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NEUROPTERIS OBTUSA, A RARE BUT
WIDESPREAD LATE CARBONIFEROUS

PTERIDOSPERM

by R. h. wagner and M. P. CASTRO

Abstract. A rare but widespread neuropterid of Westphalian D and Stephanian age, Neuropteris obtusa

(Brongniart) comb, nov., is redescribed from specimens from north-west Spain and Saarland, Germany. Its

synonymy includes Neuropteris raymondii Zeiller,
1 Mixoneura ’ subraymondii Wagner,

‘

Callipteris' discreta

Weiss, and Neuropteris thompsoniana Darrah. Pustules in the interveinal areas of the pinnules in some

specimens are interpreted as the probable result of fungal attack by rusts, although that they are glands cannot

be excluded.

CoMPRESSiON/impression remains of neuropterid foliage from the Carboniferous (and early

Permian?) have recently received detailed attention with reference to the type species of Neuropteris

Brongniart (Laveine and Blanc 1996) and the general classification of the group (Cleal and Shute

1995). The genus Neuropteris has been restricted and several new genera distinguished on the basis

of frond architecture and (where known) cuticle characters. Where such characters are absent,

species can only be assigned to these genera by comparing their morphology with that of better

known species.

It is important to solve problems of synonymy in such pteridosperms if their stratigraphical and

phytopalaeogeographical usefulness is to be maximized. In the present paper, a rare but apparently

widespread species, Neuropteris obtusa (Brongniart) comb, nov., known under various different

generic and specific names from the Westphalian D and Stephanian, is analysed on the basis of

remains from north-west Spain and Saarland. Understanding this species is also important because

its basionym (Odontopteris obtusa Brongniart, 1831) has played a role in the definition of the genus

Mixoneura Weiss. Some of the Spanish specimens have pinnules with ‘pustules’ in the interveinal

areas, which we believe are probably evidence for fungal attack by rusts.

MATERIALS AND METHODS

The specimens described here from the Stephanian of north-west Spain, are penultimate and last

order pinna fragments belonging to a single species of probable pteridosperm. All are preserved on

silty and slightly silty mudrock. On weathered surfaces (localities 1176, 1181, 1184, 1301, 1821,

2706, 9584) they are impressions with little or no organic matter left. Specimens from a coal tip (loc.

931) and from boreholes (3689, 4563, 5366) are compressions preserving black organic material, but

which is too highly carbonized to yield cuticles. All the figured specimens have been photographed

with oblique lighting, partly with a Pentax SFX autofocus reflex camera equipped with a 100 mm
macrolens in daylight, and partly (at higher magnifications) under a Zeiss preparation microscope

with camera attachment with artificial lighting.

Two specimens from Saarland, representing part and counterpart of the type of ‘ Callipteris
’

discreta Weiss, 1870, are an imprint on shale. These were photographed by Prof. M. Barthel with

artificial lighting.

[Palaeontology, Vol. 41, Part 1, 1998, pp. 1-22, 7 pls| © The Palaeontological Association
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LOCALITIES AND REPOSITORIES

The Spanish localities are all on the southern flank of the Cantabrian Mountains, north-west

Spain, where an almost complete succession of Stephanian strata is developed. These localities are

identified by numbers. Where not stated otherwise, the repository is the Palaeobotanical Collections

at Jardin Botanico de Cordoba (Spain). Catalogue numbers prefixed GT for Guardo-Tejerina and
CM for Cinera-Matallana.

Tejerina Syncline

About 1000 m thickness of early Cantabrian strata is exposed in the valley and gorge north of the

village of Tejerina, north of Prioro (Leon province, north-west Spain). A description of this section

was originally published by Wagner et al. (1969); the environment of deposition has been discussed

by Iwaniw (1985a). Of the more than 60 plant localities sampled from this section by Wagner (see

Wagner and Winkler Prins 1985, p. 391), only three have yielded remains of Neuropteris obtusa.

1181-Ocejo Formation, Cerroso Member. North-eastern part of the Tejerina Syncline, in the

quartzite conglomerate interval cropping out north of the main road to Prioro (Leon). Age: early

Cantabrian. Catalogue numbers GT 00056-00067.

1184- Ocejo Formation, Cerroso Member. Intercalated shales in the top part of the conglomerate

formation north of Tejerina, about 600 m north of the village. Age : early Cantabrian. Catalogue

number GT 00046.

1821 - Prado Formation, 110 m above the base of the formation, north of Tejerina village (compare
Wagner and Winkler Prins, 1985, p. 378, fig. 11). Age: early Cantabrian. Forty-two specimens:

catalogue numbers GT 00001-00042 (including Pis 2-4). Specimens recorded as Mixoneura
raymondii by Wagner in Wagner et al. (1969).

Guardo Coalfield

The extensively sampled Guardo Coalfield (Palencia and Leon provinces, north-west Spain),

representing the same basin as Tejerina, has provided four additional localities.

2706 - Tarilonte Formation, Villaverde de la Pena (Palencia). Age: late Westphalian D. Catalogue
numbers GT 00043-00044.

9584 - Tarilonte Formation, middle part of Las Heras section (Palencia). Age: late Westphalian D.

Catalogue number GT 00068.

1176 -Prado Formation, road-wall locality about 500m west-north-west of Valderrueda (Leon).

Age: early Cantabrian. Catalogue numbers GT 00047-00055 (GT 00047 recorded as Odontopteris

cf. robusta by Wagner 1964a, pi. 1, figs 2, 2a).

5366 - Antracitas de Besande, Grupo Minero La Espina (Leon), borehole 18 bis. Age: early

Cantabrian. Catalogue number GT 00045.

Cinera-Matallana Coalfield

The Stephanian B strata of the Cinera-Matallana Coalfield (Leon province, north-west Spain) have

been described by Wagner (1971), who defined the various formations recognized within a total

succession thickness of about 1500 m. The Stephanian B in the sense of the Carmaux succession of

the Massif Central (France) is not the same as the Stephanian B sensu St Etienne, which is later in

age.

931 - San Francisco Formation, tip of the San Francisco coal mine near the village of Correcillas.

Age: Stephanian B. Three specimens (figured as Mixoneura subraymondii Wagner, 19646, pi. 10, figs
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21-23) are in the Museo Nacional de Ciencias Naturales, Madrid, catalogue numbers V-2576 and

V-2821-V-2822. One specimen lodged in Madrid (Wagner, 19646, pi. 11, figs 24, 24a) has

apparently been lost. Seven specimens (including counterparts of PI. 5, figs 4-6, and PL 6, figs 1-5)

are in the Jardin Botanico de Cordoba, catalogue numbers CM 00001-00007.

1301 - Cascajo Formation, c. 3 m above the Leaia band at the base of the formation; roadside

locality between Villalfeide and Correcillas. Age: Stephanian B. Specimen mentioned as Mixoneura

subraymondii in Wagner (19646, p. 15). Catalogue number CM 00008.

3689 - Cascajo Formation, 18 m above the base of the formation, borehole S 26 (Sociedad Hullera

Vasco-Leonesa) in the Vegacervera Syncline, near the synclinal core. Age: Stephanian B. One

specimen (part and counterpart). Catalogue numbers CM 00009-00010 (PI. 5, fig. 3; PI. 6, fig. 6).

4563 - Pastora Formation, 60 m below the base of the Cascajo Formation, borehole S 41 (S. H. V.

L.), at 698 m depth. Borehole in the southern flank of Matallana Syncline. Age: Stephanian B.

Catalogue number CM 00011 (PI. 5, figs 1-2).

Saarland (Germany

)

Amelung coal seam (Westphalian D), Von der Heydt colliery, near Saarbrucken. An imprint in

shale recorded originally by Weiss (1870). Collection of the Museum fur Naturkunde,

Palaontologisches Institut, Berlin, catalogue number 1212.

SYSTEMATIC PALAEONTOLOGY

Order trigonocarpales Seward, 1917 or medullosales Nemejc, 1950

Form-genus neuropteris Brongniart, 1822

Remarks. This genus, introduced by Brongniart (1822, p. 233) as the section Neuropteris of the

general form-genus Filicites, has been restricted by Cleal et al. (1990) to only part of the wider

grouping which is traditionally recorded under the name Neuropteris (cf. Cleal and Shute 1995).

Neuropteris sensu stricto comprises dichotomous fronds with monopinnate pinnae of several orders

with intercalated pinnae being present on the main rachis above the dichotomy
;
lateral pinnules are

attached by a single point or by part of the basal width
;
generally anomocytic stomata, prominent

intercellular flanges and trichomes on the abaxial pinnule surface, and a clear differentiation

between costal and intercostal cells on the adaxial surface (Cleal et al. 1990).

Brongniart (1828, 1831, p. 250) introduced the form-genus Odontopteris for bipinnate fronds with

the pinnules adhering to the rachis by their entire basal width, and the veins ascending directly from

the rachis without or almost without the intervention of a midrib. The type species is the well-known

Stephanian element Odontopteris brardii Brongniart. Cleal et al. (1990) observed that the frond

architecture as based on Odontopteris minor-zeilleri Potonie (a synonym of O. brardii, according to

Wagner 19646) is similar to that of Neuropteris sensu stricto, and that the epidermal structure is also

the same, with the exception of a more random orientation of the stomata in Odontopteris.

Weiss (1869) distinguished Mixoneura as a subgenus of Odontopteris, with Odontopteris obtusa

Brongniart as the type species. However, he interpreted this species in the sense of Brongniart’s

(1831) plate 78, figure 3 which does not belong to the same taxon as Brongniart’s (1831) plate 78,

figure 4, the holotype of Odontopteris obtusa. Brongniart’s plate 78, figure 3 and Weiss’s (1869)

specimens are generally assigned to Odontopteris lingulata (Goppert) Schimper, which is a possible

synonym of Odontopteris subcrenulata (Rost) Zeiller. It is noted that the species grouped around

Mixoneura lingulata form a sufficiently characteristic complex to justify Mixoneura as a form-genus

in its own right. However, Zeiller (1906) and, above all, Bertrand (1930) used Mixoneura for

neuropterid species with partly odontopteroid pinnules, i.e. pinnules which are broadly attached to

the rachis, in the upper parts of pinnae. This modification of Weiss’s (sub)genus has created a
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certain amount of confusion, and this has caused most authors to abandon the term Mixoneura.

Mixoneura, in Bertrand’s usage, refers to the group of Neuropteris ovata Hoffmann, which forms

part of Neuropteris as restricted by Cleal et al. (1990). Bertrand’s different usage is to be regretted

because Mixoneura Weiss, as originally described, refers to Mixoneura lingulata and similar species,

which is a fairly closely circumscribed group that may well be retained as a separate genus. The
members of this genus constitute a morphologically cohesive group of species, which correspond

palaeoecologically to plants that seem to have lived in the better drained habitats, i.e. mesophile

plants.

Potonie (1893, p. 133) later introduced Neurodontopteris as a form-genus transitional between

Neuropteris and Odontopteris. He compared it with Mixoneura Weiss, a genus which he rejected

since he regarded it as being part of Odontopteris. Potonie (1893) based Neurodontopteris on the

species Neuropteris auriculata Brongniart, a form which is quite different from the species grouped

around Mixoneura lingulata. Zeiller (1906) considered Neurodontopteris to be synonymous with

Mixoneura
,
which he interpreted as a morphogenus showing characters intermediate between

Neuropteris and Odontopteris. He referred Neurocallipteris neuropteroides (Goppert) Sterzel to

Mixoneura. Potonie (1907) assigned ‘ Mixoneura ’ neuropteroides to Neurodontopteris, and regarded

Neurocallipteris Sterzel (1895) as a synonym. Nowadays, on considering the various type species

of the genera Mixoneura, Neurodontopteris, and Neurocallipteris, it is apparent that these three

form-genera may well be distinguished as separate entities. Cleal and Shute (1995), when discussing

the various neuropterid genera, considered Neurodontopteris and Neurocallipteris, but did not

comment on Mixoneura.

*1831

non 1869-72

*1870

*1888

*1890
*1904
*1913

*1956

?* 1961

1964a

*1964b

1969

*1969

*1970
?* 1971

Neuropteris obtusa (Brongniart) comb. nov.

Plates 2-6

Odontopteris obtusa Brongniart pars, p. 255, pi. 78, fig. 4 (non fig. 3 [= Odontopteris

subcrenulata (Rost) Zeiller or Odontopteris lingulata (Goppert) Schimper], [Basionymj.

Odontopteris obtusa Brongniart; Weiss, p. 36, pi. 3, figs 1-5
[
= Mixoneura lingulata

(Goppert) comb, nov.]; pi. 6, fig. 12 [= Neurocallipteris neuropteroides (Goppert) Cleal,

Shute and Zodrow?].

Callipteris discreta Weiss, p. 872, pi. 20, figs 1-2.

Odontopteris obtusa Brongniart; Zeiller, in Renault and Zeiller, p. 224, pi. 23, figs 1, 1 a, 2,

2a-b [fig. 2 = reillustration of holotype],

Neuropteris raymondi Zeiller, p. 147, pi. 9A, fig. 4.

Odontopteris obtusa Brongniart; Potonie, 11-23, 1 fig.

Alethopteris discreta (Weiss) Franke (pars), 173, figs 1-2 (non figs 3-4 [= Gondomaria
grandeuryi (Zeiller) comb. nov.]).

Neuropteris raymondi Zeiller; Doubinger, p. 114, pi. 12, fig. 3; pi. 13, fig. 1 [both

photographic reproductions of the holotype].

Odontopteris glandulosa Remy und Remy, p. 1, pi. 1, figs 1-11.

Odontopteris cf. robusta Zalessky; Wagner, pi. 1, figs 2, 2a.

Mixoneura subraymondi Wagner, p. 10, pi. 10, figs 21-22; pi. 11, figs 23-24.

Mixoneura raymondi (Zeiller) Wagner, in Wagner et al., p. 124, pi. 1, figs l-2a.

Neuropteris thompsoniana Darrah, p. 99, pi. 54, fig. 2.

Neuropteris raymondi Zeiller; Doubinger, p. 279, pi. 15, fig. 4 [holotype].

Odontopteris glandulosa Remy und Remy; Doubinger und Germer, p. 135, pi. 7, fig. 6

[reillustration of Remy and Remy 1961, pi. 1, figs 1-2, 5-6).

EXPLANATION OF PLATE 1

Figs 1-2. Neuropteris obtusa (Brongniart) comb, nov; copy of Odontopteris obtusa as figured by Zeiller (1888,

pi. 23); x 1 (except 1A, x 3). 1, 1A, Commentry (France). 2, Brongniart’s holotype; Terrasson near Brive

(France).
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1981 Odontopteris alpina (Sternberg) Geinitz; Fritz and Boersma, p. 394, figs 7-8.

71985 Odontopteris obtusa Brongniart; Iwaniw, pi. 4, fig. 5.

1986 Odontopteris alpina (Sternberg) Geinitz; Fritz and Boersma, p. 255, fig. 20.

Description. Pinnae of the penultimate order showing a flat rachis, up to 8 mm wide (PI. 1, fig. 1), and closely

spaced pinnae of the last order (PI. 2, fig. 3). Thin rachis of the last order (0-3-0-5 mm wide), apparently

rounded in cross section. Pinna terminals gradually tapering, with progressively more broadly adherent pinnule

bases, and possessing a relatively small but well individualized apical pinnule, which tends to become rhombic
(PI. 2, figs 3, 5).

Pinnules variable in length/breadth ratio and also in the insertion, which ranges from adherence at a single

point to, more commonly, a partial or even full adherence of the pinnule base to the rachis. Pinnule length

7-20 mm, at 3-7 mm width, with a length/breadth ratio of c. 2-2-2-5. Pinnules in the basal part of pinnae are

attached by a strongly decurrent stalk, which is almost reclined on to the rachis, and thus simulates a partial

adherence to the rachis; these pinnules are ovoid, with rounded (cordate) bases. However, higher up in the

pinnae, the pinnule bases fuse with the rachis, with the decurrent midrib lying subparallel to the rachis, and
the lateral veins arising from the partially and sometimes wholly fused decurrent midrib; this creates the

impression of the lateral veins being derived from the rachis on the basiscopic side of pinnules that are rather

asymmetrical. The pinnules in the higher parts of pinnae show a decurrent base on the basiscopic side, whilst

the acroscopic side is still contracted to some extent. In the uppermost parts of pinnae, the pinnule bases slope

downwards to such an extent as to form a narrow band of limb along the rachis.

Veining pattern is characterized by a thin, decurrent midrib which dissolves into even thinner, although well-

marked, lateral veins at about half-way to one-third up the pinnule length. Lateral veins arise from the midrib

at a very narrow angle ; they are broadly arching and dichotomize at least twice, often even three times, before

reaching the pinnule margin at angles of generally c. 60° (varying between 50° and 80°). Widely spaced lateral

veins (16-37 veins/ 10 mm) reach the pinnule margin at fairly regular intervals (which become more irregular

where vein splits occur near the pinnule margin).

A rounded, rather large Cyclopteris pinnule (PI. 4, fig. 3), has been found in association.

Comparisons. Neuropteris subauriculata Sterzel is another species with pinnules showing a decurrent

midrib and, in the upper parts of pinnae, a tendency towards partial fusion of the pinnule bases with

the rachis. The illustrations by Remy and Remy (1959) show a higher nervation density, and
Neuropteris subauriculata, as figured by Daber (1955), shows rather massive terminals. The presence

of large triangular pinnules and of pinnae with Cyclopteris pinnules suggests a comparison with

Neuropteris ovata Hoffmann and similar species. However, epidermal characters support the

attribution to Macroneuropteris, as proposed by Cleal et al. (1990) (see also Cleal and Shute, 1995,

p. 23). The difference between this species and Neuropteris britannica Gutbier is not very clear. The
latter species has also been referred to Macroneuropteris by Cleal et al. (1990).

Odontopteris jeanpaulii Bertrand (= O. alpina sensu Geinitz, non Sternberg) (see Daber 1955, pi.

24, figs 1, la) is also quite similar, although this species possesses very large pinnules. Remy and
Remy (1977, p. 294, fig. 167) apparently rejected Bertrand’s species, and referred its type specimen

back to Odontopteris alpina (Sternberg) Geinitz. Doubinger and Grauvogel-Stamm (1980) also

rejected the introduction of Odontopterisjeanpaulii, and admitted the correctness of Geinitz’s (1855)

identification of his specimens with ‘ Neuropteris ’ alpina Sternberg. The illustrations provided by

Daber (1955), Remy and Remy (1959, 1977) and Doubinger and Grauvogel-Stamm (1980) show
pinnules which are broadly attached to the rachis. The veins are markedly bundled, showing up to

EXPLANATION OF PLATE 2

Figs 1-6. Neuropteris obtusa (Brongniart) comb, nov; loc. 1821, near Tejerina (Leon, north-west Spain);

Prado Formation (lower Cantabrian). 1-3, 5-6, GT 00001 ; two last order pinnae belonging to the pinna of

the penultimate order (previously figured in Wagner et al. 1969, pi. 1, fig. 1, la) showing pinnules with

decurrent basiscopic and constricted acroscopic sides
;
pinna terminal and lateral pinnules enlarged to show

details of venation ; carbonized dots between veins interpreted as masses of resting spores of rusts. 4, GT
00003; pinna fragment. 1-2, 5-6, x6; 3^4, x 3.
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four successive dichotomies. They are very widely spaced, c. 14—15 veins/ 10 mm. The pinnule apices

are less rounded than those of Neuropteris obtusa, and the veins are less arched, more repeatedly

forked, and more widely spaced than in N. obtusa. Doubinger and Grauvogel-Stamm (1980, pi. 4)

illustrated a dense array of spots in between veins, which they interpreted as hairs or glands. They
did not consider the possibility of fungal attack (rusts). The specimens figured as Odontopteris alpina

by Fritz and Boersma (1981, 1986) are here attributed to Neuropteris obtusa.

Odontopteris robusta Zalessky, a similar species, was figured originally only with a diagrammatic

drawing (Zalessky, 1934, p. 1113). A natural size photograph of a different specimen was added
subsequently by Novik (1952, pi. 59, fig. 1). Both illustrations refer to material from the type area

(Donbass in southern Russia and Ukraine). Although these illustrations are too poor to be judged

adequately, the accompanying description by Zalessky (1934, p. 1112), mentions broadly attached

pinnules with a decurrent basiscopic side and a slightly contracted acroscopic side, as well as a

venation which is characterized by a well-defined midrib reaching two-thirds up the pinnule length,

and repeatedly forked, arching lateral veins. Terminals to the pinnae of the last order are shown as

rather massive, with a large, well-developed apical pinnule. A rather similar specimen from the

Guardo Coalfield of north-west Spain has been figured photographically by Wagner (1983, pi. 7,

fig. 2; pi. 8, fig. 1). It has only been identified tentatively in view of the poor illustration of the

holotype, which is consequently difficult to use. Another specimen (Wagner 1964a, pi. 1, figs 2, 2a),

from the same coalfield, is here included in the synonymy of Neuropteris obtusa. The possibility

exists that ‘ Odontopteris ’ obtusa and ‘ Odontopteris ’ robusta are the same species. Not only are the

pinnule shape and insertion fairly comparable, but the nervation is quite similar. Insofar as a vein

count is feasible, Zalessky’s drawing shows c. 18 veins/ 10 mm, which is within the range recorded

for Neuropteris obtusa. A similar vein density is recorded for the specimens figured by Wagner
(1983) as Odontopteris cf. robusta. Zalessky (1934) provided only a description, not making any
comparisons. Novik (1952) made comparison with Odontopteris kryshtofovichii Novik, but the

latter seems to be a mariopterid; thus making the comparison irrelevant.

The rounded apices and the tendency to show a contraction at the acroscopic side, make the

pinnules of Neuropteris obtusa and Odontopteris robusta different from those of Odontopteris brardii

Brongniart, which are characterized by a rather marked asymmetrical shape, and generally more
acute apices.

Remarks on synonymy. Odontopteris obtusa Brongniart was based on two specimens, which the

author of the species already perceived as belonging to two different entities. Brongniart (1831,

p. 255) designated his plate 78, figure 4 as the type. The other specimen (Brongniart, 1831, pi. 78,

fig. 3) was attributed by Zeiller (in Renault and Zeiller 1888, p. 227) to Odontopteris lingulata

(Goppert) Schimper, a species that had been illustrated by Weiss (1872, pis 2-3) as Odontopteris

obtusa (note that the specimen figured on Weiss’s pi. 6, fig. 12 is different, i.e. possibly belonging

to Neurocallipteris neuropteroides (Goppert) Cleal, Shute and Zodrow). Weiss (1869, p. 36) placed

Neuropteris subcrenulata Rost, 1839 in synonymy, and the same suggestion was made by Zeiller

(1888, p. 227). Weiss (1869, p. 36; 1870, p. 864) used his (incorrect) interpretation of Odontopteris

EXPLANATION OF PLATE 3

Figs 1-3. Neuropteris obtusa (Brongniart) comb, nov; small carbonized dots irregularly distributed on the

pinnule; loc. 1821 near Tejerina (Leon, north-west Spain); Prado Formation (lower Cantabrian). 1, GT
00009; single pinnule showing venation. 2, GT 00020; pinnules with a decurrent base on the basiscopic side,

and a constriction on the acroscopic side, a midrib up to about half-way along the pinnule length, and
broadly arching lateral veins ; note the apparent irregularity in scatter of small dots of carbonized organic

material between veins. 3, GT 00004; fragment of penultimate pinna with relatively small, more-or-less ovoid

pinnules with constricted bases, particularly in lower part of pinnae; pinnules higher up pinnae show
progressive fusion of the basiscopic sides with the rachis, thus tending to become asymmetrical and
decurrent; midrib thin; broadly arching, repeatedly forked lateral veins. All x 6.
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obtusa Brongniart as the type of the form-genus Mixoneura Weiss, which he introduced as a

subgenus of Odontopteris. Since he based his concept on Odontopteris lingulata and not on the real

Odontopteris obtusa, as represented by the holotype (as designated by Brongniart, 1831, p. 255, as

Te veritable type’), the mention by Andrews (1970, p. 133) of Odontopteris obtusa as the type species

of Mixoneura is formally correct but misleading in the absence of a reference to the misidentification

involved. The synonymy of ‘ Odontopteris ’ lingulata and ‘

Odontopteris ’ subcrenulata used to be

regarded as well-established, and this is why Mixoneura subcrenulata (Rost) is generally mentioned

as the type of the form-genus Mixoneura (compare Wagner 19646, p. 8). However, Doubinger and
Remy (1958) distinguished between ‘'Odontopteris lingulata

’

and ‘'Odontopteris'’ (alias'. Neuropteris,

Mixoneura) subcrenulata
,
and regarded these species as different taxa. They further distinguished

between three varieties of O. subcrenulata, viz. var. subcrenulata, var. gallica Doubinger and Remy,
and var. elongata Doubinger and Vetter. The subtle differences between the three varieties of

Mixoneura subcrenulata on the one hand and Mixoneura lingulata on the other require well-

preserved material for a proper differentiation. If one accepts the criteria described by Doubinger

and Remy (1958) as valid, the type species of Mixoneura Weiss is Mixoneura lingulata (Goppert)

comb. nov. (basionym: Neuropteris lingulata Goppert, 1846, p. 104, pi. 8, figs 12-13). Since

Doubinger and Remy (1958) reported Odontopteris lingulata as being restricted to the lower

Rotliegend of the Saar-Nahe Basin and of Thuringia, this would apparently exclude Brongniart’s

plate 78, figure 3, which was from Terrasson in the Brive region, south-central France. However,
they may have simply overlooked Brongniart’s specimen, which is not discussed in their paper.

Whatever the problems with the recognition of the different taxa in the Mixoneura subcrenulata-

lingulata complex, it is clear that the specimen on Brongniart’s plate 78, figure 3 (originally

attributed to Odontopteris obtusa Brongniart) belongs to the Mixoneura complex and must be

excluded from Neuropteris obtusa (Brongniart) comb. nov. All authors are agreed on this point.

Zeiller’s (1888) more accurate rendering of the true holotype of O. obtusa has allowed a proper

assessment of the characters of the lateral pinnules of this species. Along with the holotype, Zeiller

(1888) also figured a more substantial specimen of ’ Odontopteris’ obtusa from the upper Stephanian

of the Commentry Coalfield in the Massif Central, France. Zeiller’s illustrations are reproduced

here as Plate 1. This larger specimen is a fragment of a pinna of the penultimate order with

subopposite last order pinnae, which taper gradually and end in a small, rhombic, apical pinnule.

The lateral pinnules are attached by the entire base, as is shown by the single pinnule figured at x 3

enlargement (Zeiller 1888, pi. 23, fig. 1a), but there is a slight contraction on the acroscopic side.

Zeiller’s illustration (PI. 1, fig. 1) also shows this. All pinnules are rather small (i.e. not longer than

10 mm, with a length/breadth ratio of about 2:1). The midrib is shown to be thin but well

individualized to at least half-way up the pinnule, with arching lateral veins bundled into twice-

forked units. The vein density is c. 24 veins/10 mm. Wagner (19646, p. 14) mentioned that ’ O.’

obtusa seemed to possess more broadly attached pinnules with a somewhat wider nervation than

occurred in
‘

Mixoneura ’ subraymondii (which was put at 29-37 veins/ 10 mm). However, the

subsequent inclusion of ‘ Mixoneura’ raymondii, with a lower vein density (16-25 veins/ 10 mm), and

a more generous interpretation of the variation in pinnule morphology, apparently removes the

objection to regarding all these remains as belonging to a single taxon.

The large specimen of ‘O. ’ obtusa figured by Zeiller (1888, pi. 23, fig. 1) with length/breadth

pinnule ratios of about 2:1, may well represent the higher part of a pinna of the penultimate order,

whereas the holotype of Neuropteris raymondii Zeiller, 1890 represents the lower part of a

penultimate pinna. The latter shows more elongate pinnules (length/breadth ratio c. 3:1), with

more constricted bases, but it displays a venation which is totally comparable to that of Neuropteris

obtusa. The pinnules in the upper part of the pinnae of the last order of N. raymondii display the

wide insertion that is characteristic of N. obtusa. It is very likely that N. obtusa and N. raymondii

represent examples of the same species, and that the differences observed are due merely to different

positions in the frond. Indeed, specimens of transitional characteristics, albeit closer to N.

raymondii, occur in the Stephanian of north-west Spain (Wagner 19646, under the name of

Mixoneura subraymondii Wagner; Wagner, in Wagner et al. 1969, as Mixoneura raymondii (Zeiller)
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Wagner; specimen reproduced here partially as PI. 2, fig. 3). The thin midrib, the rather steep

departure of the lateral veins from the midrib, their broadly arching course, and the repeated

forking, are all characters shared between N. obtusa and N. raymondii (including Mixoneura
subraymondii). The vein density of c. 25 veins/ 10 mm is also similar, as is the small rhombic terminal

to the pinnae of the last order. The only apparent difference is in the pinnule insertion, but this can

be explained with reference to the position in the frond. If the synonymy between these three taxa

is admitted, as the present writers do, N. obtusa has priority.

Another synonym is Callipteris discreta Weiss. This species was assigned to Gondomaria by

Wagner and Lemos de Sousa (1982), but this is now perceived as having been in error. Callipteris

discreta was introduced by Weiss (1870) on the basis of three specimens. The two figured specimens

(compare the synonymy list), show a marked resemblance to Neuropteris obtusa in the shape and
insertion of the pinnules as well as in the general pattern of the nervation (see PI. 7, figs 1-3, which

is the counterpart of Weiss, 1870, pi. 20, fig. 1). Since Weiss used the species name obtusa for the

Mixoneura lingulata - subcrenulata complex, it probably did not occur to him to compare his

material with ‘ Odontopteris' obtusa Brongniart sensu stricto. Callipteris discreta Weiss was referred

to Alethopteris by Franke (1913), who joined it with Alethopteris grand'euryi Zeiller. There is,

indeed, a resemblance, particularly in the vein pattern, but the pinnules of Zeiller’ s species show
more markedly decurrent bases and a length/breadth ratio of 3:5 to 4: 1. Wagner and Lemos de

Sousa (1982) accepted the wide sense in which ‘ Alethopteris ' discreta had been interpreted by
Franke, and synonymized it with Gondomaria alethifolia Teixeira, 1964. However, the two species

synonymized by Franke (1913) are probably two different taxa. Teixeira’s G. alethifolia , from the

upper Stephanian of Portugal, is apparently the same as Alethopteris grand'euryi as described by
Zeiller (1888) from Commentry, and the correct combination should therefore be Gondomaria
grand'euryi (Zeiller) comb. nov. (basionym: Alethopteris grand'euryi Zeiller, 1888). On the other

hand, ‘ Alethopteris ' discreta Weiss is more properly assigned to Neuropteris obtusa. The specimens

from the Westphalian of Portugal figured by Wagner and Lemos de Sousa (1982) as Gondomaria
discreta (Weiss) are now believed to have been assigned incorrectly. Their proper identification is

in abeyance, but it may be a fern and quite outside the group of fossils considered in the present

paper, which are likely to be pteridosperms.

The holotype of Neuropteris thompsoniana Darrah, 1969 may be included in Neuropteris obtusa.

Darrah suggested a comparison with Neuropteris heterophylla, but this species is obviously very

different. The type is from the upper Westphalian D of Illinois, USA.
It is a matter of conjecture as to whether the small fragment figured and described by Remy and

Remy (1961) as Odontopteris glandulosa may be assigned to Neuropteris obtusa. Not only is it a

small fragment, but its venation is poorly preserved. However, it apparently shows the vein pattern

known for N. obtusa. The justification for the recognition of this species as a special entity was the

extensive covering by small dots, which Remy and Remy (1961) regarded a glands. They excluded

the possibility that fungal attack was involved, but this is by no means clear to the present writers.

Remy and Remy’s interpretation was accepted by Doubinger and Germer (1971), who refigured the

holotype of O. glandulosa. The same kind of dots appear in a number of specimens figured as

N. obtusa in the present paper.
‘ Odontopteris' obtusa Brongniart sensu stricto has rarely been reported in the literature, and some

of the records must be regarded as doubtful. The small fragment figured by Zeiller (1890) from the

Autunian may have been identified correctly, but it seems too fragmentary for confident

identification. The same problem attaches to the small fragment figured by Iwaniw (19856).

However, this fragment is from the same area in north-west Spain as most of the specimens figured

herein. The specimen figured and described by Vetter (1968, p. 119, pi. 32, figs 1, 4) from the

Stephanian of Decazeville, France, cannot be judged adequately from the illustrations, but does not

conform to the species described here. The three fragments illustrated from Saarland as

Odontopteris obtusa by Doubinger and Germer (1971, pi. 46, fig. 3a-c) are also excluded. Their vein

density is too high. These specimens are also too small to be identified reliably. A North American
(Dunkard) specimen figured by Darrah (1975, fig. 7) as Odontopteris cf. obtusa Naumann is
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Odontopteris obtusiloba Naumann. Wagner and Lyons (1997) suggested that this specimen should

be referred to Odontopteris brardii Brongniart. On the other hand, two specimens from the

Stephanian of the Carnic Alps (Fritz and Boersma, 1981), recorded as Odontopteris alpina, clearly

belong to Neuropteris obtusa. They show a marked resemblance to specimens recorded in the

literature as Neuropteris (vel Mixoneura) raymondii.

Wagner (in Wagner et al. 1969, p. 125) compared ‘ Mixoneura ’ raymondii (Zeiller) with a specimen

figured as Neuropteris sp. by Germer et al. (1966, pi. 5), which was later described as Neuropteris

schaeferi by Doubinger and Germer (1975). The more adequate illustration of this specimen by

Doubinger and Germer (1975) shows a higher nervation density (c. 45 veins/ 10 mm), and allows a

comparison with Neuropteris ovata Hoffmann, as is suggested also by the investigation of its cuticle

by Saltzwedel (1968), as quoted by Cleal and Shute (1995, p. 28).

Remarks on generic assignment. The species dealt with in the present paper has been recorded

variously as Odontopteris , Neuropteris, and Mixoneura, and it has been referred to various different

species by the different authors. The distinctions apparently depended mainly on the position in the

frond. The name Mixoneura is only applied properly to the species grouped around Mixoneura
lingulata and Mixoneura subcrenulata, which are obviously quite different. The form-genera

Neuropteris and Odontopteris were discussed most recently by Cleal et al. (1990), who pointed out

the close similarities between these two genera, which are distinguished almost entirely on pinnule

insertion and the virtual absence of a midrib in Odontopteris. Whereas this provides a reasonable

distinction for the type species, Odontopteris brardii Brongniart, the presence of both neuropteroid

and odontopteroid pinnules in the species dealt with in the present paper makes its attribution to

either one or the other form-genus somewhat arbitrary. However, there may be merit in restricting

Odontopteris to O. brardii and similar species (e.g. Odontopteris minor Brongniart and Odontopteris

reichiana Gutbier), in which case the species described here is probably best regarded as Neuropteris

obtusa (Brongniart) comb. nov. (basionym: Odontopteris obtusa Brongniart 1831 pars, as referenced

in the synonymy list).

Remarks on figured specimens. Plate 2, figure 3 is a partial reproduction of the pinna of the

penultimate order depicted in Wagner et al. (1969, pi. 1, fig. 1, la) as Mixoneura raymondii (Zeiller).

This specimen is directly comparable to the larger fragment of a pinna of the penultimate order

figured from Commentry in France by Zeiller (1888, pi. 23, fig. 1; PI. 1), to which it could be

attached to complete the upper part. This suggests a pinna up to c. 0-3 m long, with lateral pinnae

(of the last order) 50-100 mm long. These two pinnae of the penultimate order show pinnules

6-10 mm long. The also very comparable remains figured by Weiss (1870) as Callipteris discreta

(refigured as Alethopteris discreta by Franke 1913; PI. 7, figs 1-3) are penultimate pinna fragments

with slightly longer pinnules (up to 13 mm), whereas the holotype of Neuropteris raymondi Zeiller,

EXPLANATION OF PLATE 4

Figs 1-2, 4-5. Neuropteris obtusa (Brongniart) comb, nov; interveinal dots interpreted as carbonized remains

of resting spore masses of rusts. 1-2, 5, loc. 1821, near Tejerina (Leon, north-west Spain); Prado Formation

(lower Cantabrian). 1, GT 00015; terminal part of pinna showing characteristically small apical pinnule and

relatively broad lateral pinnules with partially fused, decurrent bases; x 3. 2, GT 00016; presumably rather

high part of a penultimate pinna with short, relatively broad pinnules showing partial fusion with the

supporting rachis; x 6. 5, GT 00019; exceptionally long pinnules, corresponding most probably to the lower

part of a major pinna
;
pinnules constricted at both sides of the base ;

venation pattern and interveinal dots

difficult to see at this enlargement; x 3. 4, GT 00056; pinnules showing the venation and interveinal dots;

loc. 1181, near Tejerina (Leon, north-west Spain); Ocejo Formation (lower Cantabrian); x6.

Fig. 3. Cyclopteris assumed to belong to Neuropteris obtusa (Brongniart) comb, nov., with which it was found

in association. It shows an equally wide venation, but no interveinal dots; GT 00041 ; same locality as figs

1-2, 5; x 1.
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1890 shows even longer pinnules (up to 16 mm). The shorter pinnules in the higher parts of

pinnae are markedly odontopteroid, with a decurrent base on the basiscopic side, whereas the

longer pinnules in the lower parts of pinnae show contracted bases on both the acroscopic and
basiscopic sides, even though the basiscopic side is less heavily constricted. This type of pinnule is

most obviously displayed by the holotype of N. raymondii, but it is also seen in the terminal part

of a pinna of the last order figured by Wagner (in Wagner et al. 1969, pi. 1, fig. 2). These pinnule

variations combined with the size variation of last order pinnae suggest that the frond was at least

tripinnate, possibly about 0-7-0-8 m wide, with a total length in excess of 1 m.

The variation in pinnule size, length/breadth ratio, and insertion (more or less decurrent

basiscopic side which is contracted in the pinnules lower down the pinnae) is shown by the

specimens depicted from a single locality (Tejerina, loc. 1821) on Plates 2—4. These include both

short, rounded, broadly inserted pinnules (PI. 4, fig. 2) and rather elongate pinnules with constricted

bases (PI. 4, fig. 5).

Plate 7 of the present paper reproduces the counterpart of Weiss’s (1870, pi. 20, fig. 1) specimen

of ‘ Callipteris' discreta Weiss, from the Westphalian D of Saarland. This shows pinnules that are

wholly comparable to the examples figured on Plate 5, figure 4, and Plate 6, figure 6, from the

Stephanian B of north-west Spain.

Occurrence. Although Neuropteris obtusa is a rare species, the list of synonymy and the extensive illustration

herein show it to have been widespread in Europe, with a stratigraphical range that embraces both Westphalian

D (Saarland, Germany; Guardo Coalfield, north-west Spain) and the entire Stephanian (Massif Central,

France; north-west Spain; Carnic Alps). The records by Brongniart (1831) and Zeiller (1888) are from the

Stephanian C/lower Autunian in France, whilst Zeiller (1890) refers to the Stephanian B. The Spanish records

are from lower down in the Stephanian, i.e. Cantabrian and Stephanian B (sensu Carmaux, which is lower than

the type Stephanian B of St Etienne, both in the French Massif Central). The Stephanian C and lower

Autunian in France probably represent the same time interval in different (independent) basins. The records

from the Carnic Alps are from the (high) Stephanian of Schulter and Rattendorfer Aim in Karnten, Austria

(Fritz and Boersma 1981, 1986 -as Odontopteris alpina).

If Neuropteris thompsoniana Darrah is accepted as a synonym, Neuropteris obtusa occurs also in the upper

Westphalian D of the Mazon Creek horizon (Francis Shale overlying Colchester No. 2 Seam, Desmoinesian),

Illinois, in North America.

PROBABLE PARASITISM BY RUSTS

The lower Cantabrian locality 1821 at Tejerina (Leon province), north-west Spain, has yielded 22

remains of Neuropteris obtusa (originally called Mixoneura raymondii by Wagner, in Wagner et al.

1969), all with a fairly dense scattering of round elevations on the pinnule lamina (Pis 2-4).

Specimens from locality 1181, also in the lower Cantabrian of Tejerina, show these ‘pustules’ too

(PI. 4, fig. 4). These rounded elevations occur invariably on the pinnule limb area in between veins

and appear as carbonized dots even where the cuticle and other organic matter have disappeared

as a result of oxidation by weathering. This suggests a dense array of organic matter in domed areas

on the softer part of the pinnule lamina. There is no structure preserved and maceration (oxidation)

would not have yielded any results in view of the fairly high rank of the coals in this area.

Three possibilities come to mind: (1) rusts, (2) possible glands, and (3) sporangia (sori). The last

is ruled out in view of the positioning in between veins; sporangia would require a vascular

EXPLANATION OF PLATE 5

Figs 1-6. Neuropteris obtusa (Brongniart) comb, nov; Cinera-Matallana Coalfield (Leon, north-west Spain);

Stephanian B. 1-2, CM 00011 ; loc. 4563; Pastora Formation. 3, 5-6, V-2821 (Museo Nacional de Ciencias

Naturales, Madrid); pinnules previously figured as Mixoneura subraymondi Wagner (in Wagner 1964b,

pi. 10, fig. 22, 22a), without ‘pustules’; loc. 931 ; San Francisco Formation. 4, CM 00010; loc. 3689; Cascajo

Formation. All x 6.
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connection. The second possibility is the one selected by Remy and Remy (1961) for their species

Odontopteris glandulosa. This shows very similar structures to those found in the specimens figured

in the present paper from locality 1821 (Pis 2^1). However, even though it cannot be rejected out

of hand, this second possibility also seems unlikely to the present writers. The carbonized dots in

between veins are irregularly distributed (see in particular PI. 3, fig. 2), whereas glands would show
a more regular pattern. It is also noteworthy that the remains described as Mixoneura subraymondii

by Wagner (19646), and assigned herein to Neuropteris obtusa, do not show rounded elevations in

between veins. Assuming that the specimens from locality 931 in the Cinera-Matallana Coalfield

(i.e.
‘

Mixoneura ’ subraymondii, as described by Wagner 19646), are correctly assigned to the same
species as occurs at locality 1821 at Tejerina (Wagner et al. 1969; Wagner and Winkler Prins 1985,

p. 378), then it is apparent that the rounded elevations found on the pinnules of the specimens from
Tejerina (loc. 1821) are not invariably present in this species. The preservation is equally good
in both localities. Although it is possible to contend that the presence of glands is ecologically

controlled, thus allowing for their presence or absence in the different localities, it is easier to assume
that one is dealing with an element foreign to the plant. A comparison with rusts thus becomes the

more reasonable assumption.

The same reasoning was applied by Goppert (1836, p. 262) when describing similar structures on
Hymenophyllites zobelii Goppert (now Palmatopteris zobelii (Goppert) Potonie). He attributed these

structures to ‘Blattpilze’ (rusts) and described these under the name of Excipulites neesii Goppert.

The case was restated by Goppert (1841, pp. 55-56, pi. 5, figs 3-4), who refigured the same
specimens. Goppert’s explanation has been generally accepted. Carpentier (1937) figured and
described similar dots on Callipteris (now Autunia) conferta (Sternberg) Brongniart. He referred

these to Excipulites and admitted the likelihood of fungal attack, but left open the possibility of

glands. Potonie (1893) pointed out that an anatomical investigation of these rounded elevations

would be required so as to be absolutely certain. This is undoubtedly true, but requires a very low
degree of maturity of the organic matter to make this a viable proposition. In the absence of

absolute proof, one has to rely on analogy for the assumption that these are rusts.

Uredinales have a complicated life history, with five different stages, some of which are quite

ephemeral. Some of these stages are characterized by fairly thick-walled spores occurring in sori

which are apt to be preserved by carbonization, whereas others do not produce structures likely to

be preserved in this manner. The resting stage, which is represented by teleutospores, is probably

the one most likely to be preserved by carbonization. It lasts several months and the teleutospores

possess relatively thick walls. Teleutospores are described as occurring either free or united laterally

to form small groups, layers or columns (Alexopoulus et al. 1995). The teleutospore sori extend

beyond the epidermis of the host (which they pierce), and are capable of forming small rounded
elevations similar to the ones seen on the pinnules of Neuropteris obtusa from the lower Cantabrian

of Tejerina (Iocs 1181 and 1821). However, aecia (with aeciospores) and uredia (with uredospores)

also form masses which pierce the epidermis of the host forming a kind of pustule. The drawing

presented by Goppert (1836, pi. 36, fig. 4) is suggestive of an aecial cup with a peridium surrounding

the spore chains. This kind of structure is not present in the material from Tejerina, which shows
small rounded elevations, without any suggestion of a central depression. It thus seems most likely

that these represent masses of teleutospores, if they are accepted as being rusts.

In the specimens from locality 1821 in the Tejerina section, these small elevations apparently

EXPLANATION OF PLATE 6

Figs 1-6. Neuropteris obtusa (Brongniart) comb, nov; Cinera-Matallana Coalfield (Leon, north-west Spain);

Stephanian B. 1-5, V-2821, V-2576 and V-2822 (Museo Nacional de Ciencias Naturales, Madrid); pinnules

previously figured as Mixoneura subraymondi Wagner (in Wagner 19646, pi. 10, figs 22, 22b; 21, 21a; and
pi. 11, figs 23, 23a, respectively), without ‘pustules’; loc. 931 ; San Francisco Formation. 6, CM 00009; loc.

3689; Cascajo Formation. All x6.
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cover the upper surface of the pinnules, where they occur in single rows of well-spaced dots in

between the lateral veins. The spacing is irregular, even where the pinnule appears fully covered.

Surface weathering has removed most of the organic matter, leaving the presumed resting spores

of the rust as shiny dots of carbonized material on the convex surface of the pinnule. Where the

carbonized elevations have been removed, a small rounded pit marks the position of each, thus

showing that the probable spore mass partly protruded and partly occupied a position within the

epidermis and the subepidermal area of the pinnules.

The possibility of fungal attack by rusts was first mentioned from the Carboniferous of Spain by

Wagner (19646) when describing material of Mixoneura matallanae Wagner. The presence of

epiphytic fungi on Sphenopteris biturica Zeiller was mentioned by Doubinger and Alvarez-Ramis

(1964), but the only specimen illustrated seems to show immature sporangia. Fernandez-Marron

(1984) described fungal attack on certain plant fossils from the upper Westphalian of north-west

Spain. She figured a specimen of Linopteris obliqua (Bunbury) Zeiller, which may indeed be assumed
to have been infested by rusts. She also identified other cases of fungal attack, but these are rather

less convincing. Fernandez-Marron (1984) suggested that certain specimens figured by Stockmans

(1933), Laveine (1967) and Wagner (1965) would have suffered fungal attack, but this cannot be

accepted since the specimens quoted show the adherence of Spirorbis pusillus Martin worm tubes.

Iwaniw (19856, pi. 1, fig. 3) figured probable rusts on a specimen of Eusphenopteris neuropteroides

(Boulay) Novik from the lower Cantabrian of north-west Spain. Probable rusts on foliage remains

of Dicksonites and ‘ Mixoneura ’ wagnerii Lorenzo from the upper Stephanian of La Magdalena in

north-west Spain were figured by Castro (1997), who discussed the phenomenon extensively. These

examples are similar to the ones illustrated in the present paper.

Fungal hyphae were demonstrated in connection with Carboniferous pteridosperm leaf remains

by Barthel (1961), who concluded on an ectoparasitic relationship. Although this proves that fungal

activity on Carboniferous pteridosperm leaves did occur, the nature of Barthel’s evidence is both

different from and more convincing than ours.

CONCLUSIONS

The rare, but geographically widespread, Westphalian D and Stephanian species Odontopteris

obtusa Brongniart is apparently the same as Neuropteris raymondii Zeiller,
‘

Mixoneura
’

subraymondii Wagner, ‘ Callipteris' discreta Weiss, and Neuropteris thompsoniana Darrah. This

species is assigned to Neuropteris in the present paper.

It is assumed that this species was prone to fungal attack leading to the fossilized (carbonized)

remains of masses of resting spores (teleutospores?) of rusts found as small rounded elevations in

the interveinal areas of pinnules. Whether these elevations merit separate taxonomic treatment as

Excipulites Goppert remains an open question. It is admitted that the structures interpreted as

possible evidence of fungal attack by rusts, may also be interpreted as glands, a point difficult to

resolve without microscopic preparations which are not feasible due to the relatively high degree of

carbonization.

EXPLANATION OF PLATE 7

Figs 1-3. Neuropteris obtusa (Brongniart) comb. nov. MN1PB 1212; counterpart of type of
‘

Callipteris'

discreta Weiss, 1870; Saarland; Amelung coal seam (Westphalian D). 1, two last order pinnae showing

pinnules with decurrent basiscopic and constricted acroscopic sides; x2. 2-3, lateral pinnules enlarged to

show details of the venation, which are wholly comparable with pi. 5, fig. 4, and pi. 6, fig. 6, from the

Stephanian B of Cinera-Matallana
;
x 5.
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A NEW AREOLIGERACEAN DINOFLAGELLATE
FROM THE MIOCENE OF OFFSHORE EASTERN

CANADA AND ITS EVOLUTIONARY
IMPLICATIONS

by G. RAQUEL GUERSTEIN, ROBERT A. FENSOME and GRAHAM L. WILLIAMS

Abstract. The dinoflagellate family Areoligeraceae, now extinct, was prominent from the Late Jurassic

through to the Paleogene. Some areoligeracean species extend into the Neogene but, until now, no genus was

known to originate in that interval. Thus, Ramidinium gen. nov., represented by Ramidinium tridens sp. nov.

from the Lower to Middle Miocene of the Jeanne d’Arc Basin, offshore eastern Canada, becomes the last

known areoligeracean genus to have appeared.

In 1965, during an evaluation of the geology of the Grand Banks, offshore eastern Canada, Pan

American Petroleum Corporation (now Amoco Production Company) and Imperial Oil Enterprises

carried out a shallow corehole drilling programme (Amoco and Imperial 1973). Several of these

coreholes penetrated Mesozoic and Cenozoic strata, including Corehole 16, which provided the

material for the present study. Corehole 16 (46° 15' N; 49° 03' W ; Text-fig. 1a) was drilled in 66-8 m
of water to a depth of 448 m. Subsequently, numerous hydrocarbon exploration wells were drilled,

but the shallow coreholes remain a valuable source of information and stratigraphical control.

Williams and Brideaux (1975) studied 15 samples from Corehole 16 (Text-fig. 1 b), which they

considered to be Mid Eocene to Mid? Miocene. In the present re-examination of this material, a

new genus and species was found in the uppermost sample (33-36 m), which Williams and Brideaux

dated as Mid? Miocene. The new taxon is clearly a gonyaulacalean dinoflagellate of the family

Areoligeraceae: like other areoligeraceans it has an offset sulcal notch, a lenticular shape and an

apical archaeopyle. However it bears commonly trifurcate sutural processes and thus superficially

resembles the common gonyaulacacean species, Spiniferites ramosus (Ehrenberg, 1838) Mantell,

1854. The main purpose of this paper is to describe the new taxon, assess its phylogenetic

relationships, and reassess the age of the uppermost sample of Corehole 16.

MATERIALS AND METHODS

The samples used for this study were originally processed in 1972, and the records from this work
indicate that a two minute oxidation procedure (otherwise unspecified) was carried out. However,

when the residues were re-examined in 1994, there appeared to be no evidence of this earlier

oxidation. In order to make the original residues amenable to study, it was necessary to carry out

a very mild oxidation treatment (10 per cent, nitric acid for 1-5 minutes) and base treatment

(ammonia for 1 minute). These procedures were in addition to the standard hydrochloric and

hydrofluoric acid treatments (carried out in 1972), heavy liquid separation of the organic

component, differential centrifugation to remove fine particles, screening to divide the residue into

fine (10-20 ^um) and coarse (20-180 /zm) fractions, and staining with Bismarck Brown (all in 1994).

The reprocessed material was mounted in Elvacite and a cellosize substitute.

[Palaeontology, Vol. 41, Part 1, 1998, pp. 23-34, 1 pi.) © The Palaeontological Association
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text-fig. 1. a, location map, offshore eastern Canada (modified from McAlpine 1990). b, stratigraphical

distribution of the palynological samples in Corehole 16 (after Williams and Brideaux 1975).
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text-fig. 2. Ramidinium tridens gen. et sp. nov.; line sketches, a-b, GSC Atlantic slide no. P1433-10,

coordinates 86-2 x 10 (EF K15/0), GSC specimen no. 116293. a, ventral surface, ventral view, b, dorsal surface,

dorsal view (based on an inverted image), c, f, GSC Atlantic slide no. P1433-10, coordinates 93-3 x 8-3

(EF H23/3), GSC specimen no. 116304; c, ventral surface, ventral view; f, dorsal surface, dorsal view (based

on an inverted image), d-e (holotype), GSC Atlantic slide no. P1433-10, coordinates 84-7 x2 (EF B 1 4/1),

GSC specimen no. 116295; d, ventral surface, ventral view (based on an inverted image); e, dorsal surface,

dorsal view, g-h, GSC Atlantic slide no. P1433-10, coordinates 97-5x5 (EF E27/0), GSC specimen no.

116297; G, ventral surface, ventral view (based on an inverted image); h, dorsal surface, dorsal view. I, GSC
Atlantic slide no. P1433-10, coordinates 1 10-8 x 21 (EF V41 /3), GSC specimen no. 116298 ; operculum, apical

view. (For line drawings of dinoflagellates, it is conventional to show an ‘external’ view; thus for those

illustrations indicated to be based on an inverted view, the drawing here is a mirror image of the appearance

of the specimen in the microscope.) Scale bar represents 30 /un.

Light microscopy was undertaken using Zeiss photomicroscopes at the Geological Survey of

Canada (Atlantic), Bedford Institute of Oceanography, Dartmouth, Nova Scotia. Coordinates

quoted are from the Vernier Scale of Zeiss photomicroscope serial no. 4660390. The corresponding

England Finder (EF) coordinates are given in the Plate and Text-figure explanations. Type and
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figured specimens are lodged in the National Collection of Type Invertebrate and Plant Fossils,

Geological Survey of Canada, Ottawa, Ontario, Canada.
Some specimens were picked, mounted and coated with gold for scanning electron microscopy.

An ElectroScan E3 environmental SEM at the Geological Survey of Canada (Atlantic) was used

under a partial pressure of water vapour.

STRATIGRAPHY

Corehole 16 is located on the south-western margin of the Jeanne d’Arc Basin, which extends

roughly north-south for about 220 km on the eastern periphery of the Grand Banks of

Newfoundland. In areal extent the basin is about 15000 km 2
,
with a maximum sedimentary

thickness in excess of 22 km. It is a Mesozoic failed rift basin with some Tertiary fill (McAlpine

1990) and will be the most petroleum-productive basin in offshore eastern North America when the

Hibernia field starts to produce oil in 1997. Shallow Corehole 16 is 18-2 km north-north-east of

Amoco-Imperial Murre G-67 well, the first exploratory well drilled in the basin, and which attained

a depth of 3337-3 m in 64-6 m of water. The youngest dated sediments in Murre G-67 are early

Oligocene and are underlain sequentially by Eocene and Campanian strata (Barss et al. 1979). The
total thickness of the Tertiary section is about 1000 m.

All preparations studied from Corehole 16 are from clastic sediments; more detailed lithological

information was not available to the present authors.

Biostratigraphical control in Corehole 16, as in Murre G-67, is based on palynomorphs, primarily

dinoflagellates. Williams and Brideaux (1975) considered the sample at 32-9-36-0 m (108-118'),

from which the new taxon was recovered, to be no younger than mid Miocene. This was based on
their recognition of the following species : Tanyosphaeridium sp. A (now Distatodinium paradoxum
(Brosius, 1963) Eaton, 1976), Thalassiphora delicata Williams and Downie, 1966 (now identified as

Imertocysta tabulata Edwards, 1984), Tuberculodinium rossignoliae Drugg, 1970 and Lingulodinium

sp. B (now Sumatradinium druggii Lentin, Fensome and Williams, 1994).

Williams (1975) outlined a palynostratigraphical zonation for the Mesozoic-Cenozoic rocks of

offshore eastern Canada. The Apteodinium spiridoides Benedek, 1972 (as Apteodinium sp. B) Zone,

of Early Miocene age, was defined on the Last Appearance Datum (LAD) of A. spiridoides. In the

sample, A. spiridoides occurs together with Sumatradinium soucouyantiae and Thalassiphora sp. 1 of

EXPLANATION OF PLATE 1

Figs 1-15. Ramidinium tridens gen. et sp. nov. 1-2, GSC Atlantic slide no. P1433-10, coordinates 86-2 x 10 (EF
K15/0), GSC specimen no. 116293. 1, ventral surface, ventral view. 2, dorsal surface, ventral view. 3, GSC
Atlantic slide no. P1433-10, coordinates 117-3 x 2 (EF B84/1), GSC specimen no. 1 16294; ventral surface,

dorsal view of specimen with operculum. 4-5, holotype, GSC Atlantic slide no. P1433-10, coordinates

84-7 x2 (EF B14/1), GSC specimen no. 116295. 4, ventral surface, ventral view. 5, dorsal surface, ventral

view. 6, GSC Atlantic slide no. P1433-10, coordinates 84-4 x 10 (EF K13/0), GSC specimen no. 116296;

ventral surface, ventral view. 7-8, GSC Atlantic slide no. P1433-10, coordinates 97-5 x 5 (EF E27/0), GSC
specimen no. 1 16297. 7, ventral surface, dorsal view. 8, dorsal surface, dorsal view. 9, GSC Atlantic slide no.

P1433-10, coordinates 1108x21 (EF V41/3), GSC specimen no. 116298; operculum, antapical view;

x 1470. 10, GSC Atlantic slide no. P1433-10, coordinates 91-4 x 18-8 (EF T20/2), GSC specimen no.

116299; ventral surface, ventral view. 11, GSC Atlantic slide no. P1433-10, coordinates 98-7 x 15-5 (EF
P28/4), GSC specimen no. 116300; dorsal surface, dorsal view. 12, GSC Atlantic slide no. P1433-10,

coordinates 108-4 x 3-8 (EF C39/4), GSC specimen no. 116301 ; dorsal surface, dorsal view. 13, GSC Atlantic

slide no. P1433-10, coordinates 99 x 1 8-9 (EF T28/0), GSC specimen no. 116302; ventral surface, ventral

view. 14-15, GSC Atlantic slide no. P1433-10, coordinates 113-7 x 10-7 (EF L44/1), GSC specimen no.

116303. 14, ventral surface, ventral view. 15, dorsal surface, ventral view.

All x 490, except where indicated.
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Powell (1988). Powell (1992) placed the LAD of A. spiridoides in the early Burdigalian (Early

Miocene); however, de Verteuil and Norris (1992) extended the LAD into the basal Serravallian.

S. soucouyantiae de Verteuil and Norris 1992, originally described from the lower Middle Miocene
of Maryland (de Verteuil and Norris 1992), is restricted to the Miocene. Thalassiphora sp. 1 of

Powell (1988) has a stratigraphical range of Burdigalian-Langhian in surface sections from the

eastern USA.
The above association indicates a Burdigalian-Langhian (20-0-1 5-2 Ma; Early to early Mid

Miocene) age for the sample. If Williams (1975) and Powell (1992) are correct in believing that

Apteodinium spiridoides has its LAD in the Burdigalian, this would support a Burdigalian (late Early

Miocene) age.

SYSTEMATIC PALAEONTOLOGY
Division dinoflagellata (Butschli, 1885) Fensome, Taylor, Norris, Sarjeant, Wharton and

Williams, 1993

Class dinophyceae Pascher, 1914

Order gonyaulacales Taylor, 1980

Family areoligeraceae Evitt, 1963

Genus ramidinium gen. nov.

Derivation of name. From the Latin ramus = branch, in reference to the branched processes, and the usual

dinoflagellate suffix
‘

-dinium'.

Type. Plate 1, figures 4-5; Text-figure 2d-e. Ramidinium tridens, gen. et sp. nov.

Diagnosis. Areoligeracean proximochorate to usually chorate, acavate cysts, with processes that are

primarily parasutural and typically irregularly branched.

Comparisons. Among areoligeraceans, Ramidinium is distinct in having parasutural, branched

processes. Chiropteridium Gocht, 1960 is also an areoligeracean with some isolated processes but

differs from Ramidinium in having proximally membranous, confluent septa that occur principally

in the marginal areas. Schindler (1992) described five Chiropteridium morphotypes, each exhibiting

four lateral, crest-like structures on the dorsal and ventral surfaces, extending meridionally from the

apical to the antapical region. These structures in Chiropteridium may be parasutural in part,

although this is not clear from published descriptions. Ramidinium has a more uniform distribution

of processes, and the crest-like structures of Chiropteridium are absent or may be represented by the

low ridges joining adjacent processes (PI. 1, figs 1-2; Text-figs 2a, 3g). These low ridges may be

relicts of the membranes observed in Chiropteridium. Areoligera Lejeune-Carpentier, 1938 is

characterized by the presence of arcuate complexes and Glaphyrocysta Stover and Evitt, 1978 has

processes that are predominantly marginate in position and typically nontabulate or intratabulate.

Enneadocysta Stover and Williams, 1995 also has an apical archaeopyle and some dorsoventral

compression, but differs from Ramidinium in having intratabular processes that, around the

antapex, are apparently arranged in the partiform pattern. Cooksonidium Stover and Williams,

1995 differs from Ramidinium in having intratabular processes, which sometimes occur in

penitabular complexes. Spiniferites Mantell, 1850 and Achomosphaera Evitt, 1963, which also have

parasutural processes with furcate endings, are distinguished from Ramidinium by having a

precingular archaeopyle.

Ramidinium tridens sp. nov.

Plate 1 ; Text-figures 2-3

Derivation ofname. From the Latin tridens — trident, fork with three tines, in reference to the distal nature of

the processes. The specific epithet is a noun in apposition.
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text-fig. 3. Ramidinium tridens gen. et sp. nov., scanning electron photomicrographs; GSC Atlantic

preparation P1433. a, stub no. 1433a, GSC specimen no. 116305, specimen lost; ventral view; x 526. b, stub

no. 1433a, GSC specimen no. 116306 (specimen lost); ventral view?; x 847. c, stub no. 1433a, GSC specimen

no. 116307 (specimen lost); x 581. d, stub no. 1433a, GSC specimen no. 116308 (specimen lost); x 555. e, stub

no. 1433r, GSC specimen no. 116309; detail showing the wall structure and processes; x 1786. f-g, stub no.

1433r, GSC specimen no. 116310. f, ventral view; x 658. G, detail showing processes joined basally by low

ridges; x 1538. h, stub no. 1433r, GSC specimen no. 116311; detail of trifurcate process; x 1389. i, stub no.

1433r, GSC specimen no. 116312; apical view; x 741.

Holotype. Plate 1, figures 4—5; Text-figure 2d-e. GSC specimen no. 116295, National Collection of Type
Invertebrate and Plant Fossils, Geological Survey of Canada, Ottawa, Ontario, Canada; GSC Atlantic slide

No P1433-10, coordinates: 84.7x2 (EF B14/1). Type locality: 108-118 feet, Corehole 16, 46°15'N,
49° 03' W, Grand Banks, offshore eastern Canada.
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text-fig. 4. Spindle plots showing the species diversity of individual genera of the family Areoligeraceae per

unit time. The width of each bar represents number of species. See text for further details. Stages (Mesozoic)

and epochs and subepochs (Tertiary) are indicated as follows, in ascending order: Jurassic stages: B =
Bajocian, B = Bathonian, C = Callovian, O = Oxfordian, K = Kimmeridgian, unlabelled = Portlandian.

Cretaceous stages : B = Berriasian, V = Valanginian, H = Hauterivian, B = Barremian, A = Aptian, A =
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Diagnosis. A species of Ramidinium with c. 20-26 primarily parasutural processes that have mostly irregular

trifurcate endings.

Description

Shape. Cysts proximochorate to chorate, dorsoventrally compressed, central body lenticular. Antapical outline

symmetrical or asymmetrical.

Wall relationships. Autophragm only.

Wallfeatures. Autophragm finely ornamented, typically irregularly reticulate to rugulate (Text-fig. 3e). There

are 20-26 processes, 1 1 or 12 on the epicyst, five to nine on the hypocyst, and four or five on the paracingulum.

Processes usually gonal and intergonal (PI. 1, figs 7-8; Text-fig. 2d-h), possibly sometimes intratabular; they

are usually cylindrical or rounded triangular in cross section, solid and generally ending in irregular

trifurcations (Text-fig. 3d, h), but they may be distally bifurcate or asymmetrically expanded (Text-fig. 2b, h-i).

Some processes may be hollow (Text-fig. 3e) and, occasionally, taeniate processes occur that give the

impression of two stems joined by a membrane (PI. 1, figs 6, 10-12, 15; Text-fig. 3b, e-f, i). Adjacent processes

are sometimes joined basally by low, possibly parasutural ridges (PI. 1, figs 1-2, 5, 10; Text-fig. 3g). Delicate

trabeculae occasionally connect postcingular processes (PI. 1, fig. 13).

Paratabulation. Areoligeracean paratabulation indicated on epicyst by archaeopyle sutures and location of

parasutural processes. Elsewhere on central body, paratabulation indicated solely by primarily parasutural

processes. Generally there is no process between paraplate 6” and the anterior sulcal paraplate (Text-figs 2a,

d, g, 3a).

Paracingulum. Indicated by four or five processes in gonal or intergonal positions.

Parasulcus. Position indicated anteriorly by offset parasulcal notch (Text-fig. 2d, g). Rarely parasulcal notch

medial or only slightly offset (PI. 1, fig. 14).

Archaeopyle. Apical, type (tA); operculum tetratabular, simple, free and longer transversally than

dorsoventrally (PI. 1, figs 3, 9; Text-fig. 2i).

Size. Holotype: length of the central body (without operculum): 42 pm\ width of the central body: 53 pm;
process length: 13-19 pm. Range of 20 specimens: length of the central body (including operculum):

47(55)63 pm; length of the central body (without operculum): 36(41)47 pm; width of the central body:

47(55)63 pm; process length: 9-23 pm.

Comparisons

Ramidinium tridens resembles the type material of Galea twistringiensis Maier, 1959, which has

a smooth wall and distally widened and regularly divided processes. Sarjeant (1983) included

G. twistringiensis in synonymy with Spiniferites ramosus var. multibrevis, implying that is has a

precingular rather than an apical archaeopyle. Chiropteridium galea (Maier, 1959) Sarjeant, 1983 is

the species of Chiropteridium most similar to R. tridens, having processes that may be furcate or

Albian, C = Cenomanian, unlabelled = Turonian, unlabelled = Coniacian, S = Santonian, C = Campanian,
M = Maastrichtian. Tertiary epochs: P = Paleocene, E = Eocene, O = Oligocene, M = Miocene, P =
Pliocene. Teriary epochs are divided into Early (E) and Late (L) or Early (E), Mid (M) and Late (L) subepochs,

except for the Pliocene, which is undivided in this study. The unlabelled interval at the top of the plot represents

the Quaternary. The timescale used herein is based on that of Harland et al. (1990), except for our usage of

Portlandian rather than Tithonian for the latest Jurassic stage.
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branched. However, R. tridens differs from C. galea in having processes on the epicyst that are

consistently parasutural in position, isolated or united by low ridges only. Processes on C. galea may
be isolated, but tend to arise from four marginal meridional crests which usually are not obviously

parasutural. Nevertheless, in some specimens of C. galea from the Grand Banks, meridional

membranes are clearly in part parasutural, since they align with the accessory archaeopyle suture

between precingular paraplates. Chiropteridium Morphotype E of Schindler (1992) also has four

meridional membranes almost fully divided into hollow, distally closed and proximally

interconnected processes ;
towards the poles these processes are more slender and distally furcated.

However, Morphotype E differs from R. tridens in lacking the processes on mid-ventral and mid-

dorsal surfaces and in having a distinctly granulate wall. R. tridens has an irregularly reticulate to

rugulate wall and, occasionally, low proximal ridges joining adjacent processes. Enneadocysta

harrisii Stover and Williams, 1995 has similar process stems, but the processes are intratabular

rather than parasutural and have licrate endings.

Occurrence. Lower-lower Middle Miocene (Burdigalian-Langhian, as determined from palynology), Corehole

16, Grand Banks, offshore Eastern Canada.

DISCUSSION AND CONCLUSIONS

The family Areoligeraceae is an extinct dinoflagellate family that first occurred in the Late Jurassic

and was common throughout the Cretaceous and Paleogene. The stratigraphical distribution and
species richness of all areoligeracean genera are shown in Text-figure 4. In the Mesozoic, the family

was represented by forms with no, or only low, spines (proximate and proximochorate cysts),

whereas during the Paleogene, representatives tended to be spinose (chorate, e.g. Areoligera and
Glaphyrocysta). In the later Paleogene, forms with marginal membranes or wall cavities (e.g.

Membranophoridium Gerlach, 1961 and Chiropteridium) became common. Previously, no new
genera were known to have evolved in the Neogene; Ramidinium, a possible derivative of

Chiropteridium, is thus the only known areoligeracean genus to appear in the Neogene.

Information for Text-figure 4 (except for the Ramidinium bar, which is based on the present work)

was derived from PALYNODATA, a database compiled over the past quarter century by a

consortium of several major oil companies and the Geological Survey of Canada. PALYNODATA
stores biostratigraphical information from pre-Quaternary palynology publications: at present,

PALYNODATA contains information from about 18000 such publications. In Text-figure 4, the

number of species per genus per unit time are plotted. It was impractical to check the many
hundreds of records that contributed to this plot, although a detailed search of anomalous records

eliminated some that clearly represented reworking or contamination (for further elaboration of the

techniques involved, see Fensome et al. 1996 and MacRae et al. 1996). Text-figure 4 emphasizes that

Ramidinium is indeed the last evolving genus of a prominent and biostratigraphically important

family of dinoflagellates.

The later evolutionary pattern of the Areoligeraceae is reflected in our observations of the

dinoflagellate assemblages from Corehole 16. The Early Oligocene assemblage (88-91 m) contains

the areoligeraceans Membranophoridium aspinatum Gerlach, 1961 and Chiropteridium galea, with

transitional forms between the two species. In the assemblage from the Upper Oligocene

(116-5-1 19-5 m), C. galea was the only areoligeracean present and is a dominant element. Thus,

there is an apparent trend from the membranous areoligeraceans to forms with divided membranes
and isolated processes. This trend appears to culminate with Ramidinium tridens.
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NEW DRYOLESTOID MAMMALS FROM THE BASAL
CRETACEOUS PURBECK LIMESTONE GROUP OF

SOUTHERN ENGLAND

by p. c. ensom and d. sigogneau-russell

Abstract. The dryolestoid mammal Dorsetodon haysomi gen. et sp. nov. is described from the Purbeck

Limestone Group (Lower Cretaceous) of southern England, on the basis of lower molars. Dorsetodon is

assigned to the Paurodontidae, a family of Theria previously known only from North America. The distinction

between Paurodontidae and Henkelotheriidae (from the Upper Jurassic of Portugal), although maintained for

lack of solid contrary data, is argued to have been based on variable or subjective characters. A further small

mamm al. Chunnelodon alopekodes gen. et sp. nov., representing an undetermined cladotherian family, is also

described from lower molar teeth. The non-procumbent paraconid on the lower molar places Chunnelodon as

a sister-taxon to the Laurasian Dryolestoidea.

The Purbeck Limestone Group has been known as a rich source of fossil vertebrates for

approximately 150 years. An important new microvertebrate and dinosaur footprint site on the Isle

of Purbeck at Sunnydown Farm near Langton Matravers continues to provide valuable new
information on the coeval faunas within the Purbeck Limestone Group. New discoveries and

increasing knowledge of the fauna, which includes fishes (Woodward 1916-19), amphibians (Ensom

et al. 1994), reptiles (Benton and Spencer 1995) and mammals (Owen 1871 ;
Simpson 1928; Kielan-

Jaworowska and Ensom 1992, 1994; Sigogneau- Russell and Ensom 1994), in addition to vertebrate

trace fossils (Ensom 1995a, 1995h) have led to the following statement by Howse and Milner (1995)

:

‘the Purbeck fauna is becoming one of the richest mid-Mesozoic continental assemblages known’.

The two new mammalian taxa described below further confirm this assessment.

LOCALITY AND STRATIGRAPHY

The new locality was first reported by Ensom (1987) and subsequently described in more detail by

Kielan-Jaworowska and Ensom (1992). Two horizons were exploited. Both horizons lie within the

Cherty Freshwater Member of the Purbeck Limestone Group (Clements 1993), which, along with

much of the Purbeck Limestone Group, is increasingly considered to be of early Berriasian, Early

Cretaceous, age (Allen and Wimbledon 1991) (this point has been discussed by Kielan-Jaworowska

and Ensom 1994, and Sigogneau-Russell and Ensom 1994).

The mammal teeth described below have been picked from residues derived from samples of clay

collected from the higher of the two horizons at the Sunnydown Farm Quarry sauropod footprint

site (NGR SY 9822 7880), 5 km west of Swanage, and from its equivalent in Durlston Bay NGR
(SZ 035 780) just south of Swanage, both in Dorset, southern England.

The upper horizon lies at the junction of a clay, locally termed the ‘Sly’, which immediately

underlies the ‘Cap’ bed, 2-6 m below the base of the Cinder Member. This clay-limestone interface

can be equated confidently with beds DB 102/103 in Durlston Bay (Clements 1993). The
sedimentology and environmental setting of the upper horizon has been described by West (1988).

Both horizons are thought to represent clays bordering shallow freshwater lakes.

(Palaeontology, Vol. 41, Part 1, 1998, pp. 35-55] ©The Palaeontological Association



36 PALAEONTOLOGY, VOLUME 41

text-fig. 1. Dorsetodon haysomi gen. et sp. nov.
;
holotype, DORCM GS 433, resin cast; lower right molar.

a, lingual view; b, labial view; c, posterior view; D, anterior view; e, occlusal view. SEM stereophotographs;

x 45.

Kielan-Jaworowska and Ensom (1992, 1994) described a significant number of the multituber-

culate mammals so far recovered from this horizon, and Sigogneau-Russell and Ensom (1994)

recorded the only known example of a tribosphenic molar from the Purbeck Limestone Group,

possibly the earliest so far recovered (this was from the lower horizon at Sunnydown Farm). Apart

from the Multituberculata and Tribosphenida, all the main groups of mid Mesozoic mammals are

represented amongst the teeth collected so far. These include Triconodonta, Docodonta,

Symmetrodonta and Cladotheria. A general faunal list was prepared by Ensom et al. (1994).

MATERIALS AND METHODS
Sampling methods have been described in more detail in Kielan-Jaworowska and Ensom (1992).

Approximately 3 tonnes of clay were collected from the site, in addition to smaller samples from
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other locations. The clay samples have been sieved down to a mesh size of 0-3 mm. Residues are

being picked down to and including the ratio retained by the 0-5 mm mesh.

The teeth described in this paper come from the following samples: DORCM GS 376, 377 and

378 from sample 40; DORCM GS 433 from sample 34, DORCM GS 438 from sample 68,

DORCM GS 747 from sample 83, DORCM GS 501 and 502 from sample 85 and DORCM GS 625

from sample 98. These samples were all from the excavation at Sunnydown Farm Quarry, Langton

Matravers, within an area of 60 m 2
. The equivalent of the upper horizon at Durlston Bay yielded

DORCM GS 313 and 315 (sample 01).

Abbreviations. DORCM, Dorset County Museum; L, length; W, width.

SYSTEMATIC PALAEONTOLOGY

Order dryolestoidea Butler, 1939

Family paurodontidae Marsh, 1887

Genus dorsetodon gen. nov.

Derivation of name. Allusion to the geographical origin of the genus.

Type species. D. haysomi sp. nov.

Differential diagnosis (based only on type). Protoconid moderately high, less so than in Paurodon

or Archaeotrigon; lingual face concave and anteriorly oriented. Paraconid forming a distinct, but

not tubular, cusp, inclined lingually as well as anteriorly, narrower than the metaconid, which

distinguishes it from that of other paurodonts except Archaeotrigon and Tathiodon. Metaconid of

moderate height. Posterior face of trigonid more strongly concave than in other paurodonts.

Talonid relatively long, especially more so than in Paurodon and Araeodon-, sub-triangular as in

Araeodon, low and medio-lingually situated without a well-defined cusp. Lower molars closest to

Araeodon in labial ‘convexity’ (flatter in other genera, including Henkelotherium). Closest to

Tathiodon for general proportions, but paraconid more inclined lingually and anteriorly ; metaconid

less stout; trigonid flatter; talonid less sharply triangular.

Differs from Henkelotherium by posterior trigonid face more concave, less compressed trigonid,

para- and metaconid relatively more gracile, talonid less wide
;
but to be noted is the variation of the

talonid along the dental series in this genus (as well as in Foxraptor) : short, wide and triangular in

most molars, it becomes semicircular at the rear of the jaw.

Dorsetodon haysomi sp. nov.

Text-figures 1-6

Derivation of name. In honour of W. T. Haysom, a quarry owner on the Isle of Purbeck, who drew the

attention of the senior author to the Sunnydown site.

Holotype. DORCM GS 433, a right lower molar (Text-figs 1-2). L = 0-65 mm; W = 0-42 mm.

Attributed material. DORCM GS 376, a right lower molar (L = 0-72 mm; W = 0-41 mm) (Text-figs 3^4);

DORCM GS 502, a right lower molar (L = 0-70 mm; W = 0-38) (Text-fig. 5); DORCM GS 438, a left lower

molar (L as preserved = 0-76 mm; W = 0-43 mm) (Text-fig. 6); DORCM GS 501, a left lower molar (L =
0-70 mm; W = 0-42 mm); DORCM GS 625, a left lower molar (L = 0 72 mm; W = 0-50 mm); DORCM GS
747, a right lower molar (L = 0-82 mm; W = 0-41 mm).
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text-fig. 2. Dorsetodon haysomi gen. et sp. nov. ; holotype DORCM GS 433 ;
lower right molar, a, lingual

view
;
B, labial view

; c, posterior view ; D, anterior view ; E, occlusal view. Key : m, metaconid
;
pa, paraconid

;

pr, protoconid; p.w.f., posterior wear facet; ta, talonid. Hatching, wear; cross-hatching or crosses, broken
areas or edges. Scale bar represents 0-5 mm.

text-fig. 3. Dorsetodon haysomi gen. et sp. nov.; DORCM GS 376, resin cast; lower right molar. A, lingual

view; b, labial view; c, posterior view; d, anterior view; e, occlusal view. SEM stereophotographs; x45.
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text-fig. 4. Dorsetodon haysomi gen. et sp. nov.; DORCM GS 376.; lower right molar. a, lingual view; B,

labial view; c, posterior view; d, anterior view; E, occlusal view. Key as for Text-figure 2. Scale bar represents

0-5 mm.

Horizon and locality. Sunnydown Farm, Dorset, England; Cherty Freshwater Member, Lulworth Formation,

Purbeck Limestone Group, basal Cretaceous (?Berriasian).

Diagnosis. As for genus, this being the only species.

Description of type. In addition to the diagnosis, some points should be stressed. In lingual view, para- and
metaconid form a widely open V, the paraconid being strongly inclined towards the front. The metaconid is

relatively high but distinctly shorter than the protoconid, the lingual face of which is deeply concave. The
anterior crest of the protoconid is very finely denticulated. A faint bump is visible at the anterior labial base

of the protoconid (also visible in the last preserved molar of Paurodori). In posterior view, the median crests

of the meta- and protoconid delimit a wide and concave U, and each ends respectively on the labial and lingual

border of the talonid. The latter is at present relatively small in occlusal surface, asymmetrically triangular with

the apex being postero-lingual, aligned with the tip of the metaconid; the hypoconulid itself remains very low.

The roots are not preserved : their bases are visible lingually, but labially a break occurred at the base of the

protoconid. However, given the flattening of this face and of the cusps, as well as the position of the talonid,

it can be safely concluded from what is left that the two roots were subequal, the posterior one following

anterior and not being situated entirely lingual to it as in dryolestids.

The tooth is in almost unworn condition, only the tips of the main cusps having been abraded. In contrast,

the labial face of the talonid is strongly worn, even excavated, which may be partly responsible for its present

triangular shape. This excavates an indentation at the base of the posterior trigonid crest, which is very

characteristic. Another wear facet may be detectable at the anterior base of the protoconid.

DORCM GS 376, 438, 501, 502, 625 and 747 are also interpreted as lower paurodontid teeth : their two roots

were undoubtedly subequal and the open trigonid is as flat as or even flatter labially than that of the type. All

teeth are slightly longer than the latter. As in DORCM GS 433, the posterior face of the trigonid of all these

molars is hollowed between the same crests, and the lingual face of the protoconid is clearly concave and
anteriorly oriented. A very slight elevation is again visible at the labial base of the protoconid, except in

DORCM GS 625, where it may have been worn. However there are differences. On DORCM GS 376, the

paraconid is even more shelf-like than that of the type but less inclined lingually (as in Archaeotrigon) and
lower (even if we admit that the tip is missing)

;
the lingual V between para- and protoconid is even more open,

while the metaconid appears to have been relatively lower. Finally, the talonid appears to be significantly

different from that of the type tooth, being relatively longer, situated at mid-width of the tooth, and having
a quadrangular shape, the lingual angle being slightly displaced medially and another angle being present

postero-labially. However, scrutiny of this distal border suggests that it may have been slightly abraded, which
may be partly responsible for the difference in shape between the latter and that of the type. A wear facet is

again visible on the labial face of the talonid, cutting into the posterior crest of the protoconid. Also, there may
be an incipient triangular wear facet on the anterior base of the labial face of the protoconid.

On DORCM GS 502, the paraconid is more inclined anteriorly than on the type ; the talonid lacks a chip

of enamel posteriorly, but it is strongly worn labially, a wear that indents the posterior crest of the protoconid
as on the preceding teeth

;
wear has also touched the antero-labial face of the protoconid and the posterior edge

of the paraconid. DORCM GS 501 has a lower paraconid, separated from the metaconid by a wide U-basin;
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text-fig. 5. Dorsetodon haysomi gen. et sp. nov.; DORCM GS 502, resin cast; lower right molar. A, lingual

view; b, labial view; c, posterior view; d, anterior view; E, occlusal view. SEM stereophotographs; x45.

the talonid, which is clearly complete and unworn, is definitely triangular as on the type. On DORCM GS 625,

again the paraconid is lower and more shelf-like, the talonid is triangular but shorter; wear is clearly visible

on the anterior face of the protoconid, and on the occluso-labial face of the talonid, but the posterior crest

remains untouched. Finally, on DORCM GS 747 and 438, the paraconid is quite extended anteriorly; on the

former, the talonid is short and wide, worn labio-occlusally but again the posterior crest of the protoconid is

not indented. The latter tooth is unworn but, unfortunately, the talonid is missing. These differences are likely

to be attributable to a different position in the dental series.
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A 8 C D E

text-fig. 6. Dorsetodon haysomi gen. et sp. nov. ; DORCM GS 438; lower left molar, a, lingual view; B, labial

view; c, posterior view; d, anterior view; E, occlusal view. Key as for Text-figure 2. Scale bar represents 0-5 mm.

Legion cladotheria McKenna, 1975

Order incertae sedis

Family incertae sedis

Genus chunnelodon gen. nov.

Derivation of name. To emphasize the French-British collaboration as demonstrated by this paper, and the

Channel Tunnel inaugurated in the year of the discovery of the taxon.

Type species. C. alopekodes sp. nov.

Diagnosis. Lower molars with trigonid very flattened transversely. Cusps sharp. Protoconid

moderately high; small paraconid not inclined anteriorly but recurved, and not shelf-like;

metaconid high, slightly visible in labial view
;
strong backwards inclination of the posterior wall of

the trigonid. Talonid reduced to a sharp, lingual and relatively high cusp. Roots slightly unequal,

with a pre-eminence of the anterior one; but labially, the two roots are nearly aligned antero-

posteriorly.

Chunnelodon alopekodes sp. nov.

Text-figures 7-9

Derivation of name. From the Greek, dXojntjKo'jdrjq. sly as a fox: an allusion to the horizon in the Cherty

Freshwater Member from which the material comes, which is called the ‘Sly’ by the quarrymen of the Isle of

Purbeck.

Holotype. DORCM GS 378, a left lower molar (Text-figs 7-8). L = 0-72 mm; W = 0-36 mm.

Attributed material. DORCM GS 377 (Text-fig. 9), a right lower molar (probably from the same individual as

the type, but the two molars did not occupy the same position in the dental series). L = 0-72 mm; W =
0-41 mm.

Horizon and locality. Sunnydown Farm, Dorset; Cherty Freshwater Member, Lulworth Formation, Purbeck
Limestone Group, basal Cretaceous (?Berriasian).

Diagnosis. As for the genus, this being the only species.

Description. DORCM GS 377 is the more complete of the two teeth in having the two roots partially

preserved, but a small chip of enamel has come off between trigonid and talonid. These two teeth are very

peculiar, with paraconid, metaconid and hypoconulid sharp and lingually aligned; the metaconid is notably

longer and higher than the paraconid, itself slightly recurved. The protoconid is barely concave lingually.

Another very distinctive feature is the backward and labial inclination of the posterior wall of the trigonid, a
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text-fig. 7. Chunnelodon alopekodes gen. et sp. nov. ;
holotype, DORCM GS 378, resin cast; lower left molar.

a, lingual view; b, labial view; c, posterior view; d, anterior view; e, occlusal view. SEM stereophotographs;

x 45.

wall practically flat with no trace of any crest; in occlusal view, this inclination gives the impression of an

expanded talonid, whereas the latter is in fact reduced to the hypoconulid, a high triangular cusp entirely

lingual : such characteristics are found in no other Theria.

The two specimens differ only slightly. The differences concern the paraconid, slightly more forwardly

inclined on the holotype DORCM GS 378, and the metaconid, a little less visible. On DORCM GS 377, the

presence of a minute bump at the labial base of the paraconid can be observed (rather like in Dorsetodon).

These two teeth are unworn and show no clear wear facets, and, in particular, no paraconal sulcus.
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text-fig. 8. Chunnelodon alopekodes gen. et sp. nov. ; holotype, DORCM GS 378; lower left molar. A, lingual

view; b, labial view; c, posterior view; d, anterior view; e, occlusal view. Key as for Text-figure 2. Scale bar

represents 0-5 mm.

text-fig. 9. Chunnelodon alopekodes gen. et sp. nov.; DORCM GS 377; lower right molar, a, lingual view;

b, labial view; c, posterior view; d, anterior view; e, occlusal view. Key as for Text-figure 2. Scale bar represents

0-5 mm.

DISCUSSION

History ofpaurodontid classification (Table 1)

Butler (1939) created the suborder Dryolestoidea to separate, within the Pantotheria sensu Simpson,

1928, three families (Paurodontidae Marsh, 1887 (including Peramus), Amphitheriidae Owen, 1846

and Dryolestidae Marsh, 1879) from the suborder Docodontoidea. This term Dryolestoidea has the

same contents (as a sublegion) in Prothero (1981), with the exclusion of Peramus ,
since in this work,

the term is used in opposition to the sublegion Zatheria McKenna, 1975 (Peramuridae plus

Tribosphenida) within the legion Cladotheria McKenna, 1975. Sigogneau-Russell (1991) included

her new family Donodontidae (from Morocco) in the Dryolestoidea (misspelled) on the basis of the

upper molars; but the characteristics of the protoconid and of the roots of the attributed lower

molars are not those of dryolestoids. Finally Krebs (1991) attributed his new family

Henkelotheriidae to the order Eupantotheria Kermack and Mussett, 1958 (which is not equivalent

to Pantotheria sensu Simpson, 1928, but which includes the same families as Dryolestoidea in Butler

1939 and Prothero 1981). One of us (DS-R) considers that Amphitheriidae is closer to Peramuridae

and hence should be excluded from Dryolestoidea. Dryolestoidea would then include three families

:

Dryolestidae, Paurodontidae and Henkelotheriidae.

However, Bonaparte (1992, 1994) has included four more monospecific South American families

in the infraclass Dryolestida Prothero, 1981 (Dryolestoidea minus Amphitheriidae). We will not

discuss these forms here, limiting our considerations to the Laurasian forms, but we would like to

temper the proposals made by Bonaparte (1994) concerning the affinities between the North African

and the Argentinian cladotheres. A relationship had indeed also been suggested by Sigogneau-

Russell (1991) between Donodon Sigogneau-Russell, 1991 and Mesungulatum Bonaparte, 1986, on

the basis of the upper molars; but the lower molars attributed to these taxa (Bonaparte 1986),
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table 1 . History of the classification of the families mentioned in the text.

Butler 1939: Order Pantotheria Simpson, 1928

Suborder Dryolestoidea

Suborder Docodontoidea

Prothero 1981: Legion Cladotheria

Sublegion Dryolestoidea

Sublegion Zatheria

Krebs 1991 : Order Eupantotheria

Sigogneau-Russell 1991:

Suborder Dryolestoidea

This paper: Legion Cladotheria

Sublegion Dryolestoidea*

Sublegion nov.

Sublegion Zatheria

Amphitheriidae

Paurodontidae

Dryolestidae

Amphitheriidae

Paurodontidae

Dryolestidae

Peramuridae

Tribosphenida

Amphitheriidae

Paurodontidae

Dryolestidae

Henkelotheriidae

Amphitheriidae

Paurodontidae

Dryolestidae

Donodontidae

Dryolestidae

Paurodontidae

Henkelotheriidae

Donodontidae
Chunnelodon

Amphitheriidae

Peramuridae

Tribosphenida

* South American families not considered here.

devoid of talonid, do not support this relationship, and the rest of the mammalian fauna renders

it even more tenuous. The Los Alamitos Campanian mammalian assemblage does seem to testify

to a long isolation of that part of Argentina from the rest of the subcontinent and hence from the

rest of Gondwana.
Of the three Laurasian families in the suborder Dryolestoidea (Paurodontidae, Henkelotheriidae

and Dryolestidae), only the last was known from the Purbeck Limestone Group (Simpson 1928;

Lillegraven et al. 1979). However, the new discoveries of mammals made by one of us (PE) in the

Lulworth Formation of the Purbeck Limestone Group (basal Cretaceous) in Dorset include, among
lower teeth which are undoubtedly of a dryolestoid type (shelf-like and procumbent paraconid,

asymmetrical trigonid, transverse paracrista-metacristid shear), a few elements that show a

morphology incompatible with the definition of the Dryolestidae. The asymmetrical trigonid

excludes the Gondwanan Donodontidae (insofar as the attribution of the lower teeth to the type

upper molar of the only donodontid genus is correct); so their inclusion in Paurodontidae or

Henkelotheriidae had to be envisaged (the four South American families, except Mesungulatidae,

are known only from upper teeth).

The family Paurodontidae itself was created for the genus Paurodon Marsh, 1887. It was united

with Amphitheriidae by Gregory (1922), but Simpson (1927a) validated Marsh’s distinction of
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text-fig. 10. Lower molars of, from top to bottom: Araeodon, Paurodon, Archaeotrigon brevimaxillus. A,

lingual view; b, occlusal view; c, labial view. Scale bar represents 0-5 mm.

Paurodon from Amphitherium. As indicated by the name, Marsh (1887) and later Simpson (1929)

differentiated Paurodontidae from Dryolestidae by the reduced dental formula, as well as by the

shape of the lower molars, not compressed transversely and supported by two subequal roots.

Simpson’s diagnosis includes, moreover, the non-reduction of the unicuspid talonid (in fact, the

paurodontid talonid is longer but not wider than that of the dryolestid, but as the tooth is flatter,

hence longer, the talonid occupies a greater part of the total width), the smallness of the metaconid

relative to the protoconid, and the shortness and stoutness of the lower jaw. Later, Prothero (1981)

defined the family by what he considered to be a unique set of derived characters :

‘ broad shelf-like

paraconid and talonid with reduced cusps, molars broaden antero-posteriorly, loss of anterior cusp

on last lower premolar’. Krebs (1991) distinguished Paurodontidae from his Henkelotheriidae by

its smaller dental formula, the greater reduction of the para- and metaconid (paraconid forming a

ledge and metaconid very blunt), the situation of the semicircular talonid in the middle of the tooth
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text-fig. 11. Lower molars of, from top to bottom: Tathiodon, Foxraptor, Henkelotherium. a, lingual view;

b, occlusal view; c, labial view. Scale bar represents 0-5 mm.

width and the shorter and stouter lower jaw; finally, Bakker and Carpenter (1990) emphasized the

proportions of the jaw (more especially the symphysis) in defining Paurodontidae.

Simpson (1927a) enlarged Paurodontidae with four new genera: Archaeotrigon, Tanaeodon (to

become Tathiodon Simpson 19276), Peramus and Brancatherulum. He acknowledged, however, that

this group was rather heterogenous ; indeed Peramus, isolated in the family Peramuridae by Kretzoi

(1946), and later united with Amphitheriidae by Mills (1964), was reinstalled in a distinct family by

Clemens and Mills (1971), a distinction accepted by Lillegraven et al. (1979) and Prothero (1981).
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text-fig. 12. Profile of the lower jaw of various Dryolestoidea (dashed line), compared with that of Kepolestes

(uninterrupted line, from Prothero 1981), with mandibular height below M/1 as a constant, a, Foxraptor (from

Bakker and Carpenter 1990); b, Laolestes (from Prothero 1981); c, Henkelotherium (from Krebs 1991); D,

Archaeotrigon (from Simpson 1929); e, Araeodon (from Simpson 1937); f, Tathiodon (from Simpson 1929); G,

Paurodon (from Simpson 1929). H, Foxraptor (dashed line) compared with Paurodon (uninterrupted line).

Tooth contour schematic.
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table 2. Distribution of characters in the lower molars of the genera considered in this paper. Formula for

incisors and canines not known.

Dental formula

pm +m Protoconid Paraconid

Paurodon 2 + 4 High
Median ridge lingually

Convex labially

Low

Archaeotrigon brevimaxillus 2 + 3 to 4 High
Median ridge lingually

Slightly convex labially

Very low and narrow
Anteriorly directed

Tathiodon 2 to 3 High Low
+ 3 to 4 Convex labially Anteriorly directed

Araeodon 3 + 4 High?
Median ridge lingually

Convex labially

Low
Anteriorly directed?

Foxraptor 3 + 5 High
Median ridge lingually

Flat labially

Moderate
Tubular

Anteriorly directed

Henkelotherium 4 + 6 to 7 Moderate?
Median ridge lingually

Slightly convex labially

Low
Slightly anteriorly directed

Dorsetodon GS 433 Moderate height

Concave lingually

Slightly convex labially

Short

Moderately high

Anteriorly directed

Dorsetodon GS 376 Moderate
Slightly concave lingually

Slightly convex labially

Short

Low
Anteriorly directed

Dorsetodon GS 438 Moderate
Slightly concave lingually

Slightly convex labially

Long
Low
Very anteriorly directed

As for Brancatherulum, the edentulous lower jaw that constitutes the type and only specimen of the

genus was reviewed by Heinrich (1991), who concluded that it was not possible to decide between

a paurodont and a peramurid on the basis of the dental formula alone.

To the three remaining genera of Paurodontidae, Araeodon was added by Simpson (1937).

Finally, Bakker and Carpenter (1990) described a new therian genus, Foxraptor, which they

attributed to the same family. These five genera are known only from lower teeth. However,

Simpson (1929) had suspected that the dryolestid genus Pelicopsis Simpson 1927a, known from
upper teeth, might in fact be a paurodont. This opinion was adopted by Prothero (1981). Later,

Krebs (1991), citing what he considered to be similarities between the upper molars of

Henkelotherium from the Kimmeridgian of Guimarota, Portugal and the Morrison genus

Pelicopsis
,
as well as those between the lower molars of Henkelotherium and of another Morrison

genus Tathiodon, included these two North American genera in his family Henkelotheriidae, thus

leaving only four genera in Paurodontidae.

All the paurodontid genera come from the Morrison Formation (late Jurassic, and, for

Foxraptor, possibly basal Cretaceous). No contemporaneous or older locality has so far yielded

paurodont remains (except for possibly Brancatherulum and Henkelotherium).
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TABLE 2 (CONT).

Metaconid Talonid

Trigonid

posterior face Wear

Moderate Sloping

Semicircular

Shelf-like

Wide and short

'No true cusp’

Narrow and flat More posterior than labial

Moderate Semicircular

Wide and long

Cusp postero-lingual

Flat Posterior and labial?

Relatively high Triangular

Wide and long

Cusp postero-lingual

Flat? ?

Moderate Sub-triangular?

Very small

No cusp?

Flat Posterior and labial?

Low to moderate Semicircular

Wide
Cusp postero-lingual

Slightly concave Posterior and labial?

‘Not reduced’ Triangular

Wide and short

Postero-lingual cusp

Slightly concave Posterior and labial base

Moderate Triangular?

Relatively long

No cusp

Strongly concave Postero-labial base

Moderate Triangular?

Longer and wider

No cusp

Strongly concave Postero-labial base

Relatively high Strongly concave

Position of Dorsetodon

By the subequality of the roots, the lack of compression of the crown, the relative extension of the

talonid, these teeth are closer to those of paurodontids/henkelotheriids than to those of dryolestids.

However, one possibility mentioned by Krebs (pers. comm. 1994) should be considered: could the

teeth attributed to the new genus (especially DORCM GS 438) represent lower milk-molars of

Dryolestidae? As far as we know, no such teeth have been described or mentioned. The slighter

compression of the first molar in one or two dryolestid lower jaws would seem to give support to

this interpretation. However, in no dryolestid specimen have we observed such a flattening, nor
symmetry of the roots; the situation of the milk molars may of course have been different. But we
consider that the type of wear is critical in determining the affinities : never, in dryolestids, is there

an indentation at the base of the posterior crest of the protoconid ; in these forms, wear is perfectly

transverse. On the contrary, talonid wear, with an indentation of the base of the posterior crest of
the protoconid such as noted on DORCM GS 433 and others, can be observed in Henkelotherium,
Araeodon, Foxraptor and possibly Archaeotrigon (cast damaged in this area) (Text-figs 10-11).

Again the situation is different in typical dryolestids, where the labial cingulum may be affected by
wear, but such a facet is completely independent from the talonid (unfortunately, wear cannot be
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observed on our incomplete cast of the Purbeck dryolestid Peraspalax, which also has a slightly

concave posterior trigonid surface). Wear is not recorded in Tathiodon and we remain uncertain of

the shape of the posterior trigonid face, which, combined with the slight differences mentioned
above, prevents us from attributing the Dorset specimens to a small species of this genus.

The presence of at least one paurodontid-henkelotheriid in the Purbeck Limestone Group is thus

well established. There remains the matter of the distinction between these two families and the

establishment of to which one Dorsetodon should be attributed. One of the differentiating characters

of henkelotheriids cited by Krebs (1991) concerns the relative slenderness of the lower jaw. Given
the fragmentary state of most paurodont remains, it is difficult to express this objectively. We
measured (from the published figures): (1) the height of the jaw under M/1 with respect to the

height of this M/1: the results varied considerably according to the source used for the

measurement, and from the value estimated for M/1 on imprecise drawings of partly worn teeth;

(2) the height of the jaw under M / 1 with respect to the length of the alveolar border comprised

between the anterior limit of the ultimate premolar and the posterior limit of M/3; the latter

measurement excludes Tathiodon for which we have a figure of only the molar part of the preserved

jaw (but said by Simpson (1929) to be more slender than in Paurodon and Archaeotrigon). As shown
in Text-figure 12, there does not seem to be a clear distinction between Paurodontidae and
Dryolestidae as concerns the relative height of the jaw at that level, much less between

Henkelotheriidae and the former. In fact, the difference lies mainly in the respective elongation of

the molar series and of the anterior part. Unfortunately the shape and length of the symphysis, short

in all paurodonts except Tathiodon, are unknown in the type specimen of Henkelotherium, the only

specimen of this taxon described by Krebs.

It also appears that the two other characters cited by Krebs as differentiating Paurodontidae and
Henkelotheriidae are not familially diagnostic: the relative extension of the para- and metaconid

and that of the talonid vary along the dental series in Henkelotherium itself, and also in paurodonts

(for example, M/l-M/2 of Archaeotrigon brevimaxillus, or Foxraptor). Even the shape of the

talonid varies, since it is essentially triangular in most molars of Henkelotherium, but becomes
semicircular in the last molar. In fact, the lingual view of the molars of Foxraptor (a genus not

included in Krebs’ comparison) and Henkelotherium superpose nearly perfectly and the trigonids

are very similar in details. The difference between Henkelotherium and Foxraptor lies mainly in the

talonid, which is longer and more developed in Foxraptor, even though in this genus also there is

some variation along the series. The dental formula of Foxraptor (3 or 4Pm/ + 5M/) is

intermediate between that of other paurodontids and Henkelotherium (4 Pm/ + 6 or 7 M/). But, as

already noted by Clemens (1970), and accepted by Lillegraven et al. (1979), the reduction of the

dental formula may have occurred progressively within the family Paurodontidae. Finally, the type

of wear in Henkelotherium is the same as that described in paurodonts and even more accentuated

:

the indentation at the base of the posterior protoconid crest is very characteristic. Therefore, with

the data available, it is tempting to consider either Foxraptor as a member of Henkelotheriidae, or

Henkelotheriidae as a junior synonym of Paurodontidae.

The situation is not made any clearer by the inclusion of Tathiodon in Henkelotheriidae. The
similarities invoked by Krebs (1991, pp. 95-96) are as follows: (1) non-shortened lower molars; (2)

two subequal roots; (3) paraconid inclined anteriorly: these three characters are valid for all

Paurodontidae (and the shortening of the molar is in fact greater in Tathiodon than in

Henkelotherium and most paurodonts); (4) three trigonid cusps well developed: it is very difficult

to evaluate this point
;
besides being vague, it is rare to find paurodont teeth with their cusps intact

;

they are in any case well developed in Foxraptor also; (5) triangular talonid with cusp lingually

situated: however, this seems also to occur in Araeodon and is in any case more clearly indicated

in Tathiodon than in Henkelotherium (see Simpson, 1929, fig. 22, p. 46; in Bakker and Carpenter

(1990), the figures listed as Archaeotrigon and Tathiodon (fig. 7), clearly taken from Simpson 1929,

have been inverted). Besides, in Krebs’ table 2 (p. 51), there remain only two characters shared by

Henkelotherium and Tathiodon and separating the latter from the other paurodonts
: (1) talonid cusp

not reduced: but the hypoconulid is even better developed in Archaeotrigon and Foxraptor; (2)
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paraconid and metaconid not much lower than the protoconid : the height of the metaconid relative

to the protoconid may indeed be a good differential character. The trigonid angle may also be a

good indicator. However, more significant is the type of wear at the level of the talonid: as

mentioned above, that of Henkelotherium, with an excavation at the base of the posterior crest of
the protoconid delimiting a slight concavity, is similar to the condition in Dorsetodon and Paurodon,
only more accentuated. Again the mode of wear is unknown in Tathiodon. To sum up, the

distinction of Henkelotheriidae and Paurodontidae founded on the lower molars needs to be
confirmed by further comparative material and studies. Hence the conservative approach of this

paper, in which we place Dorsetodon in Paurodontidae.

The characteristics of Dorsetodon and the other paurodontid genera are listed in the table below
(Table 2). We wish to stress once more that these evaluations are subject to variations (1) along the

dental series; (2) according to state of preservation; and (3) which are subjective: an attempt at

quantification is itself devalued by (1) and (2).

Obviously we have envisaged the possible presence, in the new Purbeck collection, of upper
molars corresponding to the lower molars of Dorsetodon. In the available sample, 36 upper molars
could be attributed to Dryolestoidea. Without doubt 26 of them represent typical Dryolestidae,

even if some do not perfectly correspond to any of the three taxa so far known in this fauna:

Amblotherium nanum, A. pusillum and Kurtodon (some of the lower molars also indicate the presence

of new dryolestid taxa). The teeth which cannot be identified as dryolestids make potential

candidates as upper molars of Paurodontidae.

As no paurodont genus is known from both upper and lower dentition, the peculiarities of the

paurodont upper molars remain uncertain. Pelicopsis, as already mentioned, has been tentatively

attributed to this family by Simpson (1929), mainly from the number of molars and the shape of
the intermolar embrasures. Krebs (1991) went further by placing the genus in Henkelotheriidae. The
common characters cited for the two genera (Krebs 1991, p. 50) are the non-compression of the

trigon and the reduced stylocone. However, the latter is much more reduced in some Dryolestidae,

e.g. Kurtodon. The only remaining character possibly linking the teeth of Henkelotherium and
Pelicopsis is the proportions of the trigon

; but these should be expressed objectively, and measured
along the dental series. In the absence of such data, we can only suggest that some teeth, such as

DORCM GS 313 and 315 (Text-fig. 13), might represent upper molars of our new paurodontid.
The establishment of this new taxon demands the search for the phylogenetic relationships of the

various forms mentioned above. Prothero (1981) proposed a cladogram for the then known genera
(Text-fig. 14). The knowledge acquired since 1981 exposes a few incongruities: Foxraptor,
recognized as the most primitive paurodont by its authors, must indeed diverge before Tathiodon
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text-fig. 14. Cladogram of paurodontids, after Pro-

AY strongly procumbent paraconid, reduced to four

j premolars. 2. reduction to two premolars, broad
shelf-like paraconid and talonid, reduced paraconid

and talonid cusps, metaconid slightly shorter than

protoconid. 3. metaconid much shorter than proto-

conid, jaw short and stout with short symphysis, last

lower premolar loses anterior cingulum. 4. talonid

semicircular in crown view. 5. anterior molar root

much larger than posterior root, trigonid and talonid

anteroposteriorly compressed, lingual alveolar border

lower than labial border, angular process slender and
dorsally deflected.

1

by the number of premolars; but it has already acquired the short symphysis of Araeodon and the

semicircular talonid of Paurodon and Archaeotrigon, both characters considered, probably justly, as

derived. Foxraptor also possesses a relatively high protoconid, again considered to be a shared

derived character of the last three genera ; but this feature is apparently variable along the jaw. We
must admit that, when we know too little to even ascertain the polarity of some characters, it

becomes very ‘acrobatic’ to evaluate relationships between the relevant taxa. Finally, we note again

that phylogenetic relationships cannot be as simplistic as our two-dimensional dichotomic

cladograms would imply. These are necessarily based on very incomplete specimens as well as on
the serendipitous discoveries of particularly small specimens

;
such limitations are inescapable, but

the value of such cladograms should not be overestimated, nor their presentation be dogmatic.

Position of Chunnelodon

The morphology of the crown and the proportions of the roots separate Chunnelodon from

Dryolestidae, and the non-shelf-like paraconid ensures that these molars are not paurodont-

henkelotheriid teeth. They might evoke Amphitheriidae, but the Dorset molars differ by the absence

of a metacristid (the hypoconulid is not offset labially as in Amphitherium, hence there is no
differentiation of a metacristid directed toward a labial hypoconulid); they also differ from
Amphitheriidae by the wide U separating para- and metaconid, and by the lesser labial convexity

of the trigonid
; by a much smaller talonid and the asymmetry of the para- and metaconid. The same

asymmetry and the shape of the talonid distinguish the new genus from Donodontidae (Sigogneau-

Russell 1991). Thus Chunnelodon, on the morphology of the lower molars, stands apart from the

cladotherian (Dryolestoidea plus Zatheria in Prothero 1981) families so far known from lower teeth,

while at the same time probably belonging to that group, on the basis of the presence of four derived

characters: loss of lower molar lingual cingulum, trigonid angle less than 100°, talonid better

defined than that of Symmetrodonta, transverse shear. However, such uncertainties as those

concerning the angular region of the lower jaw, the structure of the premolars, not to mention the

corresponding upper molars, leave some doubt as to this attribution.

Within Cladotheria and as mentioned above, the non-procumbent paraconid would exclude

Chunnelodon from Dryolestoidea sensu Prothero 1981 ;
the same is true for Donodon. This character-

state would justify either the position of these two latter taxa as a common sister-group to

Dryolestoidea, or more likely, the isolation of both from that ‘sublegion’, according to the tentative

scheme given below (Text-fig. 15).
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text-fig. 15. Proposed relationships of the various cladotherian families considered in this paper, based on
lower molars only. 1. loss of lingual cingulum on molars; trigonid angle < 100°; expanded talonid; transverse

shear. 2. antero-posterior compression. 3. loss of symmetry; paraconid decreases; loss of anterior cuspule;

slightly unequal roots. 4. shelf-like paraconid; procumbent paraconid. 5. decrease in number of molars;
paraconid low relative to protoconid. 6. increase in number of molars; antero-posterior compression; strongly

asymmetrical roots; talonid decreases.

Poor though our knowledge is of these two new forms from the Purbeck, their discovery opens
a small window on a much richer and more varied world of Mesozoic mammals than hitherto

suspected.
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SKELETAL ARCHITECTURE, HOMOLOGIES AND
TAPHONOMY OF OZARKODINID CONODONTS

by MARK A. PURNELL and PHILIP C. J. DONOGHUE

Abstract. Conodonts are generally found as disarticulated skeletal elements, yet almost all aspects of

conodont research rely on knowledge of the original arrangement of these elements in the apparatus. Analysis

of rare, articulated ‘ natural assemblages ’ of taxa assigned to the order Ozarkodinida reveals that there was no

significant variation in the skeletal architecture within this major group of extinct agnathans. The apparatus

comprised 1 5 elements : a pair each of bilaterally opposed Pa and Pb elements ; an anterior, axial Sa element,

flanked on each side by a group of four close-set, inward and forward inclined Sb and Sc elements ; and above

and outside each S group, an inward and forward pointing M element. We identify the S positions in the

ozarkodinid apparatus as Sa, Sb 1; Sb
2 , Scj and Sc

2
.

Architectural analysis sheds new light on the taphonomy of conodonts, indicating that the majority of

natural assemblages represent ozarkodinid carcasses that did not lie parallel to the sea floor. Our new
apparatus model also goes some way to removing some of the more significant architectural barriers that have

hampered the recognition of homologies between conodont clades. There are many similarities between the

apparatuses of ozarkodinids, prioniodinids, prioniodontids, and panderodontids ; it is possible that the

Conodonta was rather more conservative architecturally than current hypotheses suggest.

Over the last 15 years, our understanding of conodont anatomy, affinities and functional

morphology has changed beyond recognition (see Aldridge and Purnell 1996 for review).

Conodonts are now widely thought to be vertebrates or craniates, and have an important role to

play in understanding the origins and early diversification of the clade (e.g. Sansom et al. 1992;

Aldridge et al. 1993 ; Purnell 1995 ; Janvier 1996). Conodonts are among the first craniates to appear

in the fossil record, and are far more diverse than any other group ofjawless fish. Their fossil record

is also more complete and better known than that of any other agnathan group. That is not to say

that understanding and analysis of the conodont fossil record is without difficulties. With very few

exceptions, conodonts are found as isolated skeletal elements, yet almost all aspects of conodont

research, including taxonomy, palaeobiology, functional morphology, phylogenetic analysis and
suprageneric classification, rely on knowledge of how these elements were arranged together in the

conodont oropharyngeal apparatus.

The last few years have seen publication of a number of three-dimensional reconstructions of

conodont apparatuses (e.g. Aldridge et al. 1987 ;
Smith et al. 1987 ;

Dzik 1991 ; Aldridge et al. 1995),

and recently we have produced a new, precise model of the ozarkodinid skeletal apparatus. This

model has been widely illustrated (e.g. Palmer 1995, 1996; Purnell and Donoghue 1995; Purnell et

al. 1995; Abrams 1996) and our aim here is to provide a discussion of our methodology and the

wider significance of our model in understanding the taphonomy and homologies of the

ozarkodinid apparatus. Aspects of apparatus function are dealt with elsewhere (Purnell and
Donoghue 1997).

Architecture and natural assemblages

The development of ideas about conodont skeletal arrangement (see Text-fig. 1) has closely

paralleled hypotheses of biological affinity and functional morphology (see Aldridge 1987 for a

review). Rigorous analysis of functional morphology requires knowledge of apparatus architecture.

[Palaeontology, Vol. 41, Part 1, 1998, pp. 57-102, 3 pis) The Palaeontological Association
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text-fig. 1 . Hypotheses of element arrangement in ozarkodinid conodonts. Front, side and top views of the

apparatus are projected onto the sides of each box; element morphology is diagrammatic, but based on
Idiognathodus ; a also shows P, M, S element notation used in text, a, linear arrangement of Schmidt (1934);

Pa elements anterior, b, linear arrangement of Rhodes (1952); neither anterior-posterior nor dorso-ventral axes

were indicated by Rhodes, c, linear arrangement of Nicoll (1985, 1987, 1995, Nicoll and Rexroad 1987); M
elements anterior, S element denticles directed ventrally, Sbj elements (his Sd) set back from other S elements.

Nicoll did not reconstruct Idiognathodus, and it is not clear how he would orientate M elements of

Idiognathodus morphology, d, vertical arrangement of Dzik (1991) (modified from Dzik 1976, 1986); M
elements anterior, dorsally directed ends of elements are ‘posterior’ according to conventional designation, e,

arrangement of Aldridge et al. (1987); S and M elements anterior. Text-figure modified from Purnell and
Donoghue (1997).
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but architecture cannot be based on hypotheses of function. Unfortunately, some studies have fallen

into this trap (e.g. Schmidt 1934; Lindstrom 1964, 1973, 1974; Nicoll 1995) and have thereby

contributed to the diversity of alternative and sometimes speculative models of skeletal architecture

that have been proposed (see below). However, the lack of consensus regarding architecture also

reflects a paucity of good fossil material and a consequent lack of morphological constraint.

Because conodonts were primarily soft bodied organisms, the skeletal elements of their feeding

apparatus became scattered in the sediment on the death and decay of the animals. Fortunately,

however, there are fossils that preserve together different types of conodont elements, either

associated on bedding-planes or as a cluster of elements fused together by diagenetic minerals. More
than 1000 of these ‘bedding-plane assemblages’ and ‘fused clusters’ are now known, and although

several conodont orders are represented in collections from around the world, the majority belong

to taxa assigned to the order Ozarkodinida. These specimens represent a range of biostratinomic

histories (see Appendix for a review), and some are undoubtedly accumulations of elements

representing the faecal matter or stomach ejecta of animals that preyed upon conodonts. Such

specimens may contain elements belonging to more than one individual and more than one taxon

(e.g. Hinde 1879; Schmidt and Muller 1964, fig. 9) and generally they preserve very little of the

original arrangement of the elements. Many clusters and bedding-plane assemblages represent the

remains of a single dead conodont, but the amount of architectural information they preserve

varies. At one end of the preservational spectrum the remains have become completely disarticulated

and strewn over the bedding surface (e.g. Higgins 1981; Norby and Rexroad 1985) by current

activity, scavenging, bioturbation, or other factors such as explosive release of gases from the

decomposing conodont carcass. At the other, the only post-mortem process to have affected the

apparatus is passive gravitational collapse as the soft tissues of the conodont body decayed (e.g. Pis

1-3; Text-figs 2-16). In such assemblages, post-mortem movement is limited to minor rotations of

element long axes as they ultimately came to rest parallel to bedding. Only clusters and assemblages

towards this end of the preservational spectrum are of use in reconstructing apparatus architecture.

For convenience we will refer to them as natural assemblages.

Diagenetic history apart, bedding-plane assemblages and fused clusters do not reflect different

styles of preservation or record different information; the only significant difference between the

two arises from the methods used to obtain the material. Bedding-plane assemblages are found on

natural bedding-planes or bedding-parallel split-surfaces of black shales and occasionally other

lithologies ;
their elements may or may not be diagenetically bonded. Fused clusters, however, are

recovered by acid dissolution of limestones and dolomites, and they can only preserve together

those elements that were in physical contact at the time of formation of the diagenetic mineral that

binds them. Adjacent elements that were not in contact, which would be preserved in a bedding-

plane assemblage, are separated from the cluster along with the rock matrix. Fused clusters,

therefore, tend to be less complete, but they do not record any information regarding original

element arrangement that is not preserved in bedding-plane assemblages. Collections of fused

clusters also tend to include a higher proportion of faecal associations, simply because the process

of coprolite formation often brings elements into closer juxtaposition. Enhanced levels of phosphate

in faecal material may also have increased the probability of elements becoming diagenetically

fused.

Compared with normal collections of disjunct conodont elements, natural assemblages are

extremely rare, but despite this they are of paramount importance in conodont palaeontology.

Conodonts have no close living relatives, and without homologous structures in extant organisms

to aid interpretation, natural assemblages provide the only evidence for the original spatial

arrangement of skeletal elements in the oropharyngeal feeding apparatus. Thereby, they serve as

references in the development of conodont taxonomy and anatomical notation, and provide

templates for reconstructing the apparatuses of the vast majority of taxa that are known only from

dissociated remains. They are also fundamental in the recognition of homologies between taxa, in

the interpretation of evolutionary pathways and relationships, and in the construction of

meaningful suprageneric classification.
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RECONSTRUCTION OF THE CONODONT APPARATUS

Suprageneric classification of conodonts has yet to stabilize fully, but up to seven orders are

currently recognized (Sweet 1988; Dzik 1991 ; Aldridge and Smith 1993). They all bore apparatuses

composed of a number of different elements, with four orders characterized by morphologically

simple elements. Of these, the architecture of some taxa assigned by Sweet (1988) to the Bellodellida

and the Panderodontida has been reviewed recently by Sansom et al. (1994). Three orders (sensu

Sweet 1988) bore an apparatus typically composed of more complex elements: Prioniodontida (see

Aldridge et al. 1995 for a discussion of architecture), the Prioniodinida (architectural analysis in

preparation (MAP)), and the Ozarkodinida {sensu Sweet 1988). Ozarkodinid taxa dominated
conodont faunas through most of the Palaeozoic, in terms of both abundance and diversity. Most
bedding-plane assemblages and clusters are ozarkodinids, and almost all attempts at reconstructing

the conodont apparatus have dealt primarily with ozarkodinid taxa.

Linear reconstructions

A few studies have based architectural hypotheses on interpretations of function. Lindstrom’s

(1964, 1973, 1974) reconstructions were based primarily on his functional interpretation of the

conodont apparatus as a lophophore support, with spatial constraints imposed by the dimensions

of the conodont eater Typhloesus. They are not considered further here. Similarly, the approach

adopted by Nicoll (1995) is summarized in his statement (p. 247) ‘The conodont apparatus

morphology has thus been placed in an amphioxus-like body . . . and this is used to explain and
interpret the anatomical relationships of the elements’. However, almost all analyses of conodont
apparatus arrangement have adopted one of two distinct approaches which rely on data from
bedding-plane assemblages and clusters. Both recognize that the extremely rare natural assemblages

that preserve bilaterally symmetrical arrangements of elements (e.g. Text-figs 2-3) record primary

architectural information, but the approaches differ in the way they treat asymmetrical assemblages

(e.g. Pis 1-3; Text-figs 4, 5a, 6a, 9, 10a, 11a, 12, 13a, 14a, 15, 16a). Most analyses have assumed
that deviations from symmetry reflect post-mortem movement of the elements, and that recurrent

asymmetrical patterns are produced by rotations and translations of elements into their final resting

place by compression and decomposition or by systematic muscle relaxation-contraction effects.

This approach dates back to the discovery of the first natural assemblages (Schmidt 1934; Scott

1934). Schmidt (1934) proposed that Gnathodus bore a linear arrangement of 14 elements with the

long axes of the elements approximately parallel to one another (Text-fig. 1a). In this model, the

M elements flank the S elements, the denticles of which are directed downwards, inwards and
towards the P elements. Schmidt’s hypothesis of element arrangement was clearly based to a large

extent on the specimen illustrated in Text-figures 7-8, but it was also influenced by his interpretation

of the conodont apparatus as the mandibles, hyoid and gill arches of a placoderm fish. For this

reason he oriented the apparatus with the Pa elements at the front. Apart from this error, however,

and the omission of the Sa element, Schmidt’s reconstruction was ahead of its time and had no real

rival until the work of Rhodes (1952) nearly 20 years later. The intervening period saw several

publications documenting new conodont assemblages (see Appendix), but, with the exception of

Scott (1942) and Schmidt (1950), these did not consider element arrangement in any detail. Scott

(1942) drew his conclusions from a collection of around 180 assemblages, but only a very few appear

to retain any trace of primary element arrangement, and there is very little evidence to support his

hypothesis of the conodont apparatus. Schmidt (1950) augmented his 1934 reconstruction of

Gnathodus with extra pairs of Pa elements and extra M elements, surmising that these elements had
not been evident in the assemblages he described in 1934 because they lay in a different plane from

the other elements of the apparatus. However, the additional elements resemble those of Lochriea

and it seems very likely that his revised arrangement was based on an assemblage of two

apparatuses.
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Perhaps the most influential reconstruction of the conodont apparatus was that proposed by

Rhodes (1952) for the apparatus of Idiognathodus (= Scottella ,
= Scottognathus) (Text-fig. 1 b).

Rhodes stated explicitly that this was intended to indicate the general form and number of the

component elements and that the relative arrangement of the elements was diagrammatic, but the

linear arrangement was clearly based on one of the natural assemblages of Du Bois (1943, pi. 25,

fig. 14; Text-figs 2-3) and gave an impression of three-dimensionality. The reconstruction did not

include an Sa element, nor did Rhodes recognize different morphologies of S element. His model

was reillustrated in successive editions of the conodont Treatise (Moore 1962; Robison 1981) and

provided a skeletal template for a number of subsequent reconstructions and hypotheses of

conodont function. For example, Collinson et al. (1972), Avcin (1974) and Norby (1976) adopted

Rhodes’s linear arrangement with only minor modifications, such as shifting the M elements away

from the axis and grouping the S elements into two opposed pairs (Collinson et al. 1972), or

suggesting a more cylindrical disposition of elements with cusps directed towards the midline of the

apparatus, and with an axial Sa element present (Avcin 1974; Norby 1976).

Schmidt and Muller (1964) considered their well-preserved bedding-plane assemblages (e.g. PI. 2;

Text-figs 9-11) to be a better approximation of the original arrangement in the conodont animal

than most previously described material. They recognized morphological differentiation within the

S elements and advocated a linear apparatus pattern similar to that of Schmidt (1934), but with the

P elements in opposition. A similar conclusion was reached by Jeppsson (1971), based on a review

of the evidence from bedding-plane assemblages and clusters, and recently Walliser (1994) has also

proposed a very similar linear model based on a re-examination of the material of Schmidt and

Muller (1964). Nicoll (1977) also proposed a linear model, but arranged the elements as three

groups. His later model (Text-fig. lc; 1985, 1987, 1995; Nicoll and Rexroad 1987; ‘Peraios’ style

of Nicoll 1995) was also linear, but suggested a more posterior location for one pair of S elements

in taxa which bore an Sa element with a posterior process.

The emphasis placed on symmetrical assemblages, the interpretation of asymmetrical assemblages

as ‘unnatural’, and the consequent need to invoke systematic post-mortem effects to explain

recurrent asymmetrical patterns represent significant weaknesses in the approach to apparatus

reconstruction adopted by many of these authors. Several authors, however, realized that different

apparatus patterns reflected different orientations of collapse of the original three-dimensional

structure. For example, based on their interpretation that their collections contained only a few

more laterally than dorso-ventrally collapsed apparatuses, Schmidt and Muller (1964) concluded

that the conodont animal was neither dorso-ventrally nor laterally flattened. Avcin (1974)

recognized that different attitudes of repose of the conodont carcass would produce different

assemblage configurations, but ruled out dorso-ventral collapse as impossible, given the extreme

lateral flattening of what he mistakenly took to be the conodont animal (i.e. Typhloesus).

Three-dimensional reconstructions

Observations such as these led to the development of a more rigorous approach to apparatus

reconstruction which, in contrast to the methodology outlined above, aimed to construct an

hypothesis of apparatus architecture that could account for a variety of natural assemblage patterns

without recourse to ad hoc post-mortem effects. Norby (1976, 1979), for example, suggested that a

reconstruction with elements oriented side by side with their long axes vertical was more compatible

with asymmetrical assemblage patterns than were linear models. Dzik (1976; later modified a little

by Dzik 1986, 1991, 1994; Text-fig. Id) proposed a similar arrangement to account for the different

patterns exhibited by the natural assemblages illustrated by Rhodes (1952, pi. 126, fig. 11; Text-figs

2-3) and Mashkova (1972, pi. 1; Text-figs 12-13).

This approach was further developed (Aldridge et al. 1987) by incorporating techniques derived

from Briggs and Williams (1981). The apparatus of the first-discovered conodont animal specimen

(IGSE 13822) was taken as the primary data for a physical model of element arrangement (Text-

fig. 1e) which was then tested by photographic simulation of a variety of recurrent patterns of
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apparatus collapse (Aldridge et al. 1987). The resulting architectural model was utilized in several

subsequent papers (e.g. Purnell and von Bitter 1992; Aldridge et al. 1993, 1994, 1995; Purnell 1993a,

1994), and similar methods have since been used to reconstruct the apparatus of the prioniodontid

conodont Promissum pulchrum (Aldridge et al. 1995).

Outstanding problems

Rigorous architectural interpretation of bedding-plane assemblages and clusters is based on the

recognition that, firstly, some associations of elements are faecal or disarticulated accumulations

that preserve little or nothing of primary architecture, and secondly, that the remaining natural

assemblages represent collapse of the original three-dimensional apparatus on to a two-dimensional

bedding-plane. Different patterns of element arrangement in natural assemblages therefore

represent different orientations of apparatus collapse, and the limited number of recurring patterns

reflect the attitude of the dead conodont on the sea floor (cf. Dzik 1986). For example, symmetrical

patterns (e.g. Text-figs 2-3) were produced by decomposition of a carcass lying on its belly (or belly-

up). A carcass on its side produced one type of asymmetrical pattern (PI. 2; Text-fig. 11), and a

carcass lying head down (or up) in the sediment produced another (e.g. Purnell and Donoghue 1997,

figs 6-7).

If one accepts that hypotheses that invoke ad hoc post-mortem movements of elements to explain

element arrangements in symmetrical and asymmetrical natural assemblages are inferior to those

that do not, then testing of reconstructions is simple. All linear models (e.g. Schmidt 1934; Rhodes
1952; Jeppsson 1971; Nicoll 1977, 1985, 1987, 1995; Walliser 1994; Text-fig. 1a-c herein) fail this

test because they cannot account for the asymmetrical patterns observed in the majority of natural

assemblages. The models proposed by Aldridge et al. (1987) and Dzik (1991) (Text-fig. 1d-e) are

in much closer accord with observed patterns, and they have clarified important architectural

features, such as the orientation of the P elements, and the anterior posterior spatial differentiation

within the apparatus. But, there are still a number of discrepancies.

Aldridge et al. (1987) were aware of a number of limitations of their model: the elements were

more widely spaced than in nature, and details of the model, especially the relative positions of the

ramiform elements (particularly the M elements) were in need of further refinement. Dzik (1991)

also highlighted some of these difficulties with the orientation of S elements; in particular, it is

difficult to account for the consistent inward inclination of S element denticles in collapse

orientations approaching dorso-ventral (e.g. PI. 3; Text-figs 2, 3a, 7, 8a, 14a). Dzik’s own model
(Text-fig. Id), however, is also a poor match for the arrangement of S elements in natural

assemblages: the vertical orientation of the S elements is not seen in lateral or oblique lateral

collapse patterns (e.g. Pis 1-2, Text-figs 4, 5a, 6a, 9, 10a, 11a, 12, 13a, 15, 16a), and his hypothesis

that the elements of the symmetry transition series were arranged with their cusps in direct

opposition across the axis, in a structure the shape of an anteriorly open V with a vertical closure,

also places elements in positions that are not observed in natural assemblages. It is these difficulties,

together with the acquisition of new material and re-examination of existing collections, that

prompted us to produce our new model of ozarkodinid architecture. Furthermore, both Aldridge

et al. (1987) and Dzik (1991) based their models on only a few taxa; we have attempted to test the

degree to which our model can be applied to the ozarkodinids as a whole, and thereby to assess the

architectural stability of the apparatus through time and across taxonomic distance.

Materials and methods

All published bedding-plane assemblage and cluster collections are listed in the Appendix along

with notes on their preservation, completeness and collapse patterns. This list does not include

prioniodontid or coniform taxa. As part of this study we have re-examined most collections of

natural assemblages including those of Du Bois (1943), Rhodes (1952), Schmidt and Muller (1964),

Rexroad and Nicoll (1964), Pollock (1969), Mashkova (1972), Avcin (1974), Norby (1976), Puchkov
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et al. (1982), Briggs et al. (1983), Nicoll (1985), Aldridge and Briggs (1986), Aldridge et al. (1987),

Nicoll and Rexroad (1987), Aldridge et al. (1993) and Purnell (1993a). We have also examined new
or unpublished material from the Carboniferous of Bailey Falls and Wolf Covered Bridge in

Illinois, USA, the Heath Shale Formation and its Bear Gulch Member, in Montana, USA (see

Purnell 19936, 1994 for stratigraphical and locality details) and from the Devonian Cleveland Shale

of Ohio, USA. Repository abbreviations are as follows: BM and PM, The Natural History

Museum, London; BU, Lapworth Museum, University of Birmingham, UK; CGM, Central

Geological Museum, VSEGEI, St Petersburg, Russia; CM, Carnegie Museum, Pittsburgh, USA;
CPC, Commonwealth Palaeontological Collections, Canberra, Australia

;
IGSE, British Geological

Survey, Edinburgh
;
IMGP Go, Institut und Museum fur Geologie und Palaontologie, University

of Gottingen, Germany; ISGS, Illinois State Geological Survey, USA; IU-IGS, Indiana University

-Indiana Geological Survey, USA; MPK, British Geological Survey, Keyworth; RMS, Royal

Museum of Scotland; ROM Royal Ontario Museum, Canada; UI, Geology Department,

University of Illinois, USA; UM, University of Montana, USA; UN, University of Nottingham;

USNM, U.S. National Museum, Washington D.C., USA.
Our architectural reconstruction is based primarily on ldiognathodus (sensu Baeseman 1973;

Grayson et al. 1991). Natural assemblages of ldiognathodus outnumber those of all other taxa, and
in order to produce the most accurate reconstruction possible, we used regressions derived from
measurements of bedding-plane assemblages (Purnell 1993a, 1994) to produce 1 : 50 scale models of

all of the elements in an apparatus with Pa elements 2 mm long. These elements, made using epoxy
putty modelling combined with moulding and casting techniques, were then used to produce our

three dimensional reconstructions. The configuration of the elements in the model was determined

by an iterative process analogous to the techniques of numerical forward modelling. An initial

arrangement was produced and then compared visually with the arrangements of elements in the

natural assemblages of ldiognathodus that formed the database of the analysis. This process revealed

a number of discrepancies between the positions of elements in the preliminary model and those

observed in the fossils; the positions of the elements in the model were adjusted accordingly, and
the process of testing was repeated. This continued until the model converged on a solution which
minimized the differences between the observed and modelled positions and orientations of the

elements. Final testing was achieved by producing collapse patterns of element distribution from the

model without any further adjustment. In nature, assemblages were produced as elements collapsed

under the influence of gravity as the conodont carcass decayed. Rather than reproducing this

physically, however, collapse of the model was simulated by photographing it from a variety of

directions, each corresponding to a particular orientation of apparatus collapse. Modelling

techniques similar to these have been used previously to great effect on conodonts (Aldridge et al.

1987, 1995), but they are not without minor drawbacks. The process of simulating collapse

photographically does not reproduce the slight reorientations of elements that occur as they come
to lie on a horizontal plane, and in some orientations the viewing angle causes elements to appear
foreshortened. The discrepancies that arise as a result of these effects are generally very minor, but

they are indicated below.

The results of the final photographic testing of the model and a detailed description of the

ldiognathodus apparatus are published elsewhere (Purnell and Donoghue 1997). Here, we provide

three examples (PI. 1 ; Text-figs 2-6) in order to demonstrate the fidelity with which our model can
reproduce the range ofpatterns of element arrangement seen in natural assemblages of ldiognathodus

(for more examples, see Purnell and Donoghue 1997 and Appendix).

During the course of this work, we have also developed a method for calculating the orientation

of the principal axes of the conodont apparatus and the conodont head prior to collapse (x =
rostro-caudal axis, y = dorso-ventral axis, z = medio-lateral axis; see Text-fig. 17). Photographs of

the model simulate collapse of the apparatus, the focal plane of the camera simulating the bedding-

plane of the fossil. The angular relationships between the model and the focal plane therefore

reproduce the angular relationships between the conodont head and the sea floor at the time of

apparatus collapse. In order to calculate the original orientation of the principal axes of the



64 PALAEONTOLOGY, VOLUME 41

conodont head, the model is arbitrarily fixed with the sagittal plane vertical and oriented north-

south (i.e. with principal axes at x = 0°, y = 90°, z = 90°)
;
the attitude of the focal plane of the

camera is then measured while simulating collapse. Stereographic rotation of these data to restore

‘bedding’ (i.e. the focal plane) to horizontal thus yields the original orientation of the principal axes.

Independent repetition of some measurements indicates that calculations of orientation using this

technique are reproducible to within a few degrees. It is important to note that natural assemblage

collections do not record the original way up of specimens, and part and counterpart (when both

are known) are generally designated according to quality of preservation. Thus, it is generally

impossible to determine whether it was the left or right side, or ventral or dorsal surface of the body
which lay on the sea floor at the time of collapse. However, the orientations of the x and y axes

indicate the pitch and roll of the head. The orientation of the z axis reflects the angle of yaw and
has no effect on collapse patterns. Furthermore, because our method involves arbitrarily orienting

the sagittal plane of the model north-south, the calculated angle of z (i.e. the yaw of the head) has

no real meaning.

APPARATUS ARCHITECTURE AND SIMULATIONS OF COLLAPSE PATTERNS

A full description of our reconstruction is published elsewhere (Purnell and Donoghue 1997), but

the various oblique and lateral views of our model shown here (Text-figs 3b, 5b, 6b, 8b, 10b, 11b,

13b, 14b, 16b) and the three-dimensional view (Text-fig. 18) provide sufficient detail for our

purposes with this paper. The model differs from that proposed by Aldridge et al. (1987; Text-fig.

1e) primarily in the arrangement of the S and M elements, which they placed in parallel, with

approximately equal forward inclination, with no vertical displacement from one element to the

next, and with no inward inclination. It is also in the orientations of the S and M elements that our

reconstruction differs from Dzik’s (1991) hypothesis (Text-fig. Id). He considered the S elements to

be vertical, their long axes parallel, and their cusp directed inwards at 90°, with the M elements at

the front of the apparatus.

Collapse patterns

Idiognathodus. The specimen in Text-figures 2 and 3a is the most widely illustrated natural

assemblage (originally figured by Du Bois 1943, pi. 25, fig. 14; see Appendix for subsequent

illustrations). Our simulation is of the apparatus as drawn in Text-figure 3a, with the counterpart

on the bottom, replicating oblique collapse from above and behind with the principal axes of the

apparatus oriented at x = 59°, y = 30°, z = 8° with respect to horizontal (Text-fig. 3b). The main
visual differences between the simulation and the specimen arise from the foreshortening of elements

caused by the oblique angle of photography
;
in reality the long axes of elements came to lie parallel

to bedding during collapse, but this cannot be simulated photographically. Du Bois (1943, pi. 25,

fig. 4) figured another Idiognathodus assemblage exhibiting a similar pattern ofelement arrangement,

but reflecting a slightly more posterior angle of collapse (x = 71°, y = 17°, z = 9°).

The assemblage illustrated in Text-figures 4 and 5a is accurately simulated by photographing the

model from behind and to the right, the principal axes of the apparatus oriented at x = 43°, y —
4°, z = 47° (Text-fig. 5b). The dextral Sb elements are not preserved on the specimen (which lacks

a counterpart), but the correspondence between positions and orientations of the remainder of the

elements in the fossil and the model is very close. The sinistral M element underlies all the S elements

and its distal extremity can be seen protruding from behind, towards the Pb elements in both the

assemblage and the model. The dextral M element, oriented at the time of collapse with its long axis

at almost 90° to the sea floor, has broken part way down the process, the two parts coming to lie

parallel to bedding in the orientations that one would predict from their orientations in the model.

In the simulation, there is a space between the Pa and Pb elements, and another between the dextral

Pb and the sinistral M element
;
in reality these spaces were closed up as the elements came to lie

on the sea floor. At this angle of collapse, all the S elements have their denticles directed anteriorly,
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with the possible exception of the dextral Sb
x
element, the anterior process of which may have

brought the element to lie with its denticles facing into the sea floor or posteriorly. Du Bois (1943)
figured two other Idiognathodus assemblages with similar collapse patterns (pi. 25, figs 3, 11, x =
29°, y — 3°, z = 61°; fig. 12, x = 62°, y = 5°, z = 28°).

A photograph of the model from front, left and below, with principal axes at x = 33°, y = 19°,

z = 49° relative to sea floor at the time of collapse (Text-fig. 6b) simulates the pattern seen in Plate

1 and Text-figure 6a. The sinistral S and M elements lie above and behind their dextral counterparts,

with the cusp region of the Sa element overlying the cusps of the dextral Sb
2
and Sc elements.

Identification of the Sb2 ,
Sq and Sc2 elements on the dextral side of this assemblage is based on their

stacking order, as breakage of the anterior processes renders morphologically based determination
impossible. The sinistral Pb and Pa elements lie above and behind the dextral elements of the pair.

The assemblage figured by Aldridge and Briggs (1986, fig. 5) exhibits a similar pattern of apparatus
collapse (x = 36°, y = 8°, z = 53°).

Other ozarkodinid taxa. Our primary aim with this paper is to evaluate the model as a general

hypothesis of the skeletal architecture of ozarkodinid conodonts, and we have therefore attempted
to simulate the collapse patterns observed in as many ozarkodinid taxa as possible (Pis 2-3

; Text-

figs 7-16; see also notes in Appendix). Schmidt (1934) was the first to illustrate complete natural

assemblages of conodonts, and although the specimen illustrated in Text-figures 7 and 8a is lost, it

is significant because of its strong influence on early models of apparatus arrangement. It is a
specimen of Gnathodus (probably G. bilineatus), and although the pattern of element arrangement
is very uncommon, a photograph of the model from front, left and above, with principal axes of
the apparatus at x = 30°, y = 60°, z = 4° relative to the sea floor, accurately simulates the

assemblage (Text-fig. 8b). Text-figures 9 and 10a also illustrate an assemblage of G. bilineatus, and
this pattern of element arrangement, similar to that shown by the specimen of Idiognathodus in Plate

1 and Text-figure 6, is accurately reproduced by a photograph taken from front, left and below,
simulating collapse with principal axes at x = 33°, y = 14°, z = 54°.

Natural assemblages of Gnathodus have been illustrated by a number of authors, and these can
also be simulated by photographs of the model. For example, the element arrangement in a
specimen figured by Schmidt (1934, fig. 3, pi. 6 fig. 3) is similar to that simulated in Text-figure 16b
(but from behind, so that the Pa elements have collapsed forwards; x = 27°, y — 59°, z = 14°). The
arrangement of a specimen figured by Norby (1976, pi. 8, fig. 5) is similar to that in Text-figure 14b
(x = 37°, y = 38°, z = 31°); another of his assemblages (Norby 1976, pi. 8, fig. 2; also figured by
Sweet 1988, p. 2) is similar to that simulated in Text-figure 3b, but with a slight offset and a higher
angle of collapse (x = 65°, y = 18°, z — 17°; approaching the orientation shown in Purnell and
Donoghue 1997, fig. 7b). Two specimens (Norby 1976, pi. 8, figs 1, 7), although partially disrupted,

are comparable to one of the arrangements simulated in Purnell and Donoghue (1997, figure 7b),

as is a specimen figured by Varker (1994, pi. 1, fig. 7; x = 74°, y = 16°, z = 3°). Varker (1994, pi.

1, fig. 4) also figured a specimen with a collapse orientation between that of Text-figures 3b and 16b
(x = 56°, y = 21°, z = 25°). Figure 6 of Schmidt and Muller (1964; x = 37°, y = 1°, z = 53°) is

similar to the arrangement simulated in Text-figure 5b, and Purnell (1994, fig. 2b) figured one of
Norby’s (1976) specimens, the arrangement of which is very close to that simulated in Text-figure
16b (see Appendix for further examples).

From the accuracy with which the model can simulate these natural assemblages it is evident that

the apparatus architecture of Gnathodus did not differ in any significant respect from that of
Idiognathodus. This strong similarity lends support to the hypothesis that these taxa are close

phylogenetic relatives (Grayson et al. 1991).

Natural assemblages of Lochriea are less common than those of Idiognathodus or Gnathodus.
Lochriea is a more distant relative of Idiognathodus, but the model can match collapse patterns
observed in Lochriea assemblages. The specimen illustrated in Plate 2 and Text-figure 11a, for

example, is reproduced by photographing the model from the side and very slightly in front,

simulating collapse with principal axes at x = 10°, y = 3°, z = 80°. An interesting feature of this
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text-fig. 2. Natural assemblage of Idiognathodus', UI X-1480; Pennsylvanian Modesto Formation, Bailey

Falls, Illinois, USA; originally figured by Du Bois (1943; see Appendix for subsequent illustrations). All four

P elements, the remains of at least six S elements, and one M element are preserved in the part; counterpart

not illustrated; x 32.

apparatus is that the S elements on the dextral side exhibit slight deviations from their primary

positions, whereas those on the sinistral side do not, strongly suggesting that this apparatus

collapsed onto its left side. Norby (1976) illustrated several assemblages of Lochriea, at least two of

which are collapses without significant disruption. The arrangements of elements in these specimens

(Norby 1976, pi. 14, figs 8-9) are very similar to the collapse patterns simulated in Text-figures 13b

and 16b respectively (see Appendix).

The ability of the model to simulate natural assemblages of Lochriea indicates that the apparatus

architecture of Lochriea is very similar to that of Idiognathodus and Gnathodus. Some differences do
exist, however, the most significant being the more posterior and slightly more ventral location of

the M elements in Lochriea. The morphology of M elements in Lochriea is distinct from that of

Idiognathodus, and the differences in shape and position suggest that the function of these elements

in these taxa was different.

The hypothesis that Ozarkodina represents the rootstock from which many members of the

Ozarkodinida evolved (Sweet 1988) gives its architecture particular significance. A natural

assemblage from the Lower Devonian of Tadjikistan (Text-figs 12-13) was originally figured by

Mashkova (1972) but has subsequently been reillustrated many times (see Appendix). The
importance of this specimen for understanding the architecture of ozarkodinid conodonts has long

been recognized, and it has been reinterpreted by numerous authors (Dzik 1976, 1986, 1991 ;
Carls

1977; Jeppsson 1979; Aldridge 1987; Nicoll and Rexroad 1987). Our identification of the elements

in the assemblage (Text-fig. 13a) is based on a re-examination of the original material and differs

in detail from all those previously suggested; we identify all the dextral S elements and the Sa

element, with only the sinistral Sb elements missing from the assemblage (except for what is

probably the posterior process of one of them). Although in terms of element morphology there are

clear differences between Idiognathodus and Ozarkodina, the arrangement of elements is reproduced

with good accuracy by photographing the model from the front and below (Text-fig. 13b),
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A

text-fig. 3. a, composite camera lucida drawing of specimen UI X-1480, counterpart and part (counterpart

on bottom), b, photograph of model taken from above, behind and slightly to left to simulate collapse pattern

of UI X-1480; small cube indicates orientation of principal axes of apparatus relative to sea floor at time of

collapse, x = 59°, y = 30°, z = 8°. Note that as preserved on the specimen part (Text-fig. 2) the apparatus has

collapsed obliquely, from below and in front towards top and behind, but without a transparent base to the

model this orientation cannot be simulated photographically. Therefore, our simulation is of the whole
apparatus as shown in the camera lucida drawing with the counterpart on the bottom.
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text-fig. 4. Natural assemblage of Idiognathodus ; UI X-6377; Pennsylvanian Modesto Formation, Bailey

Falls, Illinois, USA; originally figured by Du Bois (1943; see Appendix for subsequent illustrations). All four

P elements, the remains of seven S elements, and both M elements are preserved on the part
;
no counterpart

;

x 35.

simulating collapse with principal axes at x = 50°, y = 20°, z = 33° relative to the sea floor (an

orientation similar to that shown in Text-fig. 6b). Clearly the architecture of the apparatus was
extremely similar to that of Idiognathodus, although the orientation of the posterior processes of the

M elements in the assemblage suggests that they may have been more parallel to the S elements than

in Idiognathodus.

Although incomplete, the natural assemblages of Ozarkodina from the Upper Silurian of Indiana

(Pollock 1969; Nicoll and Rexroad 1987) also allow the similarities between Ozarkodina and other

ozarkodinids to be assessed. These assemblages belong to a different species from that illustrated

by Mashkova (1972), and have shorter Sb elements, of modified digyrate morphology, rather than

the elongate bipennate Sb elements borne by all the taxa discussed so far. In assemblages reflecting

lateral and oblique-lateral collapse (e.g. Pollock 1969, pi. Ill, figs 3-5, 16; Nicoll and Rexroad

1987, pi. 3.4, figs 1, 3, 5) these shorter Sb elements are aligned sub-parallel to the Sc elements, and
their original orientation seems to have been similar to the bipennate elements of Idiognathodus,

with their ‘inner lateral’ processes (conventional orientation) directed posteriorly and dorsally. The
arrangement of elements in several of the assemblages illustrated by Pollock (1969, pi. Ill, figs 3-5)

can be simulated closely by the model (Purnell and Donoghue 1997, fig. 7b); another of Pollock’s

text-fig. 5. A, camera lucida drawing of specimen UI X-6377. B, photograph ofmodel taken from behind, right

to simulate collapse pattern of UI X-6377
;
small cube indicates orientation of principal axes of apparatus

relative to sea floor at time of collapse, x = 43°, y = 4°, z = 47°.
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text-fig. 5. For caption see opposite.
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text-fig. 6. For caption see p. 72.



PLATE 1

PURNELL and DONOGHUE, Idiognathodus (for explanation see p. 72)
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text-fig. 7. Natural assemblage of Gnathodus from the lower Namurian, Hemer, Nordrhein-Westfalen,

Germany; specimen lost during World War II, originally figured by Schmidt (1934; see Appendix for

subsequent illustrations). Moulds of all 15 elements of the apparatus are preserved on the part; counterpart

not illustrated. Photograph reproduced, with permission, from Schmidt 1934, pi. 6, fig. 1; x21.

specimens (pi. 1 11, fig. 16) exhibits a similar pattern, but reflects collapse from behind-right rather

than left. One of the specimens figured by Nicoll and Rexroad (1987, pi. 3.4, figs 1, 3, 5) reflects

lateral collapse in an orientation very close to that simulated in Purnell and Donoghue (1997, figure

5b). The Appendix lists more assemblages of Ozarkodina with indications of collapse orientations

determined from the model.

Sweet (1988) suggested that many late Palaeozoic ozarkodinids were descended from
Bispathodus. The apparatus of this genus is, therefore, of considerable interest, yet natural

assemblages of Bispathodus have not previously been illustrated. The specimen figured (PI. 3; Text-

fig. 14a) lies within, and was eaten by a shark (Cladoselache) but it is clearly a good natural

assemblage with minimal post-mortem disruption of the apparatus. A photograph of the model
from above and in front (Text-fig. 14b), simulating collapse with principal axes at x = 10°, y = 71°,

z = 16° matches the assemblage closely. In true collapse, the long axes of the P elements would have

come to lie parallel to the sea floor, bringing them into the positions seen in the specimen
;
similarly,

the apparent angle of inclination of the S elements would steepen. The greater disruption of S

elements on the sinistral side of the apparatus suggests that collapse was on to the right side
;
among

text-fig. 6. a, composite camera lucida drawing of specimen PM X 2220, part and counterpart (part on
bottom), b, photograph of model taken from front, left and below to simulate collapse pattern ofPM X 2220;

small cube indicates orientation of principal axes of apparatus relative to sea floor at time of collapse, x = 33°,

y = 19°, z = 49°.

EXPLANATION OF PLATE 1

Figs 1-2. Natural assemblage of Idiognathodus; PM X 2220; Pennsylvanian Modesto Formation, Bailey Falls,

Illinois, USA. 1, part; 2, counterpart; x 40.
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A

text-fig. 8. a, tracing of Schmidt’s Gnathodus specimen, part, b, photograph of model taken from front, left

and above to simulate collapse pattern of Schmidt’s specimen; small cube indicates orientation of principal

axes of apparatus relative to sea floor at time of collapse, x = 30°, y = 60°, z = 4°. Note that sinistral and

dextral in apparatus and model do not correspond; exact match would require photograph to be taken through

base board of model.



text-fig. 9. Natural assemblage of Gnathodus', IMGP Go 60CM4; lower Namurian, Hemer, Nordrhein-

Westfalen, Germany; originally illustrated by Schmidt and Muller (1964; see Appendix for subsequent

illustrations). Silicon rubber cast of part preserving moulds of all elements except dextral M; counterpart not

illustrated. Cast coated with ammonium chloride; x23.

the dextral S elements the only disruption evident has affected the Sb
x
element, the incurved anterior

process of which has caused the element to rotate so that its denticles face those of the other dextral

S elements. The vertical stacking of the sinistral S elements produced in this orientation of collapse

(see Text-fig. 14b) is clearly unstable, and in the assemblage the Sb elements have been displaced

outwards from the base of the pile. The accuracy and precision with which the pattern of collapse

in this assemblage is simulated by the model provides strong evidence that the apparatus

architecture of Bispathodus did not differ in any significant respect from that of Idiognathodus. An
extremely similar pattern of apparatus collapse in Gnathodus has previously been illustrated by
Norby (1976, pi. 8, fig. 5).

Adetognathus has never been reported as a natural assemblage and the specimen illustrated here

(Text-figs 15, 16a) has not been figured previously. There is some disruption of the apparatus,

particularly affecting the P elements and the sinistral M element, but photographing the model from

above and behind (Text-fig. 16b) simulating collapse with the principal axes at x = 40°, y — 20°,

z = 43° relative to the sea floor accurately simulates the assemblage. There are, therefore, no
significant differences in architecture between Adetognathus and Idiognathodus.

Natural assemblages of a number of other ozarkodinid taxa have previously been figured by

several authors, and, although we do not reillustrate them, their patterns of apparatus collapse can
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text-fig. 10. A, camera lucida drawing of Gnathodus specimen IMGP Go 600-44. B, photograph of model

taken from front, left and below to simulate collapse pattern of IMGP Go 600-44; small cube indicates

orientation of principal axes of apparatus relative to sea floor at time of collapse, x = 33°, y = 14°, z = 54°.
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text-fig. 10. For caption see opposite.
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text-fig. 11. For caption see p. 78.



PLATE 2

PURNELL and DONOGHUE, Lochriea (for explanation see p. 78)
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text-fig. 12. Natural assemblage of Ozarkodina; CGM 1/10499; Lower Devonian, Turkparida Valley,

Tadjikistan; originally figured by Mashkova (1972; see Appendix for subsequent illustrations). All P and M
elements and seven S elements are preserved on the part; no counterpart; x27.

be simulated by photographs of the model. A full listing appears in the Appendix, but we discuss

a few examples here. The specimen of Hemilistrona illustrated by Habetin and Knobloch (1981, fig.

72) and Dzik (1991, fig. 1), although partially disrupted, exhibits a similar collapse pattern to that

shown in Text-figure 16b, but reflects a higher and more posterior angle of collapse (x = 46°, y =
28°, z = 30°). Two of the assemblages of Polygnathus illustrated by Nicoll (1985, fig. 3a-b) are

incomplete, but reflect a lateral collapse orientation similar to that simulated in Text-figure 1 1b. Of
particular significance, because of their palaeobiological importance, are the apparatuses of the

conodont animal specimens assigned to Clydagnathus Windsorensis (Globensky). The apparatus in

text-fig. 11. a, composite camera lucida drawing of Lochriea specimen IMGP Go 600-36, counterpart and
part (counterpart on bottom), b, photograph of model taken from right side and slightly in front to simulate

collapse pattern of IMGP Go 600-36
;
small cube indicates orientation of principal axes of apparatus relative

to sea floor at time of collapse, x = 10°, y = 3°, z = 80°.

EXPLANATION OF PLATE 2

Figs 1-2. Natural assemblage of Lochriea\ IMGP Go 600-36 from collection of Schmidt and Muller (1964);

Namurian, Hemer, Nordrhein-Westfalen, Germany. 1, counterpart; 2, part; x 32.
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text-fig. 13. For caption see p. 82.
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text-fig. 14. For caption see p. 82.



PLATE 3

PURNELL and DONOGHUE, Bispathodus (for explanation see p. 82)
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text-fig. 15. Natural assemblage of Adetognathus
;
ROM 49956; Namurian Bear Gulch Member, Heath

Formation, Montana, USA. The assemblage preserves remains of all fifteen elements of the apparatus; it is one

of five assemblages on a small slab, no counterpart; x 34.

the first conodont animal, illustrated by Briggs et al. (1983, figs 1b, 2a-c, 3a-b; refigured many times

- see Appendix), exhibits an oblique collapse pattern (x = 3°, y = 43°, z = 47°) similar to the

simulation illustrated by Purnell and Donoghue (1997, fig. 9b). These data and the position of the

apparatus relative to the eyes indicate that the head of this specimen collapsed neither laterally

(icontra Aldridge et al. 1987) nor dorso-ventrally (contra Bengtson 1983, and Aldridge et al. 1993)

but obliquely, as suggested by Briggs et al. (1983). The cluster figured by Briggs et al. (1983, fig. 6)

exhibits a lateral collapse pattern similar to that shown in Text-figure 1 1b. Aldridge et al. (1993, figs

text-fig. 13. A, camera lucida drawing of Ozarkodina specimen CGM 1/10499. B, photograph of model taken

from front, left and below to simulate collapse pattern of CGM 1/10499; small cube indicates orientation of

principal axes of apparatus relative to sea floor at time of collapse, x = 50°, y = 20°, z = 33°.

text-fig. 14. a, composite camera lucida drawing of Bispathodus specimen CMNH 9201, counterpart and part

(counterpart on bottom), b, photograph of model taken from above, left, and front to simulate collapse pattern

of CMNH 9201 ; small cube indicates orientation of principal axes of apparatus relative to sea floor at time

of collapse, x = 10°, y = 71°, z = 16°.

EXPLANATION OF PLATE 3

Figs 1-2. Natural assemblage of Bispathodus ;
CMNH 9201; Upper Devonian, upper Cleveland Shale,

Cleveland, Ohio, USA; 1, part; 2, counterpart; x 19. Specimen photographed under water.
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text-fig. 16. For caption see p. 84.
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4, 6) illustrated an apparatus with a collapse pattern similar to that shown in Text-figure 6b, but

slightly more lateral (x = 25°, y = 10°, z — 63°); they also illustrated (fig. 9) an apparatus with an
oblique lateral collapse pattern similar to that of Text-figure 5b. There appear to be no significant

architectural differences between the apparatuses of Clydagnathus windsorensis and Idiognathodus.

A general model of ozarkodinid skeletal architecture

Based on all the available natural assemblages, which represent at least five families (sensu Sweet

1988) of Silurian, Devonian and Carboniferous age, there is little evidence for significant variation

in the apparatus architecture of ozarkodinid conodonts. Apart from subtle differences such as those

noted above, the reconstruction based on Idiognathodus appears also to be a good model of the

skeletal architecture of the apparatus borne by most or all ozarkodinids. The possibility exists that

the apparatus of the earliest ozarkodinids was somewhat different from that described above, but

there is no evidence to support this hypothesis at present, and the conservatism evident in known
material argues against it. Similarly, the possibility that some Permian and Triassic ozarkodinids

had apparatuses that differed significantly from that of Idiognathodus seems unlikely, but cannot be

ruled out altogether.

TAPHONOMY OF THE APPARATUS - ORIENTATIONS OF COLLAPSE

With the possible exception of the panderodontid specimen from Wisconsin, USA (Mikulic et al.

1985; Smith et al. 1987) conodonts with fossilized trunk remains indicate that the body was
elongate, eel-like and laterally compressed (Aldridge et al. 1993). One would expect, therefore, that

most conodont carcasses would come to lie with their long axis parallel to the sea floor, with those

lying on their side outnumbering other orientations (Aldridge et al. 1987, 1995 ;
Nicoll and Rexroad

1987). Using our stereographic restoration technique we have calculated original collapse

orientations of all the natural assemblages of ozarkodinids available to us either as fossils or as

published illustrations. The results of this analysis (Text-fig. 17) provide some insights into the

formation of natural assemblages. Only 8 per cent, of assemblages preserve collapse patterns

recording orientations approaching dorso-ventral (i.e. y > 45°), which accords well with intuitive

assessments of the likelihood of collapse orientations. But 68 per cent, of assemblages exhibit

collapse patterns indicating long axis (i.e. x axis) angles in excess of 30° to the sea floor, with 50 per

cent, indicating orientations of collapse in which x was 45° or more. This is not what one would
predict from what is known ofconodont body shape, and these counterintuitive results require some
explanation.

Thirteen of the natural assemblages in the > 45° sector of the graph (Text-fig. 17) are fused

clusters of Ozarkodina. Preservation of fused clusters requires elements to be in contact after

collapse, so orientations which produce element overlap are over-represented in cluster collections,

whereas those that minimize overlap produce only very partial clusters. This may explain why only

one cluster of Ozarkodina records collapse with x < 45° (and this cluster lacks P elements due to

non-overlap). It is also worth noting here that the lack of elements (i.e. Nicoll’s Sd’s) in some
of the clusters described by Nicoll (1985) reflects non-overlap resulting from lateral collapse (e.g.

Text-figs 10-11, 16), not a more posterior position for the Sb
1
elements (contra Nicoll 1985, 1995

and Nicoll and Rexroad 1987). These taphonomic biases involved in cluster formation, however, are

not enough to account for the overall distribution of collapse orientations in ozarkodinids because

text-fig. 16. a, camera lucida drawing of Adetognathus specimen ROM 49956. Elements labelled X are not part

of this apparatus, b, photograph of model taken from behind, left and above to simulate collapse pattern of

ROM 49956; small cube indicates orientation of principal axes of apparatus relative to sea floor at time of

collapse, x = 40°, y = 20°, z = 43°.
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text-fig. 17. Collapse orientations of ozarkodinid apparatuses determined according to the methods outlined

in the text; inset at right shows conodont head with principal axes indicated. The orientations of the x and y
axes indicate the pitch and roll of the apparatus; the orientation of the z axis (not shown on graph), reflects

the angle of yaw and has no effect on collapse patterns. Points with numeric labels are specimens shown in

Text-figures. For details of collections from which data are derived see text and Appendix. N. B. The original

way up of specimens is generally not known and it is therefore impossible to distinguish between dorsal and
ventral, and between left and right. Idiognathodus data include unpublished material currently housed at the

University of Leicester; Ozarkodina data are fused cluster material except for CGM 1/10499 (Text-fig. 13); the

‘other’ category includes Adetognathus (Text-fig. 16), Bispathodus (Text-fig. 14), Hemilistrona (see Dzik 1991),

and three fused clusters of Polygnathus (Nicoll 1985). n = 79.

the same pattern emerges from the collapse data for Idiognathodus, the most numerous of the

assemblages. These data are derived from bedding-plane assemblages, not clusters, yet 71 per cent,

of Idiognathodus assemblages reflect collapse angles in which x exceeded 30°, and in 51 per cent, x
was more than 45°.

There are a number of possible explanations for x angles in excess of 30°
: it seems unlikely to be

due to conodont head shape expanding anteriorly to the extent that it comes to rest at high angles

to the sea floor, and the possibility that the long axis of the ozarkodinid apparatus did not coincide

with the long axis of the animal is ruled out by the apparatuses in the preserved conodont animals.

The most likely interpretation is that the sea floor at the time of death of the conodont animals was
soft enough for the carcass to penetrate some way into the sediment, which allowed the head to

come to rest in positions that would be gravitationally unstable on a solid surface. Such ‘soupy
substrates ’ have been invoked to explain patterns of preservation of larger vertebrate skeletons in

black shale environments (Martill 1993). In the case of the Idiognathodus collapse data, all the

assemblages are from the black shales of the Modesto Formation at Bailey Falls. This unit lacks
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text-fig. 18. Stereo-pair of model viewed from above front. The long axes of the posterior, P elements are

vertical; that of the axial, anterior Sa element is horizontal.

a significant benthic fauna (Collinson et al. 1972), and although this may reflect conditions of

reduced oxygen, it is also consistent with a soft substrate. The soft substrate hypothesis is also

supported by the high abundance of conodont elements and assemblages in the shale
;
this may have

been produced by the concentration effects linked with the compaction of large volumes of low
density sediment. It is possible that the commonness of relatively high angles of collapse in

Idiognathodus is due to the weight of the mineralized conodont apparatus or the action of the tail

causing dead conodonts to nosedive into the sediment. However, because we are currently unable

to differentiate head-up from head-down collapse orientation, this hypothesis remains untested. An
alternative hypothesis, that high angles of collapse result from death of conodonts within burrows,

is contradicted by the lack of benthic fauna and bioturbation. Indeed, minimal bioturbation is one
of the prerequisites for preserving articulated apparatuses.

The hypothesis that substrate density exerted a significant control on carcass orientation in

conodonts is supported to some extent by apparatus collapse patterns of Gnathodus and
Clydagnathus (Text-fig. 17). We have only analysed 14 natural assemblages of Gnathodus, but nine

of these (64 per cent.) are from early Namurian black shales from Hemer, Germany and they all

exhibit collapse in which x is less than 45°, possibly because the sea floor at the time of deposition

of these shales was not soft enough to allow conodont carcasses to penetrate. Only four

Clydagnathus assemblages have been analysed, but these all come from the Granton Shrimp bed.

This unit contains a benthic fauna, and was deposited in a mud-flat environment with possible algal

binding of organic rich laminae and evidence of periodic exposure and desiccation (Cater 1987); the

substrate was probably quite firm. All the assemblages exhibit collapse in which x axes were inclined

at less than 30°, two having x axis inclinations close to zero. These angles are consistent with

carcasses resting on the sea floor with little or no substrate penetration.
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THE OZARKODINID SKELETAL PLAN, ELEMENT NOTATION, ORIENTATION,
AND HOMOLOGIES

Skeletal plan

In contrast to hypotheses of architecture, the broad features of the general skeletal plan of

ozarkodinid conodonts have been known for some time, and in recent years this plan (e.g. Aldridge

et al. 1987, 1995; Smith 1990) or minor variants (e.g. Nicoll 1985, 1987, 1995; Nicoll and Rexroad

1987) has become fairly stabilized. Points of uncertainty and contention remain, however, and our

architectural analysis goes some way to resolving these. From the taxonomic and stratigraphical

range of the natural assemblages we have studied, it seems certain that the full complement of

elements in the ozarkodinid apparatus was 15 elements (cf. Nicoll 1987), and we have encountered

no evidence to suggest that elements were lost from this array in any of the taxa preserved as natural

assemblages. Architectural analysis also reveals that the arrangement of these 15 elements was
extremely similar in all taxa studied, from the Silurian to the Upper Carboniferous, and it is

reasonable to extrapolate from this that the apparatuses of ozarkodinid conodonts remained

essentially unchanged throughout their stratigraphical range. One point that is worth addressing

specifically is that of the number, morphology and position of the S elements. In all the taxa we have

analysed there are nine element positions in the symmetrical S array. On each side, the two
outermost Sc positions are occupied by morphologically similar elements of bipennate morphology.

Between the Sc’s and the axial Sa position, the two Sb positions are occupied by elements which are

more similar to each other than to the Sc elements, although they are generally less similar to one

another than are the Sc elements. The two Sb positions are occupied either by bipennate elements or

modified digyrate elements; they are morphologically similar, and generally differ from one another

only in the form and curvature of the process that in conventional terminology is considered

anterior or outer lateral.

Homologies and element notation

Notation and homology. Element notation is another area in which our analysis of ozarkodinid

architecture may help to resolve some outstanding difficulties. A stable and widely understood
notation for conodont elements is crucial to communication of multielement taxonomic concepts

and also expresses hypotheses of homology (e.g. Klapper and Philip 1971 ; Barnes et al. 1979; Sweet

1988; Dzik 1991). Despite its vital importance, notation of the elements in the ozarkodinid

apparatus has yet to stabilize fully. With a few exceptions (e.g. Dzik 1991, 1994) the majority of

work dealing with ozarkodinid conodonts uses Sweet’s P, M, S scheme for naming element positions

(Sweet and Schonlaub 1975; Sweet 1981, 1988), but the notation is still applied inconsistently to

some elements. For example, the notation ‘Sd’ has been applied by a number of authors (e.g.

Aldridge et al. 1987 ;
Nicoll 1985, 1987) to the element we consider to have occupied an Sb position,

but according to Sweet (1981, 1988) ‘Sd’ refers to an axial position occupied by a quadriramate

element and should not be applied to ozarkodinids (Sweet 1988; Over 1992). This problem has

arisen because Sweet (1981) recognized only three major positions in the S series, the occupants of

which were thought to form a transition series of increasing asymmetry away from the Sa. Sweet

(1988, p. 25) realized that ‘there may be more than three morphologically distinct components of

the S series and, to describe and locate them, it may be necessary to invent intermediate categories,

such as Sa-b, or Sb-c’, but we now know that the ozarkodinid apparatus had four S positions on
each side of the Sa, and that, based on morphological similarities, the occupants of these positions

represent two pairs. We suggest that a solution more in keeping with the primarily locational nature

of this notation is to identify these S positions as Sb
x , Sb 2 , Scl5

and Sc2 as we have done throughout
this paper (see also Aldridge et al. 1995, fig. 1). Over (1992) also suggested using the terms Sb

x
and

Sb
2 , but we consider his Sb

x
element to be an Sb 2

and vice versa, based on the location of the

elements in our model.
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Application of element notation and hypotheses of homology are the foundations of biological

taxonomy and evolutionary analysis of conodonts. Without hypotheses of homology, analysis of

relationships among conodonts is reduced to mere speculation, but recognition of homology in

conodonts relies on knowledge of element arrangement (Barnes et al. 1979; Purnell 19936). Except

for the very few taxa known from clusters or bedding-plane assemblages, reconstruction of species

from their disarticulated components relies on general skeletal blueprints or templates which allow

the occupants of homologous element positions to be identified using morphological criteria. Over
the last 1 5 years, most reconstructions of ozarkodinid taxa have relied on the template and criteria

provided by Sweet (1981, 1988), but as we note above, this scheme only recognized three major
positions in the S series of increasing asymmetry. It now seems clear that the apparatus of most, and
possibly all ozarkodinid conodonts contained 15 elements which occupied two Pa positions, two Pb
positions, two M positions and nine S positions (from left to right Sc 2 ,

Sc l5
Sb

2 ,
Sb 1? Sa, Sb

l5 Sb 2 ,

Scj, Sc
2)

. In none of the taxa preserved as natural assemblages are the S elements arranged as

transition series of increasing asymmetry. Perhaps the time has now come to adopt the 1 5 element

plan as the template for reconstructing ozarkodinid apparatuses. As pointed out by Dzik (1991) one

corollary of accepting a standard number of element locations is that terms such as ‘ septimembrate’

or ‘ octomembrate ’ are redundant, or reduced to subjective assessments of the morphological

thresholds taken as the boundaries between element types.

If it is to have any biological meaning, application of P, M, S notation to the apparatuses of taxa

assigned to other orders of conodonts should be based on the recognition of homologies with

ozarkodinids. This notational scheme was first applied to Oulodus, a prioniodinid, but it was based

on the recognition of principle categories of elements in natural assemblages (Sweet 1988), and given

the material available at the time the scheme was developed, it must have been derived primarily

from the arrangement of elements in ozarkodinid assemblages (Purnell 19936). The ozarkodinid

apparatus, therefore, can be taken as the standard for the P, M, S scheme (cf. Dzik 1991).

Homologies with prioniodinids. Natural assemblages of taxa assigned to the Prioniodinida and
Prioniodontida (sensu Sweet 1988), the other two orders with apparatuses composed of complex

multidenticulate elements, are much scarcer than those of ozarkodinids. Prioniodinids, for example,

are known from a single Hibbardella angulata (Hinde) from the Late Devonian Gogo Formation

of Western Australia (Nicoll 1977), an incomplete Idioprioniodus from the lower Namurian of

Germany (Schmidt and Muller 1964; Purnell and von Bitter 1996), a few Neogondolella from the

Middle Triassic of Switzerland (Rieber 1980; Orchard and Rieber 1996), and a Kladognathus

assemblage from the Mississippian of the USA (Purnell 19936). With such limited data, the three-

dimensional architecture of prioniodinids cannot yet be determined, and hypotheses of element

arrangement and homologies with ozarkodinids remain somewhat preliminary. However, Purnell

(19936) interpreted the apparatuses of Hibbardella and Kladognathus to have been arranged

according to the same basic skeletal plan, which did not differ significantly from that of

ozarkodinids. Based on element locations, homologies were recognized with ozarkodinids, and the

same element notation that we advocate for ozarkodinids can, therefore, be applied to prioniodinids.

The morphology of the occupants of some of the 15 positions in the apparatus is, however, clearly

different. This hypothesis of the prioniodinid apparatus stands in marked contrast to the

architectural model of Idioprioniodus proposed by Stone and Geraghty (1994). This was based

primarily on the concept of symmetry transition, which we consider a most unreliable indicator of

element location in prioniodinids, and is contradicted by data from bedding plane assemblages

(Purnell and von Bitter 1996).

Homologies with prioniodontids. Natural assemblages of prioniodontids now number in excess of

100, but they are all the same species, Promissum pulchrum Kovacs-Endrody. Consequently, the

architecture of the apparatus of Promissum is known with a high degree of confidence, and although

it had more elements, similarities between Promissum and ozarkodinids reveal a number of

homologies. These were recognized by Aldridge et al. (1995), but our improved understanding of
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the architecture of the ozarkodinid apparatus makes these homologies more secure. The S arrays

of both apparatuses contain the same number of elements and, morphology aside, they differ mainly

in the position and orientation of the Sa element. This element is horizontal and the most anterior

S element in ozarkodinids, but inclined and the most posterior of the S’s in Promissum. The

remainder of the S elements in both apparatuses are inclined forwards with the angle of inclination

increasing towards the axis from about 30° in the outermost Sc’s; the elements are inclined inwards

with the angle increasing away from the axis; and element locations are increasingly dorsal and

(except for the Sb
2
element of Promissum) anterior away from the axis. Despite the clear homologies

between the S elements, Aldridge et al. (1995) labelled those of Promissum Sb 15 Sd, Sb 2 , Sc rather

than Sbj, Sb 2 , Sc15 Sc2
. This was to avoid the terminological confusion of calling quadriramate

elements Sb
2 , when they have been widely termed Sd in the literature. This solution reflects the

difficulties of separating the locational from the morphological aspects of the P, M, S scheme, but

does little to reduce confusion; the Sd element of Promissum is homologous with the Sb
2

in

ozarkodinids, and the Sb2 of Promissum is homologous with the ozarkodinid Scr Regarding the

other elements of the apparatus, the location and orientation of theM elements in our revised model

of ozarkodinid architecture also strengthens the homology proposed by Aldridge et al. (1995), but

we can shed no new light on the homologies of Promissum's four pairs of P elements.

The architecture of the Promissum apparatus is probably typical of the family Balognathidae

(Aldridge et al. 1995), but the question remains as to the extent to which the skeletal plan of

Promissum represents a standard for the prioniodontids. Several other bedding plane assemblages

of prioniodontid taxa are now known (Nowlan 1993; Stewart 1995), and although these are

probably faecal (Stewart 1995; pers. obs.), the number of elements present in these assemblages

(Stewart, pers. comm. 1996; pers. obs.) provides some preliminary evidence to support the tentative

suggestion of Aldridge et al. (1995) that some prioniodontid apparatuses may have been less

complex than that of Promissum. It is possible that the architecture of these apparatuses may have

been more similar to that of ozarkodinids. If this proves to be the case, then a 15 element apparatus

may be a synapomorphy of ozarkodinids, prioniodinids and prioniodontids. But this speculative

hypothesis remains just one possibility; alternatively, a 15 element apparatus may be a

plesiomorphic character shared by all members of the Conodonta.

Orientation of conodont elements. The similarities in element location and orientation that exist

between ozarkodinids, prioniodontids (Promissum), and possibly prioniodinids, raise the question

of the descriptive terminology conventionally applied to conodonts. It has been realized for decades

that the terms of orientation applied to conodont elements are entirely arbitrary and may have no

relation to their true orientation in the animal (e.g. Muller 1956), yet they have persisted.

Conventional definitions of element orientations are complex (Sweet 1981, p. W7), but cusp

curvature provides the best general guide, the concave side marking ‘posterior’, the tip ‘up’, and

the upper margin of the base of the element or the posterior process ‘horizontal’. In no apparatuses

for which the architecture is known do these conventional designations coincide fully or consistently

with true biological orientations. This has been addressed recently by Dzik (1994), who proposed

a new biologically based system of orientation, derived from his hypothesis of apparatus

architecture. However, as we have discussed, there are significant differences between his hypothesis

and the element orientations indicated by our analysis of natural assemblages, and we therefore

consider some of his terminology to be incorrect. Descriptive terminology based on true

orientations is indeed needed, but it must be based on a detailed consideration of the orientations

of elements in as many different apparatuses as possible, not just ozarkodinids. The erection of new
terminology, therefore, falls outside the scope of this paper.

Homologies with panderodontids. Apart from the apparatuses of conodonts characterized by

complex element morphology, the only other order for which an architectural reconstruction has

been proposed is the Panderodontida (Sansom et al. 1994). This hypothesis is based primarily on
two fused clusters and a bedding plane assemblage of Panderodus which are variable in their
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completeness and degree of disarticulation. Sansom et al. (1994) introduced a locational notation

for coniform conodonts, based on the spatial differentiation of the elements in their reconstructed

apparatus. They recognized the value of identifying homologies between the panderodontid
apparatus and the apparatuses of conodonts with more complex element morphology, but it was
precisely because such homologies could not be recognized that they introduced a new notational

scheme. There are some striking similarities between the spatial differentiation of the panderodontid

apparatus and that of ozarkodinids, but the main obstacle to homologizing elements lay in the

differences in orientation of the anterior elements (Smith 1990; Sansom et al. 1994). The orientation

of these elements in panderodontids was compared with that in the ozarkodinid model of Aldridge

et al. (1987) which had the S elements arranged with their cusps parallel to the sagittal plane, and
with no anterior-posterior displacement. In panderodontids the anterior elements are opposed
across the axis and are arranged in an anterior-posterior sequence (Smith et al. 1987; Smith 1990;

Sansom et al. 1994). This is significantly different from the architecture proposed by Aldridge et al.

(1987), but the S elements in our modified ozarkodinid model are oriented with their cusps inclined

obliquely inwards towards the axis, and with significant vertical and horizontal displacement

through the array. These changes in our understanding of the ozarkodinid apparatus in themselves

significantly reduce the difference between the two apparatuses, but it is also possible that the

panderodontid apparatus was more three-dimensional than is suggested by the illustrations of

Sansom et al. (1994, fig. 6) and Smith et al. (1987, fig. 6.10). There are only three or four clusters

and bedding plane assemblages from which to interpret 3D architecture, and although the

Waukesha specimen is clearly the least distorted, no known assemblages are both complete and free

of post-mortem disruption. With such a limited database, the possibility remains that with the

discovery of more material, current architectural hypotheses will require some modification. It is

interesting to speculate on the collapse pattern that would result from a slightly altered model of

panderodontid architecture in which the elements occupied positions closer to those of our

ozarkodinid model. Based on our experience of collapse patterns, it seems likely that this would
produce an assemblage similar to the important Waukesha specimen if collapse was close to

anterior-posterior, i.e. a high angle of x, but a low angle of y (see Text-fig. 17). This could also

account for the posterior position of the axial ae element in the panderodontid model. The
Waukesha specimen provides the only evidence that this element lay at the back of the apparatus

(Sansom et al. 1994), but its posterior location in the fossil may reflect the orientation of collapse

rather than its primary position. This is clearly a somewhat speculative hypothesis, but it is

supported by the evidence that many natural assemblages which preserve bilateral symmetry reflect

collapse orientations with high angles of x (e.g. Text-fig. 2-3, and see Text-fig. 17).

Architectural conservatism in conodonts and a standardized notation. Understanding of apparatus

architecture is a prerequisite for the recognition of homologies, an essential step in the interpretation

of conodont evolution and in the development of a sound suprageneric classification. We agree with

Sansom et al. (1994) that more architectural data are required before current problems can be

resolved, and although it would be premature to apply standard P, M, S notation to the

panderodontid apparatus, we are more optimistic than these authors that homologies between

coniform apparatuses and those made up of more complex elements can be determined. Our model
of the ozarkodinid apparatus goes some way to reducing some of the more significant architectural

barriers between these apparatus types and suggests that application of a standard location-based

notation to apparatuses belonging to conodont lineages with radically different element morphology
may not be too far away. There are many similarities between the apparatuses of prioniodinids,

prioniodontids, ozarkodinids and panderodontids; it is possible that the Conodonta was rather

more conservative architecturally than current hypotheses suggest.
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APPENDIX: PUBLISHED BEDDING PLANE ASSEMBLAGES AND CLUSTERS

We list here published bedding plane assemblages and clusters (not including prioniodontid and
coniform taxa) in chronological order, with notes on preservation, completeness and collapse

patterns. The term ‘ faecal ’ is applied to assemblages that may represent stomach ejecta or coprolitic
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material. Notes on collapse indicate the orientation that would produce the observed pattern of

element distribution relative to the axis of the apparatus (N.B. bedding plane assemblage and cluster

collections do not record original way up of specimens, therefore ‘ oblique lateral collapse from side,

above and behind’ for example, could also be ‘oblique lateral collapse from side, below and in

front’).

Hinde, 1879. Devonian, Genesee Shale, New York, USA; specimens BM A-4035, A-4036, actually part and
counterpart (Aldridge 1987; pers. obs). Large faecal association, no primary architecture preserved, more than

one individual, more than one species. Figured by Huddle (1972).

Schmidt 1934. Lower Namurian, Hemer, Nordrhein-Westfalen, Germany; seven assemblages of Gnathodus

illustrated: fig. 1 disarticulated, ?incomplete; fig. 2 disarticulated; fig. 3 and pi. 6, fig. 3, oblique collapse from
above and behind (cf. PI. 3, Text-fig. 14, but more posterior, x = 27°, y = 59°, z = 14°); fig. 4, partial,

articulated S and M array; fig. 5a-b and pi. 6, fig. 1, oblique axial collapse (see Text-figs 7-8; reillustrated by
Aldridge et al. 1987, fig. 4.6a); fig. 6, disarticulated; fig. 7 and pi. 6, fig. 2, disarticulated, two individuals. All

material lost in World War II.

Scott 1934. Mississippian, Quadrant shales, Montana, USA; collection of 75 assemblages, 18 described and
figured, including Lochriea, Gnathodus and Cavusgnathus. Most assemblages are incomplete, disarticulated and
chaotic; a few retain some evidence of primary architecture (e.g. pi. 58, figs 1-3).

Jones 1935. Pennsylvanian, Nowata Shale, Oklahoma, USA; unpublished thesis collection of > 50

assemblages, 17 described and illustrated, six of which are ozarkodinid. Plate 5, large faecal assemblage, more
than one individual; remainder probably the remains of single individuals, but all incomplete and/or

disrupted.

Jones 1938. Pennsylvanian, Seminole Formation, Oklahoma, USA; unpublished thesis collection of 75

assemblages, 15 described and illustrated, including Gondolella (prioniodinid) and Neognathodus. These are

probably the remains of single individuals, but are mostly incomplete and disarticulated; only a few retain

traces of primary architecture. Assemblage 2 refigured by von Bitter (1976), assemblage 4 refigured by Merrill

and von Bitter (1977).

Burnley 1938. Pennsylvanian, Lexington Coal, Missouri, USA; unpublished thesis collection, assemblage 12

refigured by Merrill and von Bitter (1977, figs 2-5, 9a, c).

Kraemer 1940. Namurian, Arnsberg, Germany; figured partial and/or scattered individual apparatuses and
accumulations of more than one individual, little if any trace of primary architecture [Note : some of Schmidt’s

material was found by Kraemer],

Scott 1942. Mississippian, Heath Formation, Montana, USA; collection of c. 180 assemblages, 32 figured;

most are incomplete, or disrupted and chaotic; some are remains of more than one individual (e.g. pi. 37, fig.

6), only a few retain traces of primary architecture (e.g. pi. 38, fig. 10). Plate 37, figure 4 reillustrated by Clark

(1987, fig. 20.2a).

Du Bois 1943. Pennsylvanian, McLeansboro Group, Bailey Falls, Illinois, USA; collection of > 75

assemblages, 19 figured (figs 3 and 11 are part and counterpart), mostly Idiognathodus, a few ldioprioniodus

(prioniodinid). Plate 25, figures 1, 6, 8, 10, 15, 19-20, UI X-6361, X-6366, X-6368, X-6370, X-1494, X1493, X-

6376, partial remains, single individuals, little or no trace of primary architecture, several probably faecal (figs

6, 10, 15, 20); figs 2, 7, 18, UI X-6362, X-6367, X-6375, remains of more than one individual; figs 3 and 11,

UI X-6363, lateral collapse from side and slightly posterior, x = 29°, y = 3°, z = 61° (cf. Text-figs 4—5; a little

more posterior than Purnell and Donoghue 1997, figs 4-5); fig. 4, UI X-6364, collapse from behind and slightly

above, x = 71°, y = 17°, z = 9° (angle a little lower than Text-figs 2-3); fig. 5 (specimen lost), oblique lateral

collapse from side and behind, x = 67°, y
— 10°, z = 21° (cf. Purnell and Donoghue 1997, figs 6-7, slightly

more posterior collapse); fig. 9, UI X-6369, somewhat disarticulated, probably oblique axial collapse; fig. 12,

UI X-6371, oblique lateral collapse from side and behind, x = 62°, y = 5°, z = 28° (cf. Text-figs 4-5, slightly

more posterior collapse); fig. 13, UI X-6372, oblique lateral collapse from side and in front, x = 64°, y = 5°,

z = 26° (cf. Purnell and Donoghue 1997, figs 6-7), but collapse from front and below, rather than rear and

above)
; fig. 14, UI X-1480, oblique dorso-ventral collapse, x = 59°, y = 30°, z = 8° (see Text-figs 2-3

;
refigured

by Rhodes 1952, pi. 126, fig. 11; Dzik 1976, fig. 10b; Sweet 1985, fig. 1; Aldridge 1987, fig. 1.6; Aldridge et

al. 1987, fig. 4.12a; Clark 1987 fig. 20.2b; Sweet 1988, p. 2 (image reversed); Weddige 1989, fig. 5; von Bitter

and Merrill 1990, fig. 1 a; Purnell et al. 1995, fig. 6; Purnell and Donoghue 1997, figs 2-3); fig. 17, UI X-6374,

lateral collapse from side and slightly behind, x = 32°, y = 12°, z = 55° (cf. Purnell and Donoghue 1997 figs

4-5); fig. 21, UI X-6377, lateral collapse from side and slightly behind, x = 43°, y = 4°, z = 47° (see Text-figs

4-5; refigured by Aldridge 1987, fig. 1.2, Aldridge et al. 1987, fig. 4.2a; Weddige 1989, fig. 6; Aldridge 1990,

fig. 1 ; Purnell et al. 1995, fig. 5). Du Bois’ collection restudied as part of this investigation.
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Cooper 1945. Lower Carboniferous, Kentucky, USA; partial apparatus, unfigured.

Schmidt 1950. Namurian, Arnsberg, Germany; sketch figures, several reconstructed assemblages illustrated;

fig. 7a, disarticulated remains of two individuals.

Rhodes 1952. Pennsylvanian, Illinois and Kentucky, USA; studied >100 bedding plane assemblages of

Idiognathodus, Gondolella (prioniodinid), and Idioprioniodus (prioniodinid), including material of Du Bois

(1943); pi. 126, figs 1, 5-6, 8 and 10, partial remains, 1, 5 and 6 retaining some primary architecture; fig. 9,

UI X-1489, complete apparatus, oblique collapse, probably from side, above and behind, but partly

disarticulated, x = 36°, y = 10°, z = 52° (cf. Text-figs 15-16; refigured by Avcin 1974, pi. 1, fig. 10); fig. 11,

refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14). The remains of Idioprioniodus and Gondolella (pis 128-129)

are partial and/or disarticulated, many probably faecal (e.g. pi. 129, fig. 13, UI X-1505, includes elements of

Gondolella and Neognathodus). Rhodes’ collection of assemblages of Idiognathodus restudied as part of this

investigation.

Schmidt and Muller 1964. Lower Namurian, Hemer, Nordrhein-Westfalen, Germany; > 50 bedding plane

assemblages, seven prepared by acid dissolution of elements followed by rubber casting, and illustrated by line

drawings ; figured specimens are remains of single Gnathodus apparatuses except : fig. 9, IMGP Go 600-1 7,

disarticulated, faecal, elements from one or two Gnathodus apparatuses and an Idioprioniodus (prioniodinid),

fig. 10, IMGP Go 600-16, partial apparatus of Idioprioniodus. Fig. 1, IMGP Go 600-12, lateral collapse from
side and slightly below, some disruption of P element articulation, x = 19°, y = 6°, z = 70° (reillustrated by
Huddle 1972, fig. 2; Muller 1978, fig. 12); fig. 3, IMGP Go 600-22, disrupted, probably faecal; fig. 5, IMGP
Go 600-3, oblique dorso-ventral collapse from above, behind and slightly to left, x = 17°, y = 64°, z = 20°

(angle of collapse forwards has rotated Sbj elements backwards); fig. 6, IMGP Go 600-23, lateral collapse, x
= 37°, y = 1°, z = 53° (cf. Text-figs 4-5; reillustrated by Rietschel 1973, fig. 7); fig. 7, IMGP Go 600-44,

oblique lateral collapse from front left and slightly below, x = 33°, y = 14°, z = 54° (see Text-figs 9-10;

refigured by Lane and Ziegler 1984, pi. 1). Schmidt and Muller’s collection restudied as part of this

investigation.

Rexroad and Nicoll 1964. Silurian, northern Indiana, USA; two partial fused clusters of Ozarkodina, one Pa
element pair, one Pb pair.

Lange 1968. Upper Devonian, Rheinisches Schiefergebirge, Germany; collection of c. 70 clusters, five figured;

fig. 1, partial prioniodinid cluster; fig. 2, partial ozarkodinid cluster; pi. 1, complete apparatus of Palmatolepis,

faecal, but retaining some original juxtaposition of elements (reillustrated by Weddige 1989, fig. 7); pis 3^4,

cluster of two ozarkodinid apparatuses, faecal, but preserving some aspects of primary architecture; pi. 5,

cluster of Belodella (belodellid).

Austin and Rhodes 1969. Single fused cluster, very incomplete apparatus of Synclydagnathus, no primary
architecture preserved.

Pollock 1969. Silurian, northern Indiana, USA; collection of 54 fused clusters of Ozarkodina and Panderodus
(panderodontid), 25 ozarkodinid clusters figured ; most clusters very incomplete remains of single individuals

(pi. 110, figs 1-9, 14-17, pi. Ill, figs 1-2, 6-13, pi. 112, figs 7-8, 11-16); pi. Ill, fig. 3, IU-IGS 11815, partial

apparatus, oblique lateral collapse from the posterior, x = 61°, y = 22°, z = 19° (cf. Purnell and Donoghue
1997, figs 6-7, more lateral and from right); pi. 1 11, figs 4-5, IU-IGS 11843, partial apparatus, oblique lateral

collapse, x = 15°, y = 1°, z = 15° (cf. Purnell and Donoghue 1997, figs 6-7); pi. Ill, figs 14-15, IU-IGS 11803,

partial apparatus, S elements only, lateral collapse; pi. Ill, fig. 16, IU-IGS 11817, partial apparatus, oblique

lateral collapse from behind and slightly below, x = 69°, y = 0°, z = 21° (cf. Purnell and Donoghue 1997, figs

6-7, but from right); pi. 112, figs 1-2, IU-IGS 11818, almost complete apparatus, axial collapse from below,

x = 73°, y = 17°, z = 3°; pi. 112, fig. 3, IU-IGS 11820, partial apparatus, no primary architecture, ?faecal; pi.

112, fig. 4, IU-IGS 11814, partial apparatus, S elements only, axial collapse from below; pi. 112, figs 5-6, IU-
IGS 11807, partial apparatus, S elements only, lateral collapse; pi. 112, figs 9-10, IU-IGS 11819, partial

apparatus, S elements only, oblique lateral collapse, slightly behind and below.

Scott 1969. Mississippian, Heath Formation, Montana, USA; illustrated nine bedding plane assemblages as

sketches, most appear to be Lochriea, all probably faecal, no primary architecture (cf. opinion of Scott).

Collinson et al. 1972. Figured single disarticulated apparatus of Idiognathodus, ISGS 57P-1, from the Avcin
thesis collection.

Huddle 1972. Figured Hinde’s (1879) large faecal assemblage, and reillustrated IMGP Go 600-12 (Schmidt and
Muller 1964, fig. 1).

Mashkova 1972. Lower Devonian, Tadjikistan; fig. 2, pi. 1, CGM 1/10499, single specimen of Ozarkodina,
oblique lateral collapse from side and below, x = 50°, y = 20°, z = 33° (see Text-figs 12-13; reillustrated by
Dzik 1976, fig. 10c; Barskov and Alekseev 1986, p. 68; Weddige 1989, fig. 5; Dzik 1991, fig. 3a; Dzik 1992,

fig. 9.16).
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Rietschel 1973. Fig. 7, reillustrates IMGP Go 600-23 (Schmidt and Muller 1964, fig. 6).

Scott 1973. Mississippian, Bear Gulch Limestone Member, Montana, USA; pi. 1, figs 1-2, pi. 2, figs 1-2,

USNM 183567, 183568, disarticulated faecal assemblage of Cavusgnathus (reillustrated by von Bitter and
Merrill 1990, fig. 1a, d); pi. 3, fig. 2, UM 6028, Kladognathus (prioniodinid) within a Typhloesus (reillustrated

by Melton and Scott 1973, fig. 17; Conway Morris 1985, pi. 1, fig. 7; 1989, fig. 1.6; 1990, figs 25-26; Purnell

19936, fig. 4).

Melton and Scott 1973. Mississippian, Bear Gulch Limestone Member, Montana, USA; gut contents of

Typhloesus, fig. 13, UM 6027, disarticulated apparatus of Kladognathus ; fig. 17, refigured UM 6028 (Scott

1973, pi. 3, fig. 2); fig. 19, UM 6030, sketch of apparatuses ofmore than one Adetognathus, one retaining some
primary architecture (also figured by Conway Morris 1985, pi. 2, fig. 2, 1990, figs 16, 18).

Avcin 1974. Pennsylvanian, Illinois, USA; unpublished thesis, re-examined Du Bois (1943) and Rhodes (1952)

collections, plus c. 300 new assemblages from Bailey Falls locality, c. 200 from other localities, c. 40 assemblages

figured, many partial and/or disarticulated, but several collapsed apparatuses of Idiognathodus. PI. 1, fig. 4,

ISGS 57P-180, oblique lateral collapse from side, behind and slightly above, x = 59°, y= 12°, z = 29°

(refigured by Aldridge et al. 1987, fig. 4.9a); pi. 1, fig. 8, pi. 2, fig. 1, ISