Centrostephanus rodgersi displays a complete range of tube feet and
isopores from PI -type aborally to P3-type around the peristome with P2-type just

below the ambitus. The delineation of these four categories does, however, provide

a framework into which many isopores may be placed.

Conjugate isopores. Like regular isopores, these possess two approximately equal-

sized pores, the perradial one of which bears a small neural canal. These circular

pores are separated by a broad interporal area which is usually at least equal in

breadth to the diameter of the pores. In most cases the two pores are linked by a depres-

sion, narrowest centrally and broadening towards each pore. This is the interporal

furrow. The stereom of the interporal area outside the interporal furrow differs

from that found in partitioned isopores. In conjugate isopores the trabecular inter-

sections have pronounced thorns, whereas in partitioned isopores the stereom of the

EXPLANATION OF PLATE 83

S.E.M. photomicrographs of echinoid ambulacral pores. Top of micrograph adapical.

Fig. 1. Echinus esculentus\ sub-ambital P3 isopore.

Fig. 2. Paracentrotus lividus\ ambital P3 isopore.

Fig. 3. Stomopneustes variolaris', oral P3 isopore.

Fig. 4. Echinometra mathaei', oral P3 isopores.

Fig. 5. Arbacia lixula \ oral P4 isopore.

Fig. 6. Colobocentrotus atratus', oral P4 isopore.

Fig. 7. Arbacia lixula ;
aboral Cl isopore.

Fig. 8. A. punctulata', aboral Cl isopore.

Scale bar = 200 pm.
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interporal partition is smooth and lacks thorns completely. Raised granules are usually

found surrounding the periporal area. Conjugate isopores, here designated by the

symbol C, are separated into two categories based on the presence or absence of an
attachment area. These are the end members of a continuous series.

Cl isopores (PI. 83, figs. 7, 8 ; PI. 84, figs. 4, 5, 7 ;
text-fig. 3). The isopore is large and

elongate and both pores are large and circular. The neural canal is small and may be
poorly defined. An attachment area is lacking except marginal to the neural canal,

where a very thin ridge, less than 25 broad may be encountered. The interporal

area is broad and often has one or two granules on it. The interporal furrow may or

may not be well defined and is relatively narrow. Although in most cases this furrow

crosses the interporal area centrally, it may be displaced (PI. 84, figs. 4, 5) or even

absent altogether.

The associated tube foot has a rather complex structure (text-fig. 3). It is composed
of two thin-walled cylinders, which merge towards the apex, and a central convoluted

area. This central region is very thin-walled and has many septa. The entire lumen is

endowed with an epithelial lining rich in cilia and the coelomic fluid is channelled

from one cylinder to the other through this central region. In Eucidaris this convoluted

area has lobe extensions at each bend (text-fig. 3f) which greatly increase its surface

area. However these lobes are lacking in Arbacia spp., as is the small development of

septum present above the convoluted area. Muscle fibres are present but are small

and sparsely distributed. They are closely associated with the very thin circular

connective-tissue layer and the combined thickness of these two layers is only about

2 jurn. The apex of the tube foot terminates in a poorly developed sensory pad (text-

fig. 3a) with a slightly thickened nerve plexus underlying dense epithelial tissue. The
connective-tissue layer does not penetrate into the stereom of the test but merges with

the basal membrane of the pore lining. The base of the central rippled area attaches

to the walls of the interporal furrow but again no penetration of the stereom is found.

A short septum may or may not be present above the rippled area.

C2 isopores (PI. 84, fig. 3; text-fig. 3). These are less elongate than Cl isopores and

possess smaller circular pores, the perradial of which bears a well-defined neural

canal. These pores are separated by a broad interporal region which possesses a rather

broad and poorly defined interporal furrow linking the two pores. Surrounding each

pore there is a recognizable attachment area of moderate breadth which slopes

inwards.

The tube foot supported by C2 isopores has a small terminal sucker, about 350 ^m
in diameter in Eucidaris

,
with the same basic construction as P-type suckered tube

feet (text-fig. 3b). The peripheral sensory pad, however, is only poorly developed and

the region lying immediately beneath the sucker’s cuticle is composed of small

muscle fibres running from the connective tissue layer to the cuticle. The detailed

histology of a similar suckered tube foot of a cidarid is given by Nichols (1961). It is

unlikely to have come from Cidaris cidaris
,
as is stated, as Cidaris has non-conjugate

isopores and has P-type sucking discs. The tube foot stem of a C2-type tube foot is

relatively thick with both circular and longitudinal connective-tissue fibres, about

1 5 ju-in to 20 jum in thickness, and with a moderate development of retractor muscle

fibres, about 10 to 15 ^m in thickness (text-fig. 3d). These muscle fibres attach

on to the stem connective-tissue layer and not directly on to the test via a basal
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connective-tissue layer. The lowest part of the tube foot is expanded and a central

convoluted area is found linking the two cylinders, as described for Cl -type tube feet.

Conjugate isopores form a continuous series and it is quite possible to find examples

of echinoids bearing Cl isopores and tube feet aborally, C2 isopores and tube feet

orally and P2 isopores and tube feet around the peristome with all the linking

intermediates.

The umbrella tube feet o/Micropyga. Micropyga tuberculata Agassiz bears two types

of tube feet aborally: an inner series of simple, thin-walled tube feet with a sensory

and respiratory function and an outer series of very long, specialized umbrella tube

feet described by Doderlein (1906) and Mortensen (1940«). These umbrella tube feet

attach to P2 isopores. This demonstrates that only a limited amount of information

is contained in the structure of the isopore and that in some cases more than one type

of tube foot may be associated with a particular pore structure.

FUNCTIONAL INTERPRETATION OF PORE STRUCTURES

With the exception of the umbrella tube feet of Micropyga , noted above, it is possible

to recognize or reconstruct the morphology of the tube foot from the structure of

the pore to which it attaches. Interpretation of periporal structures can give an

insight into the structure and function of the tube feet of fossil echinoids.

The shape of the isopore. The presence of two equal-sized pores penetrating through

the test permits a one-way current flow of the coelomic fluids (see Fenner (1973) for

details). This is important in promoting efficient gaseous exchange by ensuring

a separation of oxygenated and deoxygenated coelomic fluid and permitting the

maintenance of continuous circulation. Those tube feet, whose primary function is

one of gaseous exchange, are associated with isopores which have relatively exten-

sive pores. Tube feet with an adhesive function, and where a thick connective tissue

and muscle fibre layer restricts the ability to carry out gaseous exchange, are associated

with isopores with large periporal areas and relatively small pores.

EXPLANATION OF PLATE 84

S.E.M. photomicrographs of echinoid ambulacral pores. Top of micrograph adapical unless otherwise

stated.

Fig. 1. Echinus esculentus; oral P4 isopores.

Fig. 2. Paracentrotus lividus ; oral P3 isopore transitional to P4 isopore.

Fig. 3. Eucidaris metularia; oral C2 isopore.

Fig. 4. Arbacia punctulata\ aboral Cl isopores, side view. Note the adorally displaced conjugate furrow

in the right hand isopore. Adoral to left.

Fig. 5. A. punctulatcr, aboral Cl isopore. Conjugate furrow displaced adorally and not well defined.

Fig. 6. A. lixu!a\ oral P4 isopore, side view. Adoral to right.

Fig. 7. A. lixula ; aboral Cl isopore. Detail of interporal area showing conjugate furrow.

Fig. 8. Echinus esculentus ; sub-ambital P3 isopore, side view. Adoral to right.

Scale bar: 1, 2, 4, 5, 8 = 200 ,um; 3, 6, 7 = 100 ^m.
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The degree of divergence of the pores while passing through the test also reflects

the emphasis placed upon gaseous exchange in the tube foot/ampulla system. Pores

which diverge markedly and open widely separated into the interior of the test have
long, flattened, thin-walled ampullae crossed by numerous septa. These ampullae

are presumably respiratory in function. The connective-tissue layer of these ampullae
is only 1 to 3 p,m in breadth. A reduction in the respiratory function of the system

is accompanied by a reduction in the degree of pore divergence. The ampullae asso-

ciated with weakly divergent pores are much narrower and usually somewhat broader,

with a tendency to become cylindrical tubes towards their free end. The ampulla

walls have a slightly thickened connective-tissue and muscle-fibre layer, about
4 to 8 ixm in total.

The outline of the isopore can vary from being very elongate to being more or less

round. This is related to the function of the tube foot supported. Where gaseous

exchange is the main function of the tube foot, then a large ratio of surface area to

volume is required. This is achieved by a flattening of the tube foot along the axis

joining the two pores. Where the tube foot is primarily concerned with adhesion,

then the ratio of surface area to volume becomes unimportant whereas the area of

attachment becomes more critical. For mechanical reasons it is advantageous for the

stem to splay out slightly towards its base so that the contracted tube foot is more
capable of compensating for lateral forces. These adhesive tube feet have a base of

approximately the same maximum diameter as that of the terminal disc, and the more
important the tube foot is for attachment, the rounder is the periporal area.

Size of the attachment area. The area for collagen attachment has stereom of distinc-

tive lattice structure and may also be slightly raised above the rest of the test. In

some species however, where the attachment area is small, it may be difficult to identify

without the use of an S.E.M. (PI. 82, fig. 2). The size of the attachment area provides

information on the quantity of stem muscle fibres developed. These muscles function

in retracting the tube foot and are well developed only where adhesion is important.

Tube feet with weak sucking discs or simple sensory pads require few retractor

muscle fibres and these attach to the connective tissue layer at its base. Where a large

and powerful terminal sucking disc is present, then the number of retractor muscle

fibres required to affix the animal securely in a high energy environment is greater,

and the muscle fibres attach via a connective-tissue membrane on to the periporal

area. The breadth of the attachment area gives direct information on the thickness

of the retractor muscle layer in the stem of the tube foot supported.

Shape and size of the interporalpartition. Where the interporal partition forms a fairly

well-defined ridge, then the associated tube foot always appears to be endowed with

a large septum. In PI and P2 tube feet the septum is long, extending at least three-

quarters of the length of the tube foot. P3 tube feet have shorter septa, about a third

to a half of the length of the tube foot, while P4 tube feet completely lack any septum.

The development of the central septum can be correlated with the function of the

tube foot. Where gaseous exchange is the principal function of the tube foot, it is

important to have as large a surface area as possible. In respiratory tube feet this is

assisted by the septum which ensures that the coelomic fluid follows the longest path
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from one pore to the other, optimizing the efficiency of gaseous exchange in a cylindri-

cal system.

With a decrease in the respiratory function of the tube foot, the septum becomes
less important and may be lost altogether. The collagen and muscle layers provide

a barrier against diffusion of gases. In PI tube feet the total thickness of these layers

is around 1 ^m to 5 /xm, whereas in P4 tube feet the total thickness of these layers

varies between 50 and 350 /xm. Gaseous exchange across these thicker walls must
be fairly minimal and unimportant. Where no septum is present the interporal parti-

tion is developed into a bulbous dome, covered in life with a single layer of ciliated

epithelial cells. This ensures that movement of the coelomic fluid is maintained within

the lumen of the tube foot even when the tube foot is at rest. The interporal partition

has nothing to do with muscle attachment as postulated by Nichols (1959a).

Presence of a conjugate furrow. Where a furrow is present in the interporal area,

linking the two pores of an isopore, the associated tube foot has a central rippled

area as described above. The interporal furrow delineates the position of this central

region (see text-fig. 3). This convolute area greatly increases the surface area of the

tube foot and divides the inflowing oxygen-deficient coelomic fluid into many streams.

The walls of the tube foot have very thin connective-tissue and muscle layers in Cl
forms, and must permit considerable gaseous exchange to occur. As well as increasing

the surface area across which gaseous exchange can occur, the central region also acts

to separate the inflowing oxygen-poor current from the outflowing oxygen-rich

current. In PI tube feet these two currents are separated only by a thin collagenous

septum, and oxygen depletion of the outflowing current must occur by diffusion

across the septum. Tube feet with a central convoluted area avoid this problem by the

complete separation of the oxygen-rich and oxygen-poor fluids along most of the

tube foot’s length. Gaseous exchange is therefore probably more efficient in C-type
tube feet than in P-type tube feet.

Neural canal. The neural canal houses a branch of the radial nerve. In most coronal

isopores it is moderately well developed, especially where a terminal sucking disc is

supported. The coordination required to operate a sucking disc demands a well-

developed tube-foot nerve. Respiratory tube feet have only a small sensory pad at

their apex; the tube-foot nerve is small and difficult to find and may even be absent

in some (though a thin nerve plexus is always present). The neural branch to the sub-

epidermal nerve plexus is always developed, and the neural canal, although small,

is not absent altogether from isopores of respiratory tube feet.

ECOLOGICAL INTERPRETATION OF PORE STRUCTURES

Substrate and energy ofenvironment

.

The strength ofa suckered tube foot is determined
by two variables

;
the tensile strength ofthe stem and the adhesive power of the terminal

sucking disc. The quantity ofmuscle fibres in the tube-foot stem is thought to determine
its tensile strength and, as has already been discussed, the breadth of the attachment
area is directly proportional to the amount of stem muscle. There is also evidence that

the size of the terminal sucking disc is directly related to its adhesive power (Sharp
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and Gray, 1962). The maximum diameter of the pore approximates fairly closely to

the diameter of the terminal sucking disc in P2, P3, and P4 isopores. Thus some idea

of the adhesive power of the terminal sucking disc can be gained from the structure

of the isopore.

The tenacity with which an individual can cling to a surface is determined by the

tube foot strength, the number of tube feet which are involved, and the size and shape

of the test. These factors affect the distribution of the species and determine the

maximum environmental energy that can be withstood. Two series of experiments

have been carried out on the clinging ability of echinoids. Sharp and Gray (1962)

demonstrated that Arbacia punctulata (P4 isopores orally), when subjected to

a constant pull of 250 g, had a longer clinging time than Lytechinus variegatns (P2

isopores orally), on rocks in an aquarium. Individuals of both species were also

transplanted on to a rocky jetty and it was found that, whereas Arbacia quite happily

colonized this high energy environment, Lytechinus individuals were quickly washed
away. Sharp and Gray suggest that the greater clinging power of Arbacia was due to

the large size of the sucker discs of its tube feet (about twice the diameter of the discs

of Lytechinus) and their thicker and stronger stems.

Markel and Titschack (1965) carried out similar experiments with Arbacia lixula,

Paracentrotus lividus, and Sphaerechinus granularis (P4, P3, and P2 isopores orally,

respectively) in which a spring balance was used to measure the maximum pull

individuals could withstand. They report that the majority of tube feet shear before

the terminal sucking disc is detached from the substrate and that the tensile strength

of the stem limits the tube foot strength. Paracentrotus is reported to be able to with-

stand a much greater pull than Arbacia , despite having weaker individual tube feet,

because of the greater number of oral tube feet involved in adhesion.

How meaningful these experimental measurements are is uncertain. The stresses

produced by breaking waves, which shallow-water echinoids have to cope with, are

short and sharp. The strain induced in tube feet from stress applied over a period of

time is likely to differ from that experienced in the natural environment. Although

experimental evidence suggests that Paracentrotus is better adapted for adhering to

rocks in a high energy environment than Arbacia, in the natural situation Arbacia

populations are found at shallower depths or in more exposed situations than

Paracentrotus populations (Kempf, 1962; Neill and Larkum, 1965). Much more
experimental work must be carried out before quantitative information can be

considered reliable.

Despite this lack of quantitative information, broad generalizations about the

habitat of any species can be drawn purely from a consideration of the pore structure.

A list of the types of isopores found in each species examined is given in the Appendix,

and this also provides details of the environment in which they live. From this it can

be seen that Recent species with oral PI isopores are uncommon and are found only

on soft bottoms in the deep sea environment. Oral P2 isopores are present in species

living in all environments from the abyssal to the subtidal, but all are restricted to

a low to moderate energy of environment. These species also live on soft or firm

sediment bottoms, though some shallow-water species may seek protection in rock

crevices or overhangs bounding sedimentary areas. Oral P3 isopores are present in

shallow-water species usually confined to the intertidal and shallow subtidal regions,
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though occasionally extending into the deeper waters of the continental shelf. These

species live on rocks or reef structures. Subtidally they appear to live out in the open

on rock surfaces, while intertidally or immediately infratidally they prefer to inhabit

burrows or crevices or live sheltered beneath boulders. P4 isopores are found in

echinoids inhabiting steep rocky bottoms or coral reefs in exposed high energy

environments. They live in the intertidal or immediately subtidal zones on the open

surface of rocks, though intertidally they may inhabit crevices.

Although pore structure can only allow broad generalizations to be drawn, it does

provide some information useful in the interpretation of the habitats and life styles

of fossil echinoids. In attempting to ascertain the clinging power of a fossil echinoid

the following factors must be taken into consideration : the breadth of the attachment

area (tensile strength of the stem), the maximum diameter of the isopores (size and

adhesive power of the terminal sucking disc), the number of oral isopores, and the

size of the test. For example both Echinus esculentus and Stomopneustes variolaris

have oral tube feet with similar-sized terminal sucking discs and similar development

of stem muscle fibres. Stomopneustes however, has very pronounced phyllodes

which Echinus lacks. Stomopneustes is also considerably smaller than Echinus and
therefore possesses many fewer oral tube feet with which to adhere. However, in

relative terms, for its size Stomopneustes has more tube feet with larger sucking discs

and can therefore colonize high-energy intertidal environments where it lives in

crevices. Echinus , on the other hand, with proportionally fewer and smaller tube

feet for its size, inhabits a slightly lower energy environment in the shallow subtidal

region. A small species, with numerically fewer and proportionally larger tube feet

is able to adhere in more energetic conditions than a large species.

The presence of phyllodes on the oral surface of regular echinoids has been

mentioned by Kier (1974). In uniserial pore arrangements the occurrence of small

broadened ambulacral areas of P2 or P3 isopores around the peristome provides

increased numbers of suckered tube feet to counteract the stresses of mastication.

In echinoids with trigeminate or polyporous ambulacral columns the development

of broad oral phyllodes, composed of P3 or P4 isopores, allows firmer attachment to

the substrate. They are present in only those species which inhabit exposed high-

energy intertidal or immediately subtidal environments. The deep-sea urchin Phormo-

soma placenta , which completely lacks oral suckered tube feet, is unlikely to be able

to graze like other regular echinoids. Lawrence (1975) reports that deep sea echino-

thurioids in fact eat bottom ooze, and it seems likely that echinoids lacking oral

suckered tube feet feed primarily by swallowing sediment.

Aboral tube feet are either respiratory in function (Cl and PI types) or are thin-

walled and terminate in a small sucking disc (P2 type). From the available information

it appears that regular echinoids with aboral suckered tube feet cover themselves with

particles to some degree. There has been much discussion as to the exact cause and
purpose of this covering reaction (see Lawrence ( 1 976) for a recent review). It may well

be that the covering reaction fulfils different functions in different groups of species.

Respiration and Temperature. An echinoid’s demand for oxygen depends upon its

size, its developmental stage, the ambient temperature and the animal’s activity

(Farmanfarmanian, 1966). Up to a critical level, the metabolic rate of oxygen
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consumption increases with increasing temperature. Therefore echinoids inhabiting

shallow warm waters have a greater oxygen consumption than those in colder waters.

Echinoids inhabiting shallow tropical waters need the most efficient respiratory tube

feet. This is best displayed by recent cidarids where both PI and Cl tube feet may
occur aborally. All those cidarids examined which inhabit shallow-water coral-reef

environments, usually at depths of only a few metres, possess Cl tube feet aborally.

Cidarids from colder-water shelf areas or from deeper waters where the oxygen con-

sumption rate per se is reduced, possess only PI tube feet aborally.

Non-cidaroid echinoids do not display such a clear correlation between type of

tube foot and habitat. Many shallow-water echinoids have found it advantageous to

be able to cover themselves. Arbacioids possess only a single row of tube feet aborally

in each ambulacral column and their P4 oral tube feet, with their extensive collagen

and muscle layers, can play no effective part in gaseous exchange. As these species

inhabit shallow warm waters, the aboral tube feet have to be very efficient at gaseous

exchange. Arbacioids possess Cl tube feet aborally. Diadematoids also possess only

uniserial rows of tube feet aborally and these tube feet are again largely respiratory

in function. Trigeminate and polyporous ambulacral arrangements produce a marked
increase in the number of aboral tube feet and gaseous exchange across individual

tube feet becomes less critical. A multiserial arrangement provides sufficient numbers
of aboral tube feet to cater for all the echinoid’s oxygen requirements even with less

efficient and thicker-walled P2 tube feet (see Steen, 1965). In regular echinoids

suckered aboral tube feet are only found in species where more than one row of tube

feet per ambulacral column is present. Only holectypoid and pygasteroid species

possess single rows of P2 isopores.

In deeper-water species, the rate of respiration is presumably reduced and the

demand for oxygen small. Specialized tube feet are therefore not required. Aboral

adhesive suckered tube feet are also redundant in this environment and therefore

these species possess PI aboral tube feet. These tube feet, while meeting the respira-

tory needs of the animal, fulfil a sensory role and can be distinguished from shallow-

water respiratory tube feet by the structure of the isopore. In respiratory PI tube feet

the two ambulacral pores diverge as they pass through the test, whereas in sensory

P 1 tube feet the pores pass through the test with little or no divergence (PI. 8 1 , figs. 1 , 2)

and link with small fairly thick-walled ampullae.

FOSSIL CORONAL PORES

In addition to the large number of Recent echinoids studied, considerable numbers of

fossil echinoids, ranging from the Ordovician to the Tertiary, were examined using

a S.E.M. In many cases preservation was good enough to allow the identification of

isoporal attachment areas and permit the reconstruction of the associated tube feet.

All were found to conform to the same basic designs of isopores as are found in

Recent echinoids with the exception of Neobothriocidaris which will be dealt with

elsewhere. It is therefore possible to use isopore morphology to identify the type of

tube foot of fossil echinoids by direct comparison with Recent echinoids. Most
Palaeozoic echinoids possess PI isopores with non-divergent pores with P2 isopores

occurring adorally. It was only with the rapid burst of evolution at the top of the Lias
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that other types of coronal isopores make their appearance. This allowed Jurassic

regular echinoids to inhabit all the types of marine environment in which their

descendants are found today. Aboral P2 isopores are also found for the first time,

indicating that some species were capable of a covering reaction (see Smith, 1978).

It should now be possible to use the isopore morphology of fossil regular echinoids

to provide evidence for both palaeoecological studies and palaeoenvironmental

reconstruction.
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APPENDIX

Tube feel and habitat of regular echinoids

Species 1 2 3 Habitat References

ORDER CIDAROIDA
FAMILY CIDARIDAE
Poriocidaris purpurata SH P2 PI N. Atlantic. 750-1804 m. Globigerina ooze. Farran (1913)

Mortensen (1928)

Ctenocidaris speciosa O P2 PI Circum-polar antarctic. 75-400 m. Mortensen (1928)

Austrocidaris canaliculata SH P2 PI Magellanic region. 9-1100 m. Sand; sand and gravel. H. L. Clark (19256)

Goniocidaris tubaria var. impressa O C2 Cl Australia. Littoral- 150 m. Sheltered bay; prefers

sandy or grass bottoms.

Mortensen (1928)

H. L. Clark (1946)

A. M. Clark (1966)

G. biserialis O P2 PI Japan, Korea. 70-500 m. Prefers hard bottoms. Mortensen (1928)

Phyllacanlhus imperialis 0 C2 Cl Indo-W. Pacific. Littoral-73 m. Coral reefs, in

lagoon or outside reef subtidally. Hides under

coral blocks during the day, mobile at night.

Mortensen (1928)

H. L. Clark (1946)

A. M. Clark (1966)

Plococidaris verticillata 0 C2 Cl Indo-W. Pacific. 0-54 m, mostly littoral. Amongst
old coral branches and on coral sands.

Mortensen (1927, 1928)

Prionocidaris bispinosa 0 P2 Cl Indo-W. Pacific. 0-50 m, usually shallow. Coral

sand and shell sand bottoms primarily.

Mortensen (1927, 1928)

H. L. Clark (1925a, 19

1938)

Gibbs et at. (1976)

P. bctculosa O C2 Cl Indo-W. Pacific. 0-200 m, usually very shallow.

Seaward side of reef, amongst fringe reefs, in

Cymadocea beds, in crevices in reef and on coral

sand bottoms.

Balinsky (1958)

James and Pearse (1969)

Oxford Univ. (1972)

Evans et at. (1973)

A. M. Clark (1976)

Cidaris cidaris SH P2 PI Atlantic, Mediterranean. 60-200 m commonest.

On all types of sediments.

Koehler (1927)

Cherbonnier (1956)

Column I O. Test examined with optical microscope. Column 2. Type of oral isopore. Column 3. Type of aboral isoporc.

S. Test examined with S.E.M.

H. Tube feet examined histologically.
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ORDER

TEMNOPLEUROIDA

FAMILY

TEMNOPLEURIDAE

Amblypneustes

pachistus

O

P2

P2

Australia,

New

Zealand,

10-50

m.

Mortensen

(

1943a)





Species

ORDER CIDAROIDA (com.)

FAMILY CIDARIDAE (com.)

Eucidaris metularia

Stylocidaris affinis

ORDER ECHINOTHURIOIDAE
FAMILY ECHINOTHURIIDAE
Calveriosoma hystrix

Hygrosoma pelersi

Phormosoma placenta

ORDER DIADEMATOIDA
FAMILY DIADEMATIDAE
Astropyga pulvinata

A. radiota

Centrosteplianus longispinus

C. nitidus

C. rodgersi

Diadema mexicanum

D. setosum

FAMILY MICROPYGIDAE
Micropyga tuberculata

ORDER SALENIOIDA
FAMILY SALENIIDAE
Salenocidaris miliaris

S. profundi

ORDER PHYMOSOMATOIDA
FAMILY STOMECHINIDAE
Stomopneustes variolaris

ORDER ARBACIOIDA
FAMILY ARBACIIDAE
Arbacia lixula

A
.

punctulata

Tetrapygus niger

ORDER TEMNOPLEUROIDA
FAMILY TEMNOPLEURIDAE
Amblypneustes pachistus

1 3 Habitat

SH C2 Cl

O P2 PI

Indo-Pacific. Intertidal-570 m, usually very shallow.

Amongst reefs, in tidal pools, in lagoons, inner

and middle portion of barrier reef. Under masses

of coral debris.

Atlantic, Mediterranean. 0-1000 m, commonest
50-200 m. Coralline algae bottoms and on rock

and mud bottoms.

Mortensen (1928)

Boone (1938)

A H. Clark (1950, 1952)

Koehler (1927)

Mortensen (1928, 1937)

Cherbonnier (1956)

SH P2 PI E. Atlantic. 350-1800 m. Ooze or mud bottoms.

O P2 PI Atlantic. 200-3275 m. Mud bottom.

SH PI PI Atlantic. 215-2500 m. Mud or ooze bottoms.

Farran(1913) >
H. L. Clark (19256)

Mortensen (1935) m
H. L. Clark (1925*) °
Madsen (1947) h
H. L. Clark (1923, 1925*)

°

Madsen (1947) O

O P2 PI

O P2 PI

SH P2 PI

SH P2 PI

O P2/3 PI

E. Pacific. 5-30 m. Coral reef on sand and rubble

bottoms.

Indo-W. Pacific. 2-60 m. Deeper waters ofT reefs on
all sediments and amongst eel-grass.

E. Atlantic, Mediterranean. 33-208 m. Mud, sand,

gravel, coralline algae bottoms.

Indian Ocean. 160-229 m.

W. Pacific. 0-110 m, commonest 3-10 m. Prefer

sheltered areas, living on reefs and rocky bottoms

in crevices during the day. Also found on sur-

rounding sand areas.

Mortensen (1940a) ®

A M. Clark (1976)

Mortensen (1940a) ^
Taylor (1968)

Koehler (1927)

Mortensen (1940a)

Cherbonnier (1956, 1959)

Longhurst (1958)

Mortensen (1940a)

Fell (1975)

Tenison-Woods (1881)

Bell (1884)

Mortensen (1940a)

H. L. Clark (1946)

Sinclair (1959)

Shepherd (1973)

Fell (1975)

O P2/3 PI E. Pacific. Littoral-40 m. Coral reefs, grass and sand Chesher (1972)

beds.

O P2 PI Indo-Pacific. Intertidal- 70 m, commonest 0-6 m.

Sheltered coral reef and rock structures, and

amongst corals of fringe reefs. Lives in crevices

at the base of structures, moves over sediment at

night. Lives unsheltered in deeper water.

Magnus (1967)

Taylor (1968)

James and Pearse (1969)

Evans et al. (1973)

SH Pl/2 Indo-W. Pacific. 150-1340 m, commonest 200-

400 m. Mud and ooze bottoms.

Mortensen (1940a, 6)

H. L. Clark (1925a)

SH P2 PI

SH P2 PI

Pacific. 1225-2600 m. All types of bottoms. Agassiz (1904)

Agassiz and Clark (1908)

Tropical Atlantic. 1100-3400 m. Ooze and mud H. L. Clark (1925a)
bottoms.

Indo-W. Pacific. Intertidal to immediately subtidal.

Rocky shores in high energy environment.

Excavates holes or lives in clefts.

Endean et al. (1956)

Balinsky (1958)

Taylor (1968, 1971)

E. Atlantic, Mediterranean. Intertidal-40 m, com-
monest 0-5 m. On exposed steep bare rock areas.

Occasionally found in crevices.

W. Atlantic. Intertidal-2 1 3 m, commonest 0-10 m.

Prefers rock bottoms of back reef and shore.

Occasionally found on sand or shell patches.

Fairly protected environments.

Peru and Chile coasts. Shore- 10 m. Rocky coasts. Mortensen (1935)

Kempf (1962)

Gamble (1965)

Neill and Larkum (1965)

Harvey (1956)

Sharp and Gray (1962)

Kier and Grant (1965)

Australia, New Zealand, 10-50 n Mortensen (1943a)O P2

SMITH:
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Species 1

ORDER TEMNOPLEUROIDA (coni.)

FAMILY TEMNOPLEURIDAE leant.)

2 3 Habitat References
3

Holopneustes inflatus 0 P2 P2 Australia, New Zealand. 1-27 m, rare below 10 in.

Sheltered inlets living cradled off the bottom

on kelp fronds. Occasionally found on grass

bottoms.

H. L. Clark (1938)

Mortensen (1940a)

Microcyphus maculatus O P2 PI Mauritius, ?Mozambique. Littoral. Coral reef

environment.

Mortensen (1943a)

Salmacis bicolor O P2 PI African coast to Indo-China. 0-122 m, usually

subtidal. Amongst corals and on sand and shell

bottoms.

Brown (1910)

Mortensen (1940a)

Balinsky (1958)

Clark and Courtman-Stock

(1976)

>
r~

>
Temnopleurus hardwicki SH P2 P2 Pacific, China Sea. 5-35 m. Mud and algal bottoms. Chang ( 1932)

Mortensen (1943a)
O
z

T. toreumaticus

FAMILY TOXOPNEUSTIDAE

O P2 P2/1 Indo-W. Pacific. 0-45 m. Immense numbers on grass

bottoms.
Mortensen (1943a) o

r
O
O

Lytechinus pictus O P2 PI California. Low intertidal-55 m. Fully protected

rock and reef areas.

Mortensen (1943a)

Ricketts and Calvin (1962) <
L. variegatus O P2 P2 Central W. Atlantic. 0-90 m, usually shallow sub-

tidal. Prefers sheltered firm sandy bottoms with

grass. Occasionally found among or under rocks.

Covers itself.

Sharp and Gray (1962)

Moore et al. (1963)

Kier and Grant (1965)

Camp et al. (1973)

o
r
C

m

Pseudobolelia atlantica O P2 P2 Atlantic. 20-70 m. Small stones and Lithothamnion

bottoms. Covers itself.

Mortensen (1943a)

P. indiana O P2 P2 W. Pacific. 1-339 m. Near coral reefs. Covers itself. Mortensen (1943a)

Baker (1972)

P. maculaia 0 P2 PI/2 Indo-W. Pacific. 20-70 m. Mortensen (1943a)

Sphaerechinus granularis s P2 P2 Atlantic, Mediterranean. 0-150 m, commonest
shallower than 30 m. Mostly on muddy sand

bottoms with grass or seaweeds. Covers itself.

Koehler (1927)

Cherbonnier (1956)

Harvey (1956)

Toxopneustes pileolus OH P2 P2 Indo-W. Pacific. Intertidal-90 m, usually shallow

subtidal. Sheltered inner reef and lagoon on coral

sand bottoms. Covers itself.

Mortensen (19406)

A. H. Clark (1950)

Taylor (1968)

Oxford Univ. (1971)

Tripneustes gratilla SH P2 P2 Indo-W. Pacific. 0-75 m, commonest infralittorally

to 20 m. Mainly on grass bottoms of sheltered

lagoonal sand flats and amongst coral. Also,

especially juveniles, on reef flats in crevices or

under boulders. Covers itself.

Roxas (1928)

Mortensen (1943a)

Taylor (1968)

T. ventricosus O P2 P2 Tropical Atlantic. 0-30 m, commonest 0-5-10 m.

Protected back reef, inter reef, and lagoon. Adults

principally live on grass bottoms, but also in rock

areas and under coral blocks. Juveniles commonly
under rocks. Covers itself.

Kier and Grant (1965)

McPherson (1965)

Kier (1966, 1975)

ORDER ECHINOIDA
FAMILY ECHINIDAE
Echinus acutus O P2 P2 Atlantic, Mediterranean. 20-1400 m, commonest

100-400 m. Soft bottoms, primarily mud or

muddy sand.

Farran (1912)

Koehler (1927) £
Cherbonnier (1965)

E. esculentus SH P3 P2 Atlantic. 0-1264 m, commonest 5-40 m. Sheltered

or semi-sheltered rock or boulder substrates.

Covers itself.

Moore (1934) 1

Forster (1959) m
Krumbein and Van der Pers O

(1974) E5

Paracentrotus lividus SH P3 P2 Atlantic, Mediterranean. Intertidal-30 m (rare to

80 m). Semi-sheltered areas of flat or gently

sloping rock ledges in depressions or crevices.

Also found occasionally in Zoostrea meadows
or on shell gravel. Bores in exposed areas. Covers

itself.

Kitching and Ebling( 1961a, q
19616) 5

Kempf (1962) ,
Neill and Larkum (1965) O
Gamble (1967)

*

Crapp (1973) &
Crapp and Willis (1975)

Allain (1975)

Parechinus angulosus O P3 P2 S. Africa. Intertidal-98 m. From all types of bottom

but in shallow water lives on rocks in crevices or

beneath large stones.

Cannone (1970)

Clark and Courtman-Stock

(1976)

Psammechinus miliaris SH P2/3 P2 N. Atlantic. Intertidal- 160 m. primarily littoral.

Stony ground or coarse sand or gravel with stones.

Under rocks and stones littorally. Covers itself.

Ursin (1960)

FAMILY ECHINOMETRIDAE
Anthocidaris crassispina O P3 P2 Japan. Intertidal- 18 m. Rocky shores in crevices or

under stones.

Mortensen (19436)

Caenocentrolus gibbosus O P3 P2 W. coast of S. America, Galapagos Islands. Littoral. Mortensen (19436)
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Species 1 2 3 Habitat References sg

ORDER ECHINOIDA (coni.)

FAMILY ECH1NOMETRIDAE (com.)

Colobocentrotus atralus S P4 P2 Indo-Pacific. Intertidal. Exposed high energy rocky

shores.

Ebert (1971)

A. M. Clark (1976)

Echinometra mathaei SH P3 PI Indo-W. Pacific. Intertidal- 139 m, commonest
immediately infratidally. Sheltered areas of coral

reef, especially rocky inter-reefs. Also amongst
coral and on Tlialassia beds or beneath blocks on
cobble beds. Lives in crevices or burrows especi-

ally in more exposed areas.

A. H. Clark (1949)

Taylor (1968)

James and Pearse (1969)

Khamala (1971)

Evans el al. (1973)

Echinostrephus molaris SH P3 P2 Indo-W. Pacific. 0-50 m, commonest 0-5-2-5 m.

Exposed side of reef in deep burrows in coral reef

limestone. Also in crevices in mid-reef flat.

Clark and Taylor (1971)

Campbell (1973)
>

>

Evecliinus chloroticus O P3 P2 New Zealand. Intertidal-38 m, commonest just

subtidally. Usually on rock or boulder bottoms
but occasionally on sediment bottoms. Lives in

crevices or between boulders in shallow water.

Covers itself.

Fell (1952)

McRae (1959)

Dix (1970)

O
z

o
o
o

Heliocidaris erythrogramma 0 P3 P2 Australia. Intertidai-20 m, usually less than 5 m.
Mostly on rocks but recorded from all stable

bottoms. Lives between boulders, in crevices or

under rocks littorally. Covers itself.

Tenison-Woods (1881)

H. L. Clark (1938)

Sinclair (1959)

Shepherd (1973)

’,

VOLUM1

H. luberculata O P3 P2 Pacific. 0-54 m, mostly in deeper subtidal waters.

On rocky surfaces, in large holes, under ledges or

in crevices.

Endean el al. (1956)

Sinclair (1959)
-

Heterocentrotus mammillatus 0 P3/4 P2 Indo-W. Pacific. Shallow subtidal. Outer reef edge

and exposed fringing reefs in high energy environ-

ment. Also from inner parts of reef. Lives in deep
crevices.

Tenison-Woods (1881)

Weber (1969)

James and Pearse (1969)

Oxford Univ. (1971)

H. trigonarius 0 P3/4 P2 Indo-W. Pacific. Intertidal to shallow subtidal.

High energy environments, especially the outer

reef front and fore-reef slope. Lives in hollows in

the reef.

A H, Clark (1952)

Weber (1969)

Pachycentrolus australiae O P2 P2 Australia. 4-73 m, usually shallow. Sand bottoms. A. M. Clark (1966)

FAMILY STRONGYLO-
CENTROTIDAE

Strongylocentrolus droebachiensis 0 P3 P2 Arctic, N. Boreal. Intertidal-300 m, commonest
0-50 m. Principally on horizontal or sloping rock

platforms in protected to moderately exposed

areas. Also found on stony or gravel bottoms

and even on mud.

Weese (1926)

Ricketts and Calvin (1962)

Jensen (1974)

S. purpuratus O P3 P2 E. Pacific. 0-65 m, not common subtidally. Exposed

to semi-protected rock areas in cavities or holes.

Also found in boulder fields at base of boulders.

Ricketts and Calvin (1962)

Ebert (1968)

Tegner and Dayton (1976)

Jensen (1974)

2

x

o

z
o
5





TERTIARY HOLASTEROID ECHINOIDS FROM
AUSTRALIA AND NEW ZEALAND

by r. J. foster and G. m. philip

Abstract. All known holasteroid echinoid species from the Tertiary rocks ofAustralia and New Zealand are described

and illustrated. All except Echinocorys australis sp. nov., from the Palaeocene of Western Australia, belong to genera

confined to Australia and New Zealand. Other holasterids are Giraliaster jubileensis gen. et sp. nov. with additional

species G. tertiarius (Gregory), G. sulcatus (Hutton) (= Cardiaster latecordatus Tate), and G. bellissae sp. nov.

A new family Corystidae is proposed for holasteroids with a central rostral plate. Included in the family are Corystus

dysasteroides (Duncan) (= Duncaniaster australiae (Duncan) = Galeraster australiae Cotteau), Cardabia bullarensis

gen. et sp. nov., and Huttonechinus spatangiformis (Hutton) gen. nov. The distribution of holasteroid echinoids in

Australia and New Zealand indicates shallow water connection between the Southern Ocean and the Tasman Sea

from the Palaeocene onwards, and that west-east trans-Tasman migration of echinoids has proceeded throughout the

Cainozoic. The holasteroids provide evidence against the concept of a relatively cosmopolitan echinoid fauna in

southern Australasia during the Palaeocene to Miocene. The precursors of the fauna, prior to the separation of

Australia from Antarctica, are to be sought in the Indian Ocean area.

Holasteroid echinoids comprise a numerically small, yet diverse and significant

component of the abundant Tertiary echinoid faunas of Australia and New Zealand.

For this article we have examined all known material, a task which has taken several

years since the material is scattered through many repositories and museums.
The occurrence of holasteroid echinoids in the Australian Tertiary was well known

in the last century through the work of Duncan (1877, 1887), Gregory (1890), and
Tate (1892). The group constitutes the main evidence for a still prevailing view on the

palaeogeographic relationship of the fauna. Gregory (1890, p. 491) succinctly

described the fauna thus, fit seems to be composed of two constituents: about one

third of the species are of ordinary Palaearctic Upper Cretaceous genera; these seem
to have migrated southwards and become mingled on their journey with a fauna that

agrees more closely with that of the Eocenes of India and Malaysia’. Fell ( 1953) has

echoed this interpretation and more recently (1971) has even maintained that un-

disclosed echinoids serve to indicate that peninsular India has occupied its present

position since at least the late Jurassic. Even Henderson (1975), viewing the New
Zealand Tertiary spatangoids, concluded that (p. 7) ‘Palaeocene- Miocene faunas of

the world are dominated by cosmopolitan and widely distributed genera which appear

to have been distributed largely from centres in the tropical Atlantic and Mediterranean

regions into the Indo-Pacific’.

In this revision, holasteroids previously placed in genera such as Holaster and
Cardiaster are referred to five genera, three of them new, and four known only from
late Cretaceous and Tertiary strata of Australia and New Zealand. A new family is

proposed to accommodate three Australian and New Zealand genera which are set

well apart from other holasteroids in the nature of the plastronal plating. Of the eight

species described here, only one, Echinocorys australis sp. nov., is referred to a cosmo-
politan holasteroid genus. Holasteroid echinoids therefore support the view of

[Palaeontology, Vol. 21, Part 4, 1978, pp. 791-822, pis. 85-93.]
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a strongly endemic nature for the Australasian Palaeogene fauna (cf. Philip and
Foster 1971).

The Australasian Tertiary holasteroid fauna, although largely endemic at the

generic level, is of more than local interest. It provides an example of continued

diversification and evolution in the Cainozoic of a group that declined abruptly at

the end of the Cretaceous in the northern hemisphere. Such diversification is typical

of the Palaeogene echinoid fauna of southern Australia as a whole and is presumably

the result of new ecological opportunities brought about by the rifting of Australia

from Antarctica and the opening of the Southern Ocean. The fauna also provides

evidence of completion of this seaway between Antarctica and Australia at a time

earlier than has hitherto been recognized.

The following abbreviations are used to designate the various repositories: AUGD—Adelaide University

Geology Department, Adelaide, S.A. ; BM—British Museum (Natural History), London ; CPC—Common-
wealth Palaeontological Collection, BMR, Canberra; NMV—National Museum of Victoria, Melbourne,

Victoria; NZGS—New Zealand Geological Survey Museum, Lower Hutt, N.Z.; OU—Otago University

Geology Department, Dunedin, N.Z. ; SAM—South Australian Museum, Adelaide, S.A. ;WAM—Western

Australian Museum, Perth, W.A. Undesignated material is in the R. J. Foster Collection.

Diagnosis. Rounded holasteroids, with anterior notch either feeble or absent and
with a subanal rostrum; ambulacra non-petaloid. Apical system disjunct with three

or four genital pores. Plastron modified meridosternous with the first pair of episternal

plates followed by a single central rostral plate. Subanal fasciole present, encircling

the rostral plate.

text-fig. 1. Corystus dysasteroides (Duncan), a, plating of adoral surface

showing rostral plate, based on SAM P18011 from Tailem Bend, South

Australia. Position of subanal fasciole inferred from other specimens.

b, posterio-oral view of pre-anal, rostral, and episternal plates of the posterior

interambulacrum, based on NMV P31229 from Waurn Ponds, Victoria.

SYSTEMATIC PALAEONTOLOGY

Order holasteroida Durham and Melville, 1957

Family corystidae fam. nov.

a 1cm
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Included genera. Corystus Pomel, 1883; Cardabia gen. nov.; Huttonechinus gen. nov.

Remarks. The presence of the post-episternal rostral plate sets this family well apart

from other holasteroids and must be regarded as a specialized development. As
lateral fusion of plates cannot be invoked to explain its origin (cf. Mortensen 1950,

p. 37) the plastron of the Corystidae must be viewed as a modification of an advanced

meridosternous (metasternal) condition. The rostral plate sees no parallel in other

echinoids.

The new family is known only from Tertiary strata of Australia and New Zealand,

although a similar-looking but poorly known genus, Basseaster Lambert from the

Maastrichtian of Madagascar, may prove to belong to the family. The family first

appeared in the Palaeocene of north-western Australia, and was present at a number
of localities along the south coast of Australia by the late Eocene. It reached New
Zealand in the Oligocene, and died out in both countries during the early Miocene.

Its total range is probably P4 to N8 in the letter zonation of Berggren (1969).

Genus corystus Pomel, 1883

1883 Corystus Pomel, pp. 61-62.

1890 Galeraster Cotteau, p. 548.

1896 Duncaniaster Lambert, p. 317.

1903 Duncaniaster Lambert; Lambert, p. 32.

1921 Galeraster Cotteau; Lambert and Thiery, p. 332.

1924 Cibaster (Duncaniaster ) Lambert; Lambert and Thiery, p. 408.

1946 Duncaniaster Lambert; Clark, p. 361.

1948 Galeraster Cotteau; Mortensen, p. 84.

1950 Duncaniaster Lambert; Mortensen, p. 74.

1953 Duncaniaster Lambert; Fell, pp. 246-249.

1966 Galeraster Cotteau; Wagner and Durham, p. U445.

1966 Duncaniaster Lambert; Wagner and Durham, p. U528.

1968 Duncaniaster Lambert; Eames, p. 367.

1971 Duncaniaster Lambert; Davies, p. 142.

1976« Corystus Pomel; Foster and Philip, pp. 113-116.

Type species. Rhynchopygus dysasteroides Duncan, 1877; by monotypy. The type species of Galeraster is

G. australiae Cotteau, 1890, and of Duncaniaster is Holaster australiae Duncan, 1877.

Diagnosis. Moderate sized, domed holasteroids with a faint frontal notch and low

plastronal keel. Disjunct apical system with four genital pores located in front of

centre. Ambulacra all similar, flush with test and subpetaloid, with small circular

pores placed close together; pores paired throughout. Periproct transversely oval,

situated above anal rostrum at termination of the posterior slope of the test. Peristome
in front of centre, with prominent phyllodes; paired interambulacra amphiplacous.
Labrum comparatively broad and not protruding. Subanal fascicle subcircular,

enclosing the rostral plate.

Remarks. The complex nomenclatorial history of the type species of this genus has

been discussed by Foster and Philip (1976u), who concluded that it is conspecific with

both H. australiae Duncan (type species of Duncaniaster Lambert), and Galeraster

australiae Cotteau (type species of Galeraster Cotteau). At present only the one
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species of Corystus is recognized, although C. dysasteroides is acknowledged to show
considerable variation in time (Foster and Philip 1 916b). The distribution ofthe species

is discussed below.

Lambert’s genus Basseaster (1936, p. 23) closely resembles Corystus in its incon-

spicuous ambulacral pores, very slight frontal notch, keeled plastron, anal rostrum
surrounded by a fasciole, and the character of its tuberculation. Lambert described

the apical system as comprising one elongate plate without sutures; however, there

are four genital pores, with the posterior pair well separated from the anterior pair.

Lambert could not discern the vital sutures of the plastron. The only known species

is B. rostratus (Lambert 1936, pp. 23, 24, pi. 3, figs. 8-12; pi. 4, fig. 10) from the

Maastrichtian of Madagascar.

Corystus dysasteroides (Duncan, 1877)

Plate 85, figs. 1-5; Plate 86, figs. 1-5; text-fig. 1

1877 Rhynchopygus dysasteroides Duncan, p. 49, pi. 3, figs. 9, 10.

1877 Holaster australiae Duncan, p. 51, pi. 3, figs. 12, 13.

1883 Corystus dysasteroides (Duncan); Pomel, p. 61.

1887 Holaster australiae Duncan; Duncan, p. 420.

1887 Holaster difficilis Duncan; Duncan, p. 421.

1890

Galeraster australiae Cotteau, p. 548, pi. 12, figs. 16-18.

1890 Holaster difficilis Duncan; Gregory, p. 490.

1891 Holaster australiae Duncan; Tate, p. 276.

1892 Holaster australiae Duncan; Bittner, p. 359, pi. 3, fig. 3.

1892 Holaster australiae Duncan; Tate, p. 193.

1893 Lampadocorys australiae (Duncan); Lambert, p. 97.

1896 Duncaniaster australiae (Duncan); Lambert, p. 317.

1921 Galeraster australiae Cotteau; Lambert and Thiery, p. 332.

1 92 1 Rhynchopygus dysasteroides Duncan ; Lambert and Thiery, p. 364.

1924 Cibaster (Duncaniaster) australiae Duncan; Lambert and Thiery, p. 408.

1946 Duncaniaster australiae (Duncan); Clark, p. 361.

1948 Galeraster australiae Cotteau; Mortensen, p. 84, fig. 62.

1950 Duncaniaster australiae (Duncan); Mortensen, p. 74, fig. 66.

1970 Corystus dysasteroides (Duncan); Foster in Lindsay, p. 9.

1970
‘

Duncaniaster ' australiae (Duncan); Philip, p. 184, figs. 5a, d.

1971 Duncaniaster australiae (Duncan); Davies, figs. 349a, b.

1976u Corystus dysasteroides (Duncan); Foster and Philip, p. 113, figs. 1, 2.

19766 Corystus dysasteroides (Duncan); Foster and Philip, p. 129, figs. 1-3.

Material and occurrence. Several hundred specimens are available (R. J. Foster Collection) from a consider-

able number oflocalities in Victoria, South Australia, and Western Australia, and Foster and Philip (19766)

provide details of this material. The holotype, BM E42418, is from the Castle Cove Limestone, Castle

EXPLANATION OF PLATE 85

Figs. 1-5. Corystus dysasteroides (Duncan). 1, adoral view of SAM P 1 80 1 2, Wool Bay, Yorke Peninsula,

South Australia, x 1. 2, adapical view of NZGS EC824, Gees Point, Gee Greensand, New Zealand,

x 1. 3, enlargement of apical system of NMV PI 8552, Waurn Ponds, Victoria, x 5. 4, adapical view

of SAM PI 801 3, a specimen with flexed posterior ambulacra petals, Wool Bay, Yorke Peninsula, South

Australia, x 1 . 5, posterior adoral view of a weathered specimen showing the sutures between the

sternum, the episternals, and the central rostral plate, SAM PI 8016, Wool Bay, Yorke Peninsula, South

Australia, x2.
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Cove, Glenaire (38° 48' S., 143° 26' E.) in the Otway Basin of Victoria and is of upper late Eocene age corre-

sponding to P 16 or PI 7 of the letter zonation. The earliest occurrence of the species in Australia is in the

middle or lower late Eocene Wilson Bluff Limestone of the Eucla Basin (P14-15) and the last in the upper
early Miocene Wataepoolan Limestone of the Otway Basin (N8).

In New Zealand a single crushed Corystus (BM El 65 17), which could represent this species, occurs in

the early Oligocene (Whaingaroan) Cobden Limestone at Greymouth, corresponding to P19. However,

undoubted specimens occur higher in the Cobden Limestone in the late Oligocene (Duntroonian-Waitakian)
in P20-22 (Perpendicular Point S37/f620, 732-734; specimens NZGS EC561, 562, 564, 565, and OU8583h).
The species also occurs at the base of an unnamed limestone of the same age on the Seymour River, near

the junction with the Clarence (locality S41/f542 ; NZGS EC367-371). The last occurrences are in the late

Oligocene or early Miocene (Waitakian-Otaian) Gee Greensand in the range P21-N4 (Gee’s Point

S 1 36/f90 1 , 1222; specimens NZGS EC823-826, and OU6631, 6632), and in the early Miocene (Otaian)

Mahoenui Group in N4 (Hangatikei N83/f539; specimen E260 from Auckland University).

Measurements. Foster and Philip ( 1 9766) give measurements ofAustralian material. The only well-preserved

specimen from New Zealand (NZGS EC824) is 48 mm long, 46 mm wide, and 28 mm high.

Description. Test ovoid with a slight to almost imperceptible anterior notch. Upper surface gently domed
and sloping to ambitus. Lower surface slightly sunken around the peristome; keeled plastron produced

into an anal rostrum which is often quite pronounced.

Apical system often slightly sunken, located in front ofcentre, disjunct, with four genital pores. Ambulacra
all similar, subpetaloid, and not constricted distally. Pore-pairs decrease in size towards the ambitus and
continue on to the lower surface to the prominent phyllodes which consist of enlarged, deeply countersunk

pore-pairs. In a minority of specimens the proximal ends of ambulacra I and V curve backwards as they

approach the oculars. Ambital plates of the paired ambulacra low and geniculate.

Transverse-oval periproct situated above anal rostrum at termination of posterior slope. Transverse-oval

peristome placed in a shallow depression a little in front of centre; the posterior margin is not labiate.

Upper surface finely granulate with scattered small tubercles which increase in size and density towards

the ambitus. Oral surface densely covered with small perforate crenulate tubercles except for the finely

granulated areas of the phyllodes and ambulacra I and V. An additional broad granulated area extends from

the subanal fasciole to the periproct, and is bounded laterally by the proximal pore-pairs of ambulacra I

and V and carries a few scattered tubercles. Tubercles are often absent from the tip of the subanal rostrum,

which is instead finely granulated (PI. 86, fig. 5).

Labrum broad, extending half way along the length of the second adjacent ambulacral plate, making
wide contact with the shield-shaped sternal which extends to the middle of the fourth adjoining ambulacral

plate. Sternal followed by a symmetrical pair of episternal plates, followed by a single small plate which

corresponds to the snout of the subanal rostrum. The rostral plate abuts the fifth ambulacral plate on each

side. Then follow three pairs of alternating pre-anal plates, the last of which forms the adoral margin of the

periproct. In interambulacra 1 to 4 each primordial plate abuts against two succeeding plates in the amphi-

placous manner.

Subanal fasciole roughly oval, encircling the rostral plate. There are no pore-pairs within the fasciole.

Posterior segment of the fasciole is difficult to identify as the granules merge into those of the granulated

area beneath the periproct.

EXPLANATION OF PLATE 86

Figs. 1-5. Corystus dyasteroides (Duncan). 1, lateral view of NZGS EC824, Gees Point, Gee Greensand,

New Zealand, x 1. 2, lateral view of SAM P18013, a particularly high-tested specimen, Wool Bay,

Yorke Peninsula, South Australia, xl. 3, enlargement of the sunken peristomial region of NMV
PI 9991, showing the countersunk pore-pairs of the phyllodes, Waum Ponds, Victoria, x3 approx.

4, posterior view ofNMV PI 9993 showing rounded peristome with the closely granulated area beneath,

Waurn Ponds, Victoria, x2. 5, plastron and rostrum of NMV P19991, Waurn Ponds, Victoria; note

the subanal fasciole and granulated rostrum, x 3.
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Remarks. Though never abundant, this distinctive species is widely distributed

through the mid Tertiary of Australia, and is one of the most characteristic members
of the fauna. Judging from the available material, it is not so common in New
Zealand. It is found most often in the bryozoal lime grainstones so prevalent in the

Tertiary of south-eastern Australia, and therefore it presumably lived in a shallow,

relatively high-energy environment. The animal’s stout test tends to substantiate this

deduction.

Corystus dysasteroides is one of the few documented continuous evolutionary

lineages among echinoids. Foster and Philip ( \916b ) subjected samples representing

seven populations from the late Eocene to early Miocene to statistical analysis. The
individuals that comprised those samples appear to get larger with time, and both

wider and higher relative to their length. The apical system has a stronger tendency

to be sunken in individuals from the stratigraphically younger samples.

Genus cardabia gen. nov.

Name. From Cardabia Creek, Carnarvon Basin, Western Australia. The name is pronounced ‘card-ah-

buyer’, with emphasis on ‘buy’.

Type species. Cardabia bullarensis sp. nov.

Diagnosis. Small corystids lacking a frontal notch and with a flat upper surface rela-

tively densely tuberculated. There are three genital pores.

Remarks. This new genus is clearly related to Corystus through the presence of

a rostral plate. However, the earlier Cardabia , with three genital pores, can hardly

have given rise to Corystus with four. As Cardabia had populated the Australian

north-west coast in the Palaeocene before the opening of the seaway between Australia

and Antarctica, their common ancestor must be sought in the pre-Palaeocene Indian

Ocean.

Cardabia bullarensis sp. nov.

Plate 90, figs. 3, 4; Plate 91, figs. 1-3

Material and occurrence. Twenty-three specimens from the northern end of Giralia Anticline, Carnarvon

Basin on Giralia Station, North West Division, Western Australia. Nine, including the holotype (WAM
73.361) and two paratypes (WAM 73.365, 73.366) are from the south side of the Bullara-Giralia road in

the vicinity of the turn-off to Jubilee Bore at approximately 22° 40' S., 1
14° 13' E., and about 6-5 km south

of the bore. Although the echinoids were not found in situ they have traces of white glauconitic lime mud-
stone adhering to them. Eleven reddish silicified specimens were found loose 400 m south of a white hill

about 5 km south of Jubilee Bore at approximately 22° 39' S., 114° 14' E. NMV P31199 was collected by

T. A. Darragh and labelled ‘Wadera Calcarenite, float on E. side of Main N.-S. tract of C-Y Creek (due

E. of bore and E. of fence. Open Country Paddock), Yanrey 188147’, at approximately 22° 52' S., 1 14° 7' E.

A further two crushed echinoids (P31227, 31228) are probably the same species. They are from the type

section of the Wadera Calcarenite, Old Marilla Station at 22° 50' S., 1
14° 8' E.

The Wadera, Pirie, and Cashin Calcarenites make up the Cardabia Group, and are of Palaeocene age

(McWhae et al. 1958, p. 121). P. G. Quilty (pers. comm.) places the Cardabia Group outcrop in P4 and

perhaps P5 and thus in the middle or late Palaeocene. From existing information it appears that the species

is confined to the Cardabia Group and hence to the Palaeocene.

Measurements. The dimensions of the holotype are: length 20 mm, width 17 mm, height 10 mm. Other

specimens from the same locality range from 14x11x8 mm up to 25 x 21 x 1 1 mm.
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Description. Adapical and adoral surfaces flattened, with the ambitus uniformly rounded. Prominent

plastronal keel which terminates in a slight anal rostrum; anterior margin gently rounded at the ambitus.

Apical system in front of centre, disjunct, with three genital pores; that of the madreporite is lacking.

Ambulacra composed of small pore-pairs not easily discernible in unweathered specimens. Adapically the

small round pores are placed close together and separated by a granule. The pore-pairs in the paired

ambulacra placed slightly en-chevron; in ambulacrum III they are almost longitudinally directed.

Transversely oval periproct located just above anal rostrum. Subcircular, anteriorly located peristome

with prominent phyllodes composed of deeply countersunk pores. Test coated with coarse granules and

relatively dense small primary tubercles. Adoral surface with dense plastronal tuberculation but tubercles

absent in the phyllodes and ambulacra I and V.

Plastronal plating consisting of a relatively long labrum extending to the second ambulacral plate,

followed by a single large sternal plate extending to the fourth ambulacral plate. There follows a pair of

episternal plates (the suture which separates them is only discernible with difficulty in the available material).

The episternals are succeeded by a single plate, in the position of the point of the rostrum, and then two

pairs of pre-anals. A subcircular subanal fasciole encloses the rostral plate.

Remarks. This new species is readily distinguished from specimens of Corystus

dysasteroides in the Australian Tertiary by its smaller size, three genital pores, flat

upper and lower surfaces, less prominent pore-pairs arranged en-chevron, subcircular

peristome, coarser and more dense tuberculation, and the absence of a frontal notch.

Genus huttonechinus gen. nov.

Name. After Capt. W. H. Hutton who described the type species.

Type species. Macropneustes spatangiformis Hutton, 1873.

Diagnosis. Large, domed corystids, lacking an anterior notch, but with a wide, deep

ambulacral groove running from the anterior margin to the peristome. Disjunct

apical system with four genital pores. Ambulacra all similar, flush with the test and
straight, expanding uniformly to the ambitus. Periproct transversely elongate,

barely supra-marginal. Peristome rounded and facing forwards at the termination

of the anterior groove. Posterior paired interambulacra strongly meridoplacous.

Labrum long and narrow, its extremity abutting against the narrow sternal which
with the large expisternals forms a plastronal keel. Small rostral plate surrounded by

a subanal fasciole.

Remarks. This genus is again monotypic. Although the disposition of plastronal

plates in relation to adjacent ambulacral plates is the same as C. dysasteroides , both

the labrum and sternum are much longer and much narrower. The proportions of the

episternals and rostral plate also differ markedly. In addition, Huttonechinus spatangi-

formis differs in its more simple ambulacra, its deep, broad, anterior ambulacral

groove and in the posterior paired interambulacra, which are meridoplacous. These

features, together with the absence of an anterior notch, warrant its separation from
Corystus, to which genus the species was referred by Eames (1968).

The genus is known only from the Oligocene Cobden Limestone of New Zealand.

This is a marly lime mudstone with its echinoid fauna dominated by large, thin-

tested irregular echinoids. These, plus the fine-grained sediment, suggest that the

habitat of Huttonechinus was relatively deep, quiet water. Similar lithologies are not

represented in Oligocene outcrops in the south-eastern part of Australia, which may
explain the absence of Huttonechinus from the Australian record.
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Huttonechinus spatangiformis (Hutton, 1873)

Plate 87, figs. 1-4; Plate 88, figs. 1-3; text-fig. 2

1870 Macropneustes spatangiformis Hector, p. 192 (nomen nudum text -fig.).

1873 Macropneustes spatangiformis Hutton, p. 40.

1887 Holaster spatangiformis (Hutton); Hutton, p. 268.

1894 Holaster spatangiformis (Hutton); Tate, p. 123.

1968 Duncaniaster spatangiformis (Hutton); Eames, p. 367.

Material and occurrence. This species appears to be common in the Cobden Limestone at Greymouth on
the west coast of the South Island of New Zealand, 42° 2 T S., 171° 13' E.; the age is Whaingaroan (early

Oligocene) corresponding to P19. From here are the holotype NZGS EC831, and further specimens

EC772, 780, 786, 787, 789, 791, 794, 801, 804-807, 809, 811-813, localities for these are numbered S44/f465,

469, 476, 490, 619; specimens 44, 47 in Canterbury Museum are also from this area. A further series of

poorly preserved large holasteroid echinoids from the same place (BM E16507-16512, 16517) apparently

represent the same species.

Measurements. All available specimens are crushed, and no accurate measurements are possible. Dimensions

of the holotype are: length 99 mm; width 82 mm; height 43 mm; the largest specimen has a length of

1 10 mm.

Description. Adapical surface smoothly domed, with flat adoral surface apart from a plastronal keel and

a deep anterior groove running from anterior margin to peristome. Ambital outline smoothly rounded

with greatest transverse diameter in front of centre.

Apical system at summit of domed upper surface; disjunct, with four genital pores. Ambulacra straight,

expanding uniformly from apex to ambitus, with small circular pores diminishing markedly in size towards

ambitus. Adapical pore-pairs slightly sunken and transverse in the paired ambulacra, and en-chevron in

text-fig. 2. Huttonechinus spatangi-

formis (Hutton). Plating of adoral

surface of NZGS EC805; subanal

fasciole from NZGS EC811.

EXPLANATION OF PLATE 87

Figs. 1-4. Huttonechinus spatangiformis (Hutton). 1, apical system, NZGS EC794, x2. 2, posterior

termination of adoral surface ofNZGS EC772 showing periproct ; the shield-shaped plate at the posterior

end ofthe plastron in fact consists ofthe two episternals and the small central rostral plate, x 2. 3, adapical

view of holotype, NZGS E831, x 1. 4, enlargement of apical system of holotype, x 2. All specimens

from the Cobden Limestone, Greymouth, New Zealand.
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ambulacrum III. Several enlarged pore-pairs around the peristome form the phyllode. Periproct transversely

elongate, barely supramarginal, and occupying most of the small posterior truncation. Anal rostrum

slightly developed or absent. Subcircular peristome facing forwards at the termination of the deep anterior

groove.

Test covered with fine granules, overlain by uniform, sparsely distributed tiny tubercles which become
slightly larger and more closely spaced towards and on the adoral surface; only on the plastron is the

tuberculation reasonably dense. The labrum is long and narrow but broadens posteriorly to abut against

the relatively long and narrow sternum. The pair of symmetrical episternals form a hexagon and are

followed by a small, transversely elongate rostral plate which occupies the break of slope between the adoral

surface and the subanal truncation. Labrum and succeeding plastronal plates form a narrow keel. Inter-

ambulacra 1 and 4 strongly meridoplacous. A subanal fasciole appears to encircle the rostral plate.

Remarks. Because of the fragmentary nature of the available material, a number of

specimens have been used to build up the above description of the species (in particular

EC772, 780, 794, 804, 806, 811).

Two specimens in the suite of material from the Cobden Limestone appear to have

characters outside those here understood for Huttonechinus spatangiformis. One
smaller specimen (BM El 65 13), although badly crushed, exhibits a pronounced anal

rostrum and an anterior notch and so is here referred to C. dysasteroides. Another
larger specimen, number 36 from Canterbury Museum and again badly crushed, has

a vertically elongate periproct and a pronounced subanal sulcus running to the rostral

plate; an old label names it as ‘Holaster cordatus’.

Hector (1870, p. 192) published the two names Macropneustes spatangiformis and
M. cordatus without description. Hutton (1873) briefly described both, together with

a third, M. australis. Subsequently Hutton (1887, p. 268) removed spatangiformis and
cordatus to Holaster, with which Tate (1894, p. 123) concurred. Mr. I. W. Keyes,

Technical Officer of the New Zealand Geological Survey (pers. comm.), holds that

the types of cordatus and australis no longer exist. Tate described the holotype of

H. cordatus as follows: The type is incomplete in the anal region, but is higher than

H. australiae Duncan, and has nearly equal basal diameters’. Specimen 36 (mentioned

above) is certainly not the missing holotype, and whether it is correctly referred to

H. cordatus cannot be determined; it is too poorly preserved to warrant description.

Tate (1894, p. 124) wrote that the holotype of M. australis ‘is founded on a fragment

of a large spatangoid without ambulacra, vent, vertex or peristome. No useful

purpose can be served by its retention.’ The same can be said also of H. cordatus
, so

that both are here regarded as nomina dubia.

Fell (1953, p. 246) recorded the genus Echinocorys from the Oligocene of New
Zealand. The material of H. spatangiformis in the British Museum (Natural History)

has with it a note by L. Bairstow ‘Determined by H. B. Fell 21.12.53 as: probably

Echinocorys, though
‘

Holaster spatangiformis Hutton’
;
basal Oligocene, Whaingaroan

stage, Cobden Limestone, Point Elizabeth, Greymouth, the type locality of

‘H. spatangiformis Hutton’. Eames (1968, p. 367) referred the material to Duncaniaster

(now Corystus). The record of Echinocorys in New Zealand has yet to be substantiated.

EXPLANATION OF PLATE 88

Figs. I -3. Huttonechinus spatangiformis (Hutton). 1 , lateral view of NZGS EC806, X 1 . 2, adoral view of

NZGS EC805, showing broad anterior ambulacral groove, x 1 . 3, adapical view of NZGS EC806, x 1.

Both specimens from the Cobden Limestone, Greymouth, New Zealand.
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Family holasteridae Pictet, 1857

Genus giraliaster gen. nov.

Name. From the Giralia Range, Carnarvon Basin, Western Australia.

Type species. Giraliaster jubileensis sp. nov.

Diagnosis. Medium to large holasterids approximately as broad as long, with a pro-

nounced anterior sulcus that deeply notches the ambitus and continues to the

anteriorly placed ovate peristome. Apical system subcentral, disjunct with four

genital pores. The longitudinal-oval periproct is placed vertically on the posterior

truncation. Plastron keeled.

Pores of the anterior ambulacrum are very small and separated by a granule.

Paired ambulacra are flush with the test, subpetaloid, with extremities not con-
stricted. Posterior pore fields of each petal with large, elongate, conjugate pores, in

contrast to the smaller, round, and non-conjugate, or subconjugate pores of the

anterior pore fields. Anterior petals distinctly longer than posterior. Posterior

ambulacra with single pores from just above the ambitus to the extremities of the

phyllodes.

Adapical surface finely and sparsely granulate with comparatively large perforate,

crenulate tubercles along raised margins of anterior sulcus and extending on to adoral

surface. Subanal fasciole broad and bilobed.

Distribution. Giraliaster first appears in the late Cretaceous Miria Marl of the Carnarvon Basin, Western
Australia, and apparently reached New Zealand as early as the late Palaeocene or early Eocene (P6-7).

It occurs in the middle and late Eocene of the Australian south coast (PI 4 or PI 5 to not later than the

PI 5/ 16 boundary); and lingers on, in New Zealand only, at least to the late Oligocene (P21-22).

Remarks. Giraliaster is a typical holasteroid except that portions of the posterior

ambulacra carry but single pores ; it corresponds closely in most respects to Cardiaster.
However, it lacks the characteristic marginal fasciole of Cardiaster and has instead

a subanal fasciole. Although Mortensen (1950, p. 43) in general places no great classi-

ficatory value on fascioles among holasteroids, they are certainly not an evanescent

feature in the Cainozoic forms described here.

The holasteroid genera Basseaster, Garumnaster, Stereopneustes , and Corystus

have a subanal fasciole; but in their other characteristics all are well separated from
Giraliaster. In Basseaster from the Maastrichtian of Madagascar, Garumnaster

from the Danian of Europe, and Corystus from Australasia the ambulacra are not

petaloid, the frontal notch is absent or only weakly developed, and an anal rostrum

is present. Stereopneustes is a living Indo-Pacific genus without a frontal notch but

with subpetaloid ambulacra ; however, the pores in the petals are neither elongate nor

conjugate.

Single pores in the ambulacra appear to be a modification of an original biporous

condition, and are normally present in the specialized families Pourtalesiidae,

Calymnidae, and Urechinidae. In the Holasteridae, Basseaster may have single pores

in the anterior ambulacrum but retains double pores elsewhere.

The various species of Giraliaster are distinguished by differences in the shape of

the test, and different numbers of pore-pairs in the proximal parts of the ambulacral

petals. In all species, the distal part ofeach petal is marked by the inflection of the outer
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ambulacral sutures toward the interambulacra so that the pore-pairs thereafter are

more centrally located on each plate (text-fig. 4). The number of pore-pairs to this

inflection point in each petal is given for the available material in Table 1.

Giraliaster jubileensis sp. nov.

Plate 89, figs. 1-6; text-figs. 3, 4a

1956 Cardiaster spp. Brunnschweiler in Condon el al., pp. 32, 37, 40.

Diagnosis. A comparatively small species of Giraliaster with a steep anterior slope

and an abrupt posterior truncation. Apical system slightly in front of centre. Adapical

ambulacra subpetaloid with posterior pore fields of paired ambulacra with slightly

elongate and weakly conjugate pores.

Material and occurrence. This species is the most abundant echinoid in the middle or late Palaeocene

Cardabia Group of the Carnarvon Basin, north-west Western Australia (Condon et al. 1956). In the col-

lections made by Condon et al. it occurs first in the Maastrichtian Miria Marl at Learmonth (CPC F21702),

in the Wadera Calcarenite, and is most abundant in the overlying Pirie Calcarenite; however, it also

extends up through the Cashin and Jubilee Calcarenites. The youngest occurrence is among reworked

echinoids (CPC F21680) from the base of the Giralia Limestone (Middle Eocene) in the Giralia Range.

Altogether some 1 30 specimens are present in the material collected by Condon et al. The species is identified

as Cardiaster spp. in their stratigraphic sections. Most of the material is, however, poorly preserved, being

often crushed and desert weathered.

In addition, twenty-three specimens are available from the northern end of the Giralia anticline from
the vicinity of Jubilee Bore. Seventeen, including the holotype WAM 73.362 and paratypes WAM 73.363

and 73.364 are from the lower slopes of a white hill 4-5 km south-east of Jubilee Bore (approximately
22° 39}' S., 114° 14}' E.). The others are from a ridge 500 m south of the Giralia-Bullara road south of

Jubilee Bore (approximately 22° 40}' S., 1 14° 13' E.). The parent formation of these collections could not

be identified with assurance.

Description. Test cordate, with moderately deep anterior groove running from apical system to peristome.

Upper surface arched, sloping abruptly to anterior margin and more gently to top of posterior truncation.

Lower surface flat except for keeled plastron and sunken area in front of peristome.

text-fig. 3. Giraliaster jubileensis gen. et sp. nov. a, platronal plating of

WAM 73.363. b
,
plastronal plating of CPC F21725.
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table 1 . Measurements ot different species of Giraliastev.

Dimensions (mm) Proportions* (%) Number of pore-pairs

1 w

Giraliaster jubileensis sp. nov.

WAM 73.364 46 47

holotype 46 41

NZGS EC417 44 44
— 40 37— 39 39
— 38 39

G. tertiarius (Gregory)

-

—

? 60— 60 58

Brighton (N.Z.) 55 53

SAM P18014 54 52— ? 45

SAM P 1 80 1

5

47 44
— 46 44— ? 44

holotype 42 41

G. sulcatus (Hutton)

NZGS EC827 98 101

SAM T286 84 87

holotype 67 73

G. bellissae sp. nov.

Wilson Bluff 95 90

holotype 94 88

Tortachilla 79 75

h height apical Anterior Posterior

system II IV I V

30 65 42 21 23 17 16

24 52 45 17 19 — —
31 70 48 17 — 12 —
30 75 40 20 20 13 14

25 64 45 — 17 11 12

20 53 43 — 18 — 11

37 — — 26 — — —
36 60 48 28 — — —
35 64 57 — 27 18 —
32 59 48 31 33 19 19

28 — — 27 — 14 —
28 60 47 25 26 14 14

29 63 50 26 — 16 —
30 — — — 27 — 15

25 60 56 25 — 16 —

37 38 68 36 — 21 -

—

35 42 63 33 32 16 17

23 34 57 — 30 — 18

42 47 52 35 16 15

51 54 54 26 26 15 15

39 49 53 31 15 —
* Proportions: height as a percentage of length, and distance to centre of apical system from anterior margin as

a percentage of length.

Apical system disjunct with four genital pores present. Pore-pairs of ambulacrum III very small, with

outer pore uppermost. Pores in each pair separated by a granule.

Paired ambulacra subpetaloid with the anterior pair the longer. Petals not closed but pore-pairs becoming

further apart, and pores becoming gradually smaller towards the ambitus. Anterior pore fields of ambulacra
II and IV comprise small round pores in each pair separated by a granule; posterior pore fields of slightly

larger, somewhat elongate pores, with pore-pairs weakly conjugate in the central portion of the petal.

Pores in ambulacra I and V smaller than in anterior paired ambulacra, although the posterior pore fields

are similar.

EXPLANATION OF PLATE 89

Figs, x 1 unless otherwise stated.

Figs. 1-6. Giraliaster jubileensis gen. et sp. nov. 1, adapical. 2, adoral. 5, lateral view of holotype, WAM
73.362. 3, adoral view of paratype, WAM 73.363. 4, adapical view of paratype, WAM 73.364. All

specimens, 4-5 km south-east of Jubilee bore, Carnarvon Basin. 6, enlargement of surface of paratype,

CPC F4821 (ex F21708), Pirie Calcarenite, northern part of Giralia Anticline, Carnarvon Basin, x4.
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The termination of the petaloid area of the ambulacra is marked by a sudden increase in the width and
height of the ambulacral plates. As a consequence the pore-pairs move out from the adradial suture, and
there is a greater distance between succeeding pore-pairs. The pores become gradually smaller and less

elongate as the pairs become further apart.

In ambulacra II and IV there is an abrupt transformation a short distance above the ambitus to very

small round pores separated by a granule. At the ambitus, the pores of a pair become oblique to the direction

of the ambulacrum and, on reaching the adoral surface, they complete their rotation to be one above the

other, and so continue to the prominent phyllodes. Details ofambulacra I and V are not clear in the available

material, but, on the adoral surface, the first three ambulacral plates posterior of the double-pored phyllodes

carry a single minute pore.

Tuberculation of adoral surface inconspicuous except for somewhat larger tubercles along margins of

anterior groove. Periproct comparatively large, oval, vertically elongate, placed at top of posterior trunca-

tion, with a vertically elongate depression immediately below it in most specimens. Small, oval peristome

towards the anterior margin and at termination of anterior ambulacral groove.

Interambulacra 2, 3, and 4 with primordial plates at the peristome edge adjoining two plates in the next

row. In interambulacrum 1 there is a single plate in the second row from the peristome, and it is this plate

which adjoins two succeeding plates.

Plastron meridosternous (text-fig. 3). Subsequent plates form an alternating double series. The mid
point of each plate, other than the labrum, is raised so that a ragged line of five nodes extends down the

keeled plastron to the vicinity of the broad subanal fasciole.

Remarks. A single poorly preserved but uncrushed specimen from New Zealand

(NZGS EC417, locality unknown) resembles jubileensis in gross features and is

labelled
‘

Cardiaster brightoni n. sp. holotype'. That it is not close to Brighton’s (1929,

p. 315) specimen is indicated by the smaller number of pores in its petals (see Table 1).

Giraliaster tertiarius (Gregory, 1890)

Plate 90, figs. 1,2; Plate 92, figs. 2, 4, 5, 7; Plate 93, fig. 1; text-fig. 4b

1890 Cardiaster tertiarius Gregory, p. 484, pi. 14, figs. 2, 3.

1891 Cardiaster tertiarius Gregory; Tate, p. 277

.

1892 Cardiaster tertiarius Gregory; Bittner, p. 360.

1924 Holaster tertiarius (Gregory); Lambert and Thiery, p. 402.

1929
‘

Cardiaster ’ tertiarius Gregory; Brighton, p. 317, fig. 18a, b.

1929
‘

Cardiaster' sp. nov. Brighton, p. 315, figs. 14-17.

1946 Cardiaster tertiarius Gregory; Clark, p. 360.

1970
‘

Cardiaster ’ tertiarius Gregory; Philip, p. 183.

Diagnosis. A medium-sized species of Giraliaster with a central apical system and

a gently arched upper surface. Adapical ambulacra subpetaloid with the posterior

pore fields of paired ambulacra with elongate and conjugate pores.

EXPLANATION OF PLATE 90

Figs. 1, 2. Giraliaster tertiarius (Gregory). 1, apical system of SAM P18015, x3. 2, apical system of

SAM P18017 (ex AUGD FI 5772), x 3. Both specimens from Maslins Beach, Gulf St. Vincent, South

Australia.

Figs. 3, 4. Cardabia bullarensis gen. et sp. nov. 3, enlargement of adapical surface of paratype WAM
73.365, showing the three genital pores and the simple pore-pairs in ambulacrum I, x 4 approx. 4, enlarge-

ment of adoral surface of paratype WAM 73.366, showing the phyllode and some of the sutures, x4.

Both specimens from north end of Giralia Anticline, Carnarvon Basin, Western Australia.



PLATE 90

FOSTER and PHILIP, Tertiary holasteroid echinoids



810 PALAEONTOLOGY, VOLUME 21

Material and occurrence. Gregory’s holotype (BM E3382) is from ‘Willunga’, and there is little doubt that

it is from the Tortachilla Limestones (Reynolds 1963, p. 123) at Maslins Beach just north of Port Willunga

on the eastern shore of Gulf St. Vincent. A further ten specimens, of which only SAM P18014, 18015 are

relatively complete, are available from the Tortachilla at Maslins and Christies Beaches. Most, and perhaps

all, the specimens come from the upper Glauconitic Limestone Member of Reynolds (1963, p. 124) whose
age is early late Eocene in upper P15 (McGowran et al. 1971, fig. 14-1). A New Zealand occurrence is

discussed below.

Description. Test cordate, with moderately deep anterior groove running from apical system to peristome.

Upper surface gently arched, sloping evenly to margin of test except at the posterior truncation. Lower
surface gently curved from margin of test to broadly keeled plastron; area in front of peristome sunken.

Tuberculation, periproct, peristome, apical system, and details of ambulacrum III are as in the type

species.

Paired ambulacra petaloid, with the anterior pair much the longer. Petals not closed but pore-pairs

become further apart, and pores become gradually smaller, towards the ambitus.

Anterior pore fields of ambulacra II and IV with small, slightly elongate pores, close together and with

the pairs slightly conjugate. In the posterior pore fields the pores are larger, more strongly elongate and
further apart, with the pore-pairs distinctly conjugate. Posterior pore fields of ambulacra I and V have

larger and more elongate pores in more strongly conjugate pairs than the anterior pore fields. However,

the contrast is not as great as in the anterior paired ambulacra.

The termination of the petaloid area of the paired ambulacra is marked by an abrupt increase in the

width and height of the ambulacral plates which is not matched by any immediate reduction in size of the

pores. Beyond the petaloid area of ambulacra II and IV, the configuration of the pore-pairs is the same as

in the type species. In ambulacra I and V the pores gradually diminish in size approaching the ambitus.

Just below the level of the top of the periproct, the small double pores are replaced by minute single pores

which continue on the lower surface to the double-pored phyllodes. The rounded subanal fasciole

encompasses part of three plates of ambulacra I and V, but in each case the pore is outside the fasciole.

Remarks. G. tertiarius differs in shape from G. jubileensis by having its apical system

placed further back, with a less abrupt slope to the anterior margin. The ambulacra

have larger and more elongate pores with the pore-pairs more strongly conjugate.

There are relatively more pore-pairs in the petaloid part of the anterior paired

ambulacra; and there is a greater contrast in length between the petaloid parts of

the anterior and posterior paired ambulacra (see Table 1).

Brighton (1929, pp. 315-318, figs. 14-17) described as
‘

Cardiasterl
,

sp. nov.’

a single fragmentary Giraliaster from Chatham Islands, New Zealand, which he

considered closely resembled
‘

Cardiaster tertiarius Gregory. The specimen is from

the Red Bluff Tuff at the north end of Red Bluff, six miles north of Waitangi, and
(I. W. Keyes, pers. comm.) is possibly from the Waipawan Stage of late Palaeocene-

early Eocene age (corresponding to P6-7). The differences in shape and ambulacra

which distinguish this specimen from the holotype fall within the range of G. tertiarius

and the specimen is here referred to this species. The age of this occurrence should be

substantiated by further material.

EXPLANATION OF PLATE 91

All figs. X 1

.

Figs. 1-3. Cardabia bullarensis gen. et sp. nov. Adapical, lateral, andadoral views of holotype,WAM 73.361,

north end of Giralia Anticline, Carnarvon Basin, Western Australia.

Figs. 4-6. Giraliaster bellissae sp. nov. Lateral, adapical, and adoral views of holotype, NZGS E849,

Awamoko Creek, North Otago, New Zealand.
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text-fig. 4. Giraliaster spp. a, G. jubileensis, plating of

ambulacrum II ofWAM 73.364, showing inflection point

of the pore-pairs, b ,
profiles of G. sulcatus (Hutton) and

G. tertiarius (Gregory) (broken line).

Giraliaster sulcatus (Hutton, 1873)

Plate 93, figs. 3, 5; text-fig. 4b

1873 Amphidotus sulcatus Hutton, p. 41

.

1891 Cardiaster latecordatus Tate, p. 281.

1894 Cardiaster sulcatus (Hutton); Tate, p. 124.

1946 Cardiaster latecordatus Tate; Clark, p. 361.

1970 "Cardiaster latecordatus Tate; Philip, p. 183.

Diagnosis. A large flat species of Giraliaster with a posteriorly placed apical system.

Adapical ambulacra subpetaloid; posterior pore fields of paired ambulacra with

strongly elongate and conjugate pores.

Materialandoccurrence. Hutton’s holotype (NZGS EC690) is a flattened, slightly telescoped, and incomplete

specimen from ‘Oamaru’, New Zealand. A. R. Edwards (pers. comm.) identified the matrix of the specimen

as typical of the finer-grained parts of the Totara and McDonald Limestones, and puts the age at late

Kaiatan to earliest Whaingaroan on the basis of the calcareous nannofossil assemblage. Thus the age is in

the range mid late Eocene to basal Oligocene or PI 5- 18. Additional New Zealand material, none of it well

preserved, referable to this species is: NZGS EC567 from locality S37/f618 on the coast 8-5 miles south of

Fox River, of questionable Runangan age (late Eocene or uppermost PI 5- 17); NZGS EC827 from SI 36

at Taylor’s Quarry, Oamaru, of early Whaingaroan age (very early Oligocene or P18-19); NZGS EC820
from S37/f6 1 7 near algal band, on coast opposite Seal Island 1 mile south of Fox River, of Whaingaroan to

Duntroonian age (early or mid Oligocene or P18-21).

In Australia the species is represented by SAM T286, the holotype of Cardiaster latecordatus whose

locality Tate (1891, p. 281) gives as ‘Glauconitic limestone, Aldinga Cliffs’. This could refer to either the
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Glauconitic Limestone Member of the Tortachilla Limestone or the overlying Blanche Point Transitional

Marls (Reynolds 1 953, p. 125) at Maslins Beach, south ofAdelaide. However, the appearance ofthe specimen

suggests that it came from the glauconite basal Transitional Marl Member of the overlying Blanche Point

Marl. It is lower Upper Eocene in age, probably in PI 5 close to the PI 5- 16 boundary.

Description. Test cordate, with moderately deep anterior sulcus running from a point some distance in

front of apical system to peristome; there are pronounced ridges on either side of the groove. Upper
surface in the form of a rather flat cone culminating in front of the apical system. Anterior and lateral

margins of the test sharp and posterior margin overhanging. The posterior margin particularly is crushed

so that posterior truncation is not apparent. Lower surface flat with the exception of a transverse pro-

minence below the periproct; this again may be exaggerated through distortion of the test.

Apical system and ambulacrum III as for the genus. The anterior groove begins abruptly some ten plates

from the termination of the ambulacrum, measured down ambulacrum Ilia from the occular plate. Apical

system situated towards the rear of the test.

Paired ambulacra subpetaloid, anterior pair much the larger. The posterior pore fields of the paired

petals have strongly elongate pores, and the pairs are strongly conjugate. The pores of the anterior pore

fields slightly elongate and distinctly conjugate. Pores of the anterior and posterior paired ambulacra

similar.

Subanal fasciole present. Tuberculation of the upper surface very fine and relatively sparse. Only on the

keeled edges of the anterior groove are there larger crenulate and perforate tubercles. Details of peristome,

periproct, or tuberculation of the lower surface not known.

Remarks. Because of the poor preservation of the holotype the above description is

based largely on the type specimen of Tate’s C. lateeordatus which, although slightly

crushed, is complete and the adapical surface is well preserved. All the large, flat,

Australasian Giraliaster specimens are here placed in a single variable species. Tate

(1894, p. 124) had already recognized the likelihood that his lateeordatus and Hutton’s

sulcatus are synonymous and despite the indifferent preservation of the type and the

three-line original description, Hutton’s name has precedence. Better material is

needed before any separation could be justified.

G. sulcatus
,
although still rare, appears to be the most common species of Giraliaster

in New Zealand. Its range is not yet well defined, with a first appearance in PI 5- 1

7

and last occurrence in P 1 8-2 1 , corresponding to late Eocene to Oligocene. In Australia

the species is apparently restricted to PI 5-16.

Tate’s single specimen from Aldinga, S.A., differs from G. tertiarius (Gregory)

(which is frequently encountered in the underlying Tortachilla Limestone at the

same locality) in being larger and flatter; and in having a conical rather than evenly

arched upper surface (see text-fig. 4b); and a sharp rather than smoothly rounded
margin. The apical system is towards the posterior instead of being central.

Giraliaster bellissae sp. nov.

Plate 91, figs. 4-6

1970
‘

Cardiaster ’ tertiarius Gregory; Philip, pi. 5.

Diagnosis. A large and relatively high species of Giraliaster with a centrally placed

apical system. Posterior pore fields of paired ambulacra with strongly elongate and
conjugate pores.

Material and occurrence. The holotype is a reasonably well-preserved specimen (NZGS EC849) collected

by Stella Beiliss and P. A. Maxwell from the Prydes Gully Member of the Otekaike Limestone, right bank
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of tributary ofAwamoko Creek, locality J41/f 37 near Rams Head Homestead, North Otago, New Zealand.

The age is Duntroonian-Waitakian, probably Waitakian (late Oligocene, probably P21-22).

Four fragmentary specimens, from the Wilson Bluff Limestone at the Bluff in far western South Australia

are here referred to this species. Their age is middle or early late Eocene (P 1 4- 1 5). One specimen is complete

enough to enable dimensions to be estimated (Table 1).

A single specimen from the Glauconitic Limestone Member of the Tortachilla Limestone at Maslins

Beach, south of Adelaide, South Australia, is also questionably referred to this species. Its age is early late

Eocene in upper PI 5. The specimen is in relatively good condition, but lacks the periproct and subanal area.

Description. Test circular in plan except for deep anterior notch and posterior prominence above periproct.

In lateral view the anterior surface curves smoothly up to the highest point in front of the apical system

which is situated on the long uniformly sloping posterior surface. The short posterior truncation is adorally

directed. Ambitus curving smoothly to a rather flat adoral surface.

Apical system typical; ambulacra similar to G. sulcatus. Periproct large, circular, visible from below,

occupying half of the height of the posterior truncation; a circular subanal fasciole present. Peristome

transversely elongate, slightly labiate, visible from the front.

Remarks. This species is distinguished from G. sulcatus by its greater relative height

and more centrally placed apical system. It differs from G. tertiarius and G
.
jubileensis

in the steeper posterior slope of the adapical surface, the shorter and overhanging

posterior truncation, and the much stronger conjugation of the pores in the anterior

pore fields of the petals.

Philip (1970, pi. 5) identified a specimen from the Middle or Upper Eocene Wilson

Bluff Limestone in the Western Australian part of the Eucla Basin in Weebubbie
Cave as ‘ Cardiaster tertiarius, a species only previously recorded from the late

Eocene Tortachilla Limestone of South Australia (Philip 1970, p. 183). Fragments of

a large, relatively high, species of Giraliaster with a smoothly rounded ambitus are

common in the Wilson Bluff Limestone at the Bluff ; and this material is now identified

as G. bellissae. The same identification is presumed to apply to the specimen from
Weebubbie Cave. The species ranges from P 14- 1 5 up to P2U22.

Genus echinocorys Leske, 1778

1778 Echinocorys Leske, p. 175.

1950 Echinocorys Breynius; Mortensen, p. 378 (cum synori).

1953 Echinocorys Leske; Cooke, p. 24.

1959 Echinocorys Leske; Cooke, p. 66.

Type species. Echinocorys scutatus Leske, by monotypy.

Diagnosis. Moderate to large sized holasterids, elongate-oval in outline and lacking

an anterior notch. Adapical surface hemispherical to domed; adoral surface flat.

Peristome anterior, slightly reniform to oval; periproct inframarginal, usually

elongately ovate. Ambulacra non-petaloid and similar, usually with rounded pores.

Tubercles small and uniform.

Remarks. Stephenson (1963) has described a ‘diffuse fasciole’ encircling the periproct

in the type species, and has drawn attention to Lambert’s (1903) mention of a similar

structure in other species of Echinocorys. The ‘fasciole’, however, is not well defined

and is apparently variably developed, so that it is extremely doubtful whether any

useful subdivision of the genus can be made on its occurrence. Although this surface
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detail of the available specimens of E. australis is not very well preserved, the new
species apparently lacks such a structure.

Echinocorys is one of the most characteristic and prolific genera of the Upper
Cretaceous of Europe. However, other Cainozoic records are known besides the

present occurrence. E. ova/is (Clarke) (Cooke 1959, p. 66, pi. 27, figs. 6-9) comes
from the Palaeocene of New Jersey, U.S.A. Fell’s (1953, p. 246) record of the genus

from the Lower Oligocene of New Zealand is apparently based on Huttonechinus

spatangiformis (Hutton) (q.v.).

Echinocorys australis sp. nov.

Plate 92, figs. 1, 3, 6; Plate 93, figs. 2, 4; text-fig. 5

1956 Echinocorys sulcatus Goldfuss; Brunnschweiler in Condon et at., p. 32.

Diagnosis. A comparatively small, low species of Echinocorys with a regularly domed
adapical surface. Adapical pore-pairs small, closely spaced, and rounded. Genital 3

in apical system greatly reduced.

MateriaI and occurrence. Holotype (CPC F4818) and two other specimens (F4819, F4820), from the basal

half-metre thick, hard limestone at base of Wadera Calcarenite type section in Toothawarra Creek,

22° 49|' S., 1
14° 8E E., Carnarvon Basin, Western Australia. In addition WAM 72.424 was collected from

spoil from the Wadera Calcarenite, 400 m north-west of Remarkable Hill, Cardabia Station. A larger

specimen NMV P31200, also from the Wadera type locality, is here referred to the species. The age is middle

or late Palaeocene.

Measurements
length width height

CPC F4818 46 mm 41 mm 26 mm
CPC F4820 51 mm 44 mm 27 mm
WAM 72.424 64 mm 54 mm 28 mm
NMV P31200 75 mm 65 mm 38 mm

text-fig. 5. Echinocorys australis sp. nov. a, plastronal plating of holotype, CPC F4818.

b, apical system of holotype.
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Description. Test ovate in ambital outline, although the posterior is somewhat pointed. Lateral profile

gently domed with greatest height just anterior of the apical system where the test is flattened. Adoral

surface slightly concave, particularly around the distinctly sunken peristome. Plastron slightly raised above

the neighbouring posterior paired ambulacra. Peristome transversely oval and located close to anterior

margin. Periproct slightly ovate.

Apical system typically disjunct, with a greatly enlarged madreporite and a correspondingly reduced

genital 3. Ambulacra straight with similar pore-pairs, except those of the posterior paired ambulacra

which are reduced in size; phyllode also well developed. Ambulacral plates with centrally mounted non-

conjugate pore-pairs. Pores similar and rounded.

Test covered with closely spaced granules and small, irregularly spaced perforate crenulate tubercles

which are lacking on the plates of the posterior adoral ambulacra.

Remarks. Two of the available specimens have suffered fire damage. One of these

(CPC F4819), although but a fragment, is illustrated for it shows well the plating

structure near the ambitus. The peculiar double sutures no doubt are the result of

differential calcining of growth rings within the plates. A similar effect may be caused

by differential weathering.

In size and shape E. australis perhaps approaches most closely the late Cretaceous

species E. ciplyensis Lambert (Smiser 1935, p. 45, fig. 24a-c) but it lacks the raised

adoral ambulacra that characterize that species.

PALAEOGEOGRAPHIC CONCLUSIONS

The common occurrence of early Cainozoic holasteroid species in Australia and
New Zealand bears on current palaeogeographic reconstructions. Text-fig. 6 shows
the age and distribution of common species on the reconstruction for the opening

of the Southern Ocean in the late Eocene (anomaly 19, 46 my) given by Deighton

et al. (1976). Hayes and Ringis (1973, p. 454) found that sea-floor spreading in the

central Tasman Sea ceased at 60 my, i.e. before the opening of the southern Australian

seaway, and New Zealand is located accordingly in text-fig. 6.

It has been suggested above that the poorly known Maastrichtian form Basseaster

rostratus Lambert from Madagascar may be a corystid. If this proves to be so, then

the migration of the family to Australia is readily explained. Frakes and Kemp
(1972, p. 98) have postulated an anticlockwise current in the Indian Ocean prior to

the opening of the seaway between Antarctica and Australia, and such a current

would facilitate migration of eastern African forms to the western Australian coast,

especially those with long-lived larvae. There is some evidence of communication
between the Australian and southern African echinoid fauna even after formation of

EXPLANATION OF PLATE 92

All figs, x 1 unless otherwise stated.

Figs. 1, 3, 6. Echinocorys australis sp. nov. 1, lateral view of holotype, CPC F4818, Toothawarra Creek,

Carnarvon Basin, Western Australia. 3, lateral view of fire-damaged specimen, CPC F4819, same

locality, x 2. 6, adapical view ofWAM 27.424, Cardabia Station, Carnarvon Basin, Western Australia.

Figs. 2, 4, 5, 7. Giraliaster tertiarius (Gregory). 2, 4, 5, lateral, adapical, and adoral view of SAM P18015.

7, adapical view of SAM P18014; both from Maslins Beach, Gulf St. Vincent, South Australia.



PLATE 92

FOSTER and PHILIP, Tertiary holasteroid echinoids



818 PALAEONTOLOGY, VOLUME 21

the Southern Ocean. Eupatagus laubei Duncan from the late Miocene of western

Victoria belongs to the living South African genus Spatagobrissus. This distinctive

genus has previously been recognized only from the type species S. mirabilis H. L.

Clark, a shallow-water spatangoid from the Cape Province.

The distribution of species of Giraliaster is more instructive. The genus appears

first in the latest Cretaceous of the Carnarvon Basin, Western Australia. By the

Eocene it was well established along the southern Australian coast and in New

CAINOZOIC HOLASTEROIDS COMMON TO AUSTRALIA and NEW ZEALAND

$ ^Giraliaster jubileensis A -Giraliaster tertiarius • ^Giraliaster bellissae

= Giraliaster sulcatus =Corystus dysasteroides

M = Miocene O = 0hgocene E = Eocene P = Palaeocene C = Cretaceous

Southern Ocean after Deighton et al. (1976) showing opening by Late Eocene (Anomaly I9;46m.y)

text-fig. 6. Distribution of various Australian and New Zealand holasteroids superimposed

on the reconstruction of Australia and Antarctica for the late Eocene as given by Deighton et al.

(1976).

EXPLANATION OF PLATE 93

All figs. X 1.

Fig. 1. Giraliaster tertiarius (Gregory). Adapical view of holotype, BM E3382.

Figs. 2, 4. Echinocorys australis sp. nov. Adapical and adoral views of holotype, CPC F4818, Toothawarra

Creek, Carnarvon Basin, Western Australia.

Figs. 3, 5. G. sulcatus (Hutton). 3, adapical surface of holotype, GSNZ EC690, Oamaru, New Zealand.

5, adapical surface ofholotype of Cardiaster latecordatusTdte, SAM T286, Aldinga Cliffs, South Australia.
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Zealand (although G. tertiarius had reached the Chatham Islands apparently by the

late Palaeocene or early Eocene). The other two species, G. sulcatus and G. bellissae
,

occur later in the New Zealand sequences than in southern Australia. The same pattern

is seen in the more common species Corystus dysasteroides which was well established

in southern Australia in the late Eocene, but does not appear in New Zealand until

the late Oligocene.

Deighton et al. (1976, figs. 9-14) have reconstructed the development of the

southern Australian continental margin from the time of the commencement of sea-

floor spreading between Australia and Antarctica (53-54 my), and initiation of the

deep-water circum-Antarctic current (30 my). They describe (p. 30) a complete land

block between the expanding Southern Ocean and the Tasman Sea, formed by
Tasmania and the South Tasman Rise. They suggest (p. 33) that shallow-water

breaching of the South Tasman Rise took place in the Lower Oligocene (38 my in

their fig. 13) allowing erosive, high velocity, but low-volume currents to cross the

ridge from west to east. Text-fig. 6 summarizes their reconstruction for the late

Eocene, prior to establishment of their marine connection between the Tasman Sea

and the Indian Ocean.

The available evidence suggests that Giraliaster originated in the Indian Ocean
area, and colonized New Zealand via southern Australia (text-fig. 6). The fact that

New Zealand and Australian species of Giraliaster and Corystus may be conspecific

strongly suggests colonization directly across the Tasman Sea rather than by

a 12000 km journey around the north of the Australian continent. As the genus

reached New Zealand in the late Palaeocene or early Eocene (about 50 my), it is

therefore suggested that at least the first intermittent shallow-water connection

between the Southern Ocean and Tasman Sea must have dated from prior to this

time.

Trans-Tasman migration of echinoids from west to east is well established through-

out the late Cainozoic, usually with the genera first appearing in the Australian

sequences. Evechinus chloroticus is the commonest and most widespread littoral

urchin inhabiting the present-day New Zealand coast and is recorded back into the

Pliocene. However, the genus occurs in southern Australia only in the late Miocene
where it is represented by E. palatus. Fellaster zelandiae, another New Zealand

littoral species, is again recorded as fossil back to the Pliocene of New Zealand.

F. incisa from the early Pliocene and Pleistocene of Victoria is the sole Australian

representative of the genus.

Fell (1953) notes that with regard to living urchins the eastward migration has been

from eastern Australia towards northern New Zealand, particularly to northern

extensions of the North Island. Common Australian species, such as Centrostephanus

rodgersii, Holopneustes inflatus ,
and Heliocidaris tuberculata occur in small colonies

at various places north of Auckland. On the other hand, corresponding living New
Zealand echinoids are unknown from Australia.

The available evidence indicates that trans-Tasman migrations of echinoids to

New Zealand proceeded throughout the entire Cainozoic.
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DISCOVERY OF NAUPLIUS-LIKE TRILOBITE
LARVAE

by r. a. fortey and s. f. morris

Abstract. Phosphatized cybelinid trilobite larvae in an exceptional state of preservation have been obtained from

early Ordovician limestones in northern Spitsbergen. A stage below the anaprotaspis is described, and termed the

phaselus stage. There is a case for regarding the phaselus larva as homologous with the nauplius larva of extant

Crustacea.

This paper describes some remarkably well-preserved trilobite larvae from Ordo-
vician rocks in North Ny Friesland, Spitsbergen. The early growth stages of trilobites

have been known for over a century, and the smallest of these stages— the protaspis—

was so designated by Beecher (1895). Since that time many relatively complete

ontogenetic series have been described, and great diversity of form even within the

protaspis is now apparent. Recent summaries of ontogenies have been given by
Whittington (1957, 1959) and Hu (1971). We describe here a growth stage that

precedes the protaspis, and discuss the arguments for and against its homology with

the crustacean nauplius stage. Our original intention was to describe the whole

range of growth stages of trilobites from the Ordovician of Spitsbergen. Recent

discussions concerning the relationships of the trilobites to other arthropods (Cisne

1974, 1975; Messier and Newman 1975) have increased the importance of these early

ontogenetic stages as criteria to be employed in phylogenetic arguments, and for this

reason they are worthy of a separate note.

AGE, OCCURRENCE, AND PRESERVATION

Age

The protaspides and their smaller associates come from the Valhallfonna Forma-
tion, North Ny Friesland, Spitsbergen, stratigraphy and localities for which are

given in Fortey and Bruton ( 1973). Two horizons yield the material figured here. The
lower of these is within the Olenidsletta Member (Arenig) about 85 m from its base

with a rich fauna including asaphid, nileid, raphiophorid, cybelinid and telephinid

trilobites, many of which have been described by Fortey (1975/?). Graptolites occur

both above and below this horizon, which is deduced to correlate with Zone J of

the Utah/Nevada zonal scheme (Ross 1951 ;
Hintze 1953) and the North American

(but not European) zone of Didymograptus bifidus (Fortey 1976, p. 271).

The upper occurrence is in limestones of the Profilbekken Member, 32 m from its

base. This lies towards the base of a unit of Whiterock age (Orthidiella Zone), which
is generally correlated with the earlier part of the Llanvirn Series of the standard

European sequence.

[Palaeontology, Vol. 21, Part 4, 1978, pp. 823-833, pi. 94.]
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Occurrence and Preservation

The larval stages are preserved in apatite, and they have been extracted from the

enclosing limestones by solution in 10% acetic acid. From beds adjacent to the lower

horizon Fortey and Whittaker (1976) obtained the enigmatic organism Janospira,

which is preserved in a similar way. Neighbouring beds at both horizons have yielded

great numbers of Radiolaria (Fortey and Holdsworth 1972) and Chitinozoa. There
is thus an exceptionally prolific record of the planktonic components of the fauna at

these parts of the sections—more than 100 trilobite larvae have been obtained from
about 200 g of rock.

This high proportion of plankton fall-out and the mode of preservation can be

explained by considering the environment of deposition of the Valhallfonna Forma-
tion. Both localities lie in those parts of the section characterized by the Nileid com-
munity type, based on the dominant kinds of trilobites (Fortey 1975a). This

community type has been inferred as occupying an outer, but not outermost position

on the early Ordovician continental shelf. Beyond it lay the Olenid community
adapted to oxygen-poor sea bottom conditions, an environment that favoured the

preservation of many graptolites. Ocean-going forms also included at least three

trilobite genera: Carolinites, Oopsites, and Opipeuter
,

all three of which occur in

unparalleled abundance in the Spitsbergen sections (Fortey 1976, p. 268). It is

evident that the proto-Atlantic surface waters in the Spitsbergen area were highly

productive, able to support great numbers of pelagic and planktonic organisms; in

the latter we include the trilobite larvae. Such surface water productivity is charac-

teristic of areas of oceanic upwelling at the edges of the continental slope, that is,

near where the Spitsbergen rocks were inferred on independent grounds to have
accumulated. The same site has been implicated in the formation of sedimentary

phosphates (Hutchinson 1950)—phosphate from deep oceanic sources promotes

a plankton bloom, is incorporated in larger organisms, and, with the death of such

organisms, eventually into the sediment.

So a particular geographical position is consistent with the type and numbers of

the fauna, and with saturation in calcium phosphate resulting in phosphatization of

the fossils. This has implications in the search for other localities with similar pre-

servation of larval forms.

EXPLANATION OF PLATE 94

Cybelinid allied to Cybelurus.

Figs. 1, 5, 6. Profilbekken Member, Valhallfonna Formation; Ny Friesland, Spitsbergen. 1, dorsal view

of phaselus larva to show cell polygons. SM A 10 1335, x 135. 5, view of ‘posterior’ of exfoliated phaselus

larva to show protruding lip. SM A101336, x 150. 6, dorsal view of internal mould to show internal

expression of cell polygonation. SM A101337, x 150.

Figs. 2-4, 7-9. Olenidsletta Member, Valhallfonna Formation; Ny Friesland, Spitsbergen. 2, ventral

view of phaselus larva to show, marginal rim and ‘doublure’. SM A101330, x 360. 3, ventral view of

phaselus larva, slightly oblique. SM A101331, xl35. The apparently backward projection antero-

medially is an artifact of phosphatisation. 4, ventral view of phaselus larva. SM A 1 0 1331 , xl35.

7, anaprotaspis. SM A 1 0 1 333, x220. 8, metaprotaspis. SM A101334, x 120. 9, lateral view of phaselus

larva. SM A 101 332, x220. L-protruding lip posteriorly.

All photographs taken on a stereoscan with variable apparent lighting directions.
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Phosphatization varies within the samples. The interior of the fossils is invariably

phosphate-filled and when no further replacement has occurred this results in

internal mould replicas (e.g. PI. 94, fig. 9). In the majority of cases the cuticle itself

has been replaced, and these specimens have a characteristic white and glistening

appearance. Exterior details are very well-preserved : for example, individual tubercles

on metaprotaspides preserve pits in their tips, originally the sites of sensory hairs.

This sort of detail could not survive on other than exterior surfaces. The polygonal

sculpture pattern on the surface of some of the trilobite larvae is a similar feature

(PI. 94, fig. 1). On some examples the phosphate has been additionally plastered over

the exterior of the carapace, and this subdues and conceals the surface features; such
specimens can be misleading in interpretation of morphology. Corrosion of the

surface is frequent (PI. 94, fig. 8).

DESCRIPTION OF THE SMALLEST LARVAE

Minute oval body generally 200-250 /xm long (text-fig. 2), deeply vaulted transversely

and medially, less convex in anterior-posterior plane. Exterior surface covered with

a fine pattern of raised polygonal ridges, the relief of which varies; this may be due

to preservational factors as discussed above. Impression of same ridges visible on
internal moulds (PI. 94, figs. 6, 9) where they are marked by a network of smooth

areas. Between these areas the polygons themselves include numbers of fine, raised

phosphate tubercles which we interpret as filling bases of cuticular canals ; they are on

the right scale for pore canals (1-3 /xm).

Elliptical ventral opening deflected upwards at both ends. Narrow rim separates

doublure from dorsal surface (PI. 94, fig. 2); rim not preserved on internal moulds.

Outside rim and parallel to it a smooth bevelled area lacks dorsal reticulation.

Doublure of width about 15 /xm at mid length, slightly concave, and flexed at right

angles to the adjacent dorsal body surface. Inner margin downward-turned and

slightly thickened. At one end of phaselus doublure broader and flatter, at the other

narrower; at narrow end ventral deflexion of the inner margin is greater. This

a be
text-fig. 1 . Restoration of the phaselus larva in a , dorsal, b, oblique ventral, and c, ventral views.

D—doublure R -marginal rim.
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produces a protruding lip which is especially apparent on internal moulds (PI. 94,

fig. 5), where cuticle evidently thickened.

So it is possible to distinguish anterior and posterior ends on the larvae from

doublural characters, but problematic to decide which way round they are. When
orientated symmetrically (which is difficult due to their extremely small size) the

end with the flattened doublure is more obtusely rounded, and the maximum trans-

verse width of the larva lies towards that end (PI. 94, figs. 1 , 4). Where there is a greater

carapace width in trilobite larvae (or for that matter in crustacean nauplii) it lies

anteriorly; tapering is posterior. For this reason we orientate our specimens with the

flattened doublure anterior and the protruding ‘lip’ at the narrower posterior end

(text-fig. 1). This orientation may be consistent with the nauplius interpretation

(below).

INTERPRETATION

It must be emphasized that the argument for the carapaces just described being the

smallest trilobite growth stage is independent of homology or otherwise with the

nauplius stage of other arthropods. We regard their trilobite nature as probable, and
their nauplius comparisons as a more speculative extension of the argument.

Note on terminology

The terms anaprotaspis, metaprotaspis, and paraprotaspis have been used for

describing progressively larger stages within the larval ontogeny of trilobites. Para-

protaspis has been used especially by Hu (1971), and is unsatisfactory. Hu gives

(1971, p. 52) length ranges for the paraprotaspis stage of 0-50- TOO mm yet several

of the illustrated forms ascribed to this stage Hu (1971, e.g. Phaseolops , pi. 23, figs. 4,

5 ; Dytremacephalus ,
pi. 1 6, fig. 7) are well below 0-50mm in length and indeed approach

the lower length limit of the metaprotaspis sensu Hu (0-35 mm). Furthermore some
of the early growth stages attributed by Hu to the paraprotaspis stage are meraspis

cranidia (see especially Ptarmigania aurita Resser; Hu 1971, pi. 10, figs. 11, 13).

There is no satisfactory definition of paraprotaspis and its use by Hu is ambiguous to

say the least. We do not employ it.

The division of the protaspis series into anaprotaspis and metaprotaspis stages is

used here. Definitions by Whittington (1959) and Palmer (1962) stress the appearance

of a posterior cephalic border on the protaspis shield, and thereby the distinct

delineation of the protopygidium, as marking the beginning of the metaprotaspide

stage of development. The anaprotaspis tends to be elusive in silicified preservation,

or at least the coarseness of silicification obscures detail at this very small size (e.g.

Ross 1951, pi. 82, figs. 1, 2). Phophatization produces better preserved specimens.

Numerous examples, invariably flattened-discoidal and quite well preserved in the

rock have been illustrated by Hu (1971). At this stage the glabella may or may not be

defined, but regardless ofglabellar definition , theforward limit ofthe glabella is marked
by a pair ofdeep pits (anteriorfossulae). These pits may be connected with the articula-

tion of the proto-hypostoma (see below).

The smallest stages described above lack these pits, and have a different symmetry
from any described anaprotaspis. More than their small size we regard this difference
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as proving a distinction from the anaprotaspide stage. We term the smallest stage the

phaselus stage (Latin: a kidney bean).

Trilobite nature of the phaselus stage

There are compelling reasons for our interpretation of the phaselus stage as

a trilobite, which can be summarized as follows:

1. The raised network of ridges on a minute scale is a feature found in several

examples of immature trilobites (e.g. Paladin see Miller 1975, fig. 11a). It is also

common in many ostracodes, where it has been attributed to the external expression

of epidermal cells (Depeche 1974, p. 150); these are the "cell polygons’ of Miller

(1976, p. 346). We note that the polygon pattern is visible on internal moulds (PI. 94,

fig. 6)— but not as ridges— in a manner similar to that figured by Depeche (1974).

Although ostracodes are present in the upper sample they are rare in the lower,

where the phaselus stage is most abundant. The detailed morphology, and the growth

pattern below, make ostracode affinities unlikely.

2. The doublure is a trilobite feature.

3. In the samples anaprotaspides and metaprotaspides of cybelinids, nileids, and
raphiophorids occur. Of these, cybelinid protaspides are the most abundant, with an

abundance of protaspides comparable to that of the phaselus larvae. The study is

based on 43 phaselus stages and 44 protaspides (29 anaprotaspides, 15 meta-

protaspides) of which 95% are well enough preserved for measurement. The cybelinid

trilobites concerned are two species allied to Cybelurus, but not yet described. Length

(sag.) and maximum transverse width (excluding spines) of phaselus larvae, ana-

and metaprotaspides were measured using a vernier travelling microscope, which is

accurate to ±3 ^m. The graphs were constructed by S.F.M. using the separate data

for upper and lower samples. A simple plot of length: width of the protaspides

results in a progressive increase in size conforming to straight lines in the protaspis

stage, and the phaselus larvae appear to lie close to their backward continuation, so

that the phaseli are of the right order of magnitude to represent the previous growth

stage. To test this more rigorously a log-log plot is given in text-figs. 2c, d, where
the straight lines are a calculated best fit using linear regression. In the upper sample

(text-fig. 2d) the phaseli lie within one standard deviation of the straight line, but in

the lower sample (the larger) they clearly lie outside the line. This is a reflection of

the fact that in the phaselus stage the length slightly exceeds the width, whereas

protaspide width is greater than length. The phaselus stage is transversely more convex,

and the point at which moulting takes place is presumably related to volume (rather

than linear dimension), which is affected by the change in symmetry between phaselus

and protaspis. For the upper sample the change is less and the conformation to

a straight line correspondingly better. In terms of the ratios of the mean lengths of

the various stages a slight discontinuity is also indicated between phaselus and
protaspis for the lower sample: anaprotaspis I: phaselus = 1-53; anaprotaspis II:

anaprotaspis 1 T21 ; metaprotaspis: anaprotaspis II = L20.

We do not yet know whether the phaselus could lie at the origin of growth of other

ontogenetic series in the samples, for which we have as yet only a few specimens. It

is conceivable that different trilobites had similar phaselus stages. The answer to
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same data, with regression lines derived from protaspide dimensions.
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this will eventually derive from the discovery of more samples with phosphatic
preservation of larval stages.

It is noteworthy that the anaprotaspis dimensions are like those given by Palmer

(1962). There are several morphological stages in the post-phaselus development
which will be described when the nomenclature of the adults has been formally

established.

One possibility that was rejected was that the phaselus represented the (as yet

undescribed) protaspis of an agnostid trilobite. Agnostids are present in the lower

sample, but absent (with 30 m of section to either side) in the upper, which makes
agnostid affinities improbable.

The lower sample on text-fig. 2 has the phaselus with a narrow range of variation;

the upper sample has a greater spread, with some particularly small examples. We
do not know whether this is a reflection of variability in population of a single species,

a second moult, or a second species.

Arguments for and against homology with the crustacean nauplius

There is no doubt that the possession of a nauplius stage in ontogeny is one of the

uniting characters of the Crustacea, being a feature of classes which differ profoundly

in adult morphology. Within any class there tend to be groups which omit the

nauplius stage (which is often passed within the egg), but the groups that do have it

are generally the more primitive members of their Class. The Cephalocarida, regarded

by some authors as the most primitive of the Crustacea (Sanders 1963), has a full

nauplius development. Subsequent growth is by addition of segments at each instar,

as in the trilobites, but the variation in subsequent larval stages from one crustacean

group to another is enormous. The first nauplius stage is always characterized by

having only three pairs of appendages.

The homology of our early trilobite stages and the nauplius larva may be argued

from the following grounds:

1. Size. Although the carapace of the recent nauplius has not been subject to

study in the same way as the appendages (because it is less informative) the length

of the carapace at nauplius stage 1 is of the same order as that of the phaselus trilobite

larve (200-250 gm). This applies across different crustacean classes: e.g. Cirripedia—
Balanus pallidus, 140 /*m, Chtliamalus aestuarii, 200 /on

;
Cephalocarida— Lightiella

incisa , 260 |U,m, Hutchinsoniella macracantha, 250-300 ju.ni; Branchiopoda—Artemia
salina, 150-200 ^m; Ostracoda— Xestoleheris sp., 150-160 ju.m (J. E. Whittaker pers.

comm.); Malacostraca—Penaeus, 250-300 ^m.

2. Form. Carapaces of nauplius larvae are not well described. They are even difficult

to see, and particularly to photograph because they collapse when removed from

a supportive liquid medium. The fossilization process has actually made the minute

trilobites more easily seen and manipulated.

Some recent nauplius carapaces, although not dissimilar in general form to the

trilobite phaselus, are equipped with prominent paired spines ( Balanus) which

diminishes their resemblance to our material. However, the nauplius carapace of

some species, for example of the genus Ibla (Cirripedia), are really very like the

trilobite phaselus in size and proportions (Anderson 1973, p. 303; text-fig. 3a (dorsal
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view)). Cell polygonation is drawn by Anderson; we have seen a similar pattern on
nauplius carapaces of Artemia (Branchiopoda) (text-fig. 3b).

The appendages of the nauplius are sited beneath the carapace, but there is also

a postnaupliar region—

&

fleshy lobe extending in many examples well beyond the

posterior of the carapace (Artemia). This is

improvable on the phaselus, but it is worth
remarking that the assumed posterior end

of the carapace is strongly vaulted and that

its edge there is thickened, and extended into

a lip, features that would be consistent with

posterior protrusion of a post-naupliar

region, and its attachment to the posterior

edge of the carapace.

A single median eye is characteristic of

the nauplius stage, but (G. A. Boxshall pers.

comm.) is not externally expressed on the

carapace; certainly there is no external sign

of an eye on the trilobite phaselus.

3. Position in ontogeny and possible appendage number. We have argued that the

phaselus stage precedes the anaprotaspis in ontogeny. Ontogeny proceeds by regular

addition of segments and presumably pairs of appendages through the protaspide

stage of development, and it seems reasonable to suppose that the phaselus stage has

one pair of appendages less than the anaprotaspis. Many anaprotaspides are not

obviously divided into annulae, but the cybelinid described here is distinctly segmented.

The smallest anaprotaspides are divided into four segments. The simplest assumption
is that each segment represents a pair of appendages ventrally, totalling four pairs,

the anterior fossulae here assumed to represent the hypostomal articulation. How-
ever, if one accepts that the transverse furrows themselves are the sites of appendage
muscle attachment (e.g. Campbell 1975) three pairs are indicated medially. In this

case the prominent anterior fossulae would also be interpreted as sites of muscle

attachment for the antennae, following Harrington ( 1959, p. 96). Under this hypothesis

the number of pairs of appendages still totals four; the antennae and three posterior

pairs. The previous moult, the phaselus, would therefore have three pairs of

appendages. This is the number for the crustacean nauplius. If the Spitsbergen

examples can be duplicated elsewhere this may be the most compelling argument for

the phaselus being a true nauplius. We may note that similar four-segment anapro-

taspides have been figured by Hu (1971, e.g. Missisquoia text-fig. 51; Dunderbergia

p. 92).

Contrary arguments. The main arguments which may be summoned against the

nauplius affinities are:

1. The size of the larvae may be due simply to their being part of the plankton.

Early larvae of other phyla (Brachiopoda, Echinodermata, Mollusca) are commonly
in the range 150-300 ^m, and it is not surprising to find the earliest larval stage of

the trilobite in the same range.

text-fig. 3. Carapaces of nauplii of the living

crustaceans a, Ibla quadrivalvis (Cirripedia)

and b , Artemia salina (Branchiopoda) 150

approx.
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2. At such a small size the carapace morphology is inevitably going to be simpler

than is possible at a later ontogenetic stage. Any resemblance between phaselus and
nauplius is coincidence, and merely a by-product of similarity in dimension.

The argument on size of the earliest larvae is reasonable, and does in fact add
weight to the supposition that the phaselus is the early larval stage. The simplicity

(or otherwise) of the phaselus morphology is a matter of taste. Furthermore, the argu-

ment for three pairs of appendages is independent ofcomparisons with recent nauplii.

We believe that the lines of evidence favouring nauplius homology would otherwise

stretch coincidence rather far. However, more examples of phaselus larvae in sequence

with later ontogenetic series are needed before accepting the equivalence of nauplius

and phaselus, and to establish how general this developmental stage is in the group
as a whole.

SUMMARY

The earliest larval stage of the trilobite—the phaselus— differs in structure from the

anaprotaspis which it precedes. The phaselus-protaspis transition is a fundamental

one, analogous to changes from nauplius to zoea in the Malacostraca, or nauplius

to cypris in Cirripedia. There is a case to be made for the homology of the phaselus

with the nauplius of the Crustacea. If this is confirmed it may increase the likelihood

of Crustacea and trilobites having a common ancestor.
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A NEW SPECIES OF C YMATIO S PHA ERA
(ACRITARCHA) WITH CONSTANT FIELD
TABULATION FROM THE DEVONIAN OF

TENNESSEE

by A. B. REAUGH

Abstract. The acritarch Cymatiosphaera peifferi sp. nov. from the Devonian Chattanooga shales in north-eastern

Tennessee, U.S.A., has a characteristic arrangement of polygonal areas, or fields, on the central body. Two distinct

kinds of fields, polar and subequatorial, differ in form and symmetry. Fields are arranged according to a constant

tabulation pattern ( 1 : 5 : 5 : 1) with pentagonal symmetry developed around the polar field on each hemisphere.

Species of the acritarch genus Cymatiosphaera are generally described in terms of

central body diameter, membrane height, and the number and width of fields on the

central body. In addition to these characteristics, the arrangement of fields on the

central body is proposed here as a means for distinguishing some species within

the genus. Description of fields is based on geometric shape and symmetry, and the

arrangement of fields provides an additional parameter for identification ofform taxa.

When general aspects and dimensions are similar (as they are for many Cymatio-
sphaera species), characteristic differences in the arrangement of fields on the central

body can be used to separate taxa which would otherwise be indistinguishable.

Specimens of the new taxon described here have a constant tabulation pattern as

well as minor differences in wall ultrasculpture and in details of the junction of the

membranes with the central body.

STRATIGRAPHY AND AGE

The material was examined as part of a detailed palynologic investigation of the

Devonian-Mississippian black shales in north-eastern Tennessee. Specimens were
recovered by standard palynologic techniques from samples of the lower part of

a thick section of black shales outcropping in Poor Valley and on the dip slope of

Clinch Mountain in Hawkins County (Dennison and Boucot 1974). Samples were

collected at 1-5 metre (five feet) intervals in roadcuts along Tennessee Route 70

(from 782,550' N., and 2,876,720' E. to 779,620' N. and 2,874,220' E. Tennessee

Grid Coordinates as read from TVA-C1SGS maps). These palynomorphs represent

less than 1% of all palynomorphs in assemblages which include spores, Tasmanites
,

leiospheres, and other acritarchs. Text-fig. 1 shows the range of all specimens and
the different ranges of the two kinds of ultrasculpture.

[Palaeontology, Vol. 21, Part 4, 1978, pp. 835-846, pi. 95.]
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text-fig. 1 . Stratigraphic range of Cymatiosphaera peifferi showing ranges of laevigate and microgranulate

forms. The species is found in the lower part of the Chattanooga Shale above the Lower Devonian Wildcat

Valley Sandstone. The ‘c’s designate covered intervals much greater than five feet.

Acritarchs associated with the new taxon are also found in the Devonian of the

Algerian Sahara (Jardine et al. 1974, pp. 105-107). They support a Couvinian-
Givetian age (palynologic zones L

2
-L

3 ) based on the joint presence of Navifusa

baciUum , Stellinium octoaster , Polyedryxium decorum , Daillidium quadridactylites ,

and Duvernavsphoera tessela in samples 307 to 311.

TERMINOLOGY

Cymatiosphaera species have been catalogued by Eisenack et al. (1973, pp. 243-367).

The terminology describing morphology in Cymatiosphaera spp. varies from author

to author. Surfaces are divided into polygonal areas variously termed polygonal

fields (Downie 1959; Deflandre and Cookson 1955; Wicander 1974; Deunff 1961 as

‘champs polygonaux’), polygonal areas (Cramer 1964; Davey 1970; Slavikova 1968),

segments (Staplin 1961), or campi (Cramer and Diez 1972). Structures delimiting the

polygonal areas on the central body are called membranes (Deflandre and Cookson
1955; Wall 1965; Deunff 1961; Slavikova 1968), muri (Cramer and Diez 1972),

partitions (Downie 1959), crests (Cramer 1964), or ridges (Wicander 1974; Davey
1970; Staplin 1961).

The terms fields and membranes are used here to describe the polygonal areas on

the surface of the central bodies and the thin walled structures normal to the central

body which delimit the fields.

Rasul (1974, p. 43) used the term tabulation to apply to the number and arrange-

ment of the polygonal areas on the Tremadoc acritarch Cymatiogalea , analogous to

the use of this term in describing dinoflagellates. The term tabulation is here applied

to the genus Cymatiosphaera and defines the number and arrangement of fields.

Although the field pattern resembles that of Cymatiogalea , there is no evidence for

excystment through an operculate pylome as in that genus.
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TABULATION

A geometric arrangement of fields on Cymatiosphaera specimens has been indirectly

reported for several Devonian species. Membranes of C. cubus Deunff, 1961 and

C. carminae Cramer, 1964 correspond to the edges of a cube. Illustrated specimens

have six fields of equal form and size arranged in groups of three fields around triad

axes of symmetry at the corners. All specimens presumably have symmetry elements

inherent in a cube. Staplin (1961) reported a more complex arrangement of five

fields around opposite end fields in C. pentaster Staplin, 1961.

For other Cymatiosphaera species the range in number of fields is included in the

species description, but geometric definitions of fields on the central body are not

given. Fields are said to be polygonal, but relationships of the fields to one another

are neither defined nor illustrated per se. Comparisons of specimens of the same size,

membrane height, and field diameters may neglect the geometric forms on the surface

of the central body. The arrangement of the fields and their shapes will be shown in

this paper to be constant in specimens within the new species and a characteristic

useful for differentiating taxa of similar general aspect.

Specimens of the new Cymatiosphaera species have the same constant arrangement

of two kinds of fields, polar fields and subequatorial fields. Polar fields (text-fig. 2c)

are rounded or pentagonal, with radial or pentagonal symmetry. Subequatorial

fields (text-fig. 2d) are bilaterally symmetrical, pentagonal fields that are arranged

around the equator of the palynomorph (text-fig. 2b). A polar view of the holotype

of C. peifferi sp. nov. (PI. 95, figs. 1, 2) shows the relationship of the polar and sub-

equatorial fields (idealized in text-fig. 2a).

text-fig. 2. Schematic diagram of Cymatiosphaera peifferi showing arrangement of fields, a, polar view

with central polar field surrounded by five subequatorial fields. Comparable fields on the lower hemisphere

are shown by dashed lines, b, equatorial view showing zigzag line at the juncture of the subequatorial fields

along the equator, c, individual polar field, d, individual subequatorial field.
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The precise shape of the polar field is uncertain. It is in direct contact with five

equidimensional edges of the five subequatorial fields. Secondary folds caused by
compression commonly occur along the boundary (PI. 95, fig. 3, drawn in text-

fig. 3a) and exaggerate the contact so that a polar field, whose shape logically would

be pentagonal, appears to be round.

The polar field is surrounded by five subequatorial fields on the upper hemisphere;

on the lower hemisphere the same pattern is mirrored with 36° offset at the equator.

There is no difference in fields on the two hemispheres, and, thus, there is no dis-

tinction between the two hemispheres. The offset at the equator results in a zigzag

membrane around the equator. The axis of bilateral symmetry of each subequatorial

field is normal to the equator which the zigzag line repeatedly intersects.

The tabulation pattern of this taxon is 1 :5:5: 1, where the first and last numbers
refer to polar fields and the middle numbers to subequatorial fields. The terms pre-

equatorial and post-equatorial (as used with Cvmatiogalea specimens) cannot be

applied in the absence of criteria for such distinctions. Specimens lacking polar or

equatorial orientation and with secondary folds may be recognized as belonging to

the taxon by location of the zigzag line and a check for bilateral symmetry on the

adjacent fields.

Text-figs. 3b-f are interpretations of specimens illustrated on PI. 95. Although
tabulation patterns are not immediately obvious from the photographs, the line

drawings show the distinctions between folds and membranes and lead to distinction

of the polar fields and surrounding subequatorial fields. From such sketches, tabula-

tion patterns for all the specimens in a population can be deduced.

Although the field tabulation pattern for the new species is constant among
specimens of the same species, it differs markedly from the pattern of another

Devonian taxon.

COMPARISON WITH A SIMILAR TAXON

Although slightly smaller, IPolyedryxium mirum Deunff, 1957 has a holotype (Deunff

1971, pi. 4, figs. 16, 16a) somewhat similar to the new taxon in details of membrane
height, field number, and general field form. There are, however, differences between

the fields of IP. mirum and Cymatiosphaera peifferi. Text-figs. 5a, b show a field

arrangement for IP. mirum based on the illustration of the holotype (Deunff 1971).

Although marginal folds are indistinct on the equatorial view, there are apparently

three different field types: polar fields (text-fig. 5c), subequatorial fields (text-fig. 5d),

and equatorial fields (text-fig. 5e). Subequatorial and equatorial fields are clearly

illustrated on the photograph of the holotype. Each polar field is apparently an equal-

sided pentagon because of its location between five equidimensional edges of the

subequatorial fields. If symmetry around a polar field is assumed (only radial or

cubic symmetry has been found in a review of Devonian forms illustrated in Eisenack

et al. 1973), the total body plan would be a complex arrangement of three field types,

each with distinctive symmetry, as shown in polar and equatorial view in text-

figs. 5a, b. A tabulation pattern of 1 : 5 : 5 : 5 : 1 and the distinctive shapes of the fields

are distinctive variations from the pattern seen in C. peifferi.
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text-fig. 3. Simplified views of illustrated specimens emphasizing field tabulation patterns. Overlying

organic debris is shown by solid black areas, folds by stippled patterned areas. Each polar field illustrated

is indicated by ‘P\ Specimens figured in PI. 95 are illustrated by the following line drawings: PI. 95 fig. 3 =
A; fig. 4 = B; fig. 7 = C; fig. 8 = D; fig. 9 = E; fig. 12 = F.

polar field

subequatorial

fields

zig-zag

Sine

organic
debris

text-fig. 4. Diagrammatic view of specimen illustrated in PI. 95 figs. 10, 1 1 . a shows field locations as well

as secondary folds and overlying organic debris. B shows symmetry elements of the different fields, relative

to the position of the fields on the specimen.
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text-fig. 5. Schematic diagram of tPolyedryxiurn mira (Deunff, 1957) drawn after Deunff 1971, pi. 4,

fig. 16, 16a. a, hypothetical polar view, b, equatorial view after illustrations by Deunff. c-E, individual fields:

c, polar field with radial or pentagonal symmetry; D, subequatorial field with simple bilateral symmetry;
E, equatorial field with 2 planes of bilateral symmetry.

In the light of this interpretation of IP. mirum , Dr. Jean Deunff kindly re-examined

the type of IP. mirum (LPB 2933) and observed that there are differences among the

polygonal fields, and that in particular the equatorial fields have smaller surfaces

than do the polar fields on that specimen (Deunff, pers. comm. 1977). He further

sees the structure of'IP. mirum as more complex than that of C. peifferi in the equatorial

region.

COMPARISONS WITH OTHER GENERA

Other taxa have similar tabulation patterns dictated by the arrangement and shape

of the polygonal areas on the central bodies. The genus Cymatiogalea (Deunff)

Rasul includes acritarchs whose ‘test surface is divided into polygonal areas . . .

[which] exhibit some sort of a tabulation pattern, usually observable’ (Rasul 1974,

p. 52). There are, however, a variety of tabulation patterns associated with individual

species of Cymatiogalea , reflecting differences in the shapes of the constituent poly-

gonal areas. Any change in the shape of one area would alter the shape and fit of

the adjacent areas. Although some areas may be defined by symmetry, others exhibit

no symmetry, and in C. multarea (Deunff) no areas are symmetrical (Rasul 1974,

text-fig. 4). In C. cristata the third and fourth areas on the second row may be defined

by two normal planes of bilateral symmetry, but the fifth area has no symmetry.

Thus it appears that symmetry cannot be used to define Cymatiogalea species. In

contrast, determination of the symmetry of any three fields adjacent to a triple

junction in Cymatiosphaera peifferi enables prediction of the location, form, and
orientation of the other fields, as was done for all fifty-seven measured specimens.

Tests of the extant alga Pterosperma nationalis exhibit variability comparable to

that of Cymatiogalea, having different shaped polygonal areas: all three-sided,

all four-sided, three- and four-sided, and four- or five-sided (Boalch and Parke

1971). There is no comparable variability in the group of Cymatiosphaera found with

C. peifferi. The others are either a different size, have a different membrane height
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relative to body width, or have many more fields on the specimens. In younger

samples from the same strike belt (Reaugh in prep.) there is a Cymatiosphaerci species

with a microgranulate surface, a similar membrane, and a comparable body size.

The sole morphologic difference is the form and arrangement of the fields which are

six equidimensional, four-sided fields arranged as are the faces of a cube. Were it

found in the same samples as C. peifferi, a similarity to P. nationalis could be argued

with this ‘cubic’ form representing the ‘all four-sided’ forms, but the range of the

‘cubic’ forms is completely disjunct from that of C. peifferi.

SYSTEMATIC DESCRIPTION

Genus cymatiosphaera O. Wetzel, 1933, emend. Deflandre, 1954

Cymatiosphaerci pefferi sp. nov.

Plate 95, figs. 1-12; text-figs. 2-4

Description. Spherical to subspherical central body; central body laevigate to micro-

granulate, granules up to 0-5 pm in diameter. Surface divided into polygonal fields

outlined by vertical membranes; specimens are divided into two hemispheres by an

equatorial zigzag line formed by the succession of membranes between the sub-

equatorial fields. Each hemisphere has a rounded to pentagonal field at its pole; the

polar field is surrounded by five bilaterally symmetrical, pentagonal subequatorial

fields which extend from the polar field to slightly beneath the equator on the lower

hemisphere. There are twelve fields on a specimen: two polar fields and ten sub-

equatorial fields.

Dimensions. Central body diameter 36-58 (mean 45-8 /xm, S.D. 6-6)
;
membrane height 2-7-5-4 ^m

depending on orientation and secondary folding; fifty-seven specimens measured.

Holotype. Specimen illustrated on PI. 95, figs. 1, 2, located on slide 307-4 at R 15-7 and +12-8 relative

to the north-eastern corner of the slide, and stored in the University of Tennessee, Department of Geological

Sciences Palynology Collection, Knoxville, Tennessee, 37916, U S.A.

Type locality. Chattanooga shales on Tennessee State Route 70 in Hawkins County, Tennessee, on the dip

slope of Clinch Mountain.

Geologic age. Givetian-?Frasnian.

Discussion. Specimens assignable to C. pefferi may be divided into two groups based

on poorly defined surface ultrasculpture. Those with laevigate ultrasculpture (PI. 95,

figs. 1-3) are found lower in the stratigraphic section (text-fig. 1, sample 307-311)

than are specimens with a microgranulate surface (PI. 95, figs. 4-11). The latter are

longer ranging (text-fig. 1, samples 309-347) and, in addition, occasionally exhibit

a differentiation of the membrane (PI. 95, fig. 6).

All specimens are compressed, and the accompanying folds obscure the field out-

lines and make measurement of individual fields difficult. Due to differences in

orientation, only a few specimens could be located with both polar and subequatorial

fields clearly shown. In those cases where measurements could be obtained without

difficulty, the polar fields are slightly smaller than the longest diagonal on adjacent

subequatorial fields (text-fig. 6a).



842 PALAEONTOLOGY, VOLUME 21

A B
text-fig. 6. Dimensions of fields of Cymatiosphaera peifferi. In a the maximum diameter (0) of polar fields

is plotted against maximum diameter of adjacent subequatorial fields on the same specimen, b plots two
dimensions of individual subequatorial fields (SEF) : length (the measurement parallel to the axis of bilateral

symmetry and normal to the equator) and width (the longest dimension normal to the length diagonal).

Although it may be difficult to distinguish fields by recognition of the symmetry
of individual fields, the zigzag line is often very obvious on equatorially oriented

specimens. The subequatorial fields adjacent to the zigzag line are bilaterally symmetri-

cal and are longer on the axis of bilateral symmetry than on any diameter normal to

that axis (text-fig. 6b).

C. labyrinthica Wicander is larger and has a different membrane, and C. parvi-

carina Wicander is the same size but has much smaller fields. Neither species has

a field arrangement comparable to the new taxon. C. peifferi is named for the late

EXPLANATION OF PLATE 95

All specimens are from outcrops of Chattanooga Shale on Route 70 in Poor Valley and on the dip slope

of Clinch Mountain, Hawkins County, Tennessee, U.S.A. All figs. x780 unless otherwise stated.

Figs. 1-12. Cymatiosphaera peifferi sp. nov. 1, 2, upper and lower focus of holotype showing the upper and

lower polar fields and illustrating the offset of subequatorial fields and the radial symmetry around the

polar fields (slide 307-4: R 15.7, +12-8). 3, shows exaggerated folding around the polar field (slide

310-1: R 32.0, +5.2). 4-6, equatorial views of a specimen with microgranulate ultrastructure, and

fig- 6 ( x 1200) also shows the fine differentiation of the membrane into a thin outer layer beyond a thicker

basal layer (slide 334-2: R 31.2, +12.7). 7-9, polar views which illustrate the kinds of folding that can

obscure field outlines; 7, slide 309-1 : R 6.9, +15.7; 8, slide 309-1 : R 6.8 +15.6; 9, slide 336-1 : R 15.6,

+ 2.5. 10, 11, two foci of equatorial views of a specimen with clearly illustrated subequatorial fields

(slide 335-2: R 7.5, +0.3). 12, shows the zigzag equatorial membrane (slide 307-1 : R 11.2, +14.7).
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REAUGH, Cymatiosphaera peifferi sp. nov.
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John S. Peiffer of Culpeper, Virginia, who introduced me to spherical geometry
and three-dimensional perception.

Note added in press. Wicander and Loeblich (1977) have recently described

C. ambotrocha which has a 1 : 5 : 5 :

1

tabulation pattern. Although this pattern is

similar to that of C. peifferi ,
the latter is slightly smaller and its holotype has a laevigate

surface. Microgranulate forms of C. peifferi may represent transitional forms between
the two taxa, but those found in the Chattanooga shales do not have the sharply

developed granules on the surface of the specimens.

Wicander and Loeblich (1977, p. 136) also described a similar species, C. antera

on which ‘each hemisphere [is] divided into four fields that are separated from each

other by a laevigate ridge . . . fields and ridges arranged as an “H”, the ends of the

“H” being attached to the vesicle wall in such a manner as to pull it up ... on some
specimens one hemisphere may have a central five sided field surrounded by five

equal sided fields dividing that hemisphere into 6 instead of four fields’.

tabulation patterns. Field boundaries on the upper hemisphere in focus are shown by solid lines, and the

field numbers are circles; field boundaries on the lower hemisphere are shown in dashed lines and the fields

in squares. ‘P’ indicates proposed polar fields, numbered fields are the subequatorial fields, a and b are

interpretations of C. antera illustrated by Wincander and Loeblich 1977, pi. 1, fig. 7 showing the twelve

fields, c and d show C. antera of Wicander and Loeblich, pi. 1 fig. 1 1 ; fields 4c and 4d are continued

from the upper view; fields 2* and 3* are partially visible in regular view, the rest of their area is included

in the folded areas.

Of the three specimens illustrated by those authors, two should be assigned in

my opinion to C. ambotrocha because of their tabulation. Specimen 6156-8 : 22.7-98.8

(Wicander and Loeblich 1977, pi. 1, fig. 7) ‘showing a rare specimen with a central

field surrounded by 5 fields’ also has six fields on the lower hemisphere according to

the interpretation shown here in text-fig. 7a, b. As interpreted, it has a 1:5: 5:1

tabulation and should be assigned to C. ambotrocha. Figured specimen

6156-6:15.8-96.9 (Wicander and Loeblich 1977, pi. 1, fig. 7) ‘showing aspect in

near equatorial focus’, is interpreted here (text-fig. 7c, d) as being a slightly off-polar

view of C. ambotrocha.

The holotype of C. antera (6157-4:9.4-96.4, Wicander and Loeblich 1977, pi. 1,

figs. 10, 12) has clearly illustrated four fields per hemisphere. There is, however, addi-

tional vesicle wall material visible, of which there is no mention in the species descrip-

tion. The heavily stippled areas (text-fig. 8a, b of this paper) indicate areas not within
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text-fig. 8. a, b are interpretations of the holotype of Cymatio-

sphaera antera showing the four fields per hemisphere (circled)

and the stippled areas representing the areas of vesicle wall not

included in those eight fields. A corresponds to pi. 1, fig. 10 of

Wicander and Loeblich 1977, and b to their pi. 1, fig. 12.

the four fields per hemisphere. The lighter stipple represents folded regions between

the Tour fields per hemisphere’. These areas give evidence that there are more than

four fields per hemisphere, and more than eight fields per acritarch. The interpretation

shown in text-fig. 8a, b suggests that there are twelve fields on the holotype of C. antera.

The forms and arrangements of the additional fields are uncertain and geometric

comparisons with C. peifferi and C. ambotrocha cannot be made.
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A CLA SSO POLLdS-CONTAIN IN G MALE CONE
ASSOCIATED WITH PSEUDOFRENELO PSIS

by K. L. ALVIN, R. A. SPICER and JOAN WATSON

Abstract. The male cone and pollen attributed to the conifer shoot Pseudofrenelopsis parceramosa (Fontaine)

Watson is described from the Wealden (Berremian) of the Isle of Wight. Comparison is made with the several earlier

described Classopollis-containing male cones and a new genus is proposed for such cones found unattached. Aspects

of the palaeoecology of the Cheirolepidiaceae (Hirmeriellaceae) are discussed.

Oldham (1976) in his cuticle analysis of plant debris beds in the English Wealden
reported that a certain type which he identified as "30 CHEIR MaA’ was one of the

most frequent and abundant of the cuticle species recorded. Watson (1977) has shown
that ‘30 CHEIR MaA’ is identical to Pseudofrenelopsis parceramosa (Fontaine)

Watson. On the basis of impressive association Oldham suggested that this cuticle

type probably belonged to a conifer bearing Classopollis pollen.

We have collected an abundance of shoot remains of this conifer together with

associated male cones at two localities in the Isle of Wight: (1) between Compton
Grange Chine and Hanover Point, and (2) Chilton Chine, just east of Hanover Point.

At the former locality well preserved compressed shoots (e.g. PI. 96, figs. 1-4),

decorticated twigs (PI. 96, fig. 5) ranging up to massive logs as much as 40 cm or more
in diameter, are abundant in lignite-rich layers of light grey siltstone. The layers are

exposed both in the cliffs and on the shore at low tide. The male cones described here

are all from the Compton Grange Chine locality.

METHODS

Occasional hand specimens of assembled shoots and detached cones have been

collected but the general fragmentary nature of the material has necessitated the use

of a bulk maceration procedure. Blocks of plant-rich matrix, once dried, break down
readily when wetted; the material can then be sieved, washed, and examined under

a dissecting microscope. In this way some eight specimens of male cones and cone

fragments have been recovered. Specimens for microscopical examination are

cleaned in hydrofluoric acid. Cuticles are prepared using Schultze’s macerating fluid

followed by alkali. For SEM observations macerated cuticles are dried down on to

double-sided ‘Sellotape’ on stubs and coated either by evaporation of gold-palladium

or with gold in a Polaron sputter coater.

DESCRIPTION

Vegetative material. To the detailed description of the vegetative features of P. parcera-

mosa given by Watson (1977) we would add only a few points concerning the material

with which the male cones are associated.

The great bulk of the material consists ofmore or less disarticulated shoot segments,

[Palaeontology, Vol. 21, Part 4, 1978, pp. 847-856, pis. 96 98.]
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but specimens with up to ten connected segments are frequent. Plate 96, fig. 1 shows
a typical specimen with seven internodes. Such specimens are usually unbranched,
2-7 mm in diameter, with internodes 1-3 times longer than broad. Occasionally

specimens are seen which show evidence of branching (PI. 96, fig. 3). Terminal

portions of shoots are fairly frequent (PI. 96, fig. 4). Larger specimens, up to about

1 cm in diameter, have been observed in which the cortex including the cuticle has

become ruptured and discontinuous and in which, as a result, the segmentation is

ill-defined. Also present are numerous completely decorticated twigs (e.g. PI. 96,

fig. 5) which sometimes show evidence of branching, often whorled. More massive

logs up to 40 cm in diameter also occur; some of these are partially petrified. We yet

have no positive evidence that all this debris represents the same species of conifer,

but the anatomy of the material is under investigation. At Hanover Point, about

100 m to the east of the main locality are found the well known ‘pine-raft’ petrified

logs.

The male cone. Of the several specimens observed, all but three were incomplete.

Two of these are shown on PI. 96, figs. 7-9. The cone in fig. 7 is round but obliquely

compressed so that the morphological apex is seen just below the top in the photo-

graph. The specimen in figs. 8 and 9 is laterally compressed and its shape suggests

that the cone may have been somewhat broader than long. However, the specimen

has an opened longitudinal crack at the base and also some sporophylls may be

missing from the base. Originally, therefore, it was probably more or less spherical.

This specimen, after maceration in nitric acid without subsequent alkali treatment,

was dissected. The pollen-sacs showed no tendency to rupture, remaining attached to

the sporophylls (text-fig. 1 c and d)
;
they were filled with a dense mass of pollen which

appeared to be either immature or abortive. This specimen enabled us to determine

unequivocally the number of pollen sacs as three.

In no specimen have we been able to determine definitely the arrangement of the

sporophylls, but they seem most likely to have been in 3+ 5 parastichies.

The incomplete specimen in PI. 97, fig. 1 yielded mature pollen, but the walls of the

pollen-sacs disintegrated on maceration (text-fig. 1a). The cuticle preparations and
pollen on which the diagnosis of our new species is based are from this specimen

which we accordingly designate the holotype.

Although a number of male cones containing Classopollis pollen have been

described, most of these have only been named by reference to the vegetative shoots

with which they have been found associated. In the absence of organic connection

this seems an unsatisfactory practice. Barnard (1968) proposed that Classopollis-

containing male cones should be classified in the form-genus Masculostrobus Seward

EXPLANATION OF PLATE 96

All specimens from Compton Grange Chme, Isle of wight.

Figs. 1-4, 6. Pseudofrenelopsis parceramosa (Fontaine) Watson. 1-4, range of shoot fragments. 6, hairs at

edge of leaf. 1, x 1 ; 2, x 5; 3, x 4; 4, x 4; 6, x 150.

Fig. 5. ?Pseudofrenelopsis parceramosa (Fontaine) Waston. Decorticated twig showing a whorl of three

branches.

Figs. 7-9. Classostrobus comptonensis gen. et sp. nov. 7, specimen V 591 16. X 10. 8, 9, two sides of specimen

V 59117. x 12.
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distinguished from the genus Pityanthus Nathorst by having non-saccate pollen.

We have examined the slides of the type-species of Masculostrobus (M . zeilleri

Seward) in the British Museum (Natural History) and confirm previous observations

that its pollen is non-saccate. However, it is clearly not of the Classopollis type;

rather does it appear similar to Tsugaepollenites mesozoicus Couper. Masculostrobus

should be retained for conifer male cones which cannot be more precisely classified,

but we would propose a new genus for those which, on the basis of their pollen are

assignable to the Cheirolepidiaceae.

SYSTEMATIC SECTION

Family cheirolepidiaceae

Genus classostrobus gen. nov.

Diagnosis. Conifer male cone consisting of an axis bearing sporophylls of peltate

(radial or dorsiventral) form with two or more pollen-sacs containing Classopollis

pollen.

Type species. Classostrobus rishra (Barnard) comb. nov.

Classostrobus comptonensis sp. nov.

Plate 96, figs. 7-9; Plate 97, figs. 1-7; Plate 98, figs 1-6; text-fig. 1, A-D

Cone approximately spherical, 4-5 mm in diameter. Microsporophylls spirally

arranged, peltate in form, consisting of a laminate head with a centrally attached

stalk 0-2 mm in diameter and 1 mm long. Head rhomboidal, 1- 5-2-0 mm long,

0-5-10 mm wide; outer surface convex; margin with unicellular hairs, more or less

adnate, up to 60 pm long (text-fig. 1a, b) ; lower portion of head bearing three cylindri-

cal pollen-sacs, 1 mm long, oriented parallel to the sporophyll stalk (text-fig. lc, d).

Abaxial cuticle of sporophyll head (PI. 97, figs. 3-6) thick, papillose, with stomata in

ill-defined longitudinal rows or more or less scattered; papillae conical, 10-15

long, arising singly from individual epidermal cells; epidermal cells isodiametric,

20-30 pm wide, with anticlinal walls 4-8 pm thick; cutinized hypodermis present

consisting of isodiametric cells 20-30 ^m wide or, between stomatal rows, ofelongated

cells 10-20 /xm wide. Stomata sunken; pit formed by a ring of five to seven subsidiary

cells each with a papilla 10-15 long. Adaxial cuticle (PI. 97, fig. 7) thinner than

EXPLANATION OF PLATE 97

Classostrobus comptonensis gen. et sp. nov. from Compton Grange Chine, Isle of Wight.

Fig. 1. Holotype. x 12.

Fig. 2. Part of adaxial side of a microsporophyll from the holotype showing part of the stalk where it joins

the laminal portion. SEM x 160.

Fig. 3. Abaxial cuticle of sporophyll lamina. Light microscope. Specimen V 591 15A (from holotype).

Light microscope x 400.

Fig. 4. Inside abaxial cuticle. SEM >< 400.

Fig. 5. Outside abaxial cuticle. SEM x800.
Fig. 6. Oblique inside view of cut edge of abaxial cuticle. SEM X 800.

Fig. 7. Adaxial cuticle of microsporophyll lamina. Light microscope X 800.
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abaxial, beset with conical papillae up to 40 p.m long in distal region; epidermal cells

isodiametric, not well marked; stomata absent. Stalk of sporophyll (PI. 97, fig. 2)

smooth; epidermis of elongated cells, 60-80 p.m long, 15-30 wide.

Pollen (PI. 98) of Classopollis type, spheroidal with flattened poles, diameter

(30-)36(-40) fim x (23-)25(-27) pm (15 grains measured), divided into two unequal

caps by a subequatorial furrow situated at the distal edge of an equatorial belt

(8-) 1 1
(- 1 2) ^m wide; 9-12 striations in equatorial belt. Pseudospore at distal end

6-1
1
,um in diameter. Trilete mark at proximal pole with laesurae 5-7 /xm long. Exine

thickness 1-3 ^m; equatorial thickening 2-5 pm. External sculpture (PI. 97, fig. 6)

fine, of small blunt spines, about 25 elements per sq. ^m. Internal sculpture (PI. 98,

figs. 1, 3) vermiculate.

Locality. Between Compton Grange Chine and Hanover Point, near Freshwater, Isle of Wight.

Horizon. Barremian.

Holotype. PI. 97, figs. 1-7; PI. 98, figs. 1-6; text-fig. 1, A, B.

Depository of specimens. British Museum (Natural History). Nos. V 59115-591 17.

text-fig. 1. Classostrobus comptonensis gen. et sp. nov. A, micro-

sporophyll from the holotype, adaxial side. B, marginal hairs from

holotype. c, D, opposite side views of a single microsporophyll from

specimen (V 59117) shown on PI. 96, figs. 8, 9.
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Discussion. The attribution of this new male cone to Pseudofrenelopsis parceramosa

is based on close association and on cuticle similarities between the microsporophyll

and the leaf.

The great abundance of shoot remains of this conifer in the Isle of Wight bed

which has yielded the male cones is impressive. We estimate that less than 1% of

the identifiable plant fragments represent different plants. Of these the commonest is

another conifer, a Brachyphyllum, the cuticle of which is quite different from that of

Pseudofrenelopsis and resembles that which Oldham (1976) compares with B. obesum

Seward. The only other plants present are occasional fragments of Bennettitalean

leaflets.

There is a considerable similarity between the abaxial cuticle of the sporophyll

and that of the Pseudofrenelopsis leaf. Both are papillate, have rather similar stomata

and a well developed hypodermis. The adaxial cuticles are similar in having long,

hair-like papillae; in the shoot, this hairiness is confined to the leaf itself. The margin

of the leaf and sheath as well as that of the sporophyll has unicellular, often somewhat
laterally united hairs.

Male cones of several Cheirolepidiaceae containing Classopollis-type pollen have

now been described. Harris (1957) described male cone remains from ‘Rhaeto-

Liassic’ fissure deposits in Carboniferous Limestone from South Wales, which he

attributed to Hirmeriella muensteri (Horhammer). These cone fragments and the

shoots with which they were associated were later attributed by Muir and van

Konijnenburg-van Cittert (1970) to their new species H. airelensis. Here, though no
complete specimen is known, the cone is apparently similar in general form to our

new species, but the number of pollen sacs on the microsporophyll was judged to be

only two. According to Horhammer (1933) and Jung (1968) the male cone of

H. muensteri has peltate microsporophylls with a ring of some twelve pollen-sacs.

Barnard (1968) described a Classopollis-containing male cone as Masculostrobus

rishra which he tentatively attributed to B. expansum (Sternberg) Seward and in which
the microsporophyll was said to bear six to eight pollen sacs. Barnard and Miller

(1976) have since identified the parent plant as Cupressinocladus pseudoexpansum
Barnard and Miller.

Van Konijnenburg-van Cittert (1971) described the male cone attributed to

B. crucis Kendall; she found evidence of only two pollen sacs on the microsporophyll.

Hlustik and Konzalova (1976) were not able to determine the number of pollen

sacs in the male cone of Frenelopsis alata (K. Feistmantel) Knobloch.

Most of the male cones attributed to the Cheirolepidiaceae show a general cuticle

resemblance between the microsporophyll and the leaf of the plant, though in most
there are fewer stomata on the microsporophyll. Harris (1957) reported that stomata

were not seen on the microsporophyll in his Hirmeriella material from South Wales.

The pollen is not dissimilar to that from the cone described by Hlustik and
Konzalova and attributed to F. alata , but has a somewhat wider equatorial band with

more striations. These characters in our pollen are rather closer to those in the

pollen of Classolepis rishra (Barnard) n. comb., but the grain in that species is some-
what larger in size.

Of the dispersed species of Classopollis described in detail by Reyre (1970), none
agrees completely with our pollen

;
the surface sculpture is probably most like that of
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C. martinottii Reyre from the Berriasian-Valanginian of Israel, but other characters

do not agree.

The pollen associated with Oldham’s (1976) ‘30 CHEIR MaA’ cuticle (which we
identify as P. parcercmiosa) in the English Wealden appears to be the same kind as

our pollen (Elughes, pers. comm.).
The smooth, non-sutured shoot internodes which are a typical feature of what we

interpret as the adult foliage form of Pseudofrenelopsis is also an essential feature of

Frenelopsis
;
it occurs in no other known conifers. This, together with cuticle similarities

between the two genera (Alvin 1977; Watson 1977) make it not surprising that they

should both be Classopollis-producers (i.e. Cheirolepidiaceae). They may represent

closely related taxa within the family. Other members, also recognized on the basis of

the male cones containing Classopollis , while having a more conventional morphology,

show, nevertheless, considerable diversity. Among them are species of Brachyphyllum
and Pagiophyllum (Kendall 1952; van Konijnenburg-van Cittert 1971), the Elatides-

like Tomaxellia (Archangelsky 1968), and the cupressaceous-like Cupressinoeladus

pseudoexpansum (Barnard and Miller 1976). Such morphological diversity might

well imply ecological diversity. The Pseudofrenelopsis/Frenelopsis group with their

distinctive and indeed unique morphological characters may have been adapted

to very different kinds of habitats from those occupied by some other members of

the family. Watson (1977) has suggested, on the evidence of the extraordinarily thick

cuticles and rather little wood in the shoots of some species, that they may have
been succulent halophytes. Oldham (1976) envisaged his ‘30 CHEIR MaA’
(= P. parceramosa) as dominating river-margin swamps on the Wealden delta.

The palaeoecology of Classopollis-producers has been discussed by numerous
authors. Vakhrameev’s (1970) review is an invaluable contribution. His conclusions

and those of others since have been usefully summarized by Srivastava (1976). Nearly

all authors have assumed ecological uniformity and have concluded either that the

plants inhabited coastal lowlands (swamps or sand-bars) or that they were components
of inland slope vegetation. That the family was widespread geographically and especi-

ally abundant at lower latituted in the Mesozoic has been well established.

The assumption of ecological uniformity may be quite unjustified. Ecological

diversity could account for the apparently conflicting nature of much of the palyno-

logical evidence upon which conclusions concerning palaeoecology have generally

been based. It is noteworthy that Batten (1974), in interpreting the palaeoecology of

the English Wealden, gave four alternative reconstructions of the flora. These

included three alternative habitats for Classopollis-producers: (1) sandy bars and

barrier islands along the coast; (2) mangrove-like communities; (3) flood-plains or

upland slopes.

EXPLANATION OF PLATE 98

Classopollis from C/assostrobus comptonensis gen. et sp. nov. from Compton Grange Chine, Isle of Wight.

Figs. 1, 3. Light microscope views. Slide V 591 15B. 1, Equatorial view, x 1500. 2, oblique distal view,

x 1500.

Figs. 2, 4-6. SEM views. 2, distal side, x 1 5000. 4, oblique proximal view, x 1 5000. 5, triradiate mark,

x 7500. 6, detail of surface at the subequatorial furrow, x 9000.
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ALVIN, SPICER, and WATSON, Classopollis from Classolepis
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Clearly it is unlikely that the Cheirolepidiaceae were so diverse that they could

have occupied the range of habitats that angiosperms do now but, prior to the angio-

sperm advance, they may have been sufficiently diverse to occupy, and indeed

dominate, some variety of different environments, including some important ones in

the tropics and sub-tropics now generally devoid of conifers.
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NEW CROCODILES FROM THE EARLY
MIOCENE OF KENYA

by EITAN TCHERNOV and JUDITH VAN COUVERING

Abstract. An almost complete crocodile skull was found by the British-Kenya Miocene Expedition in the Fossil

Bed Member of the Hiwegi Formation, at Kaswanga, Rusinga Island, Kenya in 1948. This is the most complete

specimen from the Early Miocene deposits of East Africa. This skull, which superficially resembles that of Crocodylus

nilotieus, actually belongs to a new, relatively small species of Crocodylus. Fragmentary material of a crocodile

similar to C. nilotieus occurs at almost all of the Early Miocene sites in East Africa. Although disarticulated skull

and postcranial remains from the same stratigraphic horizon and a partial skull from the Kulu Formation of Rusinga

Island can be referred to this new species with some assurance, the remaining material cannot.

A mandibular fragment of a long-snouted form, cf. Euthecodon sp., is known from the Early Miocene Gumba
Red Beds of Rusinga Island, and elongate teeth, possibly referrable to this genus, are known from the Early Miocene

Karungu Beds. These represent the earliest appearance of the genus Euthecodon and are the only longirostrine

crocodiles known from any Early Miocene deposits in Africa.

Fragmentary remains of crocodiles similar to C. nilotieus have been found in

almost all of the Early Miocene fossil-bearing deposits of East Africa. The best

specimen is a nearly complete skull from the Lower Miocene Fossil Bed Member of

the Hiwegi Formation. This was discovered in 1948 by the British-Kenya Miocene
Expedition led by Louis Leakey at Kaswanga, Rusinga Island, Kenya (34° 2V E.,

0° 25' S.). This skull, and disarticulated skull material and postcrania collected in

1967 from the same horizon by Van Couvering, are described below as a new species

of Crocodylus. Comparative material studied by Tchernov is listed in Table 1. The
material described here is housed either in the British Museum (Natural History)

(BMNH) or the Kenya National Museum (KNM).

SYSTEMATIC PALAEONTOLOGY

Genus crocodylus Laurenti, 1798

Crocodylus pigotti sp. nov.

Plate 99; text-fig. 1

Derivation ofname. Named for D. B. Pigott, who was eaten by a crocodile during his return from a fossil

collecting expedition to the Early Miocene beds at Karungu, Kenya in 1909 (cf. Clark and Leakey 1951,

for further details).

Diagnosis. Crocodylus with fairly flat, low skull, slender at quadratojugal level ; moderately long, narrow
rostrum due to slight increase in relative length of premaxillae and maxillae relative to primitive crocodylids

such as C. megarhinus. Paramedian premaxillary-maxillary suture extends posteriorly to level of second
maxillary tooth. Facial process of premaxilla extends to level of second maxillary tooth. Maxillo-palatine

median suture extends to level between seventh and eighth maxillary teeth. Palatine fenestra small with

anteriormost margins at level of tenth maxillary tooth. Five premaxillary and fourteen maxillary teeth;

premaxillary notch for lower canine noticeably constricted ; large protuberance on rostrum immediately
posterior to fifth maxillary tooth. Mandible with fifteen teeth.

[Palaeontology, Vol. 21, Part 4, 1978, pp. 857-867. pi. 99.]
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Holotype. Uncatalogued specimen, BMNH, R7729 (Field No. R65, 1948); an almost complete skull with-

out lower jaw.

Referred Material. All referred material has prefix KNM-RU. The specimen number follows name of the

bone. Complete left ulna (2560), complete right femur (2561), proximal right femur (2562), proximal right

humerus (2563), distal right humerus (2564), complete right fibula (2565), proximal left coracoid (2566),

two cervical vertebrae (2567-2568), dorsal vertebra (2570), sacral vertebra (2571), dorsal vertebra (2573),

cervical vertebra (2574), frontoparietal (2575), right jugal (2576), left ectopterygoid (2577), basioccipital

(2578), right jugal (2579), partial left dentary (2580), right surangular (2581), two partial right dentaries

(2582-2583), right angular (2584), five scutes (2596), and one fragmentary right maxilla (2597).

Horizon and Locality. Below Marker Bed I, Fossil Bed Member, Hiwegi Formation
;
Shackleton Gully,

Kaswanga, Rusinga Island, South Nyanza, Kenya.

Age. Early Miocene, about 17 M.y. (Van Couvering and Miller 1969).

Description. This is a relatively small species of Crocodylus with a moderately elongated
rostrum as compared to primitive crocodylids such as C. megarhinus. This elonga-

tion is mainly due to the slight increase in the relative length of the premaxillae, but

the maxillae are also slightly longer allowing enough room for a fourteenth permanent
maxillary tooth. This appears only rarely in C. niloticus.

Morphology. The cranial table is nearly square, although slightly broader than long.

In the type the left margin is broken away. The table is flat, although the rim of the

supratemporal opening stands slightly above the general surface; the sides diverge

posteriorly. The interorbital area is small and somewhat concave.

The supratemporal fenestrae are small and slightly longer than broad, with the

anterior-posterior axis skewed slightly antero-laterally. The axis is in line with the

inner margin of the orbit. The shape of the infratemporal fenestra cannot be deter-

mined as the quadratojugal is broken away anteriorly. The orbits are longer antero-

posteriorly than transversely; the long axis is nearly parallel to the slightly raised

orbital margins. The outer orbital rims are straighter than those of C. niloticus. The
anterior end of the external narial opening is much broader than the posterior end,

thus forming a triangle with the base anterior. The outer rims are straighter than in

C. niloticus. The anterior end of the opening is at the level of the third premaxillary

tooth; the posterior end is even with the fifth premaxillary tooth. The internal narial

opening is broader than long, faces antero-ventrally and is much broader than in

C. niloticus. The palatine fenestrae extend forward to the level of the anterior end
of the tenth maxillary tooth. The anterior margins are rounded and the posterior

margin is pointed medially. The right fenestra has been compressed.

Several sutural relationships are important (Table 1, text-fig. 1 a). The paramedian
premaxillary-maxillary suture extends posteriorly to the level of the second maxillary

tooth, as in C. niloticus and C. megarhinus but further than in C. lloidi or C. palustris.

The facial process of the premaxilla also extends to the level of the second maxillary

tooth, much more anterior than in any of the species examined. The maxillo-palatine

median suture extends to between the seventh and eighth maxillary teeth, further

EXPLANATION OF PLATE 99

Holotype of Crocodylus pigotti (BMNH R7729) from the Fossil Bed Member, Hiwegi Formation, Rusinga

Island, Kenya. Fig. 1, dorsal view. Fig. 2, ventral view. Fig. 3, left lateral view. Fig. 4, right lateral view.

Scale in mm.
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table 1 . Selected morphological features of some species of Crocodylus.

C, megarhinus C. Iloidi C. sivalensis C. nilolicus C. paluslris C. pigolli

(?Late Eocene,

North Africa)

(Neogene and

Lower Pleistocene

of North and

East Africa)

(Pliocene,

Siwalik Series,

India)

(Plio-Pleistocene

and Recent of

East Africa)

(Recent, India) (Lower Miocene,

Rusinga, Kenya)

1. Palatal suture of pre-

maxillae-maxillae

points to the level of . .

2nd max. tooth mid 1st max.

tooth

end of 1st max.

tooth

2nd max. tooth end of 1st max.

tooth

2nd max. tooth

2. Facial process of pre-

maxilla extends back

to the level of . . .

?4th max. tooth 4th max. tooth 4th max. tooth between 4th-5th

max. teeth

4th max. tooth 2nd max. tooth

3. Maxillo-palatine

median suture extends

to the level of . . .

between 8lh-9th

max. teeth

6th max. tooth 7th max. tooth 7th max. tooth between 6th-7th

max. teeth

between 7th-8th

max. teeth

4. Anterior margin of

palatine fenestra points

to the level of . . .

anterior margin of

9th max. tooth

between 7th-8th

max. teeth

7th max. tooth between 8th-9th

max. teeth

between 8th-9th

max. teeth

10th max. tooth

5. Posterior extension

of external narial

opening lies . . .

anterior to notch anterior to notch even with notch anterior to notch anterior to notch

6. Posterior extension

ofjaw symphysis

lies . . .

behind 5th mand.

tooth

between 3rd-4th

mand. teeth

behind 4th mand.
tooth

4th mand. tooth behind 5th mand.
tooth

7. Number of pre-

maxillary teeth

5 5 5 5 5 5

8. Number of maxillary

teeth

13 14 14 13 13-14 14

9. Number of dentary

teeth

15 15 - 15 14-15 15





table

1.

Selected

morphological

features

of

some

species

of

Crocodylus.
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back than in C. niloticus , C. lloidi and C. palustris but not so far as in C. megarliinus.

There is no complete mandible, but three large dentary fragments (KNM-RU 2580,

2582, 2583) show that there were fifteen mandibular teeth and that the splenial

extended to the level of the posterior margin of the seventh alveolus, as in C. niloticus.

The symphysis extended to the level of the posterior margin of the fifth alveolus. The
internal foramen of the dentary is at a level between the alveoli of the thirteenth and

fourteenth mandibular teeth.

Proportions. Table 2 gives the proportions of C. pigotti , C. niloticus and C. lloidi.

The measurements of C. pigotti are given in Table 3. In general the skull proportions

of C. pigotti are more similar to those of C. niloticus than to those of any other African

Crocodylus, and it is much more elongate than the brevirostrine C. lloidi. Index 1

(the width of the skull across the anterior ends of the orbits relative to the width of

the skull across the quadratojugals) is larger in C. pigotti than in C. niloticus and is

well within the range of C. lloidi ,
the probable ancestor of C. pigotti (see below). The

width of the skull across the fifth maxillary teeth (‘canines’) in C. pigotti well exceeds

the range of C. niloticus (Index 2) and preserves the proportions of the extreme

brevirostrine crocodile, C. lloidi. The premaxillae of C. pigotti are more elongate than

those of C. niloticus (Index 3). C. pigotti has an extremely low skull (Index 4) which is

not due to crushing (Plate 99). Though still within the range of C. niloticus, C. pigotti

is characterized by a relatively narrow skull across the quadratojugals (Index 5) and

a broader skull at the palatine level. Other differences from C. niloticus are given in

Indices 7-10, Table 2. Assuming that the related parameters are fixed. Indices 8-10

show a noticeably low skull, elongated premaxillae and a relatively wide palate at

the level of the fifth maxillary teeth.

Discussion. Text-fig. 1 b clarifies the general differences in proportions between

C. pigotti (inner continuous line) and C. niloticus (outer, broken line): elongated

premaxillae; broader palate at the ‘canine’ level; slender skull at the quadratojugal

level; differences in shape of palatal sutures, especially that of the maxillo-palatine

and maxillo-premaxillae, and smaller size of the palatine fenestra. Together with

the differences in the relationships between the palatal sutures to the maxillary teeth,

these characters demonstrate the uniqueness of Crocodylus pigotti. Fragmentary
specimens ofdisarticulated skulls and skeletons which were collected byVan Couvering
at Kaswanga, Rusinga Island have been referred to this species. Although they are

fragmentary, they appear to be disarticulated remains of a very few individuals and,

when reconstructed, show no differences from the holotype. They were all collected

at the same horizon within a few metres of each other and within a few tens of metres

from the holotype. In addition, a partial rostrum and partial mandible are known
from the Fish Bed horizon of the Kulu Formation (c. 17 M.y.) at Nyamuga, Rusinga

Island, Kenya. This specimen also seems to be referrable to C. pigotti , although the

external nares are of about equal length and width and the teeth are longer and
narrower than in the holotype.

The small size of the holotype and the referred individuals is probably real rather

than due to immaturity. The following features seen in the skull of C. pigotti are

characteristic of adult crocodiles according to Joffe's (1967) criteria: the skull is well

ossified and rugose; the sutures on the dorsal surface of the skull are obscure; the
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table 2. Proportional indices for three related species.

Indices*

1 . Width of skull (across anterior ends of orbits)

Width of skull (across quadratojugals)

2. Width of skull (across 5th maxillary tooth)

Width of skull (across quadratojugals)

3. Length of premaxilla (along the ventral median suture)

Distance along premaxillae-maxillae suture to middle of 9th max. tooth

4. Height of skull

Length of skull (occipital condyle to tip of snout)

5. Width of skull (across quadratojugals)

Length of skull (supraoccipital to tip of snout)

6. Width of skull (across premaxillae)

Width of skull (across anterior ends of orbits)

7. Width of skull (across premaxillae)

Width of skull (across anterior end of palatines)

8. Width of skull (across premaxillae)

Height of skull (base of pterygoid to top of supraoccipital)

9. Height of skull (base of pterygoid to top of supraoccipital)

Width of skull (across 5th maxillary tooth)

10. Width of skull (across premaxillae)

Length of premaxilla (along the ventral median suture)

11. Width of skull (across 5th maxillary tooth)

Distance along premaxillae-maxillae suture to middle of 9th max. tooth

C. Iloidi C. niloticus C. pigotti

(Plio-Pleistocene, (Recent, Lake Rudolf) (Early Miocene,

East Africa) East Africa)

range mean N range mean N
1 .

0-65-0-84 0-77 8 0-67-0-77 0-70 18 0-77

2. 0-49-0-70 0-64 6 0-51-0-63 0-55 14 0-66

3. 0-50-0-52 — 2 0 51-0 61 0-55 32 0-61

4. 0-21-0-28 0-25 7 0-17-0-21 0-19 21 0-17

5. 0-63-0-70 0-66 6 0-45-0-56 0-50 13 0-46

6. 0-44-0-66 0-53 6 0-41-0-50 0-44 35 0-41

7. 0-57-0-71 0-64 12 0-54-0-70 0-63 42 0-54

8. 0-73-1-12 0-97 5 0-48-0-71 0-64 14 0-87

9. 0-58-0-88 0-66 5 0-58-0-99 0-87 17 0-55

10. 1-04-1-53 1-31 9 0-64-0-82 0-75 41 0-67

11. 0-83-1-37 1-09 9 0-59-0-90 0-71 32 0-84

The indices represented here show the proportions of the skull in which C. pigotti differs

from C. Iloidi and C. niloticus.
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table 3. Skull measurements of C. pigotti (in mm).

24

24

75

34

26

75

82

101

48

123

Interorbital constriction (minimal width) 26

Length of skull (occipital condyle to tip of snout) 337

Length of skull (supraoccipital to tip of snout) 337

Tip of snout to extremities of quadratojugal 362

Height of skull (base of pterygoid to top of supra- 57

occipital)

Width of skull (across quadratojugals) 56

Width of skull (across anterior ends of orbits) 121

Width of skull (across postorbital columna) 135

Width of skull (across premaxillae) (Minimal) 50

Maximal width of premaxillae 63

Width of skull (across 5th maxillary tooth) 103

(Maximal)

Width of skull (across anterior ends of palatines) 92

Length of snout (anterior end of orbit to tip of 232

snout)

Length of orbit 37

Width of orbit 30

Length of external nasal aperture

Width of external nasal aperture

Length of palatine fenestra

Inter-palatine fenestral constriction (minimal

size)

Width of palatine fenestra

Length of premaxilla (along the ventral median

suture)

Length of maxilla (along the ventral median
suture)

Length of palatine (along the ventral median
suture)

Length of pterygoids (along the ventral median
suture, to posterior end of internal narial

aperture)

Distance between premaxillary suture to middle

of 9th maxillary tooth

text-fig. 1 . Left, ventral outline drawing of Crocodylus pigotti to show sutural

and fenestral relationships. Scale as in Plate 99. Right, ventral outline of

C. niloticus (outer broken line) superimposed on ventral outline of C. pigotti

(inner continuous line) to show differences in proportions.
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supratemporal fenestrae are nearly circular, and the snout is relatively long compared
to the postorbital length (this last is a phylogenetic as well as ontogenetic feature, how-
ever). This species may be represented by larger individuals in the Gumba Red Beds
of Rusinga Island and perhaps elsewhere in the Early Miocene of East Africa, but

the remains are too fragmentary to be certain. The mean body size of C. niloticus

varies today in different basins: those from Aswa River in northern Uganda and
Lake Baringo, for example, are much smaller than those from the Nile (Cott 1961).

Relationships. The general proportions of C. pigotti are similar to those of C. niloticus.

Basic differences occur, however, in the location of some skull structures, parti-

cularly in the position of the palatal sutures in relation to the maxillary tooth row as

described above. This similarity in proportions, combined with a different organiza-

tion of skull elements, demonstrates that C. pigotti is a species that evolved earlier

than C. niloticus but in parallel with it to fill a similar ecological zone. The measured
parameters are given in Table 3.

Rostral elongation is a common evolutionary phenomenon in crocodiles although

the reverse has not occurred (Tchernov 1976). Thus, C. megarhinus
,
which is the

only brevirostrine Crocodylus known from the pre-Miocene record of Africa (?Late

Eocene or ?Early Oligocene, Fayum, Egypt) is an obvious possible ancestor for both

C. pigotti (Early Miocene) and C. lloidi (?late Early Miocene). A detailed examination

of the skull proportions (Tables 1, 2), however, indicates that C. megarhinus is too

long-snouted to have given rise to either of these genera. The premaxilla of

C. megarhinus, as indicated by the sutural relationships with the teeth, is more
elongate than that of C. lloidi and the maxilla is more elongate than that of either

C. lloidi or C. pigotti. Crocodylus lloidi is, on the other hand, a good morphological

ancestor for C. pigotti although its earliest occurrence (at Gebel Zelten and Moghara)
is probably slightly later than that of C. pigotti.

?Family tomistomidae
cf. Euthecodon

(Text-fig. 2)

Referred Material. Fragment of dentary portion of mandibular symphysis, anterior to splenial (KNM-RU
2585, Field No. 1808 '50).

Horizon and Locality. Gumba Red Beds, Gumba Peninsula, Rusinga Island, South Nyanza Province,

Kenya.

Age. Early Miocene.

Remarks. This is the earliest known occurrence of this genus. Slender teeth of the

type which occur in longirostrine crocodiles have also been reported from Karungu
(Andrews 1914), a nearby deposit of similar age. The possibility that these specimens,

both the mandibular fragment and the teeth, belong to relic dyrosaurids should be

kept in mind, although the angle with which the sockets meet the ramus and the

spacing of the sockets are identical with those of Euthecodon.
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text-fig. 2. Fragment of dentary of cf. Euthecodon (KNM-RU
2585) from the Gumba Red Beds, Gumba Peninsula, Rusinga
Island, Kenya, xl -2.

DISCUSSION

In the Paleogene, Crocodylus and Tomistoma flourished along the southern shore of

the Tethys (Andrews 1905, 1906; Muller 1927), but have not been found at other

crocodile-bearing localities of similar age in West Africa (cf. Signeux 1968). Their

descendants are found in equatorial Africa (C. lloidi, C. pigotti , Euthecodon) in the

Early Miocene in deposits formed by rivers draining westwards to the Congo Basin

(cf. Andrews and Van Couvering 1975). How did they get there? Geomorphological
(Butzer and Hansen 1968) and sedimentological data (Hassan 1976) indicate that

the Nile drainage did not connect with equatorial Africa until Early Pleistocene or

later. Either these crocodiles migrated along the western coast of Africa leaving no
known fossil record, or intermittent drainage connections allowed them to migrate

southward from the Tethyan coast. The absence of Tertiary deposits over most of

Africa makes any conclusions extremely tenuous.

Crocodylus pigotti is widespread ecologically in Early Miocene deposits. The
specimens which have definitely been referred to this species occur in both lake floor

and riverine flood basin deposits, implying that this crocodile was equally at home
in lakes and rivers. The specimens from the lake deposits are in general noticeably

smaller than those from the flood basin deposits.

Euthecodon occurs in the Gumba Red Beds of Rusinga Island, together with jaw
and tooth fragments of a crocodile similar to C. niloticus ,

possibly C. pigotti but

about half as large again. These deposits are highly oxidized, fine-grained, riverine

flood basin deposits. Lates, the "Nile’ perch, Polypterus , the bichir, Protopterus , the
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African lungfish, and Etheria , a fresh-water 'oyster’, are other aquatic elements of

the fauna. Lates requires well-oxygenated (Fish 1956), large, permanent bodies of

water, while Polypterus and Protopterus can live in poorly oxygenated waters as

well. Etheria is reported by Sandford ( 1936) to occur in swamps, although Verdcourt

(1963) states that it is found in large rivers or lakes. We suggest, therefore, that the

Gumba Red Beds were deposited in the flood basin of a major river. Euthecodon and
Crocodylus (?C. pigotti ) co-existed in this river, the former as an aquatic piscivore

and the latter as a semi-aquatic carnivore preying on both aquatic and terrestrial

animals. This aquatic fauna, excluding Euthecodon , can be found today in the Nilo-

Sudan and Zairean ichthyofaunal provinces (cf. Roberts 1975).
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A NEW EXCYSTMENT MECHANISM IN THE
SILURIAN ACRITARCH DIEXALLOPHASIS

OF VIRGINIA

by A. B. REAUGH

Abstract. Diexallophasis denticulata (Stockmans and Williere) Loeblich, 1970 excysted through an ornamented

circumferential break in the central body wall. This is the first report of a patterned opening among acritarchs which

have previously been reported to open by simple rupture or cryptosuture.

Acritarch excystment mechanisms are characteristic features (Loeblich and
Tappan 1969) and are potentially useful in acritarch classification based on morpho-
logic similarities (Downie 1973). This paper reports a new style of excystment

mechanism for the type species of the common Silurian acritarch genus Diexallophasis.

Other workers have reported D. denticulata to open 'by simple rupture of the central

body’ (Loeblich 1970) or 'by cryptosuture, apical or near-equatorial’ (Lister 1970,

referring to Evittia granulatispinosa in whose synonomy he placed Baltisphaeridium

denticulatum D. denticulata). Stockmans and Williere (1963) did not mention any
opening in their original description of D. denticulata , but their holotype (1963,

pi. 1, fig. 4) clearly shows an unornamented opening. The opening appears to be

a straight slit which follows a chord of a hypothetical great circle around the spherical

central body; it is probably not an epityche, which, in contrast, can be defined geo-

metrically as following the outline of a small circle on the central body surface.

Downie (1973) mentioned the Diexallophasis type among acritarchs constituting

the Visbysphaera group whose ‘members . . . open by a cryptosuture (small scale

epityche)’.

Another kind of median split excystment structure is found in the acritarch genus

Orthosphaeridium (Eisenack) Kjellstrom. The central body is rectangular, and the

generic description requires ‘a median split, dividing the vesicle into two almost

equal halves’ (Kjellstrom 1971, pi. 49). The degree of development of the split varies

from species to species; O. insculptum Loeblich, 1970 is characterized by complete

splitting, yielding specimens commonly found as halves.

Specimens of Diexalophasis denticulata from the Rose Hill Formation of Highland
County, Virginia, U.S.A., show openings by a rupture which follows a chord of

a hypothetical great circle around the central body (text -fig. 1; PI. 100, figs. 2, 5).

Both sides of the opening are ornamented by small, closely spaced bumps (0-5 ^m-
2 jum in diameter) which form a scalloped pattern along the opening. These bumps
are laterally restricted to the sides of the opening and are distinctly different from the

spines which ornament the processes and the areas immediately around the process

bases (PI. 100, figs. 5, 7). The bumps are thickenings of the body wall and may repre-

sent secondary developments; they do not extend past the split, and the split is

[Palaeontology, Vol. 21, Part 4, 1978, pp. 869-872, pi. 10(1.)
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limited by the bumps. All D. denticulatum specimens which demonstrate excystment

features show this ornamented pattern (11% of specimens examined). This method
of excystment may be a local variation within a very variable taxon. It is a distinct

form and definitely not a rupture due to compression of the body wall (PI. 100,

figs. 1, 3 show broken walls adjacent to the ornamented openings).

text-fig. 1. Diexallophasis denticulata ',

reconstruction showing typical orna-

ment, processes, and opening.

SYSTEMATIC PALAEONTOLOGY

Genus diexallophasis Loeblich, 1970

Diexallophasis denticulata (Stockmans and Williere) Loeblich, 1970

Plate 100, figs. 1-7; text-fig. 1

Remarks. Specimens recorded here conform to the limits of variability previously

reported for this taxon (for summary see Lister 1970, p. 69). Two morphologically

similar taxa occur in the same sample. One, D. denticulatissima = Multiplicisphaeridium

EXPLANATION OF PLATE 100

Diexallophasis denticulata (Stockmans and Williere) Loeblich, 1970. All specimens are from the author’s

slide 64-1 from the Rose Hill Lormation of Highland County, Virginia, U.S.A. All figs. x940 and

are from unretouched negatives. Coordinates are given to the left of (L) and towards the bottom of (+)
the slide relative to the upper right-hand corner of the cover slip.

Pig. 1. Broken specimen showing difference between the ornament of the rupture and the rupture developed

at random near a process base. (L46-9, + 17-7).

Pig. 2. Specimen with gaping opening ornamented on both sides of the rupture. (L48-5, +20-6).

Pig. 3. Broken specimen showing difference between patterned opening and broken wall. (L2-6, +191).
Pigs. 4, 5. Typical specimens with openings. (L38-7, +13 0), (L37-4, + 20-6).

Fig. 6. Specimen with very large bumps along rupture. (L48-7, +161).
Fig. 7. Specimen showing difference in ornament of the rupture and the spines at the base of the process.

(L13-4, +17-5).



PLATE 100
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denticulatissimum (Cramer and Diez, 1972) comb. nov. is distinguished by its greater

size and denser, larger ornament; the other, M. denticulatum gothlandicum (Cramer,

1970) is smaller and there are no obvious grana on its central body. The inner cyst

occasionally reported for these taxa was not observed in this sample. These specimens

do differ from those illustrated by Loeblich (1970, figs. 8a-e, 9a-c) in having smaller

spines on the processes, like those illustrated in the holotype description.

Dimensions. Body diameter 28 41 (mean 33 ^m); total diameter 95 111 (102 (im); 6-8 processes

(commonly 6); process length 31 42 ^m (38 (jm); width of process base 3-5 ^m (4 ^m); length of excystment

rupture 9-20 ^m (15 ^m). Eighteen specimens with ornamented excystment features were measured.

Occurrence. Specimens were recovered by standard palynologic techniques from
green shales of the Rose Hill Formation, four feet beneath the Rose Hill-Miffiintown

contact on Virginia State Route 642, Highland County, Virginia, U.S.A.

Helfrich (1975) reported conodonts from the overlying Mifflintown Formation,

and has found conodonts from the Rose Hill Formation belonging to the amorpho-
gnathoides zone of Walliser which spans the Llandovery-Wenlock boundary (C. T.

Helfrich 1977, pers. comm.). Berry and Boucot (1970, p. 215) date the Rose Hill

Formation as late Llandovery in age, based on ostracodes from the Formation in

Maryland.
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A FRENELOPSIS WITH OPPOSITE DECUSSATE
LEAVES FROM THE LOWER CRETACEOUS

OF PORTUGAL

by k. l. alvin and J. J. c. pais

Abstract. A new species of fossil conifer belonging to the Cheirolepidiaceae (Hirmerellaceae) of Hauterivian or

Barremian age is described from Portugal. It differs from other known species of this genus in leaf arrangement and

cuticle details. The significance of leaf arrangement in the group is discussed.

Frenelopsis Schenk (1869) as amended by Reymanowna and Watson (1976) is

distinguished from Pseudofrenelopsis Nathorst (1893) (In Felix and Nathorst 1893)

[= Manica Watson (1974)] by the cyclic as opposed to spiral leaf arrangement. The
two genera, both of which are classified in the Cheirolepidiaceae (Hirmerellaceae)

on the basis of certain species having been shown to be associated with male cones

containing Classopollis pollen, have a number of important characters in common.
In both, the shoot is strikingly segmented and the leaves are reduced to small teeth,

the bases of which typically extend round the stem to form a collar; the internodes

are smooth and do not bear decurrent leaf-cushions separated by grooves or ‘sutures’.

The cuticle and stomatal organization also show a number of important similarities

in the two genera (Alvin 1977, Watson 1977).

The new species of Frenelopsis we describe here differs from those previously

described by having an opposite decussate leaf arrangement.

Material. The plant-bearing bed from which the specimen was collected is believed

to be of Hauterivian or Barremian age. It is exposed in the cliff and on the shore just

east of Sesimbra (text-fig. 1). Teixeira (1976) has given an account of this deposit

text-fig. 1. Map showing the position of the fossil plant locality (*).

[Palaeontology, Vol. 21, Part 4, 1978, pp. 873-879, pis. 101-102.]
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from which he has described two Bennettitalean leaves, Pseudocycas tenuisectus

(Saporta) and Pterophyllum barbaricum Teixeira. In this paper he briefly referred to

the Frenelopsis we now describe as well as to the occurrence of fragments of ferns

and other conifers in the same bed.

The material consists of a branched twig preserved as a compression in a small

block of fine siltstone.

Methods. Cuticle preparations for light microscopy and for scanning electron micro-

scopy were made by the use of the standard maceration and mounting techniques

employed previously for similar material (Watson 1977; Alvin, Spicer, and Watson,
in press).

SYSTEMATIC DESCRIPTION

Order coniferales

Family cheirolepidiaceae (= Hirmerellaceae)

Frenelopsis Schenk emend. Reymanowna and Watson (1976)

Frenelopsis teixeirae sp. nov.

Diagnosis. Branching segmented shoot. Penultimate branch 2 0 mm in diameter,

zig-zag; ultimate branchlets arising at about 30°, 1-5 mm in diameter, straight.

Segments (internodes) 50-6-0 mm long in penultimate branch; 2-5-5-0 mm in

ultimate. Leaves in opposite decussate arrangement. Free part of leaf triangular with

rounded tip, curving slightly inwards (PI. 101, figs. 2, 3); tip and edges of leaf very

thin, probably scarious, but without discrete hairs; hair-like papillae present on
flanks of leaf (PI. 102, fig. 1).

Cuticle of internode about 50 in total thickness (measured in folds under light

microscope) with the outer periclinal wall of the epidermis about 15 pm. Epidermal

cells mostly isodiametric, not in well defined longitudinal rows; anticlinal walls

5-10 ftm thick. Hypodermal cells not clearly marked except sometimes between

stomatal rows (PI. 101, fig. 4).

Stomata about the same optical density as the rest of the cuticle (PI. 102, fig. 4);

arranged in rather irregular longitudinal rows, generally 75-125 pm apart within

the rows (PI. 101, fig. 5). Subsidiary cells 5-6, inconspicuous in the light microscope,

but seen clearly from the inside by SEM (PI. 102, figs. 3, 6). Mouth of stomatal pit

stellate or polygonal, more or less flush with cuticle surface or slightly raised (PI. 102,

fig. 2) but without a thickened ring. Papillae in throat of pit large, one from each

subsidiary cell, filling the pit and obscuring the guard cells from above. Guard cells

moderately thickly cutinised (PI. 102, fig. 5). Stomata extending on to the abaxial

cuticle of the leaf-sheath and the free part of the leaf but ceasing towards the tip and

margins.

EXPLANATION OF PLATE 101

Frenelopsis teixeirae sp. nov. Fig. 1. Holotype, X 1 -75. Figs. 2, 3. Two internodes from a branchlet of

ultimate order with the leaves in, and at right angles to, the plane of compression respectively. Fig. 4.

Inside view of internode cuticle, SEM x 200. Fig. 5. Outside view of internode cuticle, SEM x 200.
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Locality. Sesimbra, Estremadura, Portugal.

Horizon. ?Hauterivian or Barremian.

Depository of Holotype. Servigos Geologicos de Portugal, Lisbon.

Further description. The single specimen (PI. 101, fig. 1 ; text-fig. 1) apparently repre-

sents three orders of branches : we interpret the axis labelled 1 in text-fig. 1 as being

the main axis on which the penultimate branch (2) is borne as a lateral. Axis 1 appears

thicker and woodier than the other portions of the specimen and has become partly

decorticated
;
only two internodes are reasonably clear. Possibly there is a fragment

of a second penultimate branch (2?) represented at the bottom of the specimen. The
penultimate axis bears possibly alternately arranged ultimate branchlets, though the

ones given off to the left are poorly represented.

A branch apparently arises at nearly every node on the penultimate axis, though

branches may cease in the distal part. No node bears more than one branch and the

insertion of a branch is associated with a slight displacement of the succeeding

segment of the axis producing a somewhat zig-zag shape. The branch system was
probably not planate; it does not all lie in one flat bedding plane of the matrix.

The opposite decussate leaf arrangement is best seen in the ultimate branchlets.

The segments (PI. 101, figs. 2, 3) removed from a branch in the distal part of the

specimen demonstrate clearly the leaf arrangement in opposite pairs; the decussate

alternation is clear in the middle one of the three right-hand ultimate branches (text-

fig. 1 ), though the branch appears to twist slightly towards the distal end. The decussate

condition is not quite clear in the penultimate branch; this is probably due to dis-

tortion associated with branching and perhaps to compression of the specimen in

fossilation.

Internodes such as that in PI. 101, fig. 2, make it clear that there is no groove or

‘suture’ extending down from between the two leaves.

The preservation of the cuticles is generally not good, but some areas are better

preserved than others. It has not been possible to make a satisfactory preparation of

the adaxial leaf cuticle.

Discussion. No other species of Frenelopsis has been described with opposite decussate

leaves. The reference by Hlustik and Konzalova (1916b) to F. rubiesensis Barale

(1973) as having leaves in pairs seems to be a mistake. This species was described as

having leaves in whorls of three and specimens which one of us (K. L. A.) has examined

in the British Museum (Natural History) confirm this.

In general cuticle features this new species resembles rather closely F. oecidentalis

Heer emend. Alvin (1977). Indeed the differences (the greater thickness of the cuticle,

the smoother outer surface, the more continuous cutinisation of the hypodermis in

EXPLANATION OF PLATE 102

Frenelopsis teixeirae sp. nov. Fig. 1. Part of flank of leaf showing hair-like papillae, SEM, X 600. Fig. 2.

External view of stoma, SEM, x 800. Fig. 3. Internal view of stoma, SEM, x 800. Fig. 4. Stoma. Light

microscope, x 800. Fig. 5. Internal view of well preserved stoma showing guard-cell cuticles between

which can be seen some papillae of the stomatal pit, SEM, x 1600. Fig. 6. Internal view of stoma; guard

cell cuticle missing, SEM x 500.
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F. oceidentalis) could be explained simply in terms of a greater extent of cutinisation

and therefore of no very great taxonomic significance. However, F. oceidentalis is

probably younger (Aptian-Albian) and the only known specimen unfortunately does

not permit the leaf arrangement to be determined unequivocally. We regard the two
species as being distinct.

The two genera Frenelopsis and Pseudofrenelopsis are probably closely related.

Indeed it is doubtful if there are any clearly distinguishing characters other than the

different leaf arrangement. On the basis of detailed recent observations (Alvin 1977;

Watson 1977) it would appear that the stoma in Frenelopsis typically has papillae

extending from the sides of the pit, as in the new species described here, whereas in

Pseudofrenelopsis the papillae, if present, are at the mouth of the pit, though it

remains to be shown whether this difference is consistent throughout; in any case,

it would seem a small difference. Little is yet known of the reproductive organs of any

species, though the microsporophyll and pollen ofmale cones attributed to Frenelopsis

alata (Hlustik and Konzalova 1976a, b ) and to Pseudofrenelopsis parceramosa (Alvin,

Spicer, and Watson 1978) present remarkable similarities.

Our new species with two leaves at the node might at first seem to provide an

text-fig. 2. Frenelopsis teixeirae sp. nov. Draw-
ing of the holotype to illustrate the branching

and leaf arrangement. Numbers represent orders

of branches.
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intermediate between the one-leaf condition of Pseudofrenelopsis and the three-

leaved condition of other species of Frenelopsis, but on the basis of the taxonomy of

Recent conifers, the important distinction is between the spiral and the cyclic arrange-

ment, and in this F. teixeirae falls clearly into Frenelopsis. Until more is known of the

reproductive and other character of these extinct conifers, it will be convenient to

regard the two genera as distinct.

It is possible that leaf arrangement in Frenelopsis trees varied from one shoot to

another. Although such variation is rare among Recent conifers, it is noteworthy

that in Cupressinocladus pseudoexpansum Barnard and Miller (1976), another

member of the Cheirolepidiaceae, the leaves were in whorls of three on penultimate

branches, but opposite decussate on the ultimate. As far as we can tell from our one

specimen, the leaf arrangement was the same on three orders of branches.

REFERENCES

alvin, k. l. 1977. The conifers Frenelopsis and Manica in the Cretaceous of Portugal. Palaeontology, 20,

387-404.

— SPICER, R. a. and watson, j. (1978) A Classopollis-containing male cone associated with Pseudo-

frenelopsis. Palaeontology , 21, 847-856, pis. 96-98.

barnard, p. d. w. and miller, j. c. 1968. Flora of the Shemshak Formation (Elburz, Iran), Part 3: Middle

Jurassic (Dogger) plants from Katumbargah, Vasek Gah, and Imam Manak. Palaeontographica ,

B155, 31-117.

felix, j. and nathorst, a. g. 1893. Versteinerungen aus dem mexicanischen Staat Oaxaca. In j. felix and

H. leuk (eds.), Beitrcige Geologie und Palaeontologie der Republick Mexico, Teil 2, Leipzig, pp. 39-54.

hlustik, a. and konzalova, m. 1976a. Polliniferous cones of Frenelopsis alata (K. Feistm.) Knobloch
from the Cenomanian of Czechoslovakia. Vest, ustred. Ust. geol. 51, 37-45.

19766. Frenelopsis alata (K. Feistm.) Knobloch (Cupressaceae) from the Cenomanian of

Bohemia, a new plant producing Classopollis pollen. Evolutionary Biol. Praha, 1976, pp. 125-131.

reymanowna, m. and watson, joan, 1976. The genus Frenelopsis Schenk and the type species Frenelopsis

hoheneggeri (Ettingshausen) Schenk. Acta Palaeobotan. 17, 17-26.

schenk, a. 1869. Beitrage zur Flora der Vorwelt. III. Die fossilen Pflanzen der Wernsdorfer Schichten in

den Nordkarpathen. Palaeontographica , 29, 1-34.

teixeira, c. 1976. Les vegetaux fossiles du Cretace inferieur de Sesimbra. Bol. Soc. geol. Portugal, 20,

215-219.

watson, joan, 1974. Manica'. a new fossil conifer genus. Taxon , 23, 423.

— 1977. Some Lower Cretaceous conifers of the Cheirolepidiaceae from the U.S.A. and England.

Palaeontology

,

20, 715-749.

K. L. ALVIN

Department of Botany

Imperial College of Science and Technology

London SW7 2AZ

J. J. C. PAIS

Centro de Estratigrafia e Paleobiologia

Universidade Nova de Lisboa

Lisboa-6





THE ANATOMY AND PHYLOGENETIC
POSITION OF HELICHTHYS,

A REDFIELDIIFORM FISH FROM THE
TRIASSIC OF SOUTH AFRICA

by PETER HUTCHINSON

Abstract. The chondrostean redfieldiiform fish Helichthys , from the Triassic of Bekker’s Kraal, South Africa, is

redescribed. The genus is monospecific and five species are synonymized with the type-species H. browni. The possible

phylogenetic position of the genus within the Redfieldiiformes is discussed.

The Triassic fish fauna of Bekker’s Kraal, South Africa, was first described by Broom
(1909) and later by Brough (1931, 1934). 1 have already redescribed most of the

redfieldiiform and perleidiform members of the fauna (Hutchinson 1973) and the

palaeoniscoid genus Dicellopyge (Hutchinson 1975). This paper includes a redescrip-

tion of the redfieldiiform genus Helichthys and completes my revision of the chondro-

stean members of the fauna.

The location of specimens cited in this paper is as follows : GN. University Museum
of Zoology, Cambridge; NMW. National Museum of Wales, Cardiff (most speci-

mens in these two collections have been recatalogued but retain the prefix P.,

indicating that they are derived from the D. M. S. Watson collection. The old cata-

logue numbers prefixed by P. are included to enable identification with references

given in earlier publications); SAM, South African Museum, Cape Town.

THE VALIDITY OF SPECIES PREVIOUSLY INCLUDED IN THE
GENUS HELICHTHYS

The genus Helichthys was erected by Broom (1909) to accommodate three species:

H. browni, H. tenuis, and H. draperi. In 1931 Brough removed H. tenuis and H. draperi

to the palaeoniscoid genus Dicellopyge and identified six new redfieldiid species,

five ofwhich he included in the genus Helichthys : H. elegans, H. stegopygae, H. obesus,

H. ctenipteryx , and H. grandipennis. Some new information on the dermal bones of

the skull of H. elegans was provided by Hutchinson (1973), but in 1975 Jubb and
Gardiner cast doubt on the validity of some of the species erected by Brough, and
they synonymized H. stegopygae and H. obesus with H. browni.

Brough’s descriptions of the five species of Helichthys are based on a remarkably
small number of specimens: H. elegans (3), H. stegopygae (1), H. obesus (2), H.

ctenipteryx (1) and H. grandipennis (1). All these specimens have been studied in

an attempt to assess the validity of the species that they have been claimed to represent.

[Palaeontology, Vol. 21, Part 4, 1978, pp. 881-891.]
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Helichthys elegans Syntypes NMW. 70. 2G. 96 (P. 13a); NMW. 70. 2G. 97 (P. 13b);

GN. 316 (P. 19a). The diagnostic features of this species are, according to Brough

(1931, p. 252): a slender body, posteriorly placed dorsal and anal fins, a dorsally

flattened head, and a pectoral fin composed of eight stout, largely unjointed rays

with fringing fulcra. The presence of most of these features is confirmed here, but

there is doubt as to the precise structure of the pectoral fin. The pectoral fin is not

preserved in GN. 316, and is only partially present in specimens NMW. 70. 2G. 96

and 70. 2G. 97. In the latter specimens, the posterior edge of the fin is hidden by the

body squamation, and fin-ray counts of ten and eight respectively are merely indica-

tions of the minimum number of rays present. In both specimens the distal ends of

the rays are jointed and bifurcated. All three specimens show that an antopercular,

as well as a dermohyal, is present (cf. Brough 1931, text-fig. 5, and Hutchinson 1973,

text-fig. 21). How many suborbitals are present is less clear: there appear to be two
in NMW. 70. 2G. 96 and one in 70. 2G. 97 (see below). The cheek region in GN. 316

is not sufficiently well preserved to provide information on this point. There is no
evidence that the dorso-ventral length of the subopercular is as short as is indicated

by Brough (1931, text-fig. 5).

Helichthys stegopygae. Holotype NMW. 70. 2G. 83 and 70. 2G. 84 (P. 12d). The
diagnostic features of this species are the presence of an antopercular as well as

a dermohyal, a single suborbital, and a pectoral fin composed of twenty fine rays

which lack fringing fulcra (Brough 1931, p. 254). All but one of these features are

clearly present in specimen NMW. 70. 2G. 84, but the anterior edge of the pectoral

fin is damaged and it is not possible to confirm or deny the presence of fulcra. The
delicate appearance of the pectoral fin-rays is due to the fact that they have been

rotated during fossilization and are visible only from an oblique angle.

Helichthys obesus. Syntypes NMW. 70. 2G. 83 and 70. 2G. 85 (P. 12b); NMW. 70. 2G.

83 (P. 12c). The diagnostic features of this species are the shortness of the head, the

lack of ornament on the dermal skull bones, the absence of an antopercular, the

presence of two suborbitals, and a pectoral fin composed of eighteen fine, partially

jointed rays (Brough 1931, p. 256). These observations can be checked only against

specimens NMW. 70. 2G. 83 and 70. 2G. 85 (the former block contains the body and
the latter the head of specimen P. 12b) as the skull and pectoral fin are not preserved

in the other specimen. The apparent lack of ornament is explained by the fact that

the head of NMW. 70. 2G. 85 is preserved as an impression of the internal surfaces

of the dermal bones. An antopercular is present and there appear to be two suborbitals

(see below). The pectoral fin is not well preserved and only the proximal ends of

about eight rays are visible. The opercular is not articulated with the subopercular

and the spatial relationship between these elements indicated by Brough (1931,

text-fig. 7) cannot be confirmed.

Helichthys ctenipteryx. Holotype NMW. 70. 2G. 85 and 70. 2G. 91 (P. 12a) and

counterpart GN. 309 (P. 1 1a). The diagnostic features of this species are the presence

of seven unjointed, unbifurcated rays in the pectoral fin (Brough 1931, p. 258). In

specimen GN. 309, in which the pectoral fin is most completely preserved, only the

proximal ends of the rays are visible. These are unjointed and unbifurcated, as are
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the proximal parts of the rays in other specimens of Helichthys , but it is not possible

to exclude the possibility that these rays were jointed and bifurcated further distally.

The fin-ray count of seven must be considered to represent the minimum number of

rays present. As in the case of H. obesus, the opercular and subopercular bones are

not articulated, and their precise spatial relationships are not clear.

Helichthys grandipennis. Holotype NMW. 70. 2G. 86 (P. 14). The diagnostic features

of this species are the presence of distally jointed rays in the pectoral fin, and the

relatively large size of the pectoral, pelvic, and anal fins (Brough 1931, p. 260). Distal

jointing is clearly visible in NMW. 70. 2G. 86, but the relative sizes of the fins are

more difficult to establish because the extreme distal parts of the pectoral, pelvic, and
anal fins are not preserved. An antopercular is clearly preserved (cf. Brough 1931,

text-fig. 10).

From these observations it is clear that the only character that may serve to diagnose

separate species of Helichthys is the varied condition of the suborbital: the other

character-states that were thought to be diagnostic of the species described by Brough

are clearly invalid because they are either the result of differing states of preservation

(the condition of the pectoral fin-rays), or not as limited in their occurrence as at first

appeared (the presence of an antopercular).

In four specimens (NMW. 70. 2G. 84, 70. 2G. 85 (P. 12a), 70. 2G. 85 (P. 12b)

and 70. 2G. 96) the suborbital appears to be subdivided, but close inspection reveals

that, in the first two specimens mentioned, it is certainly only cracked. There is some
doubt as to the condition of the suborbital in NMW. 70. 2G. 85 (P. 12b) and 70. 2G. 96.

These specimens may be interpreted in one of three ways: as individuals in which the

suborbital is cracked; as forms in which subdivision of the suborbital reflects intra-

specific variation; or as representatives of a separate species of Helichthys. In view

of their poor preservation it does not appear wise to recognize these specimens as

constituting a separate species; H. elegans , H. stegopvgae , H. obesus
,
H. ctenipteryx

,

and H. grandipennis are therefore regarded as synonyms. This being so, it is clear

that all five species should be synonymized with H. browni for, as a result of com-
parisons made between the type specimen of H. browni (SAM. 2767) and those of

H. stegopvgae and H. obesus, Jubb and Gardiner have already synonymized the two
latter species with H. browni (1975, p. 415).

SYSTEMATIC DESCRIPTION

Subclass CHONDROSTEI
Order redfieldiiformes

Family incertae sedis

helichthys Broom, 1909

1909 Helichthys Broom, p. 254

1931 Helichthys Broom; Brough, p. 246

1973 Helichthys Broom; Hutchinson, p. 274

Emended diagnosis. Redfieldiiform fish in which the dermosphenotic is equal in size to the dermopterotic

and in which an antopercular is present. Premaxilla probably absent. Two pairs of parietals present, the
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anterior pair being roughly quadrangular and the posterior pair roughly triangular. Dermopterotic narrow

posteriorly. Lower jaw deep posteriorly and tapering to a point at the symphysis. Suborbital triangular

with rounded corners. Pectoral girdle massive.

Type (and only) Species. Helichthys browni Broom.

Helichthys browni Broom

1909 Helichthys browni Broom, pp. 254-257; pi. 12, fig. 7.

1931 Helichthys elegans Brough, pp. 248-252; text-figs. 4-5, pi. 2, figs. 1-2.

1931 Helichthys stegopygae Brough, pp. 252-254; text-fig. 6, pi. 2, fig. 3.

1931 Helichthys obesus Brough, pp. 254-256; text-fig. 7, pi. 2, fig. 3; pi. 3, fig. 1.

1931 Helichthys ctenipteryx Brough, pp. 256-259; text-figs. 8-9, pi. 3, fig. 2.

1931 Helichthys grandipennis Brough, pp. 259-261
; text-fig. 10, pi. 3, fig. 3.

1973 Helichthys elegans Brough: Hutchinson, pp. 275-277; text-figs. 21-22.

Horizon and locality. Lower Cynognathus Zone (Scythian) of the Karroo Series at Bekker’s Kraal, Roux-
ville. Orange Free State, South Africa.

Diagnosis. As for the genus Helichthys.

Holotype. SAM. 2767 (Broom 1909, pi. 12, fig. 7).

Material. NMW. 70. 2G. 83 and 70. 2G. 85 (P. 12b); 70. 2G. 83 (P. 12c, text-fig. 3) (Brough 1931, pi. 2,

fig. 3; pi. 3, fig. 1; text-fig. 3); 70. 2G. 83 and 70. 2G. 84 (P. 12d) (Brough 1931, pi. 2, fig. 3); 70. 2G. 85 and
70. 2G. 91 (P. 12a) (Brough 1931, pi. 3, fig. 2) and counterpart GN. 309 (P. 1 1a); 70. 2G. 86 (P. 14) (Brough

1931, pk 3, fig. 3); 70. 2G. 96 (P. 13a) (Brough 1931, pi. 2, figs. 1-2); 70. 2G.97(P. 13b) (text-fig. 2); GN. 316

(P. 19a) (Hutchinson 1973, text-fig. 22); GN. 320 (P. 25); GN. 325 (P. 29b); and GN. 350 (P. 53).

Description. H. browni is a fusiform fish attaining a maximum length of about

107 mm (NMW. 70. 2G. 97) measured from the snout tip to the posterior tip of the

body lobe; the antero-posterior length of the skull is equal to just under 20% of this

distance. The skull is short and in dorsal view appears broad and blunt-snouted.

Skull. To enable easy comparison of Helichthys with other recently described red-

fieldiiform genera, the names of the dermal bones of the skull used by Schaeffer

(1967), Schaeffer and Mangus (1970) and Hutchinson (1973) have been adopted

here. It is likely, however, that work on the comparative anatomy of the chondrostean

skull at present being undertaken will reveal homologies that will necessitate the

renaming of bones, particularly of those forming the lateral part of the skull roof.

The restoration of the skull (text-fig. 1) is based on information derived from several

specimens of which GN. 316 (Hutchinson 1973, text-fig. 22) and NMW. 70. 2G. 97

(text-fig. 2) have yielded the most complete details. It differs in several important

respects from previously published restorations (e.g. Brough 1931, text-fig. 5, and
Hutchinson 1973, text-fig. 21), notably in the dorsal region of the cheek. The frontal

is roughly rectangular, and lies directly anterior to the parietal elements. The supra-

orbital sensory canal is clearly visible as it opens to the exterior via a single row of

large, well-defined pores, each of which is circumscribed by a ridge. These pores vary

in size, and are especially large midway along the frontal. The supraorbital canal

extends posteriorly to the posterior edge of the frontal, but continues on to the

anterior parietal as a pit-line. There are two pairs of parietals, but in specimen

NMW. 70. 2G. 97 (text-fig. 2) the anterior parietal of the right side of the skull has

fragmented and consists of two elements. The fact that such fragmentation has only

occurred on one side of the skull makes it extremely unlikely that the presence of
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text-fig. 1. Helichthys browni Broom. Restoration of skull and pectoral girdle in dorsal

and lateral view, x 3-5 approx.
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a third parietal is a character of taxonomic significance; it is here regarded as an
intraspecific variation. The dermopterotic and dermosphenotic are broad and
contribute to the extreme lateral breadth of the skull roof.

The opercular apparatus is similar in shape to that of Cionichthys dunklei (Schaeffer

1967, text-fig. 6) and is composed of an almost circular opercular, a subopercular

and a single branchiostegal ray. A large, triangular antopercular occurs at the

anterodorsal corner of the opercular. The presence of an antopercular has been

regarded as a diagnostic character of the Brookvaliidae (Hutchinson 1973, p. 322)

and its undoubted presence in H. browni, which otherwise displays character states

expected in a member of the Redfieldiidae, indicates that the classification of the

Redfieldiiformes is not as clear-cut as has been previously suggested by the present

author (1973). The possible phylogenetic position of Helichthys is discussed below.

text-fig. 2. Helichthys browni Broom. Dorsal view of skull ofspecimen NMW. 70. 2G. 97

(P. 13b).

A dermohyal lies wedged between the antopercular and the posterodorsal edge of

the preopercular. The preopercular bears a horizontal pit-line (NMW. 70. 2G. 86)

as well as the usual sensory canal. The suborbital is roughly triangular, but has

rounded corners.

The structure of the snout is incompletely known and little can be added to the

description of that part of the anatomy of Helichthys given by me in 1973 (p. 276).
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The anterior ends of the nasal, the antorbital, and rostral bones are ornamented with

tubercles. The postrostral does not bear ornament. No evidence of a premaxilla was
found in any specimen, and it is assumed to be absent. The lowerjaw is deep posteriorly,

the angular being particularly massive, and tapers sharply towards the symphysis.

The dentition is composed of a row of pointed teeth that lies medial to a zone of

smaller, less regularly spaced teeth (NMW. 70. 2G. 96).

Pectoral girdle. The pectoral girdle is massive. The supracleithrum is broad antero-

posteriorly and its posterior edge is notched at the point where the infraorbital

sensory canal passes on to the body squamation. There is a postspiracular bone at

the antero-dorsal corner of the supracleithrum, the antero-dorsal corner of which

fits into a notch in the postero-ventral corner of the extrascapular (NMW. 70. 2G. 97,

text-fig. 2).

Paired fins. The fin-rays of the pectoral and pelvic fins bifurcate distally and bear

fringing fulcra. Jointing is even throughout the length of the pelvic fin-rays but

limited to the distal ends of the rays in the pectoral fin. There are at least twenty rays

in the pectoral fin (NMW. 70. 2G. 84) and at least thirteen in the pelvic fin (NMW.
70. 2G. 91).

Unpairedfins. The dorsal and anal fins are similar in shape and size, and are situated

fairly close to the tail although the dorsal fin is slightly more anterior in position than

the anal fin. In both fins the rays are evenly jointed, bifurcate distally, and bear

fringing fulcra. The dorsal fin is composed of at least twenty-four rays (NMW.
70. 2G. 83, P. 12c) and the anal fin of twenty-three rays (NMW. 70. 2G. 86).

The best-preserved caudal fin is seen in specimen NMW. 70. 2G. 83 (text-fig. 3)

in which, unfortunately, the skull is not preserved. That this specimen is H. browni

is, however, confirmed by the fact that all the anatomical features of the caudal fin

described below are seen also in NMW. 70. 2G. 96 (P. 13a), a specimen with an

almost perfectly preserved skull and an undoubted member of the species.

The caudal fin is hemiheterocercal and equilobate. The angle between the axis

of the body and the axis of the body lobe is about 35°. A hinge line is present but is

not very conspicuous because the anterior scales of the body lobe and the posterior

scales of the body are similar in size and shape. The flank scales through which the

lateral line passes each bear a marked indentation in their posterior borders and are

clearly differentiated from the other body scales. The lateral line does not appear to

cross the hinge line. Most of the body lobe scales form a regular pattern with their

long axes orientated in a postero-dorsal direction, the exceptions being the scales

that border the postero-ventral edge of the body lobe ;
these are slender and orientated

with their long axes directed along the axes of the rays with which they are associated.

The caudal web is composed of 64 rays: 18 in the ventral lobe and 46 in the dorsal

lobe. The five or six rays that form the dorsal edge of the caudal web are epaxial in

position; of these, three are associated with scales of the body lobe, and the proximal

ends of two or three are fused to the posterior caudal ridge scale. The caudal fin-rays

are evenly jointed and bifurcate close to their distal ends; those forming the leading

edges of the fin web bear fringing fulcra.
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text-fig. 3. Helichthys browni Broom. Right side of caudal fin of specimen NMW. 2G. 83 (P. 12c).

Squamation. The scale formula of H. browni is difficult to determine precisely but

appears to be

:

29

9 22 35
42. The scales do not bear an ornament except in the case of a few large

flank scales on which low ridges are just visible. The scales of the anterior flank region

are rhombic and bear up to five or six pectinations on their posterior edges. Further

posteriorly the scales become leaf-shaped and bear either one or two pectinations or

have smooth posterior edges. The scales through which the lateral line passes differ

from the other body scales in having an indentation in their posterior edges.

THE PHYLOGENETIC POSITION OF HELICHTHYS

The order Redfieldiiformes has most recently been diagnosed by Hutchinson (1973,

p. 238) but, although including characters apomorphous within the Chondrostei,

only one may safely be regarded as an autapomorphous character justifying the
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recognition of the Redfieldiiformes as a monophyletic group. This character is seen

in the structure of the snout, which is composed of an antorbital that forms an
extensive part of the anterior orbital edge and borders the single narial opening.

Other character states that are not found in all members of the Redfieldiiformes, but

which may reasonably be expected to be found in the redfieldiiform ancestral morpho-
type are: the presence of a dermosphenotic and a single adnasal which together

border the dorsal orbital edge; and the presence of a single branchiostegal ray. The
identification of all these character states in Helichthys leaves no doubt that the genus
is a member of the Redfieldiiformes.

Within the Redfieldiiformes it is possible to identify two clear monophyletic
groups; the Brookvaliidae together with the Schizurichthyidae, and the Redfieldiidae.

These families have been diagnosed by Hutchinson (1973, pp. 239, 285, and 271).

Again, these diagnoses contain a mixture of plesiomorphous and apomorphous
character states. The autapomorphous characters that enable recognition of two
monophyletic groups within the Redfieldiiformes are as follows: Brookvaliidae plus

Schizurichthyidae, the presence of a crescent-shaped dermosphenotic; Redfieldiidae,

the absence of premaxillary and antopercular elements. Consideration of just these,

and one other character state (the shape and number of parietal elements), can be

expressed in the cladogram (text-fig. 4a) which demonstrates that Helichthys cannot

be included in either of the two monophyletic groups noted above, it also implies

that the Brookvaliidae plus Schizurichthyidae are the sister-group of Helichthys and
the Redfieldiidae combined.

There is one reason, however, for doubting the validity of this cladogram : it implies

that two pairs of parietals, such as are seen in Helichthys , evolved independently in

the phylogenetic line leading to the monophyletic group Brookvaliidae plus Schizurich-
thyidae. The parietals of Helichthys are quite distinctive : the anterior element bears

two pit-lines and is roughly quadrangular; the posterior element is roughly triangular

and bears the posterior pit-line. Paired parietals of almost identical shape are seen

in all members of the Brookvaliidae in which this part of the skull roof is well pre-

served i.e. in Ischnolepis , Brookvalia, and Phlyctaenichthvs (Atopocephala , in spite

of the restoration given by Hutchinson 1973, text-fig. 7, is a poorly preserved unique

specimen and the possibility of its having four parietals cannot be discounted).

Significantly, two pairs of parietals never occur in members of the Redfieldiidae,

although there is considerable variation of parietal structure within the group. It

is legitimate, therefore, to regard the two pairs of parietals as evidence of close

relationship between Helichthys and the Brookvaliidae plus Schizurichthyidae,

a relationship illustrated in text-fig. 4b.

Once again, it is clear that Helichthys is not a member of either of the two mono-
phyletic groups that constitute the rest of the Redfieldiiformes, but it does demonstrate
that the Brookvaliidae plus Schizurichthyidae combined with Helichthys could be

regarded as the sister-group of the Redfieldiidae.

There is a third hypothesis concerning the phylogenetic position of Helichthys
;

that it constitutes the sister-group of all other redfieldiiforms. This hypothesis can

be dismissed at present because there are no known apomorphic characters common
to all members of the Brookvaliidae, Schizurichthyidae, and Redfieldiidae that are

not found in Helichthys.
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text-fig. 4. Cladograms expressing alternative phylogenetic positions of

Helichthys within the Redfieldiiformes. a. Assumes independent evolution

of two pairs of parietals in separate phylogenetic lines; b. assumes independent

loss of premaxillae in separate phylogenetic lines. Key to character states

considered: (1) structure of antorbital; (2) crescent-shaped dermosphenotic;

(3) loss of premaxillae; (4) loss of antopercular; and (5) presence of two pairs

of parietals.

It is clear from the above discussion that it is not at present possible to define the

phylogenetic position of Helichthys within the Redfieldiiformes with any degree of

certainty. This conclusion is, perhaps, not surprising and is due to a number of

factors. Preservation of fossil material is rarely perfect and is anyway limited to hard

parts of the anatomy. (If, for example, one could be certain that Helichthys lacked

a premaxilla, the cladogram in text-fig. 4a could be regarded with more confidence.)
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Secondly, a minimum number of character states have been considered in the above
analysis. If all known redfieldiiform synapomorphies had been taken into account

it might have been possible to construct cladograms that would allow choices

involving greater degrees of confidence to be made. Such an exercise is beyond the

scope of this paper.
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LATE CRETACEOUS GYMNOSPERMS FROM
SAKHALIN AND THE TERMINAL

CRETACEOUS EVENT

by V. A. KRASSILOV

Abstract. In the Late Cretaceous, diversity of gymnospermous orders increased due to the appearance of true

Cycadales. Most groups experienced important evolutionary changes. Extant genera first appeared among Cycadales

(Cycas ), Ginkgoales, and Coniferales. Noteworthy evolutionary innovations were phylloclades in the Cupressaceae

and distinctive stomatal types in the Araucariaceae. Sequoia and Parataxodium achieved dominant status. At the

Cretaceous Tertiary boundary, the Caytoniales, Bennettitales, and Nilssomales died out. There was replacement of

dominant genera among conifers and of dominant leaf morphotypes among angiosperms. Major type of the Late

Cretaceous vegetation—Seguo/a-laurophyllous forest—perished and gave way to mixed broad-leaved forests.

Palaeobotanical studies of the Late Cretaceous have traditionally centred on

angiosperms while gymnosperms of this age have been practically neglected. It was
assumed that in the Late Cretaceous the era of gymnosperms was over, their evolu-

tionary potentials were nearly exhausted, and their history was that of gradual

retreat before prospering angiosperms. This notion led to serious misunderstanding

of the Late Cretaceous vegetation and, consequently, of the events at the Cretaceous-

Tertiary (K-T) boundary. In the present study of the Late Cretaceous flora of

Sakhalin which is the classical Asiatic flora of this age, equal attention was paid to

angiosperms, gymnosperms, and other groups. The validity of such generic designa-

tions as Dryophyllum, Quercus, Populus , Vi(is. Ilex
,
Zizyphus, Ficus, Crataegus,

Viburnum (kryshtofovich and Baikovskaja 1960) was questioned and the list of

Senonian angiosperms considerably reduced. Several species of Sequoia described

by Kryshtofovich and Baikovskaja may belong in no more than one species, but

generally the gymnosperms are represented by well-defined species. Full descriptions

will be given in a monograph on the Cretaceous flora of Sakhalin. The most essential

results bearing on the taxonomy and evolutionary history of gymnosperms are

summarized in this paper.

STRATIGRAPHY

The plant-bearing beds of western Sakhalin range from Coniacian to Miocene in

age, using evidence from marine invertebrates. The Senonian sequence consists of

deltaic cyclothems and flyshoid turbidites assigned to several formations. Four
successive floristic horizons are recognized. They correspond to the faunistic zones of

(1) Inoceramus uwajimensis (Coniacian), (2) Anapachydiscus naumanni (Santonian

or early Campanian), (3) I. orientalis (early Campanian), and (4) Pachydiscus sub-

compressus (late Maastrichtian). The I. schmidti beds between (3) and (4) contain

sparse plant fossils. The uppermost Maastrichtian beds are overlain by tuffaceous

[Palaeontology, Vol. 21, Part 4, pp. 893-905, pis. 103-106.]
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strata (the Boshniakovian Formation) which yielded a plant assemblage much
different from Senonian flora, though containing occasional Cladophlebisfrigida and
Nilssonia. The Boshniakovian Formation grades laterally into marine beds with an

impoverished fauna of small bivalves of Danian aspect. Above them there are con-

glomerates and shales with Palaeogene plants.

The major plant localities are

:

Mgachi near Alexandrovsk City, Santonian. This locality had yielded the first Asiatic fossil plants of

Cretaceous age, described by Oswald Heer in 1878. Most of the structurally preserved material came from

this locality.

Cape Jonquier at Alexandrovsk City, early Campanian, a locality famous for its marine invertebrates.

Plants came from several thin layers intercalated in the shell beds.

Augustovka River, near the village Boshniakovo, Maastrichtian and Danian. Plant material was found

in the paralic beds of late Maastrichtian age and above them in tuffaceous strata assigned to the Danian.

Plants are abundant, but mostly without cuticles.

Forty minor localities scattered along the western coast of Sakhalin have also been

studied; they provided material for palaeoecological studies.

The collections are in the Institute of Biology and Pedology, under NN 301 to 340.

GYMNOSPERMS

The Senonian flora shows no reduction in the diversity of higher gymnosperm taxa

relative to the Jurassic or Early Cretaceous floras. At least seven orders of gymno-
sperms—the Caytoniales, Nilssoniales, Bennettitales, Ginkgoales, Czekanowskiales,

Cycadales, and Coniferales occur in Senonian localities.

Caytoniales

Sagenopteris from Mgachi is much like 5. colpodes Flarris (Yorkshire Jurassic)

showing upper epidermis cells with sinuous walls. However, the leaves are smaller,

there are numerous hairs in the costal zones, and the cuticle of subsidiary cells

extends below the guard cell thickenings (PI. 103, fig. 2) while in the Jurassic species

they are in one plane (Harris 1964). Relative to a time span of about 100 my these

differences are rather small. The Caytoniales display remarkable evolutionary

conservatism.

EXPLANATION OF PLATE 103

Figs. 1, 2. Sagenopteris from the Senonian of Sakhalin, Mgachi. 1, leaf, 308-592, x2. 2, stoma, inside

view, the cuticle of subsidiary cells is extending under the guard cell thickenings, 308-496, SEM, x 2000.

Fig. 3. Ginkgoalean seed, same locality, 308-641, x 1-5.

Figs. 4-7. Nilssonia serotina Heer, same locality. 4,
‘

Nilssonia bed’, crowded entire leaves, 313-265, x 1.

5, segmented leaf, 306-66, x 1. 6, stoma, 306-593, SEM, x2200. 7, ribbed cell walls, 306-593, SEM,
x 850.

Fig. 8. Ginkgoalean leaf cuticle, stoma, same locality, 304-10, SEM, x 1500.

Fig. 9. Pterophyllum from the uppermost Maastrichtian, Augustovka River, 329-364, x 1.
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Nilssoniales

The late Cretaceous Nilssonia serotina Heer has both entire and segmented leaves.

This type of leaf polymorphism is recognized in some early Mesozoic species, such

as N.polymorpha. Surprisingly, it is virtually unknown in the Early Cretaceous species.

The cuticle is typical nilssonialean, with strongly ribbed cell walls. The bulging cells

are often laterally compressed. The guard cells of Nilssonia are usually indistinct

when viewed under the light microscope, but in the SEM they can be seen to form
a keyhole-shaped stoma (PI. 103, tig. 3).

Bennettitales

Pterophyllum leaves occur in the uppermost Senonian just below the tuffaceous

Boshniakovian beds. They are preserved as incrustations without cuticles (PI. 103,

fig. 8).

Ginkgoales

The ginkgoalean seeds from the Senonian localities are more like those of the

extant Ginkgo and much larger than their Jurassic and Early Cretaceous predecessors

(up to 17 mm long, while in the latter 10 mm is the upper limit) which means also less

ovules per ovuliferous organ. The leaves are of G. biloba type, with sparse hairs and

less protected stomata than in the geologically older species (PI. 103, fig. 7). One can

surmise that true Ginkgo first appeared in the Late Cretaceous, later than some
extant angiosperm genera. The great antiquity of Ginkgo assumed in the cytochrome

c trees and some other phylogenetic reconstructions is not supported by the geo-

logical record.

Cycadales

The concept of Cycadales is extremely confused. Originally the order was meant for

megaphyllous gymnosperms in general. In this sense, the Palaeozoic pteridosperms

also belong in Cycadales. In a more restricted sense, the Cycadales, comprising the

two extant families Cycadaceae and Zamiaceae have little in common with any group
of fossil gymnosperms. Their relations to the Mesozoic Bjuvia-Nilssonia-Ctenis

complex remain obscure. Cycas from the Senonian of Sakhalin is the first undis-

putable Mesozoic record of this group. Thus, theories in which a putative angiosperm

ancestor is modelled on Cycas are unacceptable, because Cycadales appeared in the

geological record later than angiosperms.

Cycas: Two pinnate leaves with single-veined pinnae from Mgachi are comparable

in gross morphology with Cycas , Pseudocycas, Paracycas, and Leptocycas. However,
the cuticle is characteristic of Cycas only. The stomata are in two bands and irregularly

EXPLANATION OF PLATE 104

Figs. 1-7. Cymsfrom the Senonian of Sakhalin, Mgachi. 1, stomatal band, 312-290, x 146. 2, alternating

rows of longitudinal and transverse cells, 312-290, xl46. 3, leaf, 312-290, x 1. 4, stoma, external

view, 312-290, x 395. 5, stoma inside view showing subsidiary cells (S) and encircling cells (E) forming

a chimney, SEM, x 1600. 6, 7, stomata, inside view, guard cell thickenings are overlapped by the cuticle

of subsidiary cells, SEM, 312-290, X 1600.
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orientated. About ten encircling cells form a chimney over sunken stoma with its

subsidiary cells. The guard cells are slightly above the ring of thickened subsidiary

cells which extend below the guard cell thickenings overlapping about one half of

their width (PI. 104, figs. 5-7). The upper epidermis is formed by alternating bands
of longitudinal, oblique, and transverse cells (PI. 104, fig. 2). The latter feature is

characteristic of the extant species C. media
, C. micholitzii, and C. thouarzii, while

the stomatal structure is like that of C. revoluta (Pant and Nautiyal 1963). The
generic assignment of the Cretaceous leaves is based on the unique combination of

the gross morphology, stomatal characters, and the upper epidermis banding.

Coniferales

The Araucariaceae, Taxodiaceae, and Cupressaceae were major Late Cretaceous

families of conifers in the Northern hemisphere. The association of Sequoia (or

Parataxodium), Cupressinocladus, and Protophyllocladus occurred with amazing
constancy in all localities from Greenland to Sakhalin. The Araucariaceae usually

not extended beyond 50° N. (modern latitudes; the Cretaceous palaeolatitude for

Mgachi is about 40° KrN.).

Araucaria', is most abundant plant in Mgachi. However, neither Heer nor Kryshto-

fovich mentioned it, because it is represented mostly by isolated scale-leaves which

are rather inconspicuous. There are also several specimens of sparsely branching

cylindrical shoots. Male strobili are in clusters, ovoid, about 6x4 mm. Megastrobili

are globose, about 22 mm in diameter. The cone scales have a ligule and a single

immersed ovule. All these characters are typical araucarian. However, the stomata

are peculiar in having a peak-like outgrowth, or hair, over each stomatal pit, and
each is bordered by a thickened cuticular ridge with occasional indistinct papillae.

The hair is straight or hooked, with a central strand. On the inner side of the cuticle

the guard cells are embraced by inward projections of subsidiary cells, while the foot

of a hair forms prominent knob over them (PI. 105, figs. 3, 4). Nothing closely

comparable to this structure is known in either fossil or extant species of Araucaria.

An obvious implication is that in the Late Cretaceous the northern araucarian stock

was still diversifying and increasing the variety of its cuticular structures.

Sequoia and Parataxodium'. No undisputed remains of Sequoia are known from

pre-Cenomanian deposits, though some Sequoia-Mke characters have been described

in such Early Cretaceous genera as Sphenolepis and Athrotaxopsis. Sequoia is

abundant in many Late Cretaceous localities. Oswald Heer has initiated the practice

EXPLANATION OF PLATE 105

Figs. 1-6. Araucaria from the Senonian of Sakhalin, Mgachi. 1, stoma, inside view, guard cells are embraced

by inward extentions of the stomatal pit cuticle, 308-548, SEM, x 1 100. 2, stoma, inside view, with

a hair foot above, 308-548, SEM, x 1500. 3, shoot, 308-640, xl. 4, microstrobili, 308-618, x2.

5, abaxial cuticle of a leaf, 308-594, x 12. 6, megastrobilus, 313-264, x 1-5.

Figs. 7-13. Sequoia reichenbachii (Gein.) Heer, Mgachi. 7, cone scale (‘Dammara'), 308-599, x 3. 8, part

of a microstrobilus showing microsporophylls with pollen sacs, 312-243a, x6. 9, cone-bearing shoot

with scale leaves, 307-9, x 1 . 10, shoot with bifacial leaves, 307-465, x 1. 11, megastrobilus, 307-4, x 3.

12, stoma, inside view, 308-589, SEM, x 1600. 13, cells of a coastal zone, 308-589, SEM, x 1100.
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of describing each shoot form under a separate name. There are ‘species’ with scale-

leaves (S. reichenbachii , S. ambigua , S. fastigiata , S. subulata , etc.) and ‘species’ with

linear bifacial leaves (S. heterophylla , S', rigida, S. smittiana , etc.). Repeated associa-

tion of both forms in Greenland, European, and Siberian localities may be evidence

of the leaf polymorphism characteristic of the extant species. This is confirmed also

by palaeoecological observations and cuticular evidence. Epidermal cells in Senonian
species are much shorter than in the extant hexaploid, suggesting diploidy or lower

level of polyploidy. Microstrobili are more loose than in S. sempervirens. The pollen

grains are poorly preserved. However, Sequoia-like pollen grains have been found
by the author on the cuticle of Protophyllocladus (PI. 106, figs. 6, 7). Judging from
abundance of megafossils, Sequoia had a large share in the pollen rain and many
pollen grains had settled on broad phylloclades of its constant associate. Some pollen

grains are split as in Taxodiaceaepollenites. Megastrobili consist of about twenty

scales and many of them are preserved intact, though there are also numerous isolated

scales traditionally described as
‘Dammara ’ or Agathis (PI. 105, figs. 7, 13).

In northern Siberia and Alaska, Sequoia is partially replaced by a conifer with

deciduous short shoots resembling those of Metasequoia and Taxodium. These

shoots are often placed in Cephalotaxopsis , though they have little in common with

the Early Cretaceous type species C. magnifolia Font, which belong to the Taxaceae
(Florin 1958). Arnold and Lowther (1955) described extinct genus Parataxodium

from the Late Cretaceous ofAlaska. They have not compared it with ‘ Cephalotaxopsis’’

sensu Hollick (also from Alaska), though similarity of shoots is obvious. I suggested

elsewhere that numerous Siberian
‘

Cephalotaxopsis ’ may belong to Parataxodium.

If this was so, then Parataxodium was a major dominant of temperate Late Cretaceous

vegetation. The Palaeocene record of Parataxodium from Spitzbergen is based mainly

on microstrobilar characters (Schweitzer 1974). In Sakhalin, Parataxodium is com-
mon in the uppermost Maastrichtian localities.

At the contact of Sequoia and Parataxodium forests there was probably intro-

gression and segregation of occasional Metasequoia-like and Taxodium- or Glypto-

strobus-like phenotypes, such as Glyptostrobus comoxensis Bell which also occurred

in the Senonian of Sakhalin. These genera were stabilized and achieved dominant
status in the Palaeocene.

Protophyllocladus'. The typical phylloclades in the Mgachi, Jonquier, and other

localities are accompanied by the bipinnatifid organs which have been previously

described as fern foliage. There are morphologically intermediate forms and the

cuticle characters are much the same in both entire and bipinnatifid variations. Some
phylloclades show minute marginal teeth. Stomata are mostly on the lower side,

EXPLANATION OF PLATE 106

Fig. 1. Cupressinocladus crelaceus (Heer) Sew. from the Senonian of Sakhalin, Mgachi, branching shoot,

308-547, x 3.

Figs. 2-5. Protophyllocladus , same locality. 2, phylloclade showing marginal teeth, 308-612, X 1-5. 3, cuti-

cular cover with displaced veins, perforated by a fungus, showing stomata as small dots, 308-600, x 12.

4, stomatal pit, 308-600, SEM, x2200. 5, guard cells, 308-600, SEM, x2200.

Figs. 6, 7. Pollen grains, presumably of Sequoia reichenbachii, on the cuticle of Protophyllocladus , 308-600,

SEM, x 4000.
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scattered, irregularly orientated, incomplete-amphycyclic. The stomatal pit is small,

rounded, or subquadrate, bordered by a flattened cuticular ridge. Subsidiary cells

are convex, without definite papillae. They differ from ordinary cells in their scabrate

cuticle (PI. 106, figs. 4, 5).

The cuticular characters suggest cupressacean rather than podocarpacean affinities.

Among the Late Cretaceous Cupressaceae, Cupressinocladus cretaceus (Heer) Sew.

resembles Libocedrus in hypostomatic leaves and incomplete-amphicyclic stomata.

Shoots with more pronounced leaf fusion are usually placed in Androvettia. They
display a tendency towards phylloclade formation which is more strongly manifested

in Protophyllocladus. The author believes that Protophyllocladus is a member of a

morphocline including also Cupressinocladus and Androvettia. Parallel development

of phylloclades in Cupressaceae and Podocarpaceae can be suggested, if extant

Phyllocladus is actually a member of Podocarpaceae. The systematic position of this

genus is rather uncertain (see Keng 1963).

Thus, in the Late Cretaceous the diversity of gymnospermous orders was not

reduced. Indeed, it increased due to the first appearance of the true Cycadales. The
evolutionary potential of the gymnosperms were far from exhausted and they

experienced important evolutionary changes. Most groups were modernized and
the extant genera first appeared among Cycadales, Ginkgoales, and Taxodiaceae.

PALAEOECOLOGY

Senonian assemblages are either mono(oligo)dominant or polydominant. The first

group includes:

1. Marchantites beds— thin siltstone layers densely covered by branching thalli.

2. Fern beds— thick siltstone layers in the upper members of deltaic cyclothems or

concretion layers in turbidite facies, filled with leaves of Anemia and Cladopldebis.

3. Nilssonia beds— the same facies as fern beds but usually not mixed with ferns.

4. Ginkgoites beds—black shales and coals in alluvial and deltaic cyclothems.

5. Sequoia beds—lower sandy members of alluvial cyclothems and near-shore

deposits with shells of marine bivalves.

6. Quereuxia beds— shales or silstones in alluvial cyclothems covered by floating

leaf rosettes.

Gymnosperms dominate in at least three types of monodominant phytofacies

which are interpreted as Nilssonia marshes on the margin of deltaic plains (3), pure

stands of Ginkgoites on swampy soils (4), and allochtonous deposits of Sequoia (5).

The Mgachi locality is typical of the polydominant Senonian assemblages. The
numerical representation of species in this locality is as follows (bryophytes omitted)

:

Number of Number of

specimens % specimens %
Sequoia 605 34-7 Protophyllum 42 2-4

Araucaria 308 17-7 Nilssonia 31 1-8

Protophyllocladus 269 15-5 Ginkgoites 25 1-5

Araliaephytlum 127 7-2 Sagenopteris 20 1-2

Cupressinocladus 87 4-9 Cyathea 14 0-8

Trochodendroides 77 4-4 Liriophyllum 2 01
Debeya 60 3-5 Magnoliaephyllum 2 01
Anemia 32 2-8

Cladophlebis 40 2-4 Total 1741 100
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To distinguish between the local and regional dominants, the importance value (IV) was calculated as

100p, 100d,

M ' VI

(p
(

—number of localities in which a species is present, d, number of localities in which it is dominant,

M— total number of localities).

For the most important species IV is (M = 28):

d d IV d d IV

Sequoia 25 18 153-42 Nilssonia (2) 8 2 35-7

Prolophyllocladus 17 6 82-13 Myricaephyllum 8 1 32-14

Ginkgoites 14 4 64-28 Araliaephyllum 6 1 24-99

Protophyllwn 13 5 64-22 Debey

a

( 1

)

4 2 21-41

Nilssonia ( 1

)

13 4 60-7 Araucaria 3 2 17-85

Cupressinocladus 13 4 60-7 Parataxodium 3 2 17-85

Trochodendroides 11 4 53-54 Liriophyllum 3 1 14-28

Magnoliaephyllum 8 3 39-28 Debeya (2) 2 1 10-71

The resultant picture is that of Sequoia forest with Protophyllocladus and Cupres-

sinocladus as major subdominants. Araucaria is a local dominant in Mgachi. In

respect to the dominant angiosperm morphotypes, there were two aspects of redwood
forest: Sequoia-laurophy11ous with Laurophyllum , Magnoliaephyllum, and Araliae-

phyllum (see Krassilov 1973) and Set/wo/a-platanophyllous with Protophyllwn. The
general composition of Sequoia forest remained unchanged through the Senonian,

though relative abundance of the angiosperm morphotypes varied from a few lauro-

phylls in the Coniacian to their preponderance in the Campanian followed by a sharp

decline in the Maastrichtian.

In the Boshniakovian Formation, only two types of assemblages are recognized:

fern beds, fine-grained tuffites with Woodwardia and Cladophlebis, and Metasequoia-

Corylites beds, tuffaceous rocks with polydominant assemblage including Alnites,

Platanus
,
and Liriophyllum as major subdominants.

THE TERMINAL CRETACEOUS EVENT

There is an abrupt floristic change between the late Maastrichtian (paralic beds with

Sequoia
,
Parataxodium , and Nilssonia) and Danian (tuffaceous Boshniakovian beds

with Metasequoia, Corylites, and Alnites). In the transitional beds (about 1-5-2 m),

Pterophyllum and Trochodendroides associate with Glyptostrobus and Alnites. The
major events are

:

Extinction of the Caytoniales and Bennettitales, sharp decline of Nilssoniales and
Ginkgoales, followed soon by extinction of Nilssonia in the Danian. The Cretaceous

terminal extinction was not preceded by a gradual decline. In Mgachi, Sagenopteris

with numerical representation of 1-2% ranks among common species, inferior only

to Araliaephyllum polevoi among angiosperms. In fact, it is more abundant here than

in any Jurassic locality. In the latest Maastrichtian, Ginkgoites beds are common and
Nilssonia beds are more frequent than in the underlying strata. These phytofacies

vanished at the Maastrichtian-Danian (K-T) boundary. About 50 my of coexistence

with angiosperms scarcely affected the ecological status of Sagenopteris and Nilssonia.

It is highly improbable that their extinction was caused by competitive exclusion.

Replacement of dominant types of conifers; Sequoia, Parataxodium, Cupressino-

cladus, and Protophyllocladus which formed a core of the Late Cretaceous assemblages.
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were succeeded by Metasequoia-Taxodium-Glyptostrobus complex. Protophyllocladus

perished together with Cretaceous species of Sequoia and Cupressinocladus.

Replacement of dominant leaf morphotypes among angiosperms; Araliaephyllum,

Protophyllum
, and Debeya gave way to Corylites and Abates. Such morphotypes as

Trochodendroides , Menispermites, and Magnoliaephyllum transgressed the boundary,

but their species content changed. On the species level, only Liriophyllum saehalinense

Krysht. survived the Cretaceous-Tertiary extinction in Sakhalin, though there were
some morphological differences between Senonian and Danian leaf populations.

Phytocenological changes were even more spectacular than the taxonomical.

Dominant Cretaceous communities— Scgi/ozu-laurophyllous forests— died out and
were replaced by mixed broad-leaved forests. This change was even more important

for the world ecosystems than the extinction of the dinosaurs.

One can wonder how to reconcile these statements with assertions of other palaeo-

botanists that nothing particular happened at the Cretaceous-Tertiary boundary.

According to Hickey (1977), 95% of genera crossed the boundary. Jarzen (1977) has

not found drastic changes in the palynological record. Both authors have dealt with

angiosperms only. The identifications of Cretaceous angiosperm leaves with extant

genera are mostly in error and the organ-genera based on leaf remains are morpho-
types lumping unrelated species. Many morphotypes have survived from the Albian

to the present. This fact is of little evolutionary importance, though the proportions

of different morphotypes in a flora have some ecological meaning. The same can be

said of the pollen morphotypes. Jarzen admitted that the proportion of animal- versus

wind-adapted pollen types changed at the Cretaceous-Tertiary boundary. This may
reflect important changes of vegetation and climate. He relied on unpublished work
of Tschudy in stating that the differences between Cretaceous and Tertiary palyno-

floras become less and less with the progress of studies. However, in his published

work Tschudy (1977) recognized a sharp decline of the dominant Cretaceous pollen

types Normapolles and Triprojectacites at the Cretaceous-Tertiary boundary.

Though these pollen morphotypes survived up to the Eocene, their numerical

representation and species content changed dramatically within the Cretaceous-

Tertiary stratoecotone.
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THE CONODONT BIOSTRATIGRAPHY OF
THE DEVONIAN PLYMOUTH LIMESTONE,

SOUTH DEVON

by M. J. ORCHARD

Abstract. Conodont faunas from the Plymouth Limestone are indicative of levels ranging from the Middle Devonian
patulus Zone to the Upper Devonian crepida Zone. The conodont faunas are described and compared with European
counterparts, with which correlations are proposed. Although there are anomalies in some distributions, the cono-

donts have provided a tool for the dating and correlation of disjunct sections of Plymouth Limestone, and have

enabled the elucidation of stratigraphical, palaeoenvironmental and structural aspects of the carbonates. Thus: the

history of the Limestone began in the early Eifelian but was interrupted by a mid to late Eifelian volcanic episode; this

was followed by the growth of a carbonate platform during the late Eifelian-nud Givetian. A late Givetian to early

Frasnian carbonate maximum, which involved facies differentiation (more restricted environments are recognized

in the east and south-east), was followed by an interval of widespread deepening (Lower asymmetricus Zone times).

Deposition of massive Frasnian limestones ensued prior to local, mid Frasnian crevassing and further foundering

in the early Famenman. The area is inferred to have stood as a topographic high within the late Devonian sea. The
Limestone mass has been overfolded in the east but no inverted limb is recognized in the western outcrop.

In western South Devon, the oldest Devonian rocks, the Dartmouth Slates, are

comparable with the non-marine Old Red Sandstone (Dineley 1966) and represent

a relatively uniform continental phase preceding the marine sedimentation of the

overlying Meadfoot Beds. The latter, dominantly argillaceous rocks, are succeeded

to the north by the Staddon Grits and the Jennycliff Slates (see also Orchard 1977).

The Plymouth Limestone occupies a position to the north of the aforementioned
Slates. The present outcrop, in all about two-and-a-half square kilometres, borders

the Sound on three sides. On the south-east side, the basal beds of the Limestone are

seen at Dunstone Point (SX489526) but on the Cornish coast south of Cremyll (see

text-fig. 3), the massive dolomitized limestones on the north of the Lower Devonian(?)

argillites are Upper Devonian in age, and a large intervening fault is inferred. The
westernmost outcrop is at present seen at Mutton Cove (SX453540). Further west-

ward, on the borders of the Hamaoze, there are a variety of igneous rocks, purple

and green slates, and the enigmatic Wearde Grit (see text-fig. 1 ;
Ussher 1907, pp. 82-

90), but these are mostly undated and relationships are obscure. Further to the north-

west, shales and limestone turbidites are seen at Botus Fleming (SX409612) and at

Neal Point (SX436613). The northern margin of the Limestone lies within the City

of Plymouth and is not generally visible, although long ago Hennah (1822, p. 8) gave

details of its course; there are also borehole records (see Ussher 1907, pp. 59-61).

Purple ostracod-bearing slates are known to the north of the Limestone and Gooday
(1975) has dated some of these (see text-fig. 1). The Efford Grit occurs within this

slate belt and is regarded as an equivalent of the development at Wearde Quay.
Eastward, the Limestone appears to pass laterally into shales, although these are

[Palaeontology, Vol. 21, Part 4, 1978, pp. 907-955, pis. 107-115.]
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sometimes calcareous and locally massive limestones occur, as for example in Venn
Quarry, Brixton (SX557524).

CONODONT SUCCESSION IN THE PLYMOUTH LIMESTONE

Fifteen distinctive conodont faunas (hereafter Faunas 1-15) are recognized in the

Plymouth area. The Faunas come from tectonically isolated limestone sections in

which only a few of the associations are seen in actual succession, but the following

account is nevertheless judged to be arranged in ascending stratigraphical order.

Conclusions regarding the relationship of the Faunas to zonal schemes derived from
successions in Germany and Belgium is summarized in text-fig. 2. The gaps between

the Faunas is in part a reflection of the structural complexity of the Limestone, in

part they are due to unfavourable carbonate facies, and in the Upper Devonian, the

latest is thought to be due to a non-sequence within the Limestone. Full details of

the conodont faunas are given in Tables 1-2.

In the following account, abbreviations used are: A. = Ancyrodella, I. ~ leriodus , Pa. = Palmatolepis,

Po. = Polygnathus , S. = Spathognathodus. Figures in parentheses refer to sample numbers which are

located in text-figs. 3-5, and to grid references, all of which bear the prefix SX.

Fauna 1 (MB23, Dunstone Point SX48855261):

Here, the first substantial carbonate development in the Plymouth area has yielded

I. corniger , and /. retrodepressus. The former lends its name to the Lower Eifelian

corniger Zone in Germany, where it ranges throughout that Zone and into the over-

lying bidentatus Zone (Ziegler 1971, chart 2). A comparable interval is recognized

in Belgium although there the Zone is regarded as embracing forms, referred to

I. aff. corniger by Bultynck (1972), in beds (Em3) older than the Eifelian. The broader

interpretation of the corniger Zone has been followed during recent revision of the

German conodont successions (Weddige and Ziegler 1977), which has laid more
emphasis on the sequence of polygnathid species (as originally worked out in the

New York Devonian by Klapper 1971) for zonation of the Eifelian, although such

forms are conspicuously absent in Fauna 1. Nevertheless, the corniger Zone is super-

seded by the Zone of Po. costatuspatulus, with which it approximates. I. retrodepressus

is known from within the upper part of the patulus Zone where it dominates faunas

in the interval between the disappearance of Po. serotinus and the incoming of

‘typical’ I. corniger (Weddige and Ziegler 1977, fig. 1, p. 75). Bultynck (1972) recorded

I. retrodepressus from the middle part of the corniger Zone in Belgium, specifically

in the upper parts of Cole into the lower part of Co2b.

Fauna 2 (RW39, Richmond Walk): At the southern end of Richmond Walk (text-

fig. 4a/39; SX459 15408), a small exposure in limestones similar to those at Dunstone
Point yield what is regarded as a slightly younger association: I. corniger , I. n.sp. A,

and a single polygnathid referred to Po. aff. porcillus Stauffer. The latter is super-

ficially similar to small specimens of Po. linguiformis and may relate the latter to

the Eifelian Po. angustipennatus , a relationship suggested by Bultynck (1970, p. 122,

fig. 16). The author has seen similar forms in a collection from the Zwischenschichten

(of Blauer Bruch, Germany) which is referred to the upper Eifelian kockelianus Zone.



text-fig. 2. Middle and Upper (in part) Devonian conodont zonation and succession in Germany and

Belgium, and the age of Faunas 115 from Plymouth. European correlation and division based principally

on Wittekindt 1966, Bultynck 1970, 1972, 1975, Ziegler 1971, Bouckaert et al. 1972, Carls et al. 1972,

Buggisch and Clausen 1972, Mouravieff and Bouckaert 1973, Bouckaert and Streel 1974, Ziegler et al.

1976, Weddige and Ziegler 1977, House and Ziegler 1977.
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Stauffer (1940) described a similar polygnathid from above the Cedar Valley Lime-

stone (admixed fauna) of Austin, Minnesota. The presence of I. corniger in Richmond
Walk suggests that Fauna 2 is no younger than mid Eifelian in age.

Fauna 3 (FR1 -7, Faraday Road) : The oldest limestones in the north-eastern outcrop

are seen on the south side of Farady Road (text-fig. 56; SX49775422) to the north of

Cattedown. These are flaggy crinoidal limestones bearing rather sparse faunas which

include Po. pseudofoliatus, rare S. bidentatus and common simple cones. Po. pseudo-

foliatus characterizes an interval identified by several authors within the late Eifelian

(e.g. Klapper 1971, Perry et al. 1974, Telford 1975), and regarded by Klapper (1977,

p. 47) as equivalent to the australis or kockelianus Zone. In Belgium too Po. pseudo-

foliatus occurs most frequently in the upper Couvinian (Bultynck, in Bouckaert and
Streel 1974). The form is known to range as high as the Lower varcus Subzone

(Ziegler et al. 1976). The appearance of S', bidentatus was regarded as defining the

base of the mid Eifelian bidentatus Zone in Germany, but in Belgium the form is not

known before the late Couvinian (Co2d). In terms of the revised zonal nomenclature,

S. bidentatus appears a little above the base of the costatus costatus Zone (in Hercynian

facies only: Weddige and Ziegler 1977, p. 75). Fauna 3 is regarded as no younger

than late Eifelian in age, since it lies below strata bearing Po. angustipennatus s.l.

(Fauna 4).

Fauna 4 (FR8-9, Faraday Road; Lid, Laira Bridge; DI5, 6, Drake’s Island): In

Faraday Road, in the midst of the tuffs and argillites which follow the limestones

bearing Fauna 3, a development of stromatoporoid-bearing limestone ( c

.

2-5 m thick)

has yielded the long-ranging Po. linguiformis linguiformis ( = gamma morphotype,
see below) and a single Po. angustipennatus s.l., in addition to abundant simple cones.

The same limestone development is exposed in the Laira Bridge cut (text-fig. 5/l<7;

SX500 15430). On Drake’s Island, bedded limestones on the west of the Island (text-

fig. 4J/DI6; SX46705296) and a limestone raft (text-fig. 4<7/DI5; SX46735291) within

adjacent tuffs have also each yielded a single specimen of Po. angustipennatus s.l.;

Ziegler (1973) regards the range of this species as no younger than mid-late Eifelian

in age.

Beneath the limestone at Laira, a fossil horizon (text-fig. 56/lu; SX50005431)
within grey-green slates includes Pleurodictyum and trilobites which Burton (1972)

considers may date from the Middle-Upper Emsian or possibly the lowest Eifelian.

However, this horizon has not been traced in Faraday Road, and I suspect that there

is some structural dislocation at Laira.

Fauna 5 (FR13-14, Faraday Road; PSOl-2, Plymouth Power Station Princerock

Quarry; TH44, Teats Hill Quarry; ?CR3, Cattewater Road): A belt of dark, argil-

laceous limestone seen in northern Princerock and separated from the limestones

bearing Fauna 4 in Faraday Road by some 17 m of tuft's and shale, strike westward
and are seen again on the northern edge of Teats Hill Quarry in Coxside (SX486541).

Conodont faunas from these carbonates are larger and more diverse than Faunas 1 -4,

although they do have several species in common. For example, Po. pseudofoliatus ,

Po. I. linguiformis , and the simple cones occur frequently and S. bidentatus reappears

in a fauna from the northern outcrop in Princerock Quarry (text -fig. 56/02

;
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SX49845417) and occurs also in Teats Hill Quarry (text-fig. 5c/44; SX48635406).
In both the latter and in the Faraday Road- Princerock Quarry section, /. regulari-

crescens and another icriodid similar to I. difficilis join the aforementioned species.

I. regularicrescens is particularly characteristic of Upper Couvinian levels in

Belgium (Bultynck 1972: upper part of Co2c and Co2d); the species has been found

as high as the Lower varcus Subzone by Ziegler et al. (1976, table 12). In Teats Hill

Quarry, Po. xylus ensensis is an additional associate in the faunas. This polygnathid

is known from unspecified Eifelian levels and as high as the Middle varcus Subzone
(Ziegler et al. 1976). In Cattewater Road (text-fig. 56/CR3; SX4995425), a limestone

on strike to those bearing Fauna 5 in Faraday Road, has yielded the distinctive

ozarkodiniform element of the multielement Pandorinellina expansa. This species is

known from as high as the late Eifelian in Canada (Po. pseudofoliatus-Po

.

aff. eiflius

Fauna, Uyeno and Mason 1975, text-fig. 2), but also in rather older beds in the Yukon
(Perry et al. 1974), Nevada (Klapper 1977), in Eastern Australia (Fordham 1976,

tables 1, 2), and in Germany (Weddige and Ziegler 1977). Fauna 5 is judged to

represent a late Eifelian interval.

Fauna 6 (PS3, 4, Princerock Quarry ; CQ 10, Cattedown Quarry ; GW20, 16, Gasworks
Quarry; 7TH46-49, Teats Hill Quarry and foreshore; D12-13, Drake’s Island;

NP2, 13, 15, Neal Point): Princerock Quarry is principally developed in dark lime-

stones which have yielded the following association: I. obliquimarginatus, Po.

linguiformis ?epsilon morphotype, Po. aff. variabilis and S. bidentatus. In Germany,
I. obliquimarginatus is found in the zone of that name and ranges as high as the Middle

varcus Subzone (Ziegler et al. 1 976, p. 11 3). In Belgium, the species is found within the

highest Couvinian and in zones Gia and Gib (Bultynck, in Bouckaert and Streel 1974).

Relatively small elements (?juveniles) referred with question to the epsilon morpho-
type of Po. linguiformis are characteristic of this Fauna. These have not been found

in younger faunas associated with typical, larger representatives of the epsilon

morphotype, and they may consequently prove to be of some stratigraphic value.

Po. aff. variabilis is similar to the species described previously from Germany (Bischoff

and Ziegler 1957, Wittekindt 1966) and Indiana (Orr 1971) from different levels in the

late Middle and early Upper Devonian, but it is a narrower concept than Po. variabilis

and is not found outside Fauna 6. The latest recorded range of S. bidentatus is the low

Givetian both in Belgium (Bultynck, in Bouckaert and Streel 1974) and Germany (the

Lower obliquimarginatus Zone, Ziegler 1971, chart 2). The Princerock faunas are

regarded as low Givetian, obliquimarginatus Zone in age.

Towards the west, in the Gasworks (Esso) Quarry (text-fig. 5a/20; SX49295389),

a more abundant fauna includes, in addition to most of the aforementioned Prince-

rock Quarry association, S. brevis , Po. latus and representatives of the I. expansus

group. S. brevis has previously been regarded as no older than the varcus Zone
(Wittekindt 1966, table 1, p. 627; Ziegler 1971, p. 258), although this is not the first

record of the form in faunas which lack the varcus morphotype which marks the base

of that Zone, Po. timorensis (see below). Po. latus was originally described from the

eiflia Zone of Wittekindt (1966, table 1)= Lower obliquimarginatus Zone, where it

was not common. Wittekindt found ten specimens, and the only subsequent records

are those of Boersma 1973 (table 2, p. 352: 1-3 specimens from the A member of the
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Compte Formation) in the Spanish Pyrenees, and Bultynck (in Bouckaert and Streel

1974, E, p. 15 : a single specimen from sample 57, Menil) in Belgium. These subsequent

records have not been accompanied by illustration of the species, but they are con-

sistent with a range in the lower part of the Givetian. This, and the similarity between

the Gasworks Quarry fauna and that from Princerock Quarry, suggests that the

former might also be referred to the obliquimarginatus Zone (in the sense of Ziegler

1971 ). If this were accepted, then S', brevis would be regarded as older than the varcus

Zone, as would two rather anomalous records in the literature: the association of

S. brevis , S. bipennatus , Po. pseudofoliatus and Po. eiflius from the Timor Limestone

of New South Wales (Pedder et al. 1970, pp. 263, 265) and S. brevis in association

with Po. parawebbi in Willow Creek, Nevada (Ziegler et ai 1976, pp. 113, 121,

table 6). At the top end of its range, S. brevis has been found in the Middle asym-

metricus Zone (Bischoff and Ziegler 1957, table 4).

In east Cornwall, some limestones from Neal Point (SX436613) are also thought

to date from the obliquimarginatus Zone (see also Matthews 1962). There (text-

fig. 5//NP2; SX43556122), the author has found two specimens of Po. latus and, in

a second sample (NP15; SX43596125), a single S. bipennatus. The latter species has

been recorded from the obliquimarginatus Zone in Germany (Bischoff and Ziegler

1957) and Belgium (in Bouckaert and Streel 1974). The long ranging I. difficilis (see

Ziegler et al. 1976, tables 1-6, 13-15) also occurs at Neal Point.

The massive limestones in the south of Teats Hill Quarry (text-fig. 5c/47-49;

SX48585402) have yielded low diversity faunas dominated by icriodids which are

referred to the I. expansus group. Identical icriodids occur in the eastern-most lime-

stones on Drake’s Island (text-fig. 4<7/l-3; SX46855292). These icriodids are very

similar to those in the Gasworks Quarry fauna (GW20), with which they are therefore

tentatively correlated. The late growth stages of these icriodids resemble /. arkonensis ,

a form recorded from the Givetian of North America (Klapper, in Ziegler 1975), but

for reasons discussed below they are referred to a generalized I. expansus group.

Fauna 7 (RW5-9, Richmond Walk): The northern horizons of Richmond Walk
(text-fig. 4u/5-9; SX46085441) yield faunas in which S', brevis is associated with

Po. timorensis (including the juvenile Po. rhenanus ), the long ranging Po. I. lingui-

formis and abundant simple cones. This association is consistent with a Lower
varcus Subzone age (Ziegler et al. 1976).

Fauna 8 (RW10-13, 25-28, 741-44, Richmond Walk; MC32, Mutton Cove; DM50,
51, Deadman’s Bay, Coxside; ?H2, West Hoe; BF1-3, Botus Fleming): Immediately

overlying fauna 7 in Richmond Walk are limestones which include, in addition to

those species in the preceding Fauna, Po. ansatus ,
I. latericrescens latericrescens , and

the ?delta morphotype of Po. linguiformis. The appearance of Po. ansatus defines the

base of the Middle varcus Subzone (Ziegler et al. 1976) while the delta morphotype
also characterises this interval (op. cit. tables 10-13). The record of /. /. latericrescens

is of interest since although the species occurs throughout the Givetian in eastern

North America, in Europe it occurs infrequently, and only within a short interval

about the Lower-Middle varcus Subzonal boundary (Ziegler et al. 1976, tables 10, 12).

In Richmond Walk, the icriodid occurs within a two-metre interval. A composite
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fauna from these beds in Richmond Walk originally yielded rare specimens of Po.

aff. latifossatus which might be the precursor of the species which characterizes the

Upper varcus Subzone. Forms referred to ‘PolygnatheHus' and ‘Bryantodus' occur

sporadically in Richmond Walk but they are poorly known
;
similar elements recorded

by Bischoflf and Ziegler (1957) appear to have a restricted range about this level.

Po. xylus ensensis (one specimen) is known from the thick bioclastic horizons (text-

fig. 4u/28; SX46055439) in Richmond Walk, and this supports an age no younger
than Middle varcus Subzone for these lower bioclastic limestones. The only cono-
donts found in the southern (higher beds) in Richmond Walk (e.g. text-fig. 4u/44;

SX45895409) are poorly preserved polygnathids indicative of a non-specific varcus

Zone age.

Other faunas referred to Fauna 8 include that from red dolomitized limestone in

Mutton Cove (text-fig. 5<7/32; SX45305401) where the epsilon morphotype of Po.

linguiformis is common, and another from near Botus Fleming (text-fig. 5//BF1-3;

SX40966115) where Po. ansatus is associated with a single specimen of the delta

morphotype. Ussher (1907, p. 74) regarded the limestones in the vicinity of Botus

Fleming as Upper Devonian in age.

The southern horizons of Coxside, in Deadman’s Bay (text-fig. 5c/50-51;

SX48785383) and much of the massive limestone on the Hoe foreshore (e.g. text-

fig. 5e/2; SX47675380) are judged to be contemporary developments within the

central parts ofthe carbonate complex. These bear rather fragmented conodont faunas

similar to those from the southern beds of Richmond Walk.

Fauna 9 (MW36): A fauna from Mount Wise (text-fig. 5r//36; SX45555404) is rela-

tively abundant and includes some of the better preserved of the Plymouth conodonts.

Of particular note is the presence of Po. tuberculatus and relatively common Po. I.

mucronatus , two species which characterized the transversus Zone of Wittekindt

(1966). Po. tuberculatus has previously been reported from the Genundewah Lime-

stone of New York (Hinde 1879, Bryant 1921), the Lower Albany Shale of Indiana

(Huddle 1934), and from the Himalayas (Gupta 1975a, b). These faunas have been

assigned to the hermanni-cristatus or Lower asymmetricus Zones. Po. I. mucronatus

is known from the Middle and Upper varcus Subzones in Germany (Ziegler et al.

1976, tables 1, 10-15). Representatives of the Po. varcus group and Po. I. linguiformis

are abundant at Mount Wise and provide valuable information on intraspecific

variability. The lanceolate polygnathids in this Fauna may be referred to three form

species: Po. ansatus
,
Po. timorensis and Po. varcus. Of these, Po. ansatus is the most

abundant and displays considerable variation, while Po. varcus is rare and Po.

timorensis is identified principally on the basis of large growth stages like that of

the holotype. These three species have frequently been recorded in association

(Ziegler etal. 1976, tables 6, 7, 10-15), which by definition {op. cit.,p. 1 13) corresponds

to the Middle varcus Subzone. Additional elements in the Mount Wise fauna are

S. brevis and S. planus. The latter, which is found in several other varcus Zone faunas

in Plymouth, has been recorded first from the Lower obliquimarginatus Zone
(Ziegler 1971), but I suspect that the form identified in Fauna 9 represents the 0

:

element in a polygnathid apparatus {Po. varcus s.L).

Those elements of Fauna 9 other than Po. tuberculatus are consistent with a Middle
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varcus Subzone age. The absence of species characteristic of the Upper Subzone and
of younger zones suggests that Po. tuberculatus should be regarded as appearing

within the Middle varcus Subzone. However it is worth noting here that the complete

absence of Icriodus at Mount Wise is very likely the effect of some ecological control

(see also Ziegler et al. 1976, p. 115); might other taxa be similarly excluded?

Indirect evidence for the age of Fauna 10 comes from the associated shelly fauna

at Mount Wise (see Davidson 1864-5, p. 124; Ussher 1907, p. 53). Although this

fauna has not been the subject of recent study, it clearly has a great deal in common
with that of the Lummaton Shell Bed (within the Tor Bay Reef-Complex) which

has also yielded the goniatite Maenioceras terebratum. The Lummaton Shell Bed is

regarded as highest Middle Devonian in age (House et al. 1977; see also Matthews
1970) or, by implication, no younger than the uppermost Middle varcus Subzone in

age (see House and Ziegler 1977).

Fauna 10 (HI, West Hoe): A sparse and poorly preserved conodont fauna from the

massive limestones on the northern margin of West Hoe Park (text-fig. 5c/ 1;

SX47445387) includes a distinctive fragment of Po. cristatus , a species which appears

in the upper part of the hermanni-cristatus Zone and ranges into the Middle asym-

metricus Zone (Ziegler 1971, chart 3). Other polygnathids present are referred to

Po. cf. asymmetricus and Pa. cf. disparilis , which support an asymmetricus Zone age.

In the absence of Ancyrodella this Fauna is equated with the Lowermost asymmetricus

Zone.

Fauna 11 (WK00-04, Western King; EK61, Eastern King Point; R1 17, 8-9, Radford
Quarry): On the coast at Western King (text-fig. 4c/WK01-04, 1-2; SX46065331),

pale red crinoidal limestones include the following conodonts: A. rotundiloba alata

.

A. aff. rugosa . Po. asymmetricus ovalis. Po. dengleri. Po. dubius and /. aff. subterminus.

This association is indicative of the Lower asymmetricus Zone (Ziegler 1971). At
Eastern King Point (text-fig. 4c/61; SX46665347), similar limestones have yielded

A. rotundiloba and a few very small palmatolepids.

On the east side of Plymouth, limestones in the south of Radford Quarry (text-

fig. 4g/l 17, 9, 8; SX50525300) have also yielded Po. asymmetricus and A. rotundiloba.

in this case in a fauna dominated by I. symmetricus. This fauna is regarded as the

approximate time-equivalent of the faunas from Western King.

Fauna 12 (DS1, Durnford Street; Cl 35, Barn Pool; ?HL11, Hooelake Quarry): At
the northern end of the Durnford Street roadcut (text-fig. 4c/DSl; SX46395369),
fine-grained grey limestones have yielded a rich, but poorly preserved association.

The conodonts (which are white in colour) include Po. asymmetricus subspp., A. aff.

gigas. Pa. aff. disparilis. Pa. aff. subrecta and Pa. sp(p). indet. The author has seen

Po. asymmetricus n. subsp. A in collections from the Middle asymmetricus Zone of

Nismes, Martouzin-Neuville and Hon in Belgium (collections of Drs. Mouravieff,

Coen, and Coen-Aubert, Louvain-la-Neuve). Elsewhere, the form is recognized in

faunas of a similar age in Austria (Flajs 1966) and North America (Pollock 1968).

A. aff. gigas also suggests a Middle asymmetricus Zone age. No particular significance

can at present be attached to the occurrence of the Palmatolepis species.
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A. gigas has been found in sparse faunas from Barn Pool (text-fig. 4^/ 135;

SX45645317) and questionably in Hooelake Quarry (text-fig. 4//11; SX49575306)
where fragmented palmatolepids are associated. Distinctive nothognathelliform

elements are characteristic of some faunas from Barn Pool. These faunas are also

tentatively linked to the Middle asymmetricus Zone.

The limestones lying above the Fauna 11 in Radford Quarry (text-fig. 4g/7-3;

SX50585310) have yielded for the most part only poorly preserved polygnathids

which cannot be referred to a particular zone. The same is true in Western King,

where comparable limestones may be repeated by strong faulting which is evident

along that coast.

Fauna 13 (WK07-8, 56H): Due south of the most north-westerly bunker on Western
King (text-fig. 4c; SX46085329), a faulted segment of pale red crinoidal limestone

(c. 5 m thick) has yielded Po. asymmetricus, A. rotundiloba and A. nodosa. This

association is not predicted by the known ranges of these species since the first two
are not known to range outside the asymmetricus Zone (Ziegler 1971) whereas

A. nodosa is regarded as no older than the Ancyrognathus triangularis Zone. Fauna 13

is provisionally linked to the base of the latter Zone and the top of the preceding

asymmetricus Zone; the possibility exists that the faunas are admixed. A. nodosa has

also been found in a limestone, on the east side of Western King (text-fig. 4c/56H;

SX46225334), associated with infills (see below).

Fauna 14 (Rl, Radford Quarry; DS14, Durnford Street; FQ77, Fisons Quarry):

This association includes A. curvata , Pa. subrecta and Ancyrognathus triangularis,

which together indicate the An. triangularis Zone (although all are known from
younger zones). The Fauna is best developed in Fisons Quarry, Cattedown (text-

fig. 5a/71

;

SX493 15377) where the red matrix of the conglomerate and associated

red calcareous sediments on the north wall have also yielded I. symmetricus and

Po. webbi.

Elsewhere, similar but much sparser faunas are identified within a fine-grained,

pale red limestone at the southern end of Durnford Street (text-fig. 4c/DS14;

SX46385362; this lies 56-3 m above Fauna 12) and at the northern end of Radford

Quarry (text-fig. 4g/l ; SX50485315). In both these faunas, fragmented indeterminate

palmatolepids are also found.

Fauna 15 (WK6, 13b, 56, bl, b2. Western King): The youngest conodont faunas

from within the Plymouth Limestone comes from Western King (e.g. text-fig. 4c/13b;

SX46 145326). There, red calcareous shales and associated sediments have yielded

an abundant early Famennian conodont fauna including several possibly reworked

elements. The most common forms are Pa. triangularis, Pa. delicatula subspp.,

Pa. subperlobata and I. alternatus; less common are Pa. minuta. Pa. perlobata , Pa.

tenuipunctata and a few specimens which are very close to Pa. cpiadrantinodosalobata.

This association is indicative of the Upper Pa. triangularis Zone, but the presence

of A. curvata and Ancyrognathus cryptus, which are not known above the Middle part

of that Zone, as well as indeterminate palmatolepids of possibly older horizons,

suggests that some stratigraphic admixture has occurred (see Orchard 1975). Infills
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within some limestones in Western King have yielded Pa. tenuipimctata and Pa.

delicatula (see below).

A single specimen of Pa. termini from the northernmost limestones of Radford

Quarry (text-fig. 4g/119; SX50405314) indicates an even later Famennian age: the

species is found within the Middle and Upper crepida Zone in Germany. Once again,

this form occurs within a fragmented palmatolepid fauna, thus lending support to

the suggestion that these youngest limestones contain reworked, residual faunas.

THE STRATIGRAPHICAL HISTORY OF THE PLYMOUTH AREA

The following account is based largely on the preceding account of the conodont

faunas and the conclusions regarding their ages. In some cases, the coral-based

correlations of Taylor (1951) of sections devoid of conodonts has been followed;

reference to these are given in the Appendix. Figures in parentheses are as in the

previous section.

Early Eifelian (Faunas 1, 2): During the early Eifelian, the dark argillites (seen in

Jennycliff Bay, SX490522) which had been accumulating in the Plymouth area,

became intercalated with calcareous lithologies. Thin crinoidal limestones appear

and become more frequent toward Dunstone Point (SX489526) where several metres

of dark argillaceous platy limestones are developed. These bear a pyritized micro-

fauna of bryozoans, ostracodes, gastropods and dacryoconarids (Nowakia) in

addition to conodonts, principally icriodids. A similar fauna is forthcoming from
several of the limestone horizons to the south of Dunstone Point and also from a small

outcrop in similar limestones brought up by a fault at the southern end of Richmond
Walk (SX459541 ). The latter, although they are thought to be a little younger, indicate

that this particular facies was widespread. In terms of European models, the faunal

association is Hercynian (Bohemian) (see Erben 1962, 1964); it includes elements of

both the Zone profonde and Zone quiescent

e

of the basinal bathymetric scheme of

Lecompte (1968, pi. 4, p. 26).

The rich fossil horizon in shales outcropping in the Laira Bridge cutting (SX500543)

includes small horn corals, atrypid brachiopods, fenestellid bryozoans, ostracodes

and Pleurodictyum associated with large-eyed trilobites : the Ruben-Riffe biotype of

German authors (Struve 1963). Dr. C. Burton (written comm., 1971) has identified

within the trilobite fauna elements of both Rhenish (phacopids) and Bohemian
(otarionid) aspect. This association, which has not been found elsewhere in Plymouth,

is probably older than Eifelian, and indicates the existence of a "mixed facies’ prior

to the onset of widespread carbonate deposition.

Mid Eifelian (Faunas 3-4): The deposition of platy crinoidal limestones evident

during the low Eifelian is thought to have persisted into the mid Eifelian. Limestones

in Faraday Road (FR1-7; SX498542) do not bear the distinctive microfauna but

are otherwise similar to those developed during the early Eifelian. It is not possible

to establish total thicknesses, but at least 35 m of these limestones and interbedded

shales are seen in Faraday Road. Since Faunas 1 and 2 are regarded as representing

levels below those seen in this area, it is probable that a substantial thickness of flaggy

crinoidal limestones form an underlying basement for subsequent reef growth.
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There also appears to have been a good deal of volcanic activity at this time. Tuffs

(total c. 17-5 m) of variable composition are seen overlying the crinoidal limestones

in Faraday Road and tuffs are seen also in close proximity to Fauna 2 in Richmond
Walk. North of Dunstone Point (see text-fig. 3), volcanics have been traced by Ussher

(1912) bordering the Limestone outcrop (but in uncertain relationship with it) to

the east at Hooelake, Plymstock and beyond (text-figs. 1-3). To the west, thick

green tuffs can be seen on Drake’s Island (SX467529), along the Empacombe coast

(in Cornwall) and in Southdown Quarry (SX435528). Tuffs are seen again in the

extreme north of Richmond Walk (SX46095442) and are also recorded in the logs

of ditches and boreholes within the City of Plymouth (see Ussher 1907, pp. 59-61).

In the midst of the volcanics in Faraday Road, the stromatoporoid bearing lime-

stone (which has yielded Fauna 4) is thought to represent the first such development
within the Plymouth Limestone. To what extent this development was facilitated by

the preceding volcanism is uncertain although several authors have suggested that

such activity aided in the formation of shallow shoals on which some Devonian

carbonates accumulated. The stromatoporoid limestone development in the Prince-

rock area (it has not been found elsewhere) was relatively shortlived however and
volcanism may equally have been responsible for the destruction of the organisms

(see also Richter 1965, Holwill 1966). Limestone rafts and clasts within the volcanics

on Drake’s Island (text-fig. 4<7/4, 5; SX467529) bear witness to the destructive events

to which these early carbonates were subjected.

Late Eifelian (Fauna 5) : The late Eifelian in Princerock is represented by dark, thin-

bedded and argillaceous, crinoidal limestones. Within the lower horizons there is

a lot of interbedded shale, but the beds become increasingly calcareous upward (to

the south). These limestones contain pyritized hexactinellid sponge spicules and the

phosphatic remains of fish, but corals are uncommon. Both in Princerock and in

the coeval limestones in Teats Hill Quarry, Coxside (text-fig. 5c/44; SX486541), the

conodont faunas are dominated by the simple cone group (principally Belodella)

which generally comprises 50-80% of the faunas (in terms of individual elements);

icriodids and polygnathids occur in approximately equal numbers.

Slightly younger argillaceous beds than those yielding Fauna 5 conodonts in Teats

Hill Quarry (text-fig. 5c/46), contain numerous rugosans, particularly cystifers, and

large limestone clasts of massive colonial rugose and tabulate corals, and stromato-

poroids. Similar bioclastic beds have also been identified in Princerock (SX49735417).

Immediately above these beds (which are c. 3 m thick) in Teats Hill Quarry, there are

‘thickets’ of small-stemmed fasciculate corals. These beds are thought to have

accumulated in relatively quiet waters, which occasionally received the eroded

products of vigorous wave or current action nearby.

West of Coxside, there is no visible evidence of widespread carbonate deposition

during the late Eifelian. In the eastern outcrop, there are probable equivalents in

Saltram Quarry (text-fig. 3; SX509543) and in Hooelake Quarry (text-fig. 4/;

SX496528) where Taylor (1951) has established equivalence with the Princerock

sequence on the basis of the coral faunas. However, for the most part the limestones

south and west of the Cattewater are relatively barren, Amphipora being the most

conspicuous element of the rare fossil horizons.
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Early-mid Givetian (Fauna 6): In the south-east, in Hooelake Quarry, argillaceous

Amphipora micrites with occasional solitary rugosans, tabulates and stromatoporoids

(some with invaginated flanks) characterize inferred low-mid Givetian strata. The
probable equivalents in Pomphlett Quarry (SX505543) and in Saltram Quarry

(SX509543) include muddy intraclasts which Braithewaite (1966, p. 187; 1967,

p. 298) has cited as evidence of erosion of consolidated carbonate mud synchronous

with normal limestone deposition.

In Princerock, the section continues through Cattedown Quarry (SX494539) and

the Gasworks Quarry (SX492539) where the lower horizons are predominantly

pelsparites and calcilutites (Braithewaite 1966, p. 185). Associated beds of com-
minuted shelly debris yield rich conodont faunas. Southward through Cattedown

the limestones become thicker bedded, less argillaceous and increasingly fossiliferous.

Prolific coral-stromatoporoid faunas in which an encrusting mode is increasingly

common can be seen on the west wall of the Gasworks Quarry; these limestones do
not yield conodonts. Tsien (1974, p. 23) regards the encrusting morphology as an

adaptation to increased salinity and decreased water circulation. However, inter-

bedded bioclastic material in much of the Cattedown section must reflect the periodic

influence of strong currents. In places (SX49435377, SX49255370), large massive

stromatoporoids are common.
The conodont faunas from northern Cattedown continue to be dominated by

Belodel/a, but the linguiform group of polygnathids and robust icriodids of the

expansus group are well represented. The questionably coeval faunas in Coxside

(SX486540) and on Drake’s Island (SX469529) are characterized by a paucity of

species which may indicate either effective current sorting or some ecological

control.

Beyond the Limestone’s edge to the north-west, equivalent strata at Neal Point

(SX436613) consists of limestone turbidites interbedded with styliolinid shales.

Conodont faunas from these limestones are similar in composition to those from

Cattedown.

Late Givetian (Faunas 7-9) : In Hooelake (SX495530) and Pomphlett Mill (SX508538)
Quarries, the carbonates continue to be comparatively barren. In contrast, the

southern limestones of Cattedown (e.g. Fisons Quarry, text-fig. 5a; SX494537) are

richly fossiliferous biomicrites. Massive stromatoporoids and tabulate corals are

common, while Amphipora fills some beds in the southernmost outcrop (SX495 1 5356).

In the west around Stonehouse (text-fig. 3), the oldest limestones are seen at the

northern end of Richmond Walk (SX461544). There, thin, irregularly-bedded

bituminous carbonates bear a rich fauna of heliolitid tabulates, lamellar stromato-

poroids, and solitary rugosans. The conodont faunas are dominated by Belodel/a

and polygnathids, but Icriodus is absent from these, and from virtually all known
Givetian limestones throughout this western area. Perhaps significantly, the only

icriodids found are those from within the laterierescens interval (see above), which
corresponds approximately with the basal beds of the thicker-bedded to massive pale

limestones which characterize the main outcrop of Richmond Walk. These latter

carbonates include bioclastic packstones and wackestones (see Braithewaite 1967,

pp. 295, 297) while some horizons seen on the long east wall (SX46005438) contain
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massive stromatoporoids, although these are not as widespread as in the probable
correlatives in Cattedown, nor do they appear to be in situ.

Shell beds were developed in the proximity of the Limestone’s edge at Mutton
Cove (SX453540) and Mount Wise (SX456540) during the latest Givetian. They are

thought to represent local, lenticular concentrations similar to those at Lummaton
(see Elliot 1961) and Wolborough in the Torbay area. Shell beds were also known
from "the Dockyard’ and ‘St. Georges Hall’ in Stonehouse but the localities no longer

exist for study. In the Mount Wise fauna (Fauna 9), the simple cones, the lanceolate

and linguiform polygnathids are about equally represented; Icriodus is totally absent

in the fauna of well over a thousand elements.

Beyond the Tamar, a lane section near Botus Fleming (SX410612) is developed in

Styliolina shales, in part calcareous, and includes lenses of coarse crinoidal limestone

which have yielded pyritized stick bryozoans, smooth ostracodes, Nowakia
,
gastro-

pods and also a single indeterminate goniatite protoconch, an association very similar

to that which characterizes the lowest horizons of the Plymouth Limestone (Faunas
1

,
2).

Early-mid Frasnian (Faunas 10-13): Conodonts from near the top of the massive

stromatoporoid limestones of West Hoe (text-fig. 5e/Hl; SX474539) confirm that

this particular facies persisted into the Upper Devonian, as is thought to be the case

in southern Cattedown where similar limestones are undated. The limestones exposed

at Devils Point (SX460533) and on the western foreshore of Western King are thought

to be equivalent : these bear a diverse coral fauna but no conodonts have been found.

Toward Western King Point (SX461533), and also at Eastern King Point (SX466535),

the Lower asymmetricus Zone (Fauna 11) is represented by distinctive thin beds of

pale red crinoidal limestone with red shale interbeds and partings. Slightly higher

beds are thicker but include a similar macrofauna of extensive, probably in situ

lamellar stromatoporoids and Alveolites. The Western King section was thought by

Taylor ( 1 95 1 ) to be inverted, but younger conodont faunas appear, albeit sporadically,

toward the south, downdip. However, there is probably repetition along this coast

as a result of the frequent faulting. About 17 m downdip from limestones yielding

Fauna 11, but separated from them by at least one fault, there are the lithologically

similar, richly fossiliferous limestones bearing Fauna 13; some horizons there are

crowded with rugosans, the white colour of which contrasts strikingly with the red

lime matrix (noted by Hennah 1822, pp. 12-13). The thin red beds bearing Faunas 1

1

and 13 are interpreted as representing intervals of deepening. The conodont faunas

from these limestones are diverse and relatively rich with Ancyrode/la and the wide

plated polygnathids figuring prominently, although Palmatolepis is very rare. The
thick-bedded to massive grey limestones intervening between Faunas 11 and 13 in

Western King, and thought to be equivalent to those which have yielded Fauna 12

in Barn Pool (SX456532) and Durnford Street (SX464537), are regarded as repre-

senting a return to shallower water conditions, less favourable to conodont-animals

(or the preservation of their remains).

In the east, limestones bearing Fauna 11 in Radford Quarry (SX505532) are also

thin-bedded limestones with a large red argillaceous component, although they differ

from the coeval beds in Western King in being darker and lacking macrofossils.
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There, the conodont faunas are dominated by Icriodus , with the lanceolate poly-

gnathids of secondary importance; both Ancyrodella and Po. asymmetricus are rare.

The younger limestones in Radford Quarry (updip, the section is inverted) are, like

those of Western King, thicker, less argillaceous and yield only a few poorly preserved

polygnathids. Unlike the carbonates in the west, the Radford limestones remain

barren, and there is no sign of renewed deepening as in Western King.

Mid Frasnian-early Famennian (Faunas 14, 15): The Fisons Quarry conglomerate

(SX493538), first described by Braithewaite (1967, p. 313), is composed of grey, well-

rounded clasts set in a red lime-mud matrix. The latter is dated as A. triangularis Zone
in age whereas the containing limestones are regarded as mid-late Givetian ; the clasts

are undated although they are apparently unfossiliferous, unlike the host limestones.

It is suggested that the conglomerate represents the infill of a crevasse within the older

limestones.

Contemporaneous with the suggested Assuring of the limestones in Cattedown,

normal carbonate deposition appears to have continued in Radford Quarry
(SX505532) and in Durnford Street (SX464536), although this may have been very

slow. Fragmented, questionably admixed conodont faunas from the northernmost

outcrop in Radford Quarry (SX504531) may represent an interval during which there

was a prolonged period of standstill or active erosion and weathering (solution).

Green-grey unfossiliferous argillites are seen directly overlying limestones in

Langshill Quarry (text-fig. 3; SX49945316), but neither are dated (this section is

thought to be inverted, as in the neighbouring Radford Quarry). Red calcareous

shales are seen on the northern margin of Hooelake Quarry (e.g. SX496 15311) and
in the Breakwater Quarry (SX50405386), but these beds have not yielded conodonts.

On the contrary, in Western King (SX46145326) red, occasionally crinoidal, cal-

careous shales have yielded abundant, variably preserved conodonts (Fauna 15), as

well as a lot of fish teeth and scales. A large part of this shale in Western King is found
adjacent to, and caught up in, the numerous faults which dissect the grey Frasnian

limestones. In places, large rafts of grey limestone are seen in the shale, and limestone

breccias are also developed. It is assumed that the red calcareous shales originally

overlay the limestones. The extent to which the limestones within the shale are the

result ofpost-depositional tectonic ‘squeezing’ is uncertain; some may be the product

of sedimentary rafting (megabrecciation) during collapse of the reef. However, the

time interval between Faunas 14 and 15 is largely unaccounted for. It is possible that

some of the undated coral-stromatoporoid limestones in Western King represent

some or all of this interval, but I am inclined to regard these as repeated outcrop of

the older Frasnian limestones. A further possibility arises from the presence of the

anomalous elements in Fauna 15 (see below).

Within a number of the Frasnian limestone segments in Western King, red, pink,

and grey laminated micrites occur irregularly within the grey host limestones. These
have been interpreted as the infillings of solution cavities (see Braithewaite 1967,

Orchard 1975). The infilling material has yielded a few conodonts indicative of the

early Famennian and the author has previously discussed the genesis of the sediments

{op. cit.). They are thought to have developed as a consequence of the dissolution

of the Frasnian limestone prior to the subsidence represented by the associated
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sediments bearing Fauna 15. The older conodonts present in Fauna 15 might be

regarded as the residue of this dissolution.

Evidence from the Torpoint area (west of the Tamar) and from areas to the north

of the Plymouth Limestone indicate the establishment of the basinal ostracod-slate

facies during the Frasnian (Gooday 1975; see text-fig. 1).

SUMMARY AND CONCLUSIONS

The stratigraphical history of the Plymouth Limestone begins early in the Eifelian.

By then (Faunas 1, 2), sediments of Rhenish or mixed magnafacies had given way
to those of Hercynian aspect (sensu Erben 1962), as Plymouth became the site of

widespread carbonate deposition. The accumulation of flaggy crinoidal limestones

persisted into the mid Eifelian (Fauna 3) and represent a substantial carbonate

foundation for subsequent reef growth. This was added to during the mid Eifelian

when there was an interval of widespread volcanic activity, which probably resulted

in a generally shallower environment. Locally, the development of stromatoporoid

limestone was initiated (Fauna 4), but these were swamped by the products of further

volcanism.

Later in the Eifelian and during the early Givetian (Faunas 5, 6), renewed carbonate

deposition became widespread in the eastern areas but is unknown west of Coxside.

Upward the limestones become increasingly fossiliferous and are comparable to the

Schwelm facies of Krebs (1968, pp. 297-298: an association of stromatoporoids and
corals which do not constitute a wave resistant structure). By the late Givetian

(Faunas 7-9), a shallow-water carbonate complex was well established in the Plymouth
area. At this time, limestone deposition appears to have reached a maximum spread,

appearing in the west around Stonehouse, perhaps for the first time. The massive

stromatoporoids are a relatively small part of the prolific ‘coralline’ growth which
flourished in the area of Cattedown, but together these ‘biogenic structures’ resulted

in a degree of facies differentiation (as in the Dorp facies of Krebs 1968). Thus areas

in the east (Saltram Pomphlett) and southeast (Hooe) display the characteristics

of a partially restricted environment and are interpreted as having lain ‘back-reef’;

no conodonts have been found in the Middle Devonian limestones of these areas.

In the western outcrop, the oldest bedded limestones date from the varcus Zone and
include coarse bioclastics (Richmond Walk) and shell beds (Mount Wise); the

abundant conodont faunas from there do not include icriodids. These western lime-

stones are interpreted as having developed on the seaward side of the complex, which
may have spread (north-?) westward during the Givetian. North of the Limestone,

and west of the Tamar, the Middle Devonian is developed in pelagic argillites with

limestone turbidites.

The massive limestones of The Hoe and probably those of southern Cattedown
extend into the Upper Devonian. Within the Lower asymmetricus Zone, limestones

on both the western and eastern flanks of the Limestone are interpreted as representing

an interval of deepening. In the west (Western King, Barn Pool, Durnford Street), the

Middle asymmetricus Zone is developed in massive limestones but during the Upper
asymmetricus Zone (Fauna 13) there was, in Western King, a return to the deeper-

water conditions which prevailed during the Lower asymmetricus Zone. The
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comparable horizons in Radford Quarry continue to be developed in massive lime-

stone. In Cattedown however, during the A. triangularis Zone (Fauna 14), deep
crevassing of the massive Givetian limestones is thought to have occurred. Strati-

graphical admixture of the faunas from the youngest limestones in Radford and Hooe-
lake Quarries (and in Fauna 15), the close stratigraphical proximity of these to older

faunas, and the evidence of carbonate dissolution in Western King, suggests that there

was a period of time during which active sedimentation ceased and an unknown thick-

ness of Plymouth Limestone may have been removed. This has given rise to the

suggestion (Orchard 1975) that the Plymouth Limestone persisted as a topographic

high within the late Devonian sea whilst pelagic ostracode-slates were being deposited

in areas to the north and west.

These pelagic areas adjacent to the Plymouth Limestone lay in what has recently

been termed the Trevone Basin by Matthews (1977, p. 108), who suggested that the

massive Devonian carbonates in South Devon developed on the southern margins

of this Basin. The facies disposition within the Plymouth Limestone, as interpreted,

would seem to support this hypothesis, although there remains a question mark over

the relationships to the east and south; there must have been an effective barrier to

circulation in that direction. Be that as it may, the idea of a ‘locally unstable . . .

structurally active" Trevone Basin adjacent to a Plymouth Schwel/e is useful also in

explaining the Frasnian and early Famennian events in Plymouth such as the intervals

of deepening and uplift which were likely associated with the suggested crevassing

and reworking.

In Germany, ‘dead reefs’ such as that which I suggest persisted on the site of

Plymouth, are known to have remained exposed until mid Lower Carboniferous

times before they were totally overtaken by sediment (e.g. see Krebs 1968, p. 304);

similar reefs have been described from Canada (Pollock and Fuller 1972). The possi-

bility that the Plymouth Limestone, or areas within it, remained above the level of

sedimentation for some considerable time cannot be ruled out. In this connection,

it is noteworthy that reworked Upper Devonian conodonts have been found in Lower
Carboniferous sediments in East Cornwall (Matthews 1969, pp. 265-266), although

these are indicative of younger stratigraphical levels than are seen in Plymouth, at

present.

SYSTEMATIC PALAEONTOLOGY
The following is a form-taxonomy; only platform elements are considered here. The figured material is

housed in the Sedgwick Museum, Cambridge (all bear the prefix SM). Additional material is deposited

in the Department of Geology, University of Hull.

Ancyrodella curvata (Branson and Mehl). Plate 1 14, figs. 2, 8-10, 20=^ 1934 Ancyrognathus curvala n. sp. -

Branson and Mehl, p. 241, pi. 19, figs. 6, 1 1.

Ancyrodella gigas Youngquist. Plate 114, fig. 4 1947 Ancyrodella gigas n. sp.—Youngquist, pp. 96-97,

pi. 25, fig. 23.

Ancyrodella affi. gigas Youngquist. Plate 114, figs. 1, 11, 12.

Remarks : Specimens included here bear a shorter, relatively broader platform than A. gigas. A similar

specimen has been figured by Miller and Youngquist (1947, pi. 74, fig. 13) and such forms are known to



text-fig. 4a-g. Plymouth localities: detail of exposure and sample location (productive samples only).
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occur also in the Belgian Frasnian (pers. comm., Mouravieff 1974). Specimens referred to A. gigas by

Szulczewski (1971) and Uyeno (1974) on the basis of their aboral configuration also differ in platform

outline from the holotype.

Ancyrodella nodosa Ulrich and Bassler. Plate 114, fig. 3= 1926 Ancyrodella nodosa n. sp.— Ulrich and
Bassler, p. 48, pi. 1, figs. 10-13.

Ancyrodella rotundiloba (Bryant). Plate 114, figs. 14, 15 = 1921 Polygnathus rotundilobus n. sp.— Bryant,

pp. 26-27, pi. 12, figs. 1-6.

Remarks'. A single specimen from Radford Quarry has a much longer platform development than is

typical of A. rotundiloba subspp. and yet the secondary keel development corresponds to that of the latter,

to which the specimen is tentatively referred.

Ancyrodella rotundiloba alata Glenister and Klapper. Plate 1 14, figs. 13, 16-19, 23, 25, 26, 29, 30, 32 = 1966

Ancyrodella rotundiloba alata n. subsp.— Glenister and Klapper, pp. 799-800, pi. 85, figs. 1-8, pi. 86,

figs. 1-4.

Remarks'. The alate forms of A. rotundiloba from Plymouth exhibit a variable keel development.

Ancyrodella aff. rugosa Branson and Mehl. Plate 114, figs. 6, 7 = aff. 1934 Ancyrodella rugosa n. sp. -

Branson and Mehl, p. 239. pi. 19, figs. 15, 17.

Remarks'. A few specimens from Plymouth are intermediate between A. rotundiloba and A. gigas in terms

of their secondary keel development; such a position is occupied by A. rugosa (Ziegler 1962, fig. 2). How-
ever, the Plymouth specimens are relatively shorter than is typical of A. rugosa; they bear a conspicuously

coarser ornament than associated specimens of A. r. alata.

Ancyrognathus triangularis Youngquist. Plate 114, fig. 5=1945 Ancyrognathus triangularis n. sp.—
Youngquist, pp. 356-357, pi. 54, fig. 7.

Ancyrognathus cryptus Ziegler. Plate 114, figs. 21-22= 1962 Ancyrognathus cryptus n. sp.—Ziegler,

pp. 49-50, pi. 9, figs. 2-6.

Icriodus alternatus Branson and Mehl. Plate 109, figs. 27, 28, 33, 36-38, 40-44 = 1934 Icriodus alternatus

n. sp.— Branson and Mehl, pp. 225-226, pi. 13, figs. 4-6.

Icriodus corniger Wittekindt. Plate 107, figs. 6, 10, 11; ?3, 8, 29 = 1966 Icriodus corniger n. sp.— Wittekindt,

p. 629, pi. 1, figs. 9-12.

Remarks'. I. corniger from Plymouth resembles the third morphotype of Bultynck (1972, pp. 76-78) but

since the aboral margins of associated icriodids are generally broken, identification of I. introlevatus and

I. curvirostratus is not possible. In some specimens included here, the anteriormost blade denticle is larger

and lies higher than the other denticles; also transverse elongation of the lateral denticles is pronounced

in large specimens. In these respects the forms approach I. retrodepressus , with which Bultynck (1972,

p. 84, fig. 17) has linked I. corniger phyletically.

Icriodus difficilis Ziegler and Klapper. Plate 109, figs. 9, 12, 13, 16, 18 = 1976 Icriodus difficilis n. sp.—

Ziegler and Klapper, in Ziegler et al., pp. 117-118, figs. 1-7, 17.

Icriodus expansus Branson and Mehl group. Plate 109, figs. 2-5, 7, 10, 14, 15, 20, 23.

Description : Icriodids in which the platform is generally biconvex, and the axis usually straight. The median

denticles tend to be round in oral aspect and those of the lateral rows oval and transversely elongate.

Longitudinal ridges are only rarely developed and are never conspicuous whereas transverse ridges are

common and often strong. The blade is relatively short and the posterior border is often inclined posterior-

ward. The aboral expansion is one third to one half the total unit length, is rounded on the outer side and

may or may not include a spur on the inner side; the posterior edge is straight.

Remarks'. Icriodids from both the Middle and Upper Devonian of Plymouth conform to a generalized

concept described above and here called the I. expansus group. However, Middle Devonian representatives

tend to be more strongly biconvex than those from the Upper Devonian while the latter tend to be relatively



text-fig. 5a-f. Further Plymouth localities: detail of exposure and sample location (productive samples

only).
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longer and narrower with more regular, closer spaced denticles. Both the anterior and posterior denticles

of specimens from the Middle Devonian tend to be more prominent too. However, the material at hand is

too sparse to permit a full evaluation of these observations.

During growth, the denticulation of these icriodids becomes increasingly robust and this is reflected in

overall platform outline and in the profile of the blade. The larger specimens from Plymouth are similar

to I. arkonensis Stauffer 1938 which has been regarded as a junior synonym of I. expansus , although

Klapper (in Ziegler 1975) has considered the former distinct in bearing a prominent spur and sinus. The
I. expansus group embraces specimens with spur development, but because of the poor preservation of the

Plymouth icriodids the variability of the aboral outline is not known. It is, however, noteworthy that some
icriodid taxa, for example I. alternatus , appear to include forms both with and without a spur (Schumacher

1971, p. 102).

Icriodus latericrescens latericrescens Branson and Mehl. Plate 109, figs. 6, 11 = p. 1938 Icriodus lateri-

crescens n. sp. — Branson and Mehl, pp. 164-165, pi. 26, figs. 30-32, 34, 35.

Icriodus obliquimarginatus Bischoff and Ziegler. Plate 107, figs. 7, 9, 13, 14, 17, 18; Plate 109, figs. 1,8 =
1957 Icriodus obliquimarginatus n. sp.— Bischoff" and Ziegler, p. 62, pi. 6, fig. 14.

Icriodus regularicrescens Bultynck. Plate 107, figs. 15, 21, 23, 26-28, 31, 32 = v 1970 Icriodus regulari-

crescens n. sp. Bultynck, pp. 111-112, pi. 7, figs. 1-7; pi. 8, figs. 2, 4, 7, 8.

Remarks'. The Plymouth material includes specimens which show variation in the degree of alignment of

the median and lateral rows, in the development of transverse bridges, and in the regularity of the denticula-

tion. Furthermore, there appears to be some variation in the aboral outline; a few specimens (e.g. Plate 107,

figs. 26, 27) appear to have a posterior-lateral projection similar to that of /. corniger.

Icriodus retrodepressus Bultynck. Plate 107, figs. 5, 33; ?1, 2, 4 1970 Icriodus retrodepressus n. sp.—

Bultynck, pp. 1 10 1 1 1 ,
pi. 30, figs. 1-6.

Icriodus aff. subterminus Youngquist. Plate 109, figs. 19, 21, 25, 30, 31 - aff. 1947 Icriodus subterminus

n. sp.— Youngquist, p. 103, pi. 25, fig. 14.

Description'. The axis is straight but may be incurved at the anterior end; platform margins are slightly

biconvex to subparallel. The growth point is very short being composed of only a single denticle in con-

tinuation of the median denticle row. The middle platform consists of four or five discrete denticles in each

row. The median denticles in the central part of the platform are large and round in cross-section, while

those to the front and rear are smaller and laterally compressed. The lateral denticles are generally round

EXPLANATION OF PLATE 107

All figs, x 35.

Figs. 1, 2, 4, 5, 33, ?3. Icriodus retrodepressus Bultynck. From Dunstone Point (MB23). 1, 2, 4. Inner

lateral, aboral, oral views of HI 0079. 5. Oral view of HI 0081. 33. Oral view of HI 0082. 3. Oral view

of HI 0080; juvenile.

Figs. 6, 8, 10, 1 1, 29. Icriodus corniger Wittekindt. 6, 10, 11. Oral, aboral, lateral views of H 10083. 8. Oral

view of HI 0084. Both from Dunstone Point (MB23). 29. Oral view ofH 10085, Richmond Walk (RW39).

Figs. 7, 9, 13, 14, 17, 18. Icriodus obliquimarginatus Bischoff and Ziegler. From Princerock Quarry. 7, 9. Oral,

lateral views of H10086, (PS3). 13, 14. Oral (oblique), lateral views of H 10087 (PS4). 17, 18. Oral,

lateral views of HI 0088, (PS4).

Figs. 16, 19, 20, 24, 25, ?12. Icriodus n. sp. A. From Richmond Walk (RW39). 16, 25. Outer lateral, oral

views of H 10090. 19, 24. Oral, lateral views of H 10091. 12. Oral view of H 10089; juvenile.

Figs. 15, 21, 22, 23, 26-28, 31, 32. Icriodus regularicrescens Bultynck. From Teats Hill Quarry (TH44/3),

except Fig. 21 —from Neal Point (NP2). 15. Oral view of H 10092. 21. Oral view of H 10093. 22. Oral

view of H10094; note intercalated medians. 23. Oral view of H10095; juvenile. 26-28. Oral, aboral,

lateral views of H10096. 31, 32. Oral, aboral views of H10097.

Fig. 30. Acodinan element. Durnford Point (MB23). Posterior view of HI 0098.
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in cross section and of equal size; the posteriormost one or two may be slightly elongate transversely and
directed slightly anteriorward. In small specimens the denticles are alternate but these tend to become
subalternate in later growth stages. Occasionally, the spacing of the denticles rows is irregular, the anterior

denticles being further apart than the posterior ones. The blade is composed of three denticles, partially

fused and increasing in size posteriorward
;
they are abruptly higher than the platform denticles in some

specimens. Aborally, the gully expands progressively posteriorward to a point a little behind the unit

midlength, beyond which the expansion of the bowl is probably symmetrical.

Remarks'. The form resembles I. subterminus in the overall oral plan and the sometimes irregular denticula-

tion, but does not bear the anterior denticles nor, in all cases, the high posterior denticles which characterize

the latter. Specimens referred to 1. subterminus by Klapper (in Ziegler 1975), do not exhibit high anterior

denticles either, although some do display the irregular median denticulation.

Icriodus symmetricus Branson and Mehl. Plate 109, figs. 17, 22, 24, 26, 32, 34 = 1934 Icriodus symmetricus

n. sp.—Branson and Mehl, p. 226, pi. 13, figs. 1-3.

Icriodus n. sp. A. Plate 107, figs. 16, 19, 20. 24, 25, ? 1 2.

Description : Platform biconvex, broadest near midpoint, and pointed at each end
;
the unit is straight or

incurved anteriorward. The growth point is composed of two to three denticle series which are not well

differentiated from the mid-platform. The latter bears three rows of four to six denticles. The medians are

round in cross section and are largest about the middle of the platform, decreasing in size in both directions.

EXPLANATION OF PLATE 108

Figs, x 35, unless qualified.

Figs. 1, 3-5, 7, 8. Polygnathus pseudofoliatus Wittekindt. 1, 4, 7, 8 from Princerock Quarry (PS4). 1, 4, 7.

Inner lateral, oral, aboral views of H 10099. 3. Oblique-oral view ofH 10100, Teats Hill Quarry (TH44/3).

5. Oral view of H10101, Cattewater Road (CR3). 8. Oral view of H10102; juvenile.

Figs. 2, 21, 25. Polygnathus xylus ensensis Ziegler and Klapper. 2. Oral view of H10103, Teats Hill Quarry

(TH44/1); shows affinities with Po. pseudofoliatus. 21, 25. Lateral, oral views of H10104, Richmond
Walk (RW28); posterior platform not flattened as in 2.

Figs. 6, 10, 14. Polygnathus angustipennatus Bischoff and Ziegler sensu lato. Drake’s Island (D16). Inner

lateral, oral, aboral views of H 10105.

Figs. 9, 13. Polygnathus xylus Stauffer. Neal Point (NP15). Oral, aboral views of H10106; juvenile.

Figs. 11, 12, 15-18. Polygnathus timorensis. Klapper, Philip and Jackson. Juvenile forms corresponding

to 'Po.rhenanus'. 11. 15. Lateral, oral views of H10107, Botus Fleming (BF3). 12, 16-18 from Richmond
Walk(RW25). 12, 16. Inner lateral, oral views of H 10108. 17, 18. Lateral, oral views of H 10109; note

high geniculation point.

Figs. 19, 20, 33, 36. Polygnathus aff. latifossatus Wirth. Richmond Walk (RW25). 19, 20. Oral, inner lateral

views of H101 10. 33, 36. Lateral, oral views of H10120.

Figs. 22-24, 27. Spathognathodus brevis (Bischoff and Ziegler). 22, 27. Lateral, oral views of H 101 1 1, Botus

Fleming (BF3). 23, 24. Oral, lateral views of H 101 12, Richmond Walk (RW25).

Figs. 26, 29. Panderodiform elements. 26. Obverse view of H101 13, Deadman’s Bay (DM51 ). 29. Obverse

view of H101 14, Teats Hill Quarry (TH44/2).

Fig. 28. Ozarkodina expansa (Uyeno and Mason). O, element of multielement Pandorinellina sp. Catte-

water Road (CR3). Lateral view of H 101 15.

Figs. 30, 31. Spathognathodus bidentatus Bischoff and Ziegler. Teats Hill Quarry (TH44/3). Lateral, oral

views of H 101 16; deformed specimen.

Figs. 32, 35, 38. Coelocerodontus sp(p). Mount Wise (MW36). Lateral views of : 32. H101 17; specimen with

incipient costa. 35. H101 18. 38. H10119; strongly recurved specimen.

Figs. 34, 37, 40, 41, 44. Belodella sp(p). Mount Wise (MW36). Lateral views of : 34. H10121,
1B . devonicus'.

37. H 10122. 41. H 10123, both B. resimus . 40. H10124, 44. H 10125, both B. triangularis

\

Figs. 39, 42, 43. Polygnathus timorensis Klapper, Philip and Jackson. Neal Point (NP15). Lateral, oral,

aboral views of HI 01 26, x25.
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The laterals are generally transversely elongate and are largest at platform mid-length. In most specimens

the two posteriormost lateral denticles are distinctly smaller than the others. The median denticles are

slightly displaced anteriorward with respect to the laterals. Transverse ridges are well developed in the

posterior platform, progressively less so anteriorward. The blade is composed of two or three partially

fused denticles which are set higher than those of the middle platform. The posterior border is inclined.

The basal outline, although not known in detail, is characterized by a broad expansion beginning well in

front of the unit midlength on the outer side. In one specimen there is a suggestion of a spur.

Remarks'. This species differs from members of the I. expansus group in the character of the blade and in

the relatively small size ofthe posterior lateral denticles, although this latter character has also been observed

in the I. expansus group (e.g. Plate 109, fig. 2). A specimen illustrated, in lateral view only, by Seddon (1970,

pi. 4, fig. 22) has a very similar blade development.

Palmatolepis delicatula delicatula Branson and Mehl. Plate 115, figs. 6, 7, 12, 13 = 1934 Palmatolepis

delicatula n. sp.—Branson and Mehl, p. 237, pi. 18, figs. 4, 10.

Palmatolepis delicatula clarki Ziegler. Plate 115, figs. 9, 11 = 1962 Palmatolepis marginata clarkin. subsp.

—

Ziegler, pp. 62-65, pi. 2, figs. 20-27
,
text-fig. 4b-c.

Palmatolepis aff. disparilis Ziegler and Klapper. Plate 115, figs. 25, 31-33, 38, 39 = aff. 1976 Palmatolepis

disparilis n. sp.— Ziegler and Klapper (in Ziegler et al.), p. 1 19, pi. 1, figs. 18-22, 24-31.

Remarks'. Several rather deformed specimens lie close to Pa. disparilis but differ from it in having a more
strongly differentiated lobe and a carina which extends further posteriorward ; the basal cavity is developed

further anteriorward too.

EXPLANATION OF PLATE 109

Figs, x 35, unless qualified.

Figs. 1, 8. Icriodus obliquimarginatus Bischoff and Ziegler. Gasworks Quarry (GQ210). Oral, lateral views

of H10127
;
juvenile.

Figs. 2-5, 7, 10, 14. 15, 20, 23. Icriodus expansus Branson and Mehl group. Figs. 2-5, 7, 10, 14, 15. Middle

Devonian morphotypes. Figs. 2, 3 from Gasworks Quarry (GQ20), others from Drake’s Island (DI2).

2. Oral view of H10128. 3. Oral view of H10129. 4. Oral view of H 10130; young growth stage with

discrete nodes. 5. Oral view of H 101 31 ; late growth stage with fused nodes. 7, 15. Oral, lateral views

of H10132; note prominent anterior denticles and cusp. 10, 14. Lateral, oral views of H10133; note

prominent anterior denticles. Figs. 20, 23. Upper Devonian morphotype. Western King (WK5). Lateral

and oral views of H10134; note discrete blade denticles.

Figs. 6, 1 1. Icriodus latericrescens latericrescens Branson and Mehl. Oral, oblique lateral views of H 101 35,

Richmond Walk (RW25).

Figs. 9, 12, 13, 16, 18. Icriodus difficilis Ziegler and Klapper. Neal Point (NP15). 9, 16. Oral, lateral views

of H 1 0 1 36. 13. Oral view of H10137. 12, 18. Lateral, oral view of H10138.

Figs. 17, 22, 24, 26, 32, 34. Icriodus symmetricus Branson and Mehl. Fisons Quarry (77c). Figs. 17, 24. Oral,

lateral views of H10139. 22, 26. Lateral, oral views of H10140. 32. Oral view of H 10141 ; form with

irregular denticulation. 34. Oral view of H 10142; juvenile x 65.

Fig. 29. Polygnathus varcus Stauffer. Oral view of H 10154, x25. Mount Wise (MW36).
Fig. 35. Polygnathus asymmetricus cf. asymmetricus Bischoff and Ziegler. Durnford Street (DS1). Oral

view of H 101 55, x 30.

Fig. 39. Palmatolepis cf. hassi Muller and Muller. Durnford Street (DS1). Oral view of H10173, x 30.

Figs. 19, 21, 25, 30, 31. Icriodus aff. subterminus Youngquist. Western King. 19, 25. Lateral, oral views

of H10143, (WK1); specimen with high blade. 21. Oral view of H 10144, (WK2). 30. Oral view of

H10145, (WK2). 31. Oral view of H10146, (WK1); juvenile.

Figs. 27, 28, 33, 36-38, 40-44. Icriodus alternatus Branson and Mehl. Western King (WK6a). 27, 28. Oral,

aboral views of H10147. 33. Lateral view of H10148. 36, 42. Oral, lateral views of H10149; posterior

fragment with strong cusp-like blade like that of I. cornutus Sannemann. 37. Oral view of H10150;

juvenile. 38, 40. Aboral, oral views of H 10 151. 41, 43. Oral, lateral views of H 10152. 44. Oblique oral

view of H10153.
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Palmatolepis minuta minuta Branson and Mehl. Plate 115, figs. 10, 17 = 1934 Palmatolepis minuta n. sp.—
Branson and Mehl, pp. 236-237, pi. 18, figs. 1, 6, 7.

Palmatolepis subperlobata Branson and Mehl. Plate 115, fig. 2 1934 Palmatolepis subperlobata n. sp.—
Branson and Mehl, p. 235, pi. 18, figs. 11,21.

Palmatolepis subrecta Miller and Youngquist. Plate 1 15, figs. 28-30, 34, 40 = 1947 Palmatolepis subrecta

n. sp.— Miller and Youngquist, pp. 513-514, pi. 75, figs. 7-11.

Palmatolepis aff. subrecta Miller and Youngquist. Plate 115, fig. 35.

Remarks : A few specimens from Durnford Street are characterized by a carina which terminates at the

azygous node. The platform shape is consistent with that of Pa. subrecta.

Palmatolepis termini Sannemann. Plate 115, figs. 36, 37 1955 Palmatolepis termini n. sp.— Sannemann,
p. 149, pi. 1, figs. 1-3.

Palmatolepis triangularis Sannemann. Plate 1 15, figs. 1, 3-5, 8, 14= 1955 Palmatolepis triangularis n. sp.—
Sannemann, pp. 327-328, pi. 24, fig. 3.

Polygnathus angustipennatus Bischoff and Ziegler, sensu lato. Plate 108, figs. 6, 10, 14= 1957 Polygnathus

angustipennatus n. sp.—Bischoff and Ziegler, p. 85, pi. 2, fig. 16; pi. 3, figs. 1-3.

Remarks'. The author is in agreement with Klapper (1971) in considering that some of the forms assigned

to the Po. robusticostatus group would fall into synonymy in a broader concept of intraspecific variation.

Similarly, it is probable that the ontogeny of an individual involves more than one of the morphotypes in

the group. Only four specimens of the Po. robusticostatus group have been found in the Plymouth Lime-

stone, and although they are not well preserved each is unique in some respect. These are referred to Po.

angustipennatus s.l. , herein considered to embrace those members of the group with a distinct platform

development and a carina which clearly extends posterior of the platform. The high anterior blade denticles

have been cited as a distinguishing character of Po. angustipennatus s.s., however some specimens assigned

to Po. angusticostatus (e.g. Orr 1971, pi. 4, figs. 12-14) also have such a blade.

EXPLANATION OF PLATE 110

Figs, x 20, unless qualified.

Figs. 1, 2, 4, 7, 12, 13. Polygnathus latus Wittekindt. 1, 2. Oral, oblique—posterior views of H10156, Gas-

works Quarry (GQ20). 4, 7. Oral, lateral views of H10157, Neal Point (NP2). 12, 13. Oral, aboral

views of H 10158, x 35, Neal Point (NP2).

Figs. 3, 5, 6, 8, 11, 15, 16, 19, 25. Polygnathus aff. variabilis Bischoff and Ziegler. 3, 5, 6, 8. Inner lateral,

posterior, oral, aboral views of H 10 159, Gasworks Quarry (GW20). 11, 15, 16. Inner lateral, aboral,

oral views ofH 101 60, Princerock Quarry (PS4). 19, 25. Inner lateral, aboral views ofH 10161, Gasworks
Quarry (GQ20).

Figs. 9, 10, 28, 30. Polygnathus linguiformis Hinde, ?delta morphotype Ziegler and Klapper. Specimens

with distinct tongues. From Richmond Walk (RW28). 9. Latero-oral view of H10162; specimen with

short tongue. 10. Latero-oral view of H10163; specimen with incipient carina. 28, 30. Latero-oral,

posterio-oral views of H 10 164; late growth stage showing affinity with epsilon morphotype.

Figs. 14, 17, 20, 26, 29. Polygnathus linguiformis Hinde, epsilon morphotype Ziegler and Klapper. From
Mutton Cove (MC32). 14, 20. Latero-oral, oral views of H10165. 17. Oral view of H10166. 26, 29.

Latero-oral, aboral views of H10167 ; note relatvely large basal cavity and anterior furrowing.

Figs. 18, 22, 24, 27, ?31. Polygnathus linguiformis linguiformis Hinde. 18. Latero-oral view of H10168,

Mount Wise (MW36). 22. Latero-oral view of H 10169, x 35, Botus Fleming (BF3); juvenile. 24, 27.

Latero-oral views of H10170, x 35, Botus Fleming (BF3); juvenile. Fig. 31. Lateral view of H10172;

atypically slender specimen with unusual blade. Gasworks Quarry (GQ20).

Figs. 21, 23. Polygnathus linguiformis Hinde, delta morphotype Ziegler and Klapper. Botus Fleming (BF3).

Latero-oral views of H10171, x 35. Note single transverse ridge on posterior platform.
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Polygnathus ansatus Ziegler and Klapper. Plate 112, figs. 1-3, 5, 6, 8-12, 16, 19-24, 26, 27, 29-31, 33, 34,

36-38 = 1976 Polygnathus ansatus n. sp.—Ziegler and Klapper (in Ziegler et al. ), pp. 1 19-120, pi. 2, figs.

1 1-26.

Remarks'. The species is represented by numerous specimens at Mount Wise, and the variability exhibited

by the fauna (see Plate 1 12) is most pronounced. As discussed below (see Po. varcus group), several morpho-
logical features used as a basis for discrimination of species of the varcus group cannot, in the authors

experience, be applied strictly. The criterion used here in separating the polygnathids is the relative width

of the platform (including the anterior part), this being comparatively broader in Po. ansatus than in other

members of the varcus group. The division is nevertheless rather difficult to apply at Mount Wise, and the

possibility exists that specimens from that fauna referred to Po. timorensis and Po. varcus are intraspecific

variants of one natural species.

Polygnathus asymmetricus Bischoff and Ziegler group.

Remarks'. Three subspecies are herein recognized. Po. a. asymmetricus is characterized by a platform which
is often subquadrate in outline and bears a minute pit aborally. Po. a. ovalis has an oval platform and

a relatively larger, symmetrical basal cavity. Po. a. n. subsp. A has a distinctly asymmetrical basal cavity

and the platform outline reflects this.

Polygnathus asymmetricus asymmetricus Bischoff and Ziegler. Plate 109, fig. 35 = 1957 Polygnathus dubia

asymmetrica n. subsp.— Bischoff and Ziegler, pp. 88-89, pi. 16, figs. 18, 20-22; pi. 21, fig. 3.

Remarks'. One specimen referred by Ziegler (1958, pi. 1, figs. 3a-b) to Po. dubia dubia = Po. a. ovalis bears

a minute pit identical to that of associated specimens of Po. a. asymmetricus (e.g. op. cit., pi. 1, fig. 10), but

quite unlike those others referred to Po. a. ovalis.

Polygnathus asymmetricus ovalis Ziegler and Klapper. Plate 115, figs. 15, 22, 42, 43; ?41, 44 = 1964 Poly-

gnathus asymmetricus ovalis subsp. nov.—Ziegler and Klapper (in Ziegler et al.), pp. 422-423.

EXPLANATION OF PLATE 1 1 1

All figs. x20.

Figs. 1, 6, 29, 30, 32. Ramiform elements from the Gasworks Quarry (GQ20) and Princerock Quarry

(PS4; fig. 6 only). Lateral views of: 1. H 101 74, ?A
2
element. 6. H10175, A

2
element. 29. H10202, B,

element. 30. H 10203, Bj element. 32. Oral view of H 10204, ?B
2
element.

Figs. 2-4. Lonchodiniform element. Gasworks Quarry (GQ20). Anterio-oral, latero-oral views of H10176,

?B
2
element of Polygnathus (= Parapolygnathus) variabilis.

Fig. 5. Ozarkodiniform, Oj element. Princerock Quarry (PS4). Lateral view of H10177.

Figs. 7, 16. Trichonodelliform A3
element. Teats Hill Quarry (TH44/3). Posterior, aboral views of H 10178.

Figs. 8, 12, 18. Type 2 (sensu Klapper and Philip 1971 ) elements from Richmond Walk (RW28). 8. Lateral

view of HI 01 79, B 2
element. 12. Lateral view of H 101 80, N element. 18. Latero-aboral view of H 10 181,

Oz
element. Possible multielement association (partim).

Figs. 9, 13, 17. Spathognathodus planus. Mount Wise (MW36). Lateral views of: 9. H 10182. 13. H 10 1 83.

17. H10184, ?Oj elements of Polygnathus varcus s.l.

Figs. 10, 1 1, 19, 22, 23, 25, 26, 33, 34, 37, 38. Type 1 (sensu Klapper and Philip 1971) elements from Mount
Wise (MW36) and Richmond Walk (RW28; fig. 22 only). 10. Posterior view of H 10185, A3

element.

11. Lateral view of H10187, N element. 19. Lateral view of H10194, 0
2
element. 22. Lateral view of

H10195, A; element. 23. Lateral view of H 10196, A! element. 25. Posterior view of H10197, A, element.

26. Lateral view of HI 0306, A, element. 33, 34. Lateral, oral views of H10198, A
2
element. 37, 38. Oral,

lateral views of H10186, A
3
element. ?Elements from two multielement associations (partim).

Figs. 14, 20, 21, 24, 27, 28, 31, 35, 36. Type 2 elements from Mount Wise (MW36). 14. Lateral view of

H10188, N element. 20, 21. Lateral, oral views of H10189, O, element. 24. Lateral view of H10190,

?Bj element. 27. Lateral view of H10199, Bj element. 28. Lateral view of H10200, B
2
element. 31. Lateral

view of H 10191, B, element. 35. Posterior view ofH10192, B3
element. 36. Posterior view of H 10201,

B
3
element. ?Elements from two multielement associations (partim).

Fig. 15. Bryantodontiform element. Richmond Walk (RW25). Lateral view of H10193. ?Multielement

associate of ‘Polygnathellus' (Plate 113, figs. 30, 31).
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Polygnathus asymmetricus subsp. A nov.

Plate 115, figs. 18, 19

p. 1949 Polygnathus dubia Hinde—Beckmann, pp. 154-155, pi. 4, fig. 4.

p. 1966 Polygnathus asymmetrica asymmetrica Bischoff and Ziegler— Flajs, pp. 230-232, pi. 26, figs. 4-6.

. 1968 Polygnathus n. sp. c—Pollock, p. 438, pi. 62, figs. 28, 29, 35.

. 1970 Polygnathus asymmetricus asymmetricus Bischoff and Ziegler—Seddon, pi. 10, figs. 2a, b.

p. 1974 Polygnathus asymmetricus— Mouravieff, in Bouckaert and Streel, F, p. 2.

Description : The unit is slightly to strongly asymmetric in plan view and slightly to moderately arched in

lateral view. The blade is fairly deep and short, about one fifth of the total unit length, and consists of

three-five, mostly fused denticles which tend to increase in height anteriorward. The carina becomes pro-

gressively lower posteriorward in conjunction with the broadening of the denticles into fused nodes which

attain their maximum development a little posterior of platform midlength where there are two nodes
invariably larger than all others. Posterior of that point, the carina is represented by two or three discrete,

small and increasingly separated nodes. In some specimens (about half) the carina is slightly sigmoidal and
has an arcuate trend (the concave side is outward) a little anterior of platform midlength. Adjacent to this

arc, the outer platform is slightly depressed. This position also marks the greatest width of the unit and
there may be strong lateral growth. Thus the outer platform is invariably broader than the inner, the

difference being particularly pronounced in juveniles. Posteriorward, the platform tapers evenly to a point,

while anteriorward the platform margins are smoothly rounded and stretched downward to meet the blade

at approximately opposite points. The oral surface bears fine granules which may become fused into ridges

marginally and anteriorward, particularly in larger specimens. The ornament on the inner and outer sides

is not always the same. Aborally, the unit has a large asymmetrical basal-cavity, the centre of which is

situated at platform mid-length. The shape of the cavity is approximately triangular. It is strongly expanded

laterally at the anterior end, extending in the direction of maximum development of the outer platform.

Posteriorward, the expanded side of the cavity tapers irregularly towards a point one quarter, or less, of

the total platform length from the posterior tip in such a way as a fold is often developed. The margin of

the cavity on the inner side is arcuate. The depression on the oral surface of the outer platform corresponds

to a position immediately anterior of the basal cavity. The keel is grooved anteriorward under the blade.

EXPLANATION OF PLATE 112

All figs. x25. All from Mount Wise (MW36).

Figs. 1-38. The Polygnathus varcus Stauffer group. Specimens show variation in platform ornament and

anterior trough development within a single fauna. Most specimens have incomplete blades.

Figs. 1, 3, 5, 6, 8-12, 16, 19-24, 26, 27, 29-31, 33, 34, 36-38; ?2, 4, 7. Polygnathus ansatus Ziegler and

Klapper. Figs. 1, 6, 9. Lateral, oral, aboral views ofH 10205. 3, 5. Lateral, oral views ofH 10207; speci-

men with adcarinal node. 8, 1 1 . Lateral, oral views of H10209 ;
near symmetrical development of anterior

platform. 10. Oral view of H10210; specimen with adcarinal nodes and ridges. 12, 29. Lateral, oral

views of H10211. 16. Oral view of H10215; specimen with rounded posterior platform and short

carina. 19. Oral view of H10216; as 16. 20. Oral view of HI 02 17. 21 . Oral view of H10218. 22. Oral

view of H10219; as 16, and strong denticles at inner geniculation point. 23. Oral view of H10200; speci-

men with strong marginal ridges. 24. Oral view of H10221 ; relatively small specimen with near sym-

metrical anterior platform development as in Po. varcus s.s. (cf. fig. 11). 26, 30. Lateral, oral views of

H 10223, specimen with high inner geniculation point. 27. Latero-oral view of HI 0224; extreme develop-

ment of platform ornament. 31, 34. Lateral, aboral views of H 10225. 33. Oral view ofH 10227. 36. Oral

view of HI 0228. 37, 38. Oral, lateral views of H 10229. Figs. 2, 4, 7. Very small growth stages of uncertain

affinity. 2. Oral view of H 10206. 4, 7. Oral, lateral views of H 10208.

Figs. 13, 14, 15, 17, 18, 25, 28, 32, 35. Polygnathus timorensis Klapper, Philip and Jackson. 13. Oral view of

H10212. 14, 17. Oral, aboral views of H10213. 15, 18. Lateral, oral views of H10214; large elongate

specimen with posteriorly inclined blade denticles (cf. fig. 32). 25, 28. Oral, aboral views of H 10222;

relatively large specimen close to holotype. 32, 35. Lateral, oral views ofHI 0226; specimen with anteriorly

inclined blade denticles.
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Remarks'. The above description is based largely on well preserved material from Nismes in Belgium loaned

to the author by Dr. N. Mouravieff. Po. a. subsp. A differs from other subspecies principally in the larger

and strongly asymmetrical basal cavity. Pa. ? dispara/vea differs in bearing a well developed lobe, a coarser

ornament and by the extreme development of the basal cavity which also lies relatively further to the

posterior than in the new subspecies. Pa. disparilis is similar but is generally more robust, bears a coarser

ornament, has a shorter carina, a more variable anterior platform development, and a more strongly

expanded basal cavity.

Polygnathus cristatus Hinde. Plate 115, fig. 23 = 1879 Polygnathus cristatus n. sp.—Hinde, p. 366, pi. 17,

fig.'ll.

Polygnathus dengleri Bischoff and Ziegler. Plate 115, figs. 20, 21, 24= 1957 Polygnathus dengleri n. sp.—
Bischoff and Ziegler, pp. 87-88, pi. 15, figs. 14, 15, 17-24; pi. 16, figs. 1-4.

Polygnathus aff. latifossatus Wirth. Plate 108, figs. 19, 20, 33, 36 = aff. 1967 Polygnathus latifossatus n. sp.—
Wirth, pp. 227-228, pi. 22, figs. 17-19.

Remarks '. Two specimens from Richmond Walk share the particular characteristic of an inturned posterior

tip. One appears to lie close to Po. latifossatus , but adhering basal plate obscures the basal cavity, the form

of which is a diagnostic feature of Po. latifossatus. A second specimen (Plate 108, figs. 33, 36) has a much
reduced, asymmetrically developed platform and a conspicuously high carina. This association is reminiscent

of the intergrading couple Po. latifossatus— S. semialternans (see Wirth 1967, fig. 14).

Polygnathus latus Wittekindt. Plate 1 10, figs. 1, 2, 4, 7, 12, 13 = 1966 Polygnathus lata n. sp.— Wittekindt,

p. 635, pi. 2, figs. 6, 8, 9.

Remarks'. Only three specimens have been found but these display a close similarity to the types, par-

ticularly as regards the broad flat platform. Ziegler and Klapper ( 1976, p. 123) have discussed the resemblance

of this species to the delta morphotype of Po. linguiformis. The two forms differ in the position of the

maximum platform width.

EXPLANATION OF PLATE 113

Figs, x 20, unless qualified.

Figs. 1-4. Polygnathus tuberculatus Hinde. Mount Wise (MW36). 1, 2, 3. Oral, aboral, oblique-lateral

views of H 1 0230. 4. Lateral-oral view of H 1 023 1

.

Figs. 5, 8, 9, 13, 16, 21, 28. Polygnathus aff. tuberculatus Hinde. Mount Wise (MW36). 5, 8. Oral, latero-

oral views of H10234. 9, 13, 16. Lateral, oral, aboral views of H10241 ;
specimen with incipient carina

on tongue. 21. Oral view of HI 0232; juvenile. 28. Oral view of H10233; specimen with one rostral ridge

and posterior carina.

Figs. 6, 7, 10-12, 14, 15, 17-20, 22, 24. Polygnathus linguiformis mucronatus Wittekindt. Mount Wise

(MW36). 6, 7. Lateral, oral views of H10235. 10, 14, 17. Latero-oral, oral, aboral views of H10236;

specimen with incipient posterior carina. 11, 20. Posterio-oral, oral views of HI 0237; specimen with

no posterior carina. 12, 15, 18. Posterior, lateral, latero-oral views of H10238; specimen with posterior

carina. 19, 22. Lateral, oral views of HI 0239; atypical specimen with thick platform margins. 24. Latero-

oral view of HI 0240; late growth stage continues to exhibit constricted tongue and rounded outer

posterior platform margin.

Figs. 23, 25, 26. Polygnathus aff. porcillus Stauffer. Richmond Walk (RW39). Oral, lateral, aboral views

of HI 0242.

Figs. 27, 29. Polygnathus linguiformis Hinde, lepsilon morphotype Ziegler and Klapper. 27. Latero-oral

view of H 10243, x 25, Princerock Quarry (PS3). 29. Posterio-oral view of HI 0244, x 30, Gasworks

Quarry (GW20).
Figs. 30, 31. Polygnatliellus sp. Richmond Walk (RW25). Lateral, oral views of H10245.
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Polygnathus linguiformis Hinde group.

Remarks'. Po. linguiformis, as conceived at present, is a very broad species, although Hinde’s original

definition does not embrace all the variants so far recognized ; the latter are therefore considered collectively

as the Po. linguiformis group.

The Po. linguiformis group is here defined as including relatively elongate polygnathids in which the

posterior part of the platform, or tongue (see Bultynck 1970, p. 126, footnote 1), is bent downwards and
inwards, and bears transverse ridges and/or a carina; aborally, there is a small basal cavity situated in the

anterior half of the platform. Thus defined, the group includes all the subspecies and morphotypes hitherto

recognized (see Wittekindt 1966, Bultynck 1970, Klapper 1971, Ziegler et at. 1976).

Representatives of the Po. linguiformis group are common in the Plymouth Limestone. The majority of

them correspond to the gamma morphotype of Bultynck (1970), herein referred to Po. I. linguiformis

(q.v.). Ziegler et al. (1976) have recently referred subspecies of Po. linguiformis to morphotypic level, but

it is the author’s opinion that it is more appropriate to regard established morphotypes as subspecies of

Po. linguiformis.

delta morphotype Ziegler and Klapper. Plate 1 10, figs. 21, 23; ?9, 10, 28, 30 1976 Polygnathus linguiformis

linguiformis Hinde delta morphotype nov.— Ziegler and Klapper (in Ziegler et al.), p. 123, pi. 4, figs. 4-8.

Remarks'. A single specimen from East Cornwall corresponds exactly to this morphotype which is charac-

terized by a comparatively flat platform with an arcuate outer margin. There is no tongue development

in this, or in the specimens illustrated by Ziegler and Klapper (1976) but all these are relatively small and
the somewhat larger specimen figured by Wittekindt (1966, pi. 2, fig. 1 1) bears only a weak carina posteriorly.

A specimen figured by Klapper (1971, pi. 3, figs. 13-14) has an evenly curved outer margin too, although it

differs in bearing a short tongue; it also comes from a lower stratigraphical level. A few specimens from
Richmond Walk also have a tongue development and are questionably placed here on the basis of their

evenly curved outer margins and relatively flat platforms. It seems reasonable to suppose that later growth

stages of the delta morphotype might bear such a tongue.

EXPLANATION OF PLATE 114

Various magnifications.

Figs. 1, 11, 12. Ancyrodella aff. gigas Youngquist. Durnford Street (DS1). 1. Oral view of H10246, x25.

11, 12. Aboral, oral views of H10247, x 35. Specimens sheared.

Figs. 2, 8-10, 20. Ancyrodella curvatus (Branson and Mehl). 2. 10. Aboral, oral views of H10248, X 30.

Western King (WKbl). 8, 9. Oral, aboral views of H10249, x70, Fisons Quarry (FQ77); juvenile.

20. Oral view of H 10250, x 70, Fisons Quarry (FQ77c).

Fig. 3. Ancyrodella nodosa Ulrich and Bassler. Western King (WK56H). Oral view of H10251, x40.

Fig. 4. Ancyrodella gigas Youngquist. Wilderness Point (C135). Oral view of H10252, x 35.

Fig. 5. Ancyrognathus triangularis Youngquist. Fisons Quarry (FQ77). Oral view of H10253, X25.

Figs. 6, 7. Ancyrodella aff. rugosa Branson and Mehl. Western King (WK2). Oral, aboral views of H 10254,

x 25 ; one lobe broken.

Figs. 13, 16-19, 23, 25, 26, 29, 30, 32. Ancyrodella rotundiloba alata Glenister and Klapper. Western King.

13. Oral view of H10255, (WK1), x 40; juvenile. 16, 23. Oral, aboral views of H10256, (WK1), x40;

atypically, little secondary keel development. 17, 25. Oral, aboral views of H10257, (WK2), x25.

18, 19. Oral, aboral views of H10258, (WK2), x25; platform margins turned upward. 26, 32. Oral,

aboral views of H 10259, (WK2), x 45; juvenile. 29, 30. Aboral, oral views of H 10260, (WK1), x25.

Figs. 14, 15. Ancyrodella rotundiloba (Bryant). Radford Quarry (R1 17). Oral, aboral views of H10261, X 25.

Figs. 21, 22. Ancyrognathus cryptus Ziegler. Western King (WKb2). Oblique-oral, aboral views of H 10262,

x 40.

Figs. 24, 27, 28, 31, 33-37. Polygnathus linguiformis linguiformis Hinde. Mount Wise (MW36). Inner

latero-oral and aboral views of: 24. HI 0263, x20. 27. HI 0264, x20. 28, 36. HI 0269, x 40; juvenile.

31. H 10265, x20. 34. HI 0266, x25; unusual specimen with strongly expanded inner posterior edge.

35. H 10267, x 25. 33, 36. HI 0268, x 25; juvenile.
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epsilon morphotype Ziegler and Klapper

Plate 110, figs. 14, 17, 20, 26, 29; ?Plate 113, figs. 27, 29

p. 1956 Polygnathus linguiformis Hinde—Ziegler, pp. 103-104, pi. 7, figs. 15-18.

p. 1957 Polygnathus linguiformis Hinde— Bischoff and Ziegler, pp. 92-93, pi. 1, fig. 4; pi. 16, figs. 32, 33;

pi. 17, figs. 5, 6.

1966 Polygnathus linguiformis Hinde—Ziegler, pi. 1, figs. 8, 9.

1976 Polygnathus linguiformis linguiformis Hinde epsilon morphotype—Ziegler and Klapper (in

Ziegler et al.), pp. 123-124, pi. 4, figs. 3, 12, 14, 24.

Remarks'. A few small specimens questionably included here may be juvenile forms of this morphotype,

but typical representatives are not found in association. The relationship of these small forms to Po.

dobrogensis Mirauta 1971 is not clear, but they are superficially similar. In the Plymouth specimens of the

epsilon morphotype, the basal cavity is slightly larger than in specimens of Po. I. linguiformis, and there is

also a greater degree of anterior furrowing. Po. I. mucronatus has coarser marginal ornament and a more
strongly inturned posterior outer platform margin than the epsilon morphotype; it also lacks the rostral

ridges parallel to the carina.

EXPLANATION OF PLATE 115

Figs, x 30, unless qualified.

Figs. 1, 3, 5, 8, 14, ?4. Palmatolepis triangularis Sannemann. Western King. Oral views of: 1. H10270,

(WK6bl ). 3. H 10271, (WK6a). 4. H 10272, (WK6a); atypically elongate specimen. 5. H 10273, (WK6a).

8. H 10274, (WK6a). 14. H 10275, (WK6a).
Fig. 2. Palmatolepis subperlobata Branson and Mehl. Oral view of HI 0276, Western King (WK6a).

Figs. 6, 7, 12, 13. Palmatolepis delicatula delicatula Branson and Mehl. Western King. Oral views of:

6. H 10277, (WKbl ). 7. H10278, (WKb2). 12. H10279, (WKb2). 13. H10280, (WKb2).
Figs. 9, 1 1. Palmatolepis delicatula clarki Ziegler. Western King. Oral views of: 9. HI 0281, (WKbl); large

specimen, close to Pa. subperlobata. 1 1. H10282, (WKb2).
Figs. 10, 17. Palmatolepis minuta minuta Branson and Mehl. Western King. Oral views of: 10. H10283,

(WKbl). 17. H10305, (WKbl).
Figs. 15, 22, 42, 43, 741, 44. Polygnathus asymmetricus oralis Ziegler and Klapper. From Western King,

except 41, 44. 15. Oral view of H 10284, (WK1). 22. Oral view of HI 0285, (WK2). 42. Oral view of

H10287, (WK1). 43. Oral view of H10288, (WK1). 41, 44. Aboral, oral views of H10286, Durnford

Street (DS1); deformed specimen.

Fig. 16. Palmatolepis cf. tenuipunctata Sannemann. Western King (WKbl). Oral view of H10289.

Figs. 18, 19. Polygnathus asymmetricus subsp. A nov. Durnford Street (DS1). Oral, aboral views of H10290.

Figs. 20, 21, 24. Polygnathus dengleri Bischoff and Ziegler. Western King (WK2). Oral, aboral, lateral

views of HI 0291

.

Fig. 23. Polygnathus cristatus Hinde. West Hoe (HI). Oral view of anterior platform fragment H10292.

Figs. 25, 31-33, 38, 39. Palmatolepis aff. disparilis Ziegler and Klapper. Durnford Street (DS1); specimens

deformed. 25. Oral view of H 10293; juvenile. 31, 32. Oral, aboral views of H 10294, x40. 33, 38, 39.

Latero-oral, oral, aboral views of H10295.

Figs. 26, 27. Palmatolepis cf. disparilis Ziegler and Klapper. Aboral, oral views of HI 0296, West Hoe (HI);

adhering dolomite gives the appearance of an azygous node.

Figs. 28-30, 34, 40. Palmatolepis subrecta Miller and Youngquist. Fisons Quarry (77b). Oral views of

growth series; 28. H 10297. 29. H10298. 30. H 10299, x35. 34. H10300. 40. H10301; latest stage

shows affinities to Pa. hassi.

Fig. 35. Palmatolepis aff. subrecta Miller and Youngquist. Durnford Street (DS1). Oral view of H10302;

specimen has been laterally compressed.

Figs. 36, 37. Palmatolepis termini Sannemann. Radford Quarry (R119). Oral, oblique posterior views of

H10303.

Fig. 45. Nothognathelliform element. Wilderness Point (C135/6). Lateral view of H10304, x25.
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Polygnathus linguiformis linguiformis Hinde

Plate 110, figs. 18, 22, 24, 27; Plate 1 14, figs. 24, 27, 28, 31, 33-37

1879 Polygnathus linguiformis n. sp.—Hinde, p. 367, pi. 17, fig. 15.

p. 1966 Polygnathus linguiformis linguiformis Hinde—Wittekindt, pp. 635-6, pi. 2, fig. 10.

. 1970 Polygnathus linguiformis linguiformis Hinde gamma morphotype nov.—Bultynck, pp. 126-127,

pi. 11, figs. 1-3, 6; pi. 12, figs. 2, 3, 5.

Remarks'. The gamma morphotype of Bultynck and the type of Po. linguiformis are regarded as one and
the same, and is here called Po. I. linguiformis. This subspecies nevertheless embraces a wide range of

variation, but 'adult' specimens with flattened platforms, outer borders evenly curved throughout, a

posterior carina or bearing coarse ribs are excluded since they do not occur at Mount Wise. Small specimens

of this form are characterized by a very small or absent tongue development and consequently a carina

which extends to the posterior end of the unit. Furthermore, the inner platform is strongly reduced, and
the basal cavity is relatively large and situated near the anterior end of the platform. Even at this early

growth stage, there appears to be some variation in the development of the posterior platform (cf. Plate 1 10,

figs. 22, 24).

Polygnathus linguiformis mucronatus Wittekindt

Plate 113, figs. 6, 7, 10-12, 14, 15, 17-20, 22, 24

p. 1957 Polygnathus linguiformis Hinde- Bischoff and Ziegler, p. 100, pi. 17, fig. 8.

1966 Polygnathus linguiformis mucronata n. subsp.— Wittekindt, p. 636, pi. 2, figs. 13, 15.

1967 Polygnathus linguiformis mucronata Wittekindt—Adrichem-Boogaert, p. 184, pi. 3, fig. 2.

?p. 1967 Polygnathus linguiformis ssp.—Wirth, p. 229, pi. 21, fig. 26, pi. 22, fig. 2.

. 1976 Polygnathus linguiformis linguiformis Hinde zeta morphotype— Ziegler and Klapper (in Ziegler

et al.), p. 124, pi. 4, figs. 20, 21 (see synonymy).

Diagnosis (revised): A rather robust linguiform polygnathid bearing coarse marginal ornament separated

from the carina by narrow adcarinal grooves. The tongue is abruptly constricted and, in juveniles, strongly

reduced; it may or may not bear a carina.

Description : The platform is thick and the margins upturned. From the steep and strongly serrate margins,

coarse ridges extend perpendicularly to near the carina from which they are separated by narrow adcarinal

grooves. The outer platform is both wider and longer than the inner platform but both sides are otherwise

similar in development. The outer platform margin, traced from the anterior end, is more or less straight

initially but is strongly constricted in front of the tongue; deflection of the inner margin is more evident in

small specimens. The tongue is between one third and one half the total length (platform plus tongue) and

tends to be very narrow and pointed. It may bear continuous transverse ridges, a carina, or developments

intermediate between the two. The free blade measures about one third of the total unit length and bears

six to nine sharp, oval (in cross section) denticles, which are longest and highest at midlength. Traced

posteriorward, the fixed blade continues as a low fused carina which may extend, in a variable form, to the

posterior tip. Due to the greater development of the outer platform, the carina tends to lie nearer to the

inner margin. Aborally, a thick-lipped, slightly asymmetrical pit is situated a little anterior of the platform

(minus tongue) mid-length. A sharp keel extends posteriorward, whilst anteriorward a relatively wide

furrow can be traced on to the underside of the blade.

Remarks'. The concept of Po. I. mucronatus is herein broadened to include forms both with and without

a carina. This brings together specimens from the same fauna which are clearly related in their general

robust character, platform ornament and in their cross-section. Ziegler and Klapper (1976) may have

included only juvenile forms in their zeta morphotype; later growth stages have broader tongue develop-

ments, although the posterior constriction is still evident. Apart from the other members of the Po. lingui-

formis group, Po. I. mucronatus appears to lie closest to Po. tuberculatus Hinde (q.v.). Specimens referred

to Po. I. mucronatus by Uyeno and Norris (1971), McGregor and Uyeno (1972) and by Telford (cf., 1975)

are not the same species.
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Polygnathus aff. porcillus Stauffer

Plate 1 13, figs. 23, 25, 26

aff. 1940 Polygnathus porcillus n. sp.— Stauffer, p. 430, pi. 60, figs. 86-88.

aff. 1970 Polygnathus linguiformis linguiformis Hinde—Bultynck, pp. 125-127, pi. 10, figs. 1, 2, 5.

Description '. This specimen is characterized by an inturned posterior tip and an asymmetrically developed

platform, the outer side of which is larger and extends further in both posterior and anterior directions. The

platform margins bear short transverse ridges separated from the carina by adcarinal grooves. The anterior

end of the platform lies perpendicular to the blade which is between one third and one half total unit length.

A relatively large basal cavity is situated near the anterior end of the platform.

Remarks

:

This form differs from Po. angustipennatus s.l. in the asymmetry of the platform and in the

posterior deflection. It is excluded from Po. linguiformis because of the pronounced carina extension, lack

of a tongue development, the nature of the anterior platform margins, the general form of the blade and

the relatively large basal cavity (cf. with juveniles of Po. linguiformis). Bultynck (1970, fig. 16, p. 122) con-

sidered Po. angustipennatus to have evolved from Po. linguiformis (during the mid Couvinian, Co2b) and

figured specimens of the latter, which he did not exclude from being the first stage in such a development.

The Plymouth specimen resembles these forms. The blade of Po. porcillus Stauffer is broken but the platform

is very similar.

Polygnathuspseudofoliatus Wittekindt. Plate 108, figs. 1, 3-5, 7, 8 1966 Polygnathus pseudofoliatus n. sp.-

Wittekindt, pp. 637-638, pi. 2, figs. 20-23.

Polygnathus timorensis Klapper, Philip and Jackson. Plate 112, figs. 13 15, 17, 18, 25, 28, 32, 35 1970

Polygnathus timorensis n. sp. -Klapper, Philip and Jackson, pp. 655-656, pi. 1, figs. 1-3, 7-10.

Polygnathus tuberculatus Hinde

Plate 1 13, figs. 1-4

1879 Polygnathus tuberculatus n. sp.— Hinde, p. 366, pi. 17, figs. 9, 10.

. 1921 Polygnathus tuberculatus Hinde— Bryant, pp. 25-26, pi. 12, figs. 7-9.

. 1934 Polygnathus bryanti n. sp.— Huddle, pp. 97-98, pi. 8, figs. 9, 10.

71956 Polygnathus sp. A— Hass, pp. 18-19, pi. 4, fig. 19.

71966 Polygnathus bryanti Huddle— Wittekindt, pp. 632-633, pi. 1, figs. 22-25.

. 1975 Polygnathus tuberculatus Hinde— Gupta(a), pp. 116-117, pi. 2, fig. 1.

. 1975 Polygnathus tuberculatus Hinde— Gupta(6), p. 163, pi. 1, fig. 3.

Diagnosis'. A polygnathid with, in later growth stages, a thick, broad, strongly tuberculate platform, the

anterior of which bears high subparallel ridges separated by deep adcarinal grooves.

Remarks'. The specimens of Po. tuberculatus described and figured by Hinde (1879), Bryant (1921) and

Huddle (1934) are relatively large and closely comparable with the Plymouth specimens. They are charac-

terized by a carina which does not extend to the posterior tip but rather is developed only in the anterior

two-thirds of the platform. The only earlier growth stages of this species which may have been figured

previously are those of Wittekindt (1966), although this work did not include illustrations comparable with

the holotype, and Ziegler and Klapper (in Ziegler et al. 1976) have recently referred Wittekindt’s specimens

to the eta morphotype of Po. linguiformis (= Po. 1. transversus). The relationship of Po. tuberculatus to the

former is uncertain, although it is noteworthy that the platform of Po. tuberculatus is reminiscent of the

linguiform plan (a tongue is indicated but not well differentiated) and the basal configuration is identical

to that of Po. 1. mucronatus.

Polygnathus aff. tuberculatus Hinde. Plate 1 13, figs. 5, 8, 9, 13, 16, 21, 28 71966 Polygnathus bryanti Huddle
—Wittekindt, pp. 632-633, pi. 1, figs. 22-25.

Remarks'. Included here are a number of specimens from Mount Wise with broad, flat platforms bearing

transverse ridges and a variable rostral ridge development. In some, there is a relatively small tongue
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development. These specimens resemble Po. I. transversus , the eta morphotype of Ziegler and Klapper (in

Ziegler et al. 1976), but in the latter the outer platform margin is a regular curve throughout, whereas in the

Plymouth specimens there is a change of curvature in the posterior platform, as is the case in Po. bryanti

sensu Wittekindt. Also, the eta morphotype has a more distinct tongue.

A single large specimen from Plymouth (Plate 113, figs. 5, 8) differs from Po. tuberculatus in not bearing

transverse ridges which converge toward the centre of the platform, and in lacking rostral ridges. Smaller

specimens included here exhibit a variable platform development. In view of the variability shown by

Po. I. mucronatus (q.v.), it seems probable that all these aforementioned forms may fall within the variability

of Po. tuberculatus. The same may even be true of the eta morphotype of Po. linguiformis too.

Polygnathus varcus Stauffer group

Remarks'. Klapper, Philip and Jackson (1970) defined the Po. varcus group as including polygnathids with

narrow, parallel-sided platforms and relatively long blades. Within the group, species have been dif-

ferentiated on the basis of the relative length and breadth of the platform, the nature of the anterior platform

margins, the degree of platform ornament, and the position of the basal cavity. It should be noted however
that representatives of the varcus group from Plymouth appear to display the following morphological

changes during growth: platform ornament appears and may become most pronounced; the basal cavity

migrates from a position at the blade/platform junction to a point posterior of this, and also becomes
relatively smaller; there is a corresponding longitudinal growth of the platform and the blade consequently

becomes relatively shorter; anterior trough margins may become flared. Platform symmetry, particularly

that of the anterior trough margins, also varies between otherwise similar specimens, and it is the authors

experience that this character does not provide a particularly useful criterion in the differentiation of

members of the group. However, elements with unequal trough margins do not occur in Po. varcus faunas

from Iowa and Minnesota (Klapper, written comm., 1975). Perhaps elements with asymmetric anterior

platform developments were gained or lost through evolution of the varcus populations.

Polygnathus varcus Stauffer. Plate 109, fig. 29 1940 Polygnathus varcus n. sp.— Stauffer, p. 430, pi. 60,

figs'. 49, 53, 55.

Polygnathus aff. variabilis Bischoff and Ziegler. Plate 110, figs. 3, 5, 6, 8, 11, 15, 16, 19, 25^ aff. 1957

Polygnathus ? variabilis n. sp. -Bischoff and Ziegler, pp. 99-100, pi. 18, figs. 8- 17, 21-24; pi. 19, figs. 10,

1 1,16, 17.

Description

:

The platform is mostly flat with straight, sub-parallel margins. The anterior inner platform

is turned less abruptly toward the free blade and meets the latter further anteriorward than the outer

margin. The outer platform tends to be broader than the inner, but both display variation in width and in

ornament (absent or marginally nodose); there are shallow, relatively wide adcarinal grooves. Posteriorly,

there is a linguiform tongue which is flexed both downward and inward; this is nearly as wide as the plat-

form initially but thereafter may taper to a point (in narrow specimens) or may be broad and rounded

terminally (in larger forms). The ornament of the tongue generally consists of curved transverse ridges

which are convex posteriorward. The ridges may connect marginal nodes and may be interrupted by an

incipient or discontinuous carina ; short intercalated ridges and nodes occur at the margins.

The free blade is between one third and one half of the total unit length and is deepest at the downward
arched anterior end. It bears seven to nine long, pointed and posteriorly inclined denticles which are highest

and widest near the anterior end. Traced on to the platform, the denticles become increasingly fused and

lie lower, but they nevertheless remain well above the level of the platform. In the smaller specimens, the

denticles of the carina are relatively large and tend to persist further posteriorward, whereas the carina of

the large forms diminishes progressively and disappears near the beginning of the tongue.

Aborally, a pit is situated a little behind the anterior end of the platform. This has wide and slightly raised

margins which extend half the platform width on either side and posteriorward to platform midlength, at

least. A sharp keel is developed in the posterior part of the unit while anterior of the pit, a furrow extends

beneath the blade.

Remarks'. Bischoff and Ziegler (1957) assigned variabilis to Polygnathus with question because of the

incipient nature of the platform. Orr (1971, pi. 5, figs. 1-3) illustrated specimens with strong platform

developments, but neither these nor the (illustrated) specimens from Germany (see also Wittekindt 1966,
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pi. 3, figs. 1114) bear the linguiform tongue characteristic of the Plymouth specimens; rather the carina

is continuous to the posterior tip.

Associated with Po. aff. variabilis in the Gasworks Quarry (GW20) there is a lonchodiniform element

(Plate 111, figs. 2-4) which bears thickened lateral margins with sharp nodes identical to the platform

development in some specimens of the polygnathid. It seems probable that the two were associated naturally,

perhaps within a species of the multielement Parapolygnathus.

Polygnathus xylus Stauffer. Plate 108, figs. 2, 9, 13, 21, 25 1940 Polygnathus xylus n. sp.— Stauffer,

pp. 430-431, pi. 60, figs. 54, 66, 72-74.

Polygnathus xylus ensensis Ziegler and Klapper. Plate 108, figs. 2,21, 25 1976 Polygnathus xylus ensensis

n. subsp.—Ziegler et al., pp. 125-127, pi. 3, figs. 4-9.

Spathognathodus bidentatus Bischoff and Ziegler. Plate 108, figs. 30, 31 1957 Spathognathodus bidentatus

n. sp. -Bischoff and Ziegler, pp. 1 14-1 15, pi. 6, figs. 8, 13.

Spathognathodus brevis Bischoff and Ziegler. Plate 108, figs. 22-24, 27 = 1957 Spathognathodus brevis

n. sp.— Bischoff and Ziegler, pp. 116 117, pi. 19, figs. 24, 27-29.

Spathognathodus planus Bischoff and Ziegler. Plate 111, figs. 9, 13, 17= 1957 Spathognathodus planus

n. sp.— Bischoff and Ziegler, p. 1 17, pi. 19, figs. 34, 35.

Remarks'. This element displays variation in the degree of arching and lateral flexing, and in the regularity

of the denticulation. The denticle (cusp) immediately above the basal cavity is generally slightly larger than

those adjacent to it. Bryantodus versus Stauffer (1940) is very similar but bears a more conspicuous cusp.
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APPENDIX

Dunstone Point (MB23-24): 2 samples, 2-4 kg, 61 conodonts. See Taylor 1951, p. 147; Braithewaite 1967,

p. 310.

Batten Bay— Mount Batten Point ; 9 samples, 5-2 kg, 23 conodonts.

Mount Batten , north and east : 8 samples, 5-5 kg, 13 conodonts. See Taylor 1951, p. 147.

Hooelake Quarry. 15 samples, 10-9 kg, 15 conodonts. See Taylor 1951, p. 151.

Turnchapel—Clovelly Bay. 4 samples, 2-5 kg, 2 conodonts.

Hexton Quarry: 2 samples, 1 kg, no conodonts.

Langshill Quarry : 3 samples, 8-4 kg, no conodonts.

Radford Quarry: 1 1 samples, 2T7 kg, 331 conodonts. See Ussher 1912, p. 55.

Breakwater— Bedford Quarries: 4 samples, 1-8 kg, 1 conodont.

Pomphlett Mill Quarry: 5 samples, 3-4 kg, no conodonts.

Saltram Quarry : 6 samples, 3-8 kg, no conodonts.

Laira Bridge: 2 samples, 2-2 kg, 9 conodonts. See Burton 1972.

Cattewater Road: 4 samples, 7-2 kg, 85 conodonts. See Taylor 1951, pp. 149, 150; Ussher 1912, p. 59.

Faraday Road: 14 samples, 9-5 kg, 21 1 conodonts.

Princerock Quarry (Plymouth Power Station ): 6 samples, 9-8 kg, 331 conodonts. See Ussher 1912, p. 59.

Cattedown Quarry: 4 samples, 61 kg, 77 conodonts. See Taylor 1951, p. 150; Ussher 1912, p. 59.

Gasworks Quarry (Esso depot): 5 samples, 12-4 kg, 440 conodonts. See Taylor 1951, p. 152.
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Fisons Quarry. 14 samples, 7-6 kg, 493 conodonts.

Teats Hilt Quarry. 8 samples, 101 kg, 468 conodonts. See Ussher 1912, p. 55.

Sutton Pool— Deadman s Bay. 4 samples, 4-5 kg, 66 conodonts. See Taylor 1951, p. 152.

Drake's Island : 7 samples, 15-2 kg, 77 conodonts.

West Hoe— Citadel: 4 samples, 5-3 kg, 45 conodonts. See Taylor 1951, p. 153; Hennah 1822, p. 33.

Richmond Walk (Ordnance Quarries, Coles Timber Yard) : 22 samples, 42-2 kg, 961 conodonts. See Taylor

1951, p. 153.

Mount Wise—Mutton Cove: 3 samples, 10 kg, 1472 conodonts. See Ussher 1907, pp. 52-53.

Devils Point— Western King Point : 33 samples, 42T kg, 1261 conodonts. See Taylor 1951, p. 153.

Eastern King: 6 samples, 1 1-8 kg, 659 conodonts.

Wilderness Point—Barn Pool: 11 samples, 16-7 kg, 244 conodonts. See Taylor 1951, p. 153; Ussher 1912,

p. 56.

Botus Fleming: 5 samples, 4-5 kg, 86 conodonts.

Neal Point: 15 samples, 16-3 kg, 977 conodonts (includes Famennian faunas). See Ussher 1907, p. 78;

Matthews 1962, p. 27.





NEW LOWER TERTIARY CRABS FROM
PAKISTAN

by j. s. h. collins and s. f. morris

Abstract. Palaeocene and Eocene crabs are described from the Sulaiman and Kirthar Ranges of east Pakistan. Ten
species are represented, eight of them new, belonging to nine genera, two of them new. The new genera and species

are Hepatiscus sheranii sp. nov., Laeviranina sinuosa sp. nov., Pyromaia inflata sp. nov., Gillcarcinus amphora gen.

et sp. nov., Proxicarpilius planifrons gen. et sp. nov., Proxicarpilius minor gen. et sp. nov., Hexapus pinfoldi sp. nov.,

and Lobonotus orientalis sp. nov.

Among the foreign collection of fossil crabs in the Department of Palaeontology,

British Museum (Natural History), are three groups from the Palaeocene-Eocene of

Pakistan; two, presented by E. S. Pinfold (1938) and T. O. Morris (1934), come from
the Ghazij Formation of Dera Ghazi Khan District and Kalchis respectively, while

the third and largest group comes from the Kirthar Formation of North West
Frontier Province and was presented by Professor W. D. Gill and B. C. M. Butler

in 1958.

The first reference to crabs from the Eocene of the Indian Sub-Continent was com-
municated by d'Archiac and Haime in 1854, with the description of Arges Murchisoni

(= Galenopsis murchisoni A. Milne-Edwards). Stoliczka (1871) advanced the know-
ledge of the Eocene crab fauna with the description of Palaeocarpi/ius simplex.

Subsequently Withers (1932) and Glaessner (1933) have either described new species

or correlated them with others from European deposits. Sastry and Mathur (1970)

completely reviewed the entire decapod fauna of this region and included strati-

graphical tables as well as an extensive bibliography.

The new material forms an aggregate of some 272 specimens. From the Ranikot

and Ghazij Formations Glyphithyreus wetherelli (Bell) has been distinguished,

together with three new species, one of which is contained in the oxyrhynch genus

Pyromaia
;
the others belong to Laeviranina and Lobonotus. Six more species are

present from two horizons, known locally as the Drazinda Shale and Domanda
Shale, within the Kirthar Formation. One species, Lobocarcinus indicus Glaessner

is known by specimens of similar age from Baluchistan; the others are new and are

referable to Hepatiscus
,
Hexapus , and two new genera Proxicarpilius and Gillcarcinus.

STRATIGRAPHY

The Ghazij Formation, formerly Ghazij Group of Oldham (1890), lies above the

Dunghan Fimestone (Upper Cretaceous to Fower Eocene) and below the Kirthar

Formation (Middle Eocene to Oligocene). The age of the Ghazij Formation has been

assessed as Fower Futetian by Vredenberg (1909), but most authors including Iqbal

(1970u), conclude that both the micro- and macro-palaeontological evidence suggests

[Palaeontology, Vol. 21, Part 4, 1978, pp. 957-981, pis. 116-118.]
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a correlation with the Laki Group, regarded by Cox ( 193 1 ) on the basis of its molluscan
fauna, as Lower Eocene (Ypresian). However, Haque (1960), on the basis of the

smaller planktonic foraminifera of the Sor Range, considered the upper part of

Ghazij Shales to be middle to late Eocene in age. In this assessment of the age of the

Ghazij Formation, Haque is alone, although Hunting Survey Corporation Ltd.

(1961, 124) thought a few samples from near the base of the formation contained

fossils considered to be of Palaeocene age or at least of Palaeocene affinity. To date

the most authoritative statement on the age of the Ghazij Formation is Samanta

(1972), who suggests that the Ghazij Formation lies wholly within the Lower Eocene
planktonic foraminiferal Zones Globorotalia aspensis/esnaensis and is probably

equivalent to Bolli’s (1957) Zones of G. aragonensis (P8) and G. palmerae (P9). In the

East Indian Letter classification it is assigned to Ta
2
(Adams 1970). The formation

has a thickness of 300 m (min.) to 3000 m (max.) in the Sulaiman Range (Hunting

Surveys 1961) and consists principally of shales with subordinate beds of sandstone,

limestones, conglomerates, and thin coals (Iqbal 1970u). Kasi (1968), who studied

the sedimentology of the Ghazij Formation at Harnai, divided the section into four

lithological divisions. Unfortunately it is not known from which of these divisions

the crabs were obtained, but the nature of their preservation suggests that they were

not all found at the same level. In the summary, Kasi concludes that the sediments

were formed in marine and fluviatile environments but that there is no evidence

despite the presence of coal in the sequence to suggest that any deltaic sediments are

present. Hunting Surveys (1961) discussed the possible derivation of the sediments.

Iqbal (1970u) considered that the macrofauna of the Ghazij Formation is typically

marine and probably lived in the littoral to sublittoral zone of a warm sea 45 to 60 m
deep. Clear water is indicated in at least one subdivision by the presence of corals,

but the molluscs in other subdivisions suggest phases of a shallower muddy-water
environment. A number of the molluscs recorded are long-ranged and some appear

in contemporary and later (Lutetian) European deposits. Iqbal concluded his sum-

mary of the molluscan assemblage by saying. There is no evidence that the species

common to West Pakistan and Europe appeared first in this part of Pakistan and
migrated towards Europe during Eocene times.’ The presence of Glyphithyreus

wetherelli (Bell) (Withers in Davies and Pinfold 1937) in the Thanetian, Upper
Ranikot Formation, Patala Shales of Kalabagh does not in any way contradict this

conclusion, since the Tethys was open along its length during this period. British and

west European rocks of Thanetian age are unsuitable for the preservation of crabs,

so that absence of G. wetherelli from the European Palaeocene cannot be used as

evidence for a westerly migration.

The Kirthar Formation (Middle Eocene to ?01igocene) overlies the Ghazij Forma-
tion and has been discussed at length by Eames (1952). Of the crabs from Ramak
Kwar, Gillearcinus , Lobocarcinus , and Proxicarpilius were found approximately 90 m
from the top of the Domanda Shale (Iqbal 19706) and are equivalent to the Lower
Chocolate Clays recorded by Eames (1952). Hexapus and Proxicarpilius were

obtained from the Discocyclina Shales (= lower part of the Drazinda Shale) which

according to Gill succeeds the Ostrea Shales (= Domanda Shale) after an intervening

limestone and is approximately 210 m above the main crab horizon.

The Lower Chocolate Clays consist of chocolate-coloured reddish-brown and
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greenish gypseous shales with some stringers of sulphurous material, limonitic

concretions, and phosphatic nodules. Thin bands of impure limestone containing

Ostrea ( Liostrea ) pseudoflemingi Eames occur in the upper part of this group (Eames
1952). Gill (in lit.) says, ‘crabs have been found at about the same horizon over about
20 miles (32 km) or more over the outcrop [i.e. Ramak Kwar and Parwaraj. In some
cases they occur in association with sandy beds crowded with molluscs, obviously

a shoreline facies. Some of the best preserved crabs undoubtedly came from the

greenish shales between the sandstone.’ Eames (1952) places the Upper and Lower
Chocolate Clays in the Lutetian Kirthar Formation. In his summaries of the

palaeontological subdivisions Eames (1952) refers to up to six decapod species from
the Rakhi Nala section and five each from the Zinda Pir and Kohat sections. Un-
fortunately these species are not named and since the complete faunal lists mentioned

by Eames cannot now be traced, no correlations can be made with the present

material. The only named decapod is a Callianassa sp. from the Venericardia Shales

(Local Zone 1 of the Rakhi Nala section).

DISTRIBUTION

Of the six species listed by Glaessner (1933) from the Lutetian of the Indian Sub-

Continent only Lobocarcinus indicus Glaessner and Galenopsis cf. murchisoni have

been recorded from Europe ; L. indicus is also known from Egypt and possibly Senegal

and Panama (Via 1969). Palaeocarpilius macrochelus (Desmarest), included in Sastry

and Mathur’s (1970) faunal list of Lutetian species, is well represented in deposits of

similar age from Europe and elsewhere. When the distribution of the five genera

concerned is considered, only Goniocypoda from the Maastrichtian of Senegal (Remy
1954) and Lophoranina from the Lower-Middle Eocene of Indonesia (Via 1969) are

known from older deposits.

Among the genera and species in the new material from the Ranikot and Ghazij

Formations (Thanetian-Ypresian), Glyphithyreus wetherelli (Bell) is known from
the Ypresian deposits in England, north-east Europe, Spain, and Senegal; Laeviranina

is known from Lower, Middle, and Upper Eocene of Europe and Middle and Upper
Eocene of the U.S.A. and New Zealand; Lobonotus , on the other hand, is known
only from the Middle Miocene of North America, while Pyromaia , a Recent North
American genus containing only three species, has previously only been found fossil

in the Pleistocene of California.

From the Kirthar Formation (Lutetian), Hexapus hitherto known only from
Miocene, Plio-Pleistocene, and Recent species, appears to be essentially Indo-Pacific

in distribution, while Hepcitiscus is represented by contemporary and younger species

from Europe, Egypt, Venezuela, Java, and the U.S.A.
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table I . Crabs recorded from the Palaeocene and Eocene of Pakistan and neighbouring India.

<u T3

<D
c
<D
O
o
<L>

C
g
c/5

<D

a
40
co

a
-a
c
aj

S

*3
40
00

g
‘n
a

g
"S
<L)

Vh

*3

Oh Q Q o

Lutetian

*Glyphithyreus wetherelli +
Goniocypoda rajasthanica

*Laeviranina sinuosa

+
+

*Lobonotus orientalis

*Pyromaia inflata
*Lobocarcinus indicus

+
+ +

*Hepatiscus sheranii

*Gillcarcinus amphora
*Proxicarpilius planifrons
* Proxicarpilius minor

+

+
*Hexapus pinfoldi

Lophoranina bakeri +
Montezumella sp. +
Lobonotus sp. +
Palaeocarpilius macrochelus +
Palaeocarpilius simplex +
Galenopsis murchisoni

Galenopsis cf. typicus

Goniocypoda sindensis

+
+

* This paper (others from Sastry and Mathur 1970).

SYSTEMATIC PALAEONTOLOGY

Section oxystomata H. Milne Edwards, 1834

Family calappidae de Haan, 1833

Subfamily matutinae McLeay, 1838

Genus hepatiscus Bittner, 1875

Type species. Hepatiscus neumayri Bittner, 1875, subsequent designation by Glaessner 1929.

Range. Lower Eocene to Oligocene.

Hepatiscus sheranii sp. nov.

Plate 1 16, figs. 1 -3

Derivation ofname. From Sherani, a local tribal name.

Diagnosis. Carapace subhexagonal in outline with the front raised up; the regions are well defined and
nodulate.

Material. Two, part cast, part decorticated carapaces. Holotype, male. In. 61551. Paratype, female, In.

61552.

Horizon and locality. Middle Eocene, Domanda Shale, Kirthar Formation; Ramak Kwar; c. 85 km south-

west of Dera Ismail Khan, North West Frontier Province, Pakistan.
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text-fig. 1. Sketch map of Pakistan showing fossil localities 1-6.

Locality 1. Ranikot Formation, Patala Shale, Thanetian Stage; 3 km north of Kalabagh, 160 km north-

north-east of Dera Ismail Khan, Punjab Province, 32° 51' N., 71° 36' E.

Locality 2. Ghazij Formation, Ypresian Stage; south of Nila Kund, 100 km south-west of Dera Ghazi

Khan, Punjab Province, 29° 30' N., 69° 45' E.

Locality 3. Top of Ghazij Formation, Ypresian Stage; Shaisuro, Mazari tribal area, c. 150 km south-west

of Dera Ghazi Khan, Punjab Province, 28° 55' N., 69° 50' E.

Locality 4. Ghazij Formation, Ypresian Stage; Kalchis, Baluchistan Province (exact location not estab-

lished but probably in the Kirthar Range).

Locality 5. Kirthar Formation (- Brahui Limestone, Kirthar Member), Domanda Shale (syn. Lower

Chocolate Clays), Lutetian Stage; Ramak Kwar (river), c. 85 km south-west of Dera Ismail

Khan, North West Frontier Province, 31° 27' N., 70° 20' E.

Locality 6. Kirthar Formation, lower part of Drazinda Shale (syn. Upper Chocolate Clays), Lutetian

Stage; south of Parwara village, 9 km south-west of Domanda, North West Frontier Province,

31° 32' N„ 70° 09' E.
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Description. The carapace is subhexagonal in outline with the width slightly exceeding

the length; it is moderately rounded transversely and semi-elliptical in longitudinal

section. The anterolateral margins are convex and the edge at the broadly rounded
lateral angle is thickened and upturned. Somewhat sinuous posterolateral margins

converge abruptly to the narrow posterior margin; it is rather more deeply concave

in the male; and is about half the width of the orbitofrontal margin. The orbitofrontal

margin occupies about half the carapace width and is raised a little above the level

of the lateral margin; the front is not well preserved, but appears to have a median
cleft. The orbits are wide and ovate; the lower orbital margin is produced a little in

advance of the upper which is thickened and apparently without notches. The basal

segment of the antennules takes up a third of the orbito-antennular cavity and on
either side of the short epistome, small lunate cavities for the second segment of the

antenna open into the orbit. On the dorsal surface the regions are well differentiated

and nodes of more or less even size occupy the proto- and mesogastric lobes, cardiac

region, and epibranchial lobes; while that on the metabranchial lobe is smaller and
set close to the margin midway between the lateral and posterior angles; an obscure

node is set in the depression between the mesobranchial and cardiac nodes. The
parallel-sided anterior process of the mesogastric lobe is depressed and does not

reach the front. A shallow groove, rather more obvious than the cervical groove,

separates the hepatic regions from the protogastric lobes. The urogastric lobe is

depressed and confluent with the rounded cardiac region.

A subsurface shell layer shows the dorsal surface densely pitted, the pits becoming
finer to obsolete towards the posterior margin.

The 3rd maxillipeds are fragmentary, but show the exognath to be about half the

width of the endognath.

The 1st and 2nd thoracic sternites are diamond-shaped and delineated by a groove

from the 3rd sternites which in turn are separated by a groove, notched at the margin,

from the 4th sternites. In the male this groove passes round the tip of the abdominal

trough and the median portion of the 3rd sternite is depressed, but in the female the

tip of the abdominal trough is wide and extends nearly the whole length of the 3rd

sternite. The posterior margins ofthe 4th-6th sternites partially overlap the succeeding

member; the 4th and 5th have a low median ridge. The very narrow abdominal trough

of the male is deep and sternal grooves issue forwards from between the 6th and

7th sternites. Of the female abdomen, only a subquadrate 6th somite and triangular

telson of almost equal length are preserved.

EXPLANATION OF PLATE 116

Figs. 1-3. Hepatiscus sheranii sp. nov. Middle Eocene, Kirthar Formation; Ramak Kwar. Dorsal, ventral,

and left lateral views of holotype carapace, BM In. 61551. x21.
Figs. 4-6. Laeviranina sinuosa sp. nov. Lower Eocene, Ghazij Formation; Nila Kund. Left lateral, dorsal,

and ventral views of holotype, BM In. 48241, x 1 5.

Figs. 7-9. Pyromaia inflata sp. nov. Lower Eocene, Ghazij Formation; Nila Kund. Dorsal, ventral, and

right lateral views of holotype carapace, BM In. 48246, x 3.

Figs. 10, 11. Lobonotus orientalis sp. nov. Lower Eocene, Ghazij Formation; Nila Kund. Anterior and

dorsal views of holotype carapace, BM In. 48245, x 1-5.
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Discussion. With the exception of H. rathbunae Maury which ranges into the Oligocene
(Via 1969), Hepatiscus is essentially an Eocene genus and is widely distributed, with

species known from southern Europe, Egypt, North and South America, and Java,

as well as Pakistan.

The fragment of H. americanus Rathbun (1935, pi. 17) shows the arrangement of

the nodes to be basically similar to H. sheranii , but in H. americanus an obscure node
occurs between those on the epibranchial and cardiac lobes rather than between the

mesobranchial and cardiac lobes. H. sheranii differs from all other species of Hepa-
tiscus by its rounded outline with unexcavated ventrolateral margins. In addi-

tion, H. rathbunae and H. pulchellus Bittner, have strongly produced fronts and
H. pulchellus and H. schweinfurthi Noetling, have denticulate or spiny anterolateral

margins.

Superfamily raninoidea de Haan, 1841

Family raninidae de Haan, 1841

Genus laeviranina Lorenthey and Beurlen, 1929

Type species. Ranina budapestinensis Lorenthey, 1898, subsequent designation by Glaessner 1929.

Range. Eocene-Oligocene.

Laeviranina sinuosa sp. nov.

Plate 1 16, figs. 4-6

Derivation ofname. From the sinuous course of the frontal ridge.

Diagnosis. A Laeviranina with the anterolateral spine immediately behind a sinuous

post-frontal ridge, and weak cardiac furrows.

Material. Eleven carapaces : holotype. In. 48241
;
paratypes. In. 35664-35668, In. 48239,40, In. 48242-48244.

Locality and horizon. Lower Eocene, Ghazij Formation ; Nila Kund, Dera Ghazi Khan District (29° 30' N.,

69° 45' E.), Punjab, Pakistan.

Description. Carapace about one and a half times as long as wide, moderately convex

transversely and longitudinally; it is slightly convex from the front to the level of the

cardiac region where it becomes more steeply inclined to the posterior margin.

Elongate ovoid orbits occupy the outer fourths of the nearly straight orbitofrontal

margin which is about two-thirds of the carapace width. The orbital notches extend

half-way to the frontal ridge and apparently divide the upper orbital margin evenly

into three portions. Details of the front are not preserved. The anterolateral margin

is directed slightly outward, ending with the lateral spine; while broken off on all

the present specimens it appears by its basal scar to have been of moderate size and
directed slightly upwards; it is situated about the same distance from the external

orbital spine as from the widest part of the carapace. The anterolateral edge is

narrowly rounded and lined with a row of fine granules which continue along the

gently sinuous posterolateral margins and possibly also line the posterior margin.

The posterolateral angles are broadly rounded; the concave posterior margin is

some two-thirds the width of the front. A postfrontal ridge, concave medially and

laterally sinuous, extends across the carapace immediately in front of the lateral
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spines; anterior to and along the forward edge of the ridge the surface is crowded
with numerous granules of several diameters. A portion of the outer shell-layer

(In. 35665) is densely ornamented with minute, rounded pits, but subsurface layers

are finely granulated. A pair ofdeep gastric pits are set between the anterior extremities

of short, shallow, cardiac furrows situated close to the midline.

The lateral margin is deflected under at about 45°; the prominent lateral suture is

lined with granules and the pterygostomian process is tumid. The buccal cavity

appears to have been rectangular, and posteriorly there are deep excavations for the

articulation of the 3rd maxillipeds. The portion of the sternum preserved shows it

to be broad between the chelipeds and bases of the 2nd pereiopods, and deeply

clefted medially as far as the 4th/5th sternal suture.

Discussion. The proportions of the carapace and the anterior position of the lateral

spine qualifies this species for Laeviranincr, the greater relative width of the carapace

serves to distinguish it from Raninoides. The presence or absence of the postfrontal

ridge and cardiac furrows are among the determining characters of Laeviranina

species; in the type species, L. budapestinensis Lorenthey, the postfrontal ridge is

situated immediately behind the lateral spine, and in the other three species, L. glabra

(H. Woodward), L. fabianii Lorenthey, and L. gottschei (J. Bdhm), known to have

this ridge, it passes in a fairly even curve across the carapace.

Section oxyrhyncha Latreille, 1803

Family majidae Samouelle, 1819

Subfamily inachinae McLeay, 1838

Genus pyromaia Stimpson, 1871

Range. Lower Eocene to Recent.

Type species. Pyromaia cuspidata Stimpson, 1871 by monotypy.

Remarks. Previously, Pyromaia had only been recorded as a fossil from the Pleisto-

cene of California (Rathbun 1926). Otherwise this genus is confined to the Recent

seas around North America.

With the exception ofsome claw fragments from the Upper Cretaceous of Arkansas
dubiously placed in Stenocionops (Rathbun 1935) nothing is known of the Oxy-
rhyncha before the Eocene (Glaessner 1969). An ancestry through the Oxystomata
and Latrei/lia—formerly placed in the Homoloidea, but now assigned to the family

Latreilliidae within the Dromiacea (Glaessner 1930; Wright and Collins 1972)—has
been suggested (Glaessner 1969, R 440). In further support of a dromiacean origin,

the marked resemblance of the species described below to Rathbunopon (particularly

R. woodsi Withers) from the Upper Cretaceous of England and the U.S.A. cannot be

overlooked.

Pyromaia inflata sp. nov.

Plate 116, figs. 7-9

Derivation of name. From the inflated appearance of the regions.

Material. An almost entire female carapace. Holotype, In. 48246.
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Horizon and locality. Lower Eocene, Ghazij Formation; south of Nila Kund, Dera Ghazi Khan, Punjab

Province, Pakistan, 29° 30' N., 69° 45' E.

Description. The carapace is subhexagonal in outline, the length slightly exceeding

the width with the widest part situated at the posterior third. It is slightly convex
transversely and in longitudinal section it rises steeply in front, then becoming flatter

it continues to rise to the cardiac region before descending sharply to the posterior

margin. The frontal margin occupies about a half of the carapace width and is pro-

duced slightly beyond the exceedingly shallow, almost circular, forwardly directed

‘orbits’. The upper orbital margin is thin and entire; broken bases of the postorbital

spines suggest they were stout and directed almost straight forward, basal scars of

the pre-orbital spines indicate they were somewhat less robust. The anterolateral

margin is very short, rounded, and occupied almost entirely by a large tubercle on the

hepatic region. A thin ridge lines the broadly convex posterolateral margin and
continues round shallow incisions for the 5th coxae and the very narrow posterior

margin. The cervical furrow is shallow and broadly V-shaped where it crosses the

midline a little anterior to half the carapace length; turning sharply forward it passes

in a broad curve round the mesobranchial lobe to a shallow marginal notch and
continues beneath the hepatic lobe to the front. There is a small tubercle on the sub-

hepatic lobe, below and posterior to the hepatic tubercle. The regions and lobes are

tumid and in addition to the tubercle on the hepatic lobe there are two small ones on
each protogastric lobe forming a convex row level with the tip of the anterior process

of the mesogastric lobe. There is a large tubercle on the broadly ovate mesogastric

lobe, two on the cardiac region, of which the posterior one forms much the largest

on the carapace; three occur on the more or less confluent epi- and mesobranchial

lobes, while on the metabranchial lobe there is a tubercle close to the mesobranchial

lobe and another, larger one on the outer posterior angle, level with the hindmost

cardiac tubercle. A row of three or four very small tubercles leads from the cervical

notch on to the outer edge of the metabranchial lobe which overhangs the postero-

lateral margin. The urogastric lobe is reduced to a narrow bar with a low tubercle

on either side of the midline. The intestinal lobe is reduced, barely separated from the

cardiac region and bordered behind by a ridge. The branchiocardiac furrow is broader

and shallower than the cervical, from the marginal notch it passes obliquely back to

become obsolete between the metabranchial tubercles. The elevated portions of the

upper surface are densely covered with fine granules which become coarser and
sparser in the furrows and between the depressions of the larger tubercles.

The pterygostomian process is triangular and deflected almost at right angles to

the lateral edge; a large tubercle lies along the lateral edge and a strong ridge, bearing

a single row of fine pits, borders the almost straight buccal margin. A short notch

separates the lst-3rd from the 4th sternites; the notches separating the other sternites

terminate in pits and become progressively longer to the 6th/7th where they meet at

the midline. The oviducts open close to the midline on the anterior part of the 6th

sternites.

Discussion. In the outline of the carapace, the inflated regions and general arrange-

ment of the tubercles, the new species closely resembles Eoinachoides senni Van
Straelen, from the Upper Eocene of Venezuela, from which it differs chiefly in having
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weaker branchiocardiac furrows and a pair of longitudinally, not transversely

arranged tubercles on the cardiac region.

Section cancridea Latreille, 1803

Family cancridae Latreille, 1803

Subfamily lobocarcininae Beurlen, 1930

Genus lobocarcinus Reuss, 1857

Type species. Cancer paulinowuerttembergensis von Meyer, 1847 by original designation.

Range. Middle to Upper Eocene.

Lobocarcinus indicus Glaessner, 1933

1933 Lobocarcinus indicus Glaessner; p. 14, pi. 3, figs. 6, 7; pi. 4, fig. 1.

1969 Lobocarcinus indicus Glaessner; Via, p. 390.

1970 Lobocarcinus indicus Glaessner; Sastry and Mathur, p. 41, pi. 7, figs. 2-4.

Range. Middle Eocene.

Horizon and locality. Middle Eocene, Kirthar Formation Domanda Shale; Ramak Kwar, c. 85 km south-

west of Dera Ismail Khan, North West Frontier Province, Pakistan.

Remarks. The only specimen (In. 61668) present comprises the median portion of

a carapace ;
it conforms— as far as the poor state of preservation allows comparison—

reasonably well with the type, In. 28125, which comes from a similar horizon at Dera
Bugti Khan, Baluchistan.

Section brachyrhyncha Borradaile, 1907

Superfamily xanthoidea Dana, 1851

Family xanthidae Dana, 1851

Genus gillcarcinus gen. nov.

Type species. Gillcarcinus amphora sp. nov.

Discussion. Gillcarcinus has been placed in the Xanthidae rather than in the Gone-
placidae because the third abdominal segment of the male does not cover the space

between the last pair of ambulatory legs. Other xanthid characters displayed are the

notched front, two anterolateral spines, and the front and orbits occupying the entire

anterior margin. However, the last character is also common amongst goneplacids,

as are the long chelipeds. The mesobranchial ridges and the greatest width occurring

in the posterior third of the carapace of Gillcarcinus set it apart from all known genera.

Range. Middle Eocene.

Gillcarcinus amphora sp. nov.

Plate 1 17, figs. 2-4

Derivation of name. The trivial name refers to the large urn-shaped cardiac region.

Diagnosis. The carapace is subquadrate in outline; the antero-lateral margins are of

moderate length, convex, and with two small spines; a prominent ridge across the

mesogastric and mesobranchial lobes unites with a thin longitudinal ridge on each
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metabranchial lobe; the cardiac region is large. Third-fifth somites of male abdomen
fused.

Material. Twenty-two carapaces, some retaining parts of the chelipeds. Holotype, a female, In. 61553.

Paratypes, 9 males. In. 61554-61562; 4 females, In. 61563-61566; 8 sex indeterminate. In. 61567-61574.

Horizon and locality. Middle Eocene, Kirthar Formation, Domanda Shale; Ramak Kwar, c. 85 km south-

west of Dera Ismail Khan, North West Frontier Province, Pakistan.

Description. The carapace is subquadrate in outline, the length being about two-thirds

of the greatest width; it is moderately convex transversely, and longitudinally it rises

steeply from the front to the mesogastric lobe, becomes flatly depressed to the cardiac

region before curving steeply down to the posterior margin. The short, almost straight,

anterolateral margin ends in a small spine at an exceedingly weak cervical notch and
there is a stronger, upturned spine on the epibranchial lobe. The lateral margins are

straight and diverge posteriorly to broadly rounded posterolateral angles and lead

by wide, shallow incisions for the 5th coxae into the posterior margin which is slightly

concave and narrower than the orbitofrontal margin. The lateral edges are drawn
up into a thin granulated ridge and the sides are inclined almost at right angles. The
straight orbitofrontal margin occupies half the carapace width and is divided into

three more or less even portions; the front is a little produced and has a shallow

median notch. The upper orbital margin is sinuous, lined with fine granules (con-

tinuing round the front) and terminates externally in a blunt spine not reaching as

far as the front. The eyestalk (PI. 1 17, fig. 4) is circular in cross-section, somewhat
constricted medially with the surface minutely pitted; the corneal surface appears

to have been directed obliquely upward. On the dorsal surface a strong, rounded
ridge crosses the mesogastric lobe and with little or no interruption for the cervical

groove continues downwards across the mesobranchial lobes to unite with a weaker,

longitudinal ridge on the metabranchial lobes, extending to the coxigeal incisions.

A very short epibranchial ridge slopes posteriorly from the lateral margin to the

junction of the foregoing ridges. The cervical groove is very faint throughout its

course; posterior to the gastric ridge it crosses the midline in a broad curve. In many
of the specimens the median portion of the groove is obscure and the hinder part of

the mesogastric and normally crescent-shaped urogastric lobe appears as an un-

differentiated quadrate area. The anterior process of the mesogastric lobe forms

a short depressed triangle between small ovate frontal lobes. A broadly V-shaped

groove, more distinct than the cervical groove, separates the urogastric from the

EXPLANATION OF PLATE 117

Fig. 1. Lobonotus orientalis sp. nov. Lower Eocene, Ghazij Formation; Nila Kund. Ventral view of holotype

carapace, BM In. 48245, x T5.

Figs. 2-4. Gillcarcinus amphora gen. et sp. nov. Middle Eocene, Kirthar Formation; Ramak Kwar. 2, ventral

view of male carapace with right cheliped, BM In. 61554, x 2 1. 3, dorsal view of holotype carapace,

BM In. 61553, x2T. 4, anterior view of carapace to show eyestalks, BM In. 61555, x2T.
Figs. 5, 7. Proxicarpilius planifrons gen. et sp. nov. Middle Eocene, Kirthar Formation; Ramak Kwar.

Dorsal and ventral views of holotype female carapace, BM In. 61575, x 1-5.

Figs. 6, 8, 9. Proxicarpilius minor gen. et sp. nov. Middle Eocene, Kirthar Formation; Parwara. Dorsal,

anterior and ventral views of holotype carapace, BM In. 61647, x 3.
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cardiac region and there are two small pits set close to the midline. The cardiac region

is large, tumid, and urn-shaped. A ridge-like process on each metabranchial lobe

above the broadest part and to some extent continuing on to the cardiac region

emphasizes deep epimeral adductor muscle scars. The metabranchial lobes are tumid
medially to the longitudinal ridge, then become hollowed and steeply inclined to the

lateral margin.

Granules of several diameters crowd the gastric ridge and line the metabranchial

ones, the tumid areas are less densely granulated, while the depressed median and
lateral portions are almost smooth; the area immediately behind the front is finely

pitted, with a few granules scattered towards the margins.

Oblique grooves uniting at the midline separate the 3rd from the 4th abdominal

sternites; the 4th is nearly square in outline and the 5th-8th are oblong. Granules

cluster round the bases of the 4th sternites and there is a row along the adjacent

margins of the 5th-8th. In the male abdomen, weak grooves indicate the otherwise

fused 3rd-5th somites; the sixth somite is quadrate and nearly as long as the telson.

The abdominal trough of a possible male (In. 61556) is deep with a prominent central

groove. In the female the 6th somite is about twice as long as the 3rd-5th which are

all much the same length. In both sexes the median portion is bluntly ridged and the

telson is triangular in outline, but in the male the lateral margins are concave.

The chelipeds are robust and of about the same size on either side; the chelae are

equal to about three-fourths of the carapace width. The hand is ovate in section and
as long as the downwardly and inwardly curving fingers. There are two grooves lined

with pits along the outer margin of the movable finger and one groove along the fixed

finger. The carpus is about half the length of the merus which is about half the length

of the hand.

Genus Lobonotus A. Milne-Edwards, 1864

(= Archaeopilumnus Rathbun, 1919)

Type species. L. sculptus A. Milne-Edwards, 1864 by original designation.

Range. Lower Eocene to Upper Miocene.

Discussion. Lobonotus and Titanocarcinus were erected by A. Milne-Edwards (1864)

for respectively a Central American and a European species. The two types of areola-

tion that characterize the two genera are not consistent with the apparent geographical

separation as at present accepted, i.e. Titanocarcinus for Europe and Lobonotus for

the rest of the world. The characteristic tri-lobed cardiac of Titanocarcinus is present

on the type species of Lobonotus , L. scu/ptus. Examination of the type species of these

two genera is required, but it seems likely that Lobonotus may become a junior sub-

jective synonym of Titanocarcinus.

Lobonotus orientalis sp. nov.

Plate 1 16, figs. 10, 11; Plate 1 17, fig. 1

Diagnosis. A Lobonotus with the mesogastric lobe divided posteriorly by a weak
furrow; the epibranchial lobes are divided laterally by a shallow depression and the

intestinal region extends across the entire width of the posterior margin.
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Holotype. An almost complete carapace. In. 48245.

Horizon and locality. Lower Eocene, Ghazij Formation; south of Nila Kund, Dera Ghazi Khan, 29 30' N.,

69° 45' E., Punjab Province, Pakistan.

Description. The carapace is subquadrate in outline with the width slightly exceeding

the length, it is transversely and longitudinally flattened. The orbitofrontal margin
is broadly rounded and occupies two-thirds of the carapace width. The orbits are

small and ovate. The subtruncate front has a wide, U-shaped median notch and is

separated by a shallower notch from the upper orbital margin. The external orbital

spine is spiniform; the upper orbital margin has two broad fissures and is lined with

granules which continue across the front, those on either side of the median notch

being the largest. There are four sharply upturned spines on the somewhat arcuate

anterolateral margin; the third spine is the largest, and, while the spaces between the

spines are obscured, it is evident that the posterior margin of the fourth is finely

granulated. The posterolateral margins are nearly straight and converge to the

posterior margin which is about as wide as the orbitofrontal margin. The regions are

well differentiated and tumid; the mesogastric lobe is broadly ovate and divided

posteriorly by a weak longitudinal furrow, the anterior process extends to the base

of small, ovate, epigastric lobes; the protogastric lobes are kidney-shaped and the

fairly large hepatic regions are triangular. A thin furrow separates the depressed,

rectangular urogastric from the mesogastric lobe. The cardiac lobe forms a large ovate

region on which a pair of oblique tubercles coalesce posteriorly ; on either side, a small

node occupies the space between this region and the metabranchial lobe. The epi-

branchial lobes are obliquely ovate, with a wide depression laterally. The meso-

branchial lobes are small, pyriform, and set close to the urogastric lobes. The intestinal

region is narrow and extends obliquely from the posterior margin of each meta-

branchial round the base of the cardiac. Even-sized granules crowd the summits of

all the regions; there is a single row of four or five granules across the urogastric and
a similar number on the mesogastric lobe reaches a short way on to the otherwise

smooth anterior process.

A thin ridge separates the granulated subhepatic region from the triangular ptery-

gostomian process, on which fine granules follow the subhepatic and sternal margins

;

and a sharper ridge bounds the slightly concave buccal margin and narrowly rounded
buccal angle.

The portion of the sternum equivalent to the 2nd/3rd sternites is laterally tumid and
granulated; the 4th sternites are smooth apart from a single row of granules laterally

and a few near the margin with the 5th sternites, which, like the 6th-8th, are sub-

rectangular in outline and generally granulated. The merus of the cheliped is a little

under half the carapace width in length, robust, and granules of several diameters

crowd the lower margin; the merus of the 1st pereiopod is somewhat longer and
flattened, fine granules line the upper margin, and coarser ones occur posteriorly.

Discussion. With the exception of L.foerstei described by Rathbun from the Upper
Miocene of Massachusetts and L. sculptus from the Upper Oligocene of Haiti,

Lobonotus is predominantly an Eocene genus, which hitherto has been known by
three species from the U.S.A., one from Mexico, and another, L. ? australis Fritsch,

from Borneo. The epibranchial lobes of L. natchitochensis Stenzel (Middle Eocene,
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Louisiana) are divided only by a short groove and may be further distinguished from
L. orientalis in having triangular, not reniform, protogastric lobes, an entire meso-
gastric lobe, a more distinctly trilobate cardiac region, and coarser surface granula-

tion. The mesogastric lobe of L. bakeri (Rathbun) from the Upper Eocene of Texas
is also entire, the protogastric lobes are triangular and the epibranchial and meso-
branchial lobes are relatively larger than those of the new species. L. brasoensis from
the Middle Eocene of Texas is known only from a claw fragment. The upper Eocene
L. mexicanus Rathbun closely approximates L. orientalis

,
but differs in having larger

mesobranchial lobes, a more elongate cardiac region, and in the intestinal being

much depressed below the cardiac region.

Family carpiliidae Ortmann, 1894

Genus proxicarpilius gen. nov.

Type species. Proxicarpilius planifrons sp. nov.

Derivation of name. Akin to Carpilius.

Range. Middle Eocene.

Diagnosis. Carapace transversely subhexagonal, the front is entire and the antero-

lateral margins are thin, with two blunt spines, the posterior one at the lateral angle

weakly ridged; with or without a low ridge across the posterior part of the meso-
gastric lobe. Chelipeds subequal; the upper margin of the hand is carinate, with blunt

spines or granules and there are three longitudinal ridges on the outer margin of

the hand.

Remarks. While close to Palaeocarpilius, Proxicarpilius differs in having shorter

second antennal segments, the front is straighter and more distinctly divided into

median and lateral portions flanked by fairly robust inner orbital spines; the lateral

angle occurs closer to the front producing shorter anterolateral margins which are

less regularly convex, and the branchial region is not deflected beneath an epibranchial

ridge. The longitudinal ridges on the outer margin of the hand distinguish those of

Proxicarpilius from Palaeocarpilius.

Proxicarpilius planifrons sp. nov.

Plate 117, figs. 5, 7; Plate 118, figs. 1-4, 7

Derivation ofname. The trivial name refers to the entire, i.e. notchless front.

Diagnosis. A Proxicarpilius with a transverse ridge across the posterior part of the

mesogastric lobe; the lowermost carina on the hand is discontinuous.

Material. One hundred and eighty-four carapaces and six unattached chelipeds. Holotype, an almost

entire female carapace and part of left cheliped. In. 61575. Paratypes, 75 males. In. 61576-61599; 42 females,

In. 61600-61619; 66 of indeterminate sex. In. 61620-61640, and 6 unattached chelipeds. In. 61641-61646.

Horizon and locality. Middle Eocene, Kirthar Formation, Domanda Shale, Ramak Kwar, c. 85 km south-

west of Dera Ismail Khan, North West Frontier Province.

Description. The carapace is subhexagonal in outline, the length being about three-

fourths the width measured between the lateral spines. It is moderately arched trans-

versely and steeply rounded in longitudinal section. There is a blunt spine a little more
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than half-way along the broadly rounded anterolateral margin, and another larger

one at the anterolateral angle set two-thirds distant from the front. There is a sugges-

tion of an epibranchial ridge so prominently developed in Palaeocarpilius. The edge

is narrowly rounded, slightly upturned, and the sides are inclined under at about 45°.

The posterolateral margins are sinuous and converge to fairly sharp angles leading

by slight excavations from the 5th coxae into the almost straight posterior margin

which is bounded by a thin marginal groove and is about twice as wide as the front.

The orbits are broadly ovate, directed forwards, and take up the outer fourths of the

orbitofrontal margin which is very wide, occupying about three-fourths of the

carapace width. The upper orbital margin is sinuous towards the front and thickened

by a rounded ridge, which becoming much thinner, continues across the front. The
inner upper orbital spine is blunt and a little weaker than the outer one.

The suborbital spine is visible from above and the 2nd segment of the antenna

completes the thin lower margin of the orbit. The front is divided into three parts
;
the

lateral portions are concave, and the central wider portion is broadly convex with no
trace of a median notch, depressed and barely projected beyond the inner upper

orbital spines. The lobes are moderately well defined. A narrow, gently curving ridge

extends across the posterior part of the mesogastric lobe and a small ovate node on
each protogastric lobe overlays the extremities of the ‘epigastric ridge’. As growth

advances there is a tendency for these nodes to extend forwards and inwards to

enclose a shallow depression on either side of the mesogastric lobe. Continuing from
the protogastric nodes is the first of a row of six or seven small tubercles curving

outwards and backwards to the ‘epibranchial ridge’. Anterior to the mesogastric

ridge are two pits, rather more obvious on a subsurface shell-layer, close to the mid-

line. The slightly tumid cardiac region is confluent with the urogastric lobe and with

it forms an elongate pentagon with three small tubercles set in an inverted triangle

on the broadest part. The intestinal region is ovate and barely distinguished posteriorly

from the metabranchial lobes. Pits of several diameters crowd the gastric and cardiac

regions. On the metabranchial lobes the pits are smaller and become almost obsolete

posteriorly.

On the ventral surface the front curves downward and backward to meet the head
of the very narrow epistome which has a thinly ridged margin. The basal segment of

the antennules is semi-elliptical with the lower margin sinuous and ridged; when
deflected to show the joint with its distal members, it is rectangular with the corners

rounded. The second segment of the antenna is subtrapezoidal at its base with a short

facet articulating with a notch on the subhepatic margin; the very narrow distal

portion terminating in the orbit lays under the inner orbital spine for half its width.

The corneal surface entirely caps the short, cylindrical eyestalk. A thin groove

extends across the anterior margin of the endostome. The buccal margins converge

a little posteriorly and the distal angles are broadly rounded ; the margins are bounded
by a thin ridge which continues round the sternal border. The ischio-endognath of

the 3rd maxillipeds is rhomboidal with a rounded ridge on its outer third (PI. 118,

fig. 2). The merognath is subovate with the lower inner angle truncated; it has a thin

median ridge flanked by broad depressions. The transversely rounded exognath is

about two-thirds the width of the endognath. Fine pits are scattered over the anten-

nular region and mouth parts.
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The part of the sternum corresponding to the lst/2nd abdominal sternites is

triangular and emphasized by a strong median ridge and a curved basal ridge, which,

interrupted only by shallow clefts, continues along the distal edge of the 3rd and lateral

part of the 4th sternites; a weak transverse groove further delineates the lst/2nd

sternites from the 3rd, and between the 3rd and the 4th a broader groove curves nearly

to the abdominal trough. The 4th sternites are very large and in the male (In. 61577)

are divided by a ridge curving round the abdominal trough; the surface is steeply

depressed forward of the ridge, and is flat behind; but in the female (In. 61602) this

ridge broadens behind into tumidities and the depressed part is bilaterally tumid. The
5th/8th sternites are chordate in outline.

The 2nd abdominal somite of the male is about half as long again as the 1st; the

3rd-5th are fused (PI. 118, fig. 3), but their positions are marked by marginal notches

and short median and lateral grooves. The 6th somite is rectangular and about two-

thirds the length of the triangular telson; the 3rd is the widest and the 2nd-5th have

a progressively weakening transverse ridge. The middle third of each somite is weakly
tumid. In the female abdomen the lower margin of the 1st somite is medially about

half the length of the 2nd; the 3rd-5th become slightly longer, and the 6th is widest

and about twice the length of the 5th and half that of the subovate telson ; the median
and lateral portions are tumid. The openings of the oviducts (PI. 118, fig. 4) are

large and occur between the 5th-6th sternites.

In the female the percentage ratio of the posterior margin to carapace width

averages 30-3, while in the male it is 26-9, a difference of 1 1-5%.

The chelipeds are robust and the larger claw, where preserved, is on the right. The
merus is triangular with a fairly sharp lower margin on which there are two blunt

spines in line distally, the larger forming the articulating boss with the carpus. The
carpus is a little shorter than the merus, triangular in section, with a row of five or

six blunt spines fringing the upper outer margin. The length of the slightly incurved

major palm is a little more than twice the carpus and the inner surface is smooth; the

upper margin is sharp, finely granulated, and terminates distally in a sharp spine;

on the outer surface are three subparallel ridges strengthening distally; the bluntly

rounded uppermost commences posteriorly at the upper articulating boss, the lower-

most is ‘broken’ with the centre portion laying nearer the middle ridge. The lower

EXPLANATION OF PLATE 118

Figs. 1-4, 7. Proxicarpilius planifrons gen. et sp. nov. Middle Eocene, Kirthar Formation; Ramak Kwar.

1, ventral view of female carapace to show right cheliped, BM In. 61600, x 2. 2, antero-ventral view of

carapace, BM In. 61601, x2. 3, ventral view of male carapace, BM In. 61576, x 2. 4, ventral view of

female carapace to show oviducts, BM In. 61602, x 2. 7, right lateral view of holotype carapace. BM
In. 61575, x 2.

Figs. 5, 6, 11. Proxicarpilius minor gen. et sp. nov. Middle Eocene, Kirthar Formation; Parwara. 5, outer

face of right chela, BM In. 61656, x 3. 6, outer face of left chela, BM In. 61657, x3. 1 1 , right lateral

view of holotype carapace, BM In. 61647, x 3.

Figs. 8 10, 12. Hexapus pinfoldi sp. nov. Middle Eocene, Kirthar Formation; Parwara. 8, ventral view of

male carapace, BM In. 61661, x 3. 9, 10, 12, dorsal, left lateral, and ventral view of the holotype female

carapace, BM In. 61660, x3.

Figs. 13-15. Glyphithyreus wetherelli (Bell), Palaeocene, Upper Ranikot Formation; Kalabagh. Dorsal,

ventral, and right lateral views of carapace, BM In. 48194, x2.



PLATE 118

COLLINS and MORRIS, Lower Tertiary Crabs



976 PALAEONTOLOGY, VOLUME 21

margin is straight and bordered on the outer surface by a groove continuing along the

fixed finger, which is about half the length of the palm; on the opposing margin is

a large tooth before the terminal one. The opposing margin of the fixed finger is

narrowly rounded. Minute granules crowd the surface of the carpus and merus;

on the palm the outer surface down to the lowest ridge is granulated, the granules

becoming finer, fewer, and interspersed with pits towards the lower margin. The
chelipeds appear to be rather more robust in the males. The tips of the fingers retain

the dark coloration typical of the Carpiliidae and other members of the Xanthoidea.

Discussion. In Palaeocarpilius, only P. simplex Stoliczka and P. klipsteini von Meyer
have an entire front edge, but the front itself is subtriangular rather than broadly

rounded as in P. planifrons. Both these species of Palaeocarpilius have a smoothly

convex anterolateral margin and whereas the upper margin of the hand of P. simplex

is smooth and that of P. klipsteini is tuberculate, neither has the longitudinal ridges

on the outer margin like those developed in Proxicarpilius.

Proxicarpilius minor sp. nov.

Plate 1 1 7, figs. 6, 8, 9 ; Plate 1 1 8, figs. 5, 6, 1

1

Derivation of name. From the generally small size of the available specimens.

Diagnosis. A Proxicarpilius with a smooth dorsal surface lacking a transverse gastric

ridge; on the cheliped the lowermost carina on the hand is entire and the upper and

lower margins are coarsely granulate.

Material. Holotype, an almost entire carapace. In. 61647. Paratypes, eight carapaces and four attributed

chelipeds, In. 61648-61659.

Horizon and locality. Middle Eocene, lower part of Drazinda Shale, Kirthar Formation, c. 150 m below

top, near axis of Parwara Syncline, south of Parwara village, 9 km south-west of Domanda, Dera Ismail

Khan district. North West Frontier Province, Pakistan, 31° 32' N., 70° 9' E.

Description. The specimens are of small size, ranging from 11 to 19-5 mm in width.

In general outline they closely resemble similar-sized specimens of P. planifrons , but

the length/width ratio of P. minor is just perceptably less than that of P. planifrons.

Four specimens each of the two species were measured and their average percentage

ratios were 7
1% for P. minor and 77% for P. planifrons. Of greater specific significance

is that the dorsal surface of P. minor is less convex longitudinally, the lobes are

undifferentiated and no transverse ridge is developed across the mesogastric lobe.

Four chelae present in the Drazinda Shale collection, show close affinity to those

of P. planifrons and may be regarded as belonging to P. minor
;
the upper margin of

the hand is bluntly rounded with four evenly spaced spinules; five or six spinules line

the outer lower margin and are alternately spaced with a similar number of spinules

on the inner margin. The three carinae on the outer margin are weakly developed and

the lowermost is uninterrupted in the centre.
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Family goneplacidae McLeay, 1838

Subfamily hexapodinae Miers, 1886

Genus hexapus de Haan, 1833

Type species. Cancer sexpes Fabricius, 1798 by original designation.

Range. Middle Eocene to Recent.

Hexapus pinfoldi sp. nov.

Plate 118, figs. 8-10, 12

Derivation of name. In honour of E. S. Pinfold.

Diagnosis. The carapace is subrectangular in outline with short, rounded, antero-

lateral margins and subparallel lateral margins; the regions are indistinct.

Material. Eight, part cast, part decorticated carapaces. Holotype, female. In. 61660. Paratypes, 3 males.

In. 61661-61663; 2 females. In. 61664-61665, 2 of indeterminate sex. In. 61666-61667.

Horizon and locality. Middle Eocene, Kirthar Formation, lower part of Drazinda Shale, c. 150 m below

top, near axis of Parwara Syncline, south of Parwara village, 9 km south-west of Domanda, Dera Ismail

Khan district. North West Frontier Province, Pakistan, 31° 32' N., 70° 09' E.

Description. The carapace is subrectangular in outline, the length being a little more
than half the width; it is steeply arched longitudinally, particularly anteriorly, and

transversely is nearly flat. The anterolateral margin is very short and rounded
smoothly into the orbitofrontal margin which is straight and occupies about one-

third of the carapace width. The posterolateral margins are gently convex to sub-

parallel and the posterolateral angles are fairly sharp. The posterior margin is

vaguely divided into three parts, the outer parts concave and the middle convex.

A finely granulated ridge extends just below the very slightly rounded lateral edges

and the weakly tumid sides are inclined almost at right angles. The orbits are ovate

and the scarcely raised upper orbital margin is thin and not so far advanced as the

lower orbital margin which terminates in a small node. The eyestalk is cylindrical

with a median constriction and the corneal area caps the extremity. The front is not

well preserved in any of the specimens, but appears to have occupied about one-fifth

of the carapace width. The regions are indistinct. Faint gastrocardiac grooves extend

over the middle fifth of the carapace length; they are set apart equal to the distance

between the orbits and between them are two pits close to the midline. The dorsal

surface and sides are finely granulated.

The pterygostomian regions are short and triangular, somewhat tumid, and tending

to overlap the anterior sternites. The buccal angle is broadly rounded and distally

chamfered to accommodate the chelipeds. The buccal margins are a little divergent

posteriorly and bounded by a finely granulated ridge.

A deep forwardly curved groove separates the 3rd from the 4th sternites, it does

not reach the side but stops at a slot in the anterior margin. The 4th sternites are about

twice the length of the 5th-7th; these are subrectangular in outline with sharp inner

anterior angles and rounded posterior ones; the margin of the 5th and 6th is drawn
back laterally to embrace half each succeeding sternite. A few small granules occur

on the outer anterior angles of the 4th sternites and the remaining surface appears
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to have been finely pitted. The abdominal somites of the male are narrow and of

about equal length, they taper gradually to the bluntly rounded telson. The female

abdomen is ovate, reaching its widest part at the 4th-6th somites which are of about

equal length; the triangular telson is a little longer than the 6th somite and its apex
is broadly rounded.

Discussion. Two members of the Hexapodinae, Goniocypoda rajasthanica Glaessner

and Rao and G. sindensis Glaessner have already been described from the Indian

Sub-Continent
;
the former comes from the Fuller’s Earth deposits (Upper Palaeocene

to Lower Eocene) of Rajasthan, and the latter is possibly of Eocene age from Sind

(Sastry and Mathur, 1970). In both these species the orbitofrontal margin is very

broad and sharply in contrast with that of H. pinfoldi. The only other known fossil

Hexapus is H. nakajimai Imaizumi from the Miocene Nakajima formation of Japan;

it differs from H. pinfoldi in having rather more prominent gastrocardiac grooves, and
the anterior process of the mesogastric lobe is markedly depressed. H. sexpes (Fabri-

cius) a Recent species occurring off Japan, New Caledonia, Amboina, and South
Africa, has weakly developed gastrocardiac grooves, but the posterolateral margins

are somewhat divergent to the posterior margin, rather than subparallel as in

H. pinfoldi.

The relative size of the pereiopods and details of the front distinguish Hexapus
from Thaumastoplax (Sakai, 1939; Glaessner, 1969). In drawing attention to the

difficulty of collecting fossil crabs retaining these characters, Imaizumi (1959) intro-

duced a biometric evaluation for Hexapus and Thaumastoplax based on the ratio of

the carapace length to width. Ratios, shown by a common denominator of the two

species of Hexapus known to Imaizumi were, 637/1092 for H. sexpes and 624/1092

for H. nakajimai , and for the three species of Thaumastoplax available to Imaizumi:

756/1092 for T. orientalis Rathbun; 672/1092 for T. anomalipes Miers (both Recent);

and 728/1092 for T. prima Rathbun (Oligocene). Measurements taken from Wood’s
illustration of T. eocenica, provide us with a figure of 756/1092. Only three specimens

of H. pinfoldi are sufficiently well preserved to permit measurements to be taken.

Ratios of the figures obtained shown in Imaizumi’s common denominator, are:

651/1092, 640/1092, and 632/1092, which provide an average of 641/1092. While

this is a little higher than the figures shown for the other members of Hexapus, it is

still lower than the lowest figure obtained in Thaumastoplax, i.e. T. anomalipes.

Measurements of T. intermedia Collins and Morris (Miocene) are length 14-4 mm
and width 22 0 mm which reduce to 702/1092, showing that the species falls well

within the general range provided by other members of the genus and supplements

our remarks (1976) concerning that species’ affinity to both T. prima and T. anomalipes.
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Subfamily carcinoplacinae H. Milne-Edwards, 1852

Genus glyphithyreus Reuss, 1859

Type species. GlyphithyreusJormosus Reuss, 1859 by original designation.

Range. Palaeocene to Eocene.

Glyphithyreus wetherelli (Bell)

Plate 118, figs. 13-15

1858 Plagioloplms wetherelli Bell, p. 19, pi. 7, figs. 7-13.

1859 Glyphithyreus affinis Reuss, p. 5, pi. 10, figs. 4, 5.

1937 Plagioloplms cf. wetherelli (Bell); Pinfold, p. 9.

1954 Clyphithyreus [.v/c] wetherelli (Bell); Brown and Castell, p. 63.

1969 Glyphithyreus wetherelli (Bell) ;
Via, p. 302, pi. 36, fig. 1 (see also for intermediate synonymies).

Material. Twenty-one part cast, part decorticated carapaces: In. 48194. Palaeocene, Upper Ranikot Forma-

tion, Patala Shale, 2 miles north of Kalabagh, Punjab ; In. 48232-48237, top of Ghazij Formation, Shaisuro,

Dera Ghazi Khan, Punjab; In. 49188-49201, Ghazij Formation, Kalchis, Baluchistan.

Remarks. The specimens range in size from 15-6 to 34-2 mm in carapace width, thus

attaining a larger size than is usual for European forms. A series of length/width

table 2. Measurements (mm) of specimens of G. wetherelli , G. affinus , and G. formosus from various

localities, with their percentage length/width ratios.

Glythithyreus wetherelli (Bell)

length width Wo
Pakistan 22-9 28-5 83-4

(Pinfold Colin.) 20-2 270 74-9

26-5 34-2 74-6

22-3 26-9 82-9

12 9 15 6 82-7

(T. O. Morris Colin.) 16-8 22-3 75-3

19-7 24 1 81-7

22-5 27-7 81-2

Sheppey (Bell, 1858; 20) 22-6 27-7 815

Sheppey 14-8 190 77-9

14 6 18-8 77-7

140 18-0 77-8

9-5 12-5 76-0

Oxshott 14 9 18-8 79-3

14 6 18-8 77-7

Senegal (from Remy, 1954;

pl. 1 1, fig. 3)

160 210 76-0

Spain (from Via, 1969; 303) 200 26-0 77-0

Glythithyreus affinis Reuss

Sheppey (from Reuss, 1859;

pl. 10, fig. 4)

14-9 20-0 74-5

Glythithyreusformosus Reuss

Germany (from Reuss, 1859; 160 25-0 64-0

pl. 2, fig. 3)
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ratios compares favourably with well-preserved London Clay specimens from
Sheppey, Kent, and Oxshott, Surrey. Similarly the figures shown by Via (1969, p. 303)

for the specimen from the Ypresian of Spain, together with measurements taken from
the figure of Remy’s (1954) specimen from Senegal also agree and appear to fall

into two groups, 74-77 and 79-83;— this difference may be accounted for by sexual

dimorphism.
Size for size there is close similarity of surface areolation, but in the larger Ghazij

specimens the metabranchial lobes progress from the generally bar-like ridges of

Sheppey forms to larger, rounded lobes with a subsequent shallower depression

between them and the mesobranchial lobes. Larger specimens from Oxshott, Surrey,

which are exposed in a stratigraphically higher London Clay Zone (Wrigley’s Bed 5)

than at Sheppey, show the metabranchial lobe to be expanding towards the develop-

ment attained by the Ghazij specimens. The specimen from the Upper Ranikot

(Thanetian) is the earliest representative of this species, which elsewhere, i.e. England,

Belgium, Denmark, Spain, and Senegal, does not occur until the Ypresian. The
absence of this species from these other countries does not necessarily imply a westerly

migration, since beds of Thanetian age seldom preserve crabs except as rare inde-

terminate fragments of fingers.

The figures, of the Cretaceous (?Cenomanian) species G. fonnosus published by

Reuss (1859) and Milne-Edwards (1865), are of the same specimen and for which the

length-breadth percentage ratio of 64 was obtained; considerably lower than the

ratios for G. wethere/li ; there are also distinct differences in surface areolation

indicating that G. formosus is a valid species.
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Membership and Subscriptions. Membership totalled 1,556 on 31 December 1977, an increase of 2 on

the record total at 31 December 1976. There were 945 Ordinary Members, an increase of 33; 249 Student

Members, a decrease of 6; and 363 Institutional Members, a decrease of 24. However, Ordinary Members
in arrears with subscriptions had their membership terminated in July rather than at the subsequent

1 January as in earlier years. Ordinary membership would have totalled 977 had the former procedure

been followed. The year therefore saw a marked increase in the real number of Ordinary Members. The
number of institutions subscribing to Palaeontology via Blackwell’s agency rose substantially, from 380

in 1976 to 420 in 1977. The decrease in Institutional membership may be attributed to transfers to Black-

well’s; cancellations following the 67% rise in sterling subscription rate at the beginning of the year; and

abolition of the Honorary Membership category accorded to five institutions some 20 years ago in gratitude

for their financial support at that time. Subscription rates to Special Papers in Palaeontology were increased

by 50% at the beginning of the year. However, subscriptions were paid by 1 6 1 individual and 1 06 Institutional

Members, a decrease of only 4 and an increase of 1 respectively since 31 December 1976. As in 1976, 144

institutions subscribed via Blackwell’s agency. Sales of back parts of Palaeontology to members via the

Membership Treasurer showed a decrease in volume and value. Similar sales of Special Papers also decreased

in number. However, the Special Papers for 1977 were only published on 20 December and therefore not

marketed at discount price during the year. Nineteen members bought sets of Special Papers 1-11 advertised

at a special discount price and in consequence the value of discount sales fell only slightly.

Finance. During 1977 the Association published Volume 20 of Palaeontology at an estimated cost of

£28,036 (including £3,010 postage and distribution) and Special Papers 79 and 20 at an estimated cost

of £5,500. The Association is extremely grateful to all who have made donations. The auditors have recom-

mended a new presentation of the Annual Accounts; this has been approved by the Council. Printing and

other costs continue to escalate, and an increase in the subscription rate for Special Papers will be necessary

for 1979.

Publications. Four parts of Volume 20 were published during 1977; they contained 49 papers consisting

of 9 1 9 pages and 1 20 plates. In addition a revised version of ‘Notes for authors’ was published in Volume 20,

Part 4. Two Special Papers were published in December 1977 : Special Paper 19, ‘The Palynology of Early

Tertiary Sediments, Ninetyeast Ridge, Indian Ocean’ and Special Paper 20, ‘Fossil Priapulid Worms’.

Meetings. Five meetings were held during 1977. The Association is indebted to Professor D. V. Ager,

Dr. R. H. Hedley, and Professor P. Allen for granting facilities for the meetings at Swansea, the British

Museum (Natural History), and Reading, respectively, to the local secretaries for those meetings, and to

leaders of field excursions.

a. The Twentieth Annual Genera! Meeting was held in the Lecture Theatre of the Geological Society of

London on 16 March 1977. Professor M. J. S. Rudwick (Amsterdam) delivered the Twentieth Annual

Address, on ‘Charles Lyell’s Dream of a Statistical Palaeontology’.

b. A Field Demonstration Meeting was organized by the Carboniferous Group on the ‘Carboniferous

of Pembrokeshire' and led by Dr. W. H. C. Ramsbottom and Dr. D. G. Jones. About seventy members
attended the meeting, which was held on 15-18 April 1977.

c. A Symposium on ‘The Evolution of Palaeozoic Biotas’ was held on 24 September 1977 as part of the

Third Meeting of British Geological Societies at Swansea, 23-26 September 1977. The local secretary

for the symposium was Dr. J. C. W. Cope and about sixty members attended. An excursion to the

Ordovician of the Carmarthen District, led by Dr. R. M. Owens and Dr. J. C. W. Cope on 25 September

1977, was attended by nineteen members.
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d. A Demonstration Meeting at the British Museum (Natural History) was held on 5 October 1977 in

the Department of Palaeontology’s new ‘E wing’. Dr. L. R. M. Cocks was the local secretary and
about 130 members attended.

e. The Annual Christmas Meeting, combining a session on the ‘Ecology and Sedimentology of Carbonate
Substrates’ and an Open Meeting, was held at Reading University on 20-22 December 1977. Just

over 200 members attended. The President’s Award for the best presented paper was won by Dr.

D. E. G. Briggs (Goldsmiths’ College). Joint field excursions with the British Sedimentological

Research Group visited the Great Oolite and Corallian near Oxford and Faringdon (leaders: Dr. T.

Palmer and Mr. O. E. Ali), the Wealden of Sussex (leader: Professor P. Allen), and the Barton and
Headon Beds of Hampshire (leaders: Mr. J. Hooker, Professor J. Murray, and Mr. G. Plint). The
local secretary was Dr. R. Goldring.

Council. The following were elected members of Council for 1977-1978 at the Annual General Meeting
on 16 March 1977 : President : Professor W. G. Chaloner; Vice-Presidents

:

Dr. J. M. Hancock, Dr. L. R. M.
Cocks; Treasurer: Mr. R. P. Tripp; Membership Treasurer : Dr. E. P. F. Rose ; Secretary

:

Dr. C. T. Scrutton;

Editors: Dr. C. P. Hughes, Professor J. W. Murray, Professor C. B. Cox, Dr. M. G. Bassett; Other Members:

Dr. M. C. Boulter (Circular Reporter), Dr. P. J. Brenchley, Dr. C. H. C. Brunton (Institutional Councillor),

Dr. J. C. W. Cope, Dr. G. E. Farrow, Dr. R. A. Fortey, Dr. G. P. Larwood, Dr. S. C. Matthews, Dr.

I. E. Penn, Dr. R. E. H. Reid, Dr. R. B. Rickards, Dr. E. B. Selwood, Dr. G. D. Sevastopulo, Dr. P. Toghill.

Circulars. Four Circulars, nos. 87-90, were distributed to Ordinary and Student Members and over 100

Institutional Members on request during 1977.

Council Activities. An important innovation during 1977 was the establishment of The President’s

Award for the best presented paper by a young member of the Association at the annual Christmas meeting

:

the award was made for the first time at the Reading meeting. Members of 30 years of age or under on
the last day of the meeting are eligible and the adjudicators are the President and two other senior members
of his choice. The Conservation Fund was presented this year to the Leicestershire and Rutland Trust for

Nature Conservation. The trust receives £ 100 towards the cost of purchase ofBrown’s Hill Quarry, Leicester-

shire, in the Upper Lias and Marlstone.

Other activities during 1977 included a drive to increase membership of the Association, and various

efforts to widen and improve the Association’s services. A promotional exercise was launched in August

with the world-wide distribution of about 10,000 copies of a leaflet outlining the advantages of membership
of the Association. This has resulted in an encouraging flow of new members. At the same time. Council

invited contributions for a new series of handbooks of British Fossils, field guides containing compre-

hensive illustrations of the flora and fauna of convenient stratigraphical units such as the Carboniferous

Limestone. Several titles are now under consideration.

The high standard of the Association’s publications was reflected in the selection of copies of Palaeon-

tology for exhibition at the Frankfurt Book Fair and the British Book Design and Production Exhibition.

During 1977, a bargain offer of Special Papers 1-11 at the reduced price of £25 per set was made, and sales

were encouraging.

Plans for future meetings of the Association include the arrangement of two joint meetings and an

international symposium for 1978, in addition to the established annual programme of events. A Workshop/
Colloquium on ‘Curating in Palaeobiology’ at Cardiff, organized with the Geological Curators’ Group, is

scheduled for late March and a joint symposium with the Palaontologische Gesellschaft on ‘Evolutionary

Changes in Fossilization Potential’ will be held in Maastricht in September. Earlier in September, the

International Symposium on the Devonian System, sponsored by the Association, will be held in Bristol,

where about 100 contributions in addition to the 16 keynote papers are expected.

Professor Alwyn Williams completed his term as a Treatise Adviser for the Association during the year,

and in his place Professor M. R. House has been appointed for a four-year term. Thanks are due to Pro-

fessor Williams.



BALANCE SHEET AND ACCOUNTS FOR THE
YEAR ENDING 31 DECEMBER 1977

1976

£ £

16,557

857

12,752

Balance Sheet as at 31 December 1977

Current Assets

Investments at cost (see Schedule)

Sundry debtors

Cash at bank ....
30,166

Current Liabilities

800 Royal Society Loan ........
2,524 Subscriptions received in advance .....
6,268 Provision for cost of publication of Palaeontology, Volume 20,

Part 4.........
5,500 Provision for printing Special Papers Numbers 19 and 20

626 Sundry creditors ........
15,718

£

500

3,512

7,300

5,500

735

£14,448

Represented by

:

Publications Reserve Account

13,996 Balance brought forward ....... 14,448

452 Excess of income over expenditure for the year transferred from
Income and Expenditure Account ..... 3,332

£14,448

£

27,608

1,047

6,672

35,327

17,547

£17,780

£17,780



Income and Expenditure Account for the Year Ended 31 December 1977

INCOME

1976

£ £ £

Subscriptions for 1977 ......... 22,380

Subscriptions for 1976 212

17,635 22,592

Palaeontology— Sales ......... 8,498

—Donations ........ 489

10,583 8,987

4,264 Special Papers— Sales ......... 4,269

(511) Offprints (net)........... 335

210 Profit on sale of investments ........ 298

2,316 Investment income (see Schedule) ....... 2,989

£34,497 £39,470

EXPENDITURE

Cost of publication of Palaeontology.

Volume 20, Part 1 . . 6,727

Part 2 6,882

Part 3 7,126

Provision for Part 4 ........ 7,300

Overprovision for Volume 19, Part 4 ...... (452)

23,117 27,583

Cost of publication of Special Papers :

Provision for No. 19 ........ . 1,800

Provision for No. 20 ........ 3,700

Overprovision for No. 18 ....... (633)

7,788 4,867

Cost of Circulars

Preparation........... 1,074

Postage ........... 600

1,674

Less income........... 205

1,622 1,469

Administrative expenses

Postage and stationery ......... 909

Editorial expenses.......... 329

Secretarial help .......... 125

Meeting expenses .......... 594

Membership of Societies ........ 33

Audit fee .......... 129

1,418 2,119

Grant

100 Shropshire Conservation Trust ....... 100

£34,045 £36,138

Excess of income over expenditure for the year, transferred to Publications

£452 Reserve Account .......... £3,332



Schedule of Investments and Investment Income as at 31 December 1977

Cost

£

Gross Income
for Year

r

£2,000 Agricultural Mortgage Corp. Ltd. 9\°/0 Debenture 1980/1985

t

1,938

JL

185

£1,500 Bootle Corp. 7J% Redeemable Stock 1977/1979 1,124 116

£1,000 City of Chester Loan ....... 1,000 89

£1,000 Clyde Port Authority l\°/o Bond 1977 (Redeemed) 38

5,270 M. & G. Charifund units ...... 4,073 585

£2,000 Imperial Group Ltd. 8% Conversion Loan Stock 1985/1990 1,405 160

450 New Court European Trust Ltd. 25p shares 450 13

10,000 New Throgmorton Trust Ltd. 25p Income shares 1,706 236

£1,000 9% Treasury Stock 1992/1996 992 90

£1,000 9% Treasury Stock 1994 . ...... 955 90

£4,000 8% Treasury Stock 2002/2006...... 2,192 320

£5,357 13^% Treasury Stock 1997 ...... 5,000 355

£3,280 13£% Exchequer Stock 1996 ...... 3,000 434

1,600 Commercial Union Assurance Co. Ltd. 25p shares 2,157

600 Consolidated Gold Fields Ltd. 25p shares 1,012

300 J. Sainsbury Ltd. 25p shares ...... 604

2,711

Bank deposit interest ....... 320

Holding charges ........
£27,608

(42)

£2,989

Market value at 31 December 1977 ...... £34,551

Report of the Auditors to the Members of The Palaeontological Association. In our opinion the annexed

accounts give a true and fair view of the state of the affairs of the Association at 31 December 1977 and

of its income and expenditure for the year ended on that date.

Chislehurst, Kent , February 1978

D. J. Carey & Co.

Chartered Accountants





INDEX
Pages 1-224 are contained in Part 1

;
pages 225-468 in Part 2; pages 469-722 in Part 3; pages 723-994 in Part 4.

Figures in Bold Type indicate plate numbers.

A

Acritarchs: Devonian of Tennessee, 835; Silurian from

Virginia, 869.

Acrodus curtus, 72; nobilis, 72.

Acrothele sp., 26.

Aedotes ? sp., 272, 26.

Agnostus pisiformis pisiformis, 258, 24; sp., 258, 24.

Aldabra : Pleistocene molluscan reef assemblages, 1

.

Algae: dasycladacean from Palaeocene of Kurdistan,

687.

Alvin, K. L. and Pais, J. J. C. A Frenelopsis with oppo-

site decussate leaves from the Lower Cretaceous of

Portugal, 873, 101, 102.

Alvin, K. L., Spicer, R. A. and Watson, J. A Classopollis-

containing male cone associated with Pseudofrene-

lopsis, 847, 96-98.

Ammonites: Cenomanian of England and northern

France, 393; Jurassic-Cretaceous of Norway, 31;

Jurassic, Dorset, 469.

Amoeboceras (Amoebites) sp., 44, 1.

Amorphognathus ordovicicus
,
80.

Amphibians: Permian, 667.

Anapetopsis maclearni, 27.

Anatomy: Triassic redfieldiiform fish, 881.

Ancyrodella curvatus, 114; gigas , 114; aff. gigas , 114;

nodosa , 114; rotundiloba , 114; r. alata

,

114; aff.

rugosa, 114.

Ancyrognathus cryptus, 114; triangularis

,

114.

Ankylosaurus magniventris, 11.

Antigonambonites sp., 601, 68.

Aptian: thecideidine brachiopods, 555.

Araucaria , 105.

Arbacia lixula
, 83, 84; punctulata , 83, 84.

Arenig: brachiopods from Anglesey, 571.

Arjamannia aulangonensis, 27.

Arthropod cuticle: in trilobites, 459.

Aspidagnostus rugosus, 266, 25.

Asteracanthus ornatissimus, 72.

Atelelasma sp., 600, 68.

Aulacopleuridae, 65.

Auritulinasporites intrastriatus, 6; scanicus , 6.

Australia: Tertiary holasteroid echinoids, 791.

Austrocidaris canaliculata, 81.

B

Baker, P. G. A technique for accurate reconstruction

of internal structures of micromorphic fossils, 463.

Baker, P. G. and Laurie, K. Revision of Aptian

thecideidine brachiopods of the Faringdon Sponge
Gravels, 555, 60-62.

Bancroftina hewitti , 59; robusta, 59.

Banks, R. C. See Saunders, W. B., Spinosa, C., Teichert,

C. and Banks, R. C.

Bates, D. E. B. See Neuman, R. B. and Bates, D. E. B

Belodella nevadensis , 79; sp(p)., 108; ' B devonicus’, 108;

‘B. resimus', 108; ' B. triangularis', 108.

Belodina inclinata

,

80; monitorensis , 79; ornata, 80;

sp., 80.

Bergstrom, S. M. Middle and Upper Ordovician

conodont and graptolite biostratigraphy of the

Marathon, Texas, graptolite zone reference standard,

723, 79, 80.

Bifolium faringdonense, 62.

Biogeography: Permian Bryozoa, 341.

Biostratigraphy: Jurassic-Cretaceous of Norway, 31;

Ordovician conodonts and graptolites, 723.

Birkelund, T., Thusu, B. and Vigran, J. Jurassic-

Cretaceous biostratigraphy ofNorway, with comments
on the British Rasenia cymodoce Zone, 31, 1-6.

Bivalves: Jurassic-Cretaceous of Norway, 31.

Boubeithyris boubei, 419, 40; buzzardensis sp. nov.,

422, 40.

Brachiopods: Aptian thecideidine, 555; Cretaceous

Terebratulacea, 41 1 ;
Ordovician from Anglesey, 571

;

phenetic strategy model, 535.

Bradoria sp., 275, 26.

Broughton, P. L., Simpson, F. and Whitaker, S. H.

Late Cretaceous coprolites from western Canada,

443, 43, 44.

Bryozoa : Jurassic of southern England and Normandy,
357; Permian biogeography, 341.

Bucanopsis sp., 27.

Buchia keyserlingi s.l., 58, 5; volgensis, 56, 4, 5.

C

Calveriosoma hystrix, 81.

Cambrian: Middle-Upper transition fossils, Nuneaton,

245; paedomorphosis in Scottish olenellid trilobites,

635; trilobites from north-west Scotland, 615.

Canada: Cretaceous corpolites, 443.

Cardabia bullarensis gen. et sp. nov., 798, 90, 91.

Celtencrinurus multisegmentatus, 455.

Cenomanian: ammonites from England and northern

France, 393.

Centrostephanus longispinus, 82; nitidus , 81, 82.

Cephalopods: jaw apparatus of Recent Nautilus, 129.

Chaloner, W. G., Hill, A. and Rogerson, E. C. W.
Early Devonian plant fossils from a southern England
borehole, 693, 74-76.

Chasmatosporites apertus, 6.
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Chatterjee, S. A primitive parasuchid (phytosaur)

reptile from the Upper Triassic Maleri Formation of

India, 83, 8.

Classification: coronal pores of regular echinoids, 759.

Classopollis, 847, 98.

Classostrobus comptonensis gen. et sp. nov., 850, 96-98.

Coelocerodontus sp( p). , 108.

Collins, J. S. H. and Morris, S. F. New Lower Tertiary

crabs from Pakistan, 957, 116-118.

Colobocentrotus atratus , 83.

Conchorhynchus avirostris, 10.

Conodonts: Devonian biostratigraphy, 907; Ordovician

biostratigraphy, Texas, 723.

Coombs, W. P. Jun. The families of the ornithischian

dinosaur order Ankylosauria, 143, 11, 12.

Cope, J. C. W. The ammonite faunas and stratigraphy

of the upper part of the Upper Kimmeridge Clay of
Dorset, 469, 45-56.

Coprolites: Cretaceous from western Canada, 443.

Corals: Permian Rugosa, 321; rugose, coloniality in,

177; Silurian tabulates, 307; Triassic scleractinians,

321.

Cordylodus ramosus, 79.

Corystus dysasteroides
, 794, 85, 86.

Cowie, J. and McNamara, K. J. Olenellus (Trilobita)

from the Lower Cambrian strata of north-west

Scotland, 615, 69, 70.

Cox, M. M. and Middlemiss, F. A. Terebratulacea

from the Cretaceous Shenley Limestone, 411, 40-42.

Crabs: Tertiary from Pakistan, 957.

Cretaceous: ankylosaur dinosaurs, 143; Aptian thecide-

tdine brachiopods, 555; Cenomanian ammonites of

England and northern France, 393; coprolites from

western Canada, 443; Frenelopsis from Portugal, 873;

gymnosperms from Sakhalin, 893; Shenley Limestone

Terebratulacea, 411.

Cricotillus brachydens , 667.

Cristagnostus papilio gen. et sp. nov., 265, 25.

Crocodiles: Miocene of Kenya, 857.

Crocodylus pigotti sp. nov., 857, 99.

Cryptolithus latus , 455.

Cryptothyris paracyclica, 59.

Ctenosporites, 717.

Cupressinocladus cretaceus , 106.

Cybelinid allied to Cybelurus , 94.

Cycas

,

104.

Cyclolorenzella sp., 269, 26.

Cyclonema (C.) parvimedium , 27.

Cyclotron sp., 278, 26.

Cymatiosphaera , 835; peifferi sp. nov., 841, 95.

Cyphaspis ceratophthalma , 7.

D
Daghlian, C. P. A new melioloid fungus from the early

Eocene of Texas, 171, 13.

Dalmanella unguis unguis, 59; wattsi, 59.

Dapsilodus mutatus, 80.

Dawsonites arcuatus, 702, 74-76; sp., 74.

Devonian: acritarchs from Tennessee, 835; conodont

biostratigraphy, south Devon, 907; plants from

southern England borehole, 693.

Diaphelasmal sp., 606, 67.

Dictyophyllidites mortoni, 6.

Diexallophasis, 869; denticulata, 870, 100.

Dinosaurs: families of Ankylosauria, 143.

Dorsoplanites cf. subpanderi, 52, 1

.

E

Echinocorys australis sp. nov., 815, 92, 93.

Echinoids: functional classification of coronal pores,

759; Tertiary from Australia and New Zealand, 791.

Echinometra mathaei, 83.

Echinostrephus molaris, 82.

Echinus acutus, 81 ; esculentis, 82-84.

Ectoprocts: Permian biogeography, 341.

Elliott, G. F. A new dasycladacean alga from the

Palaeocene of Kurdistan, 687, 73.

England . Cenomanian ammonites, 393; Devonian con-

odont biostratigraphy, south Devon, 907; Devonian
plants from borehole, 693; Jurassic ammonites and
stratigraphy, Dorset, 469; Jurassic Bryozoa, 357;

Middle-Upper Cambrian fossils from Nuneaton,

245; Shenley Limestone (Cretaceous) Terebratulacea,

411; Tertiary fungal spores, 717.

Eocene: new melioloid fungus from Texas, 171.

Epivirgatites nikitini, 55; cf. nikitini, 55.

Eucidaris metularia, 84.

Evolution: Triassic redfieldiiform fish, 881.

Excystment mechanism: in Silurian acritarchs, 869.

F

Falites fala, 276, 26; F. ? minimus , 211, 26.

Fedorowski, J. Some aspects of coloniality in rugose

corals, 177, 14-23.

Ffynnonia costata, 594, 65.

Finspines: hybodont sharks, 657.

Fish: Triassic Helichthys from South Africa, 881.

Fortey, R. A. and Morris, S. F. Discovery of nauplius-

like trilobite larvae, 823, 94.

Foster, R. J. and Philip, G. M. Tertiary holasteroid

echinoids from Australia and New Zealand, 791,

85-93.

Foveotriletes microreticulatus, 6.

France: Cenomanian ammonites, 393; Jurassic Bryozoa

of Normandy, 357.

Frenelopsis, 873; teixeirae sp. nov., 874, 101, 102.

Fungae: new melioloid from early Eocene of Texas, 171

;

Tertiary spores, southern England, 717.

G
Gastropods: Silurian from Nova Scotia, 285.

Gillcarcinus amphora gen. et sp. nov., 117.

Giraliaster bellissae sp. nov., 813, 91; jubileensis gen. et

sp. nov., 805, 89; sulcatus, 812, 93; tertiarus, 808, 90,

92, 93.

Glyphithyreus wetherelli, 979, 118.

Grandagnostus falanensis, 256, 24; G. ? sp., 254, 24.

Graptolite zones: Marathon reference standard, 723.

Graptolites: Ordovician biostratigraphy, Texas, 723.

Gyronema haliburtoni, 27.
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H

Hamulusella sedalanensis gen. et sp. nov., 687, 73.

Harpidella ( Harpidella ) novella , 7.

Helichthys : Triassic from South Africa, 881.

Hepatiscus sheranii sp. nov., 960, 111.

Heritschioides sp. nov., 14-23.

Hesperonomiella sp., 583, 63.

Hesslandona trituberculata , 279, 26.

Hexapus pinfoldi sp. nov., 977, 1 18.

Hill, A. See Chaloner, W. G., Hill, A. and Rogerson,

E. C. W.
Holopea rossbrookiensis, 27.

Homagnostus obesus, 25; aff. pater , 259, 25.

Howellites striata , 59; ultima , 59.

Hurst, J. M. A phenetic strategy model for dalmanellid

brachiopods, 535, 57-59.

Hutchinson, P. The anatomy and phylogenetic position

of Helichthys, a redfieldiiform fish from the Triassic

of South Africa, 881

.

Huttonechinus spatangiformis, 800, 87, 88.

Hybodus sp., 72.

Hyolithid gen. et sp. undetermined, 280, 26.

Hypagnostus sulcifer, 254, 24; //.? sp., 254, 24.

I

Icriodus alternatus

,

109; corniger, 107; difficilis , 109;

expansus, 109; latericrescens latericrescens, 109;

n. sp. A., 107; obliquimarginatus , 107, 109; regulari-

crescens, 107; retrodepressus, 107; aff. subterminus,

109 \ symmetricus, 109.

India: Triassic reptile, 83.

Innitagnostus sp., 260, 24.

Isastraea cf. I. gumbeli, 328, 31.

Isorthis amplificata, 59; clivosa, 58; fornicatimcurvata,

59; orbicularis, 58.

J

Jennings, J. R. and Millay, M. A. A new permineralized

marattialean fern from the Pennsylvanian of Illinois,

709, 77, 78.

Jurassic: ammonites from Dorset, 469.

Jurassic-Cretaceous biostratigraphy of Norway, 31.

K
Kennedy, W. J. See Wright, C. W. and Kennedy, W. J.

Kenya: Miocene crocodiles, 857.

Krassilov, V. A. Late Cretaceous gymnosperms from

Sakhalin and the terminal Cretaceous event, 893,

103-106.

Kurdistan: Palaeocene dasycladacean alga, 687.

Kutorginidaid, 63.

L

Laeviranina sinuosa sp. nov., 964, 116.

Larvae: trilobite, 823.

Laurie, K See Baker, P. G. and Laurie, K.

Leptochirognathus quadratus, 79.

Leptolepidites rotundus , 6.

Lingulella sp., 26.

Liospira marklandensis, 27.

Llanvirn: brachiopods from Anglesey, 571.

Lobonotus orientalis sp. nov., 970, 116, 117.

Lonchidion ? sp., 72.

Longstaffia centervillensis, 27.

Lophophyllidium spinosum, 336, 33.

Loxonema sinuosum, 27.

Loxoplocus (Lophospira ) sp. A., 27.

Lyell, Charles: statistical palaeontology, 225.

ILytoceras sp., 56, 5.

M
McNamara, K. J. Paedomorphosis in Scottish olenellid

trilobites (early Cambrian), 635, 71.

McNamara, K. J. See also Cowie, J. and McNamara,
K. J.

Maisey, J. G. Growth and form of finspines in hybodont

sharks, 657, 72.

Maleri Formation (Triassic, India): parasuchid reptile,

83.

Meliolinites dilcherii sp. nov., 172, 13.

Memonomenos dyscriton, 667.

Mesofavosites, 307.

Micromorphic fossils: internal reconstruction tech-

niques, 463.

Middlemiss, F. A. See Cox, M. M. and Middlemiss, F. A.

Millay, M. A. See Jennings, J. R. and Millay, M. A.

Milner, A. R. A reappraisal of the early Permian am-

phibians Memonomenos dyscriton and Cricotillus
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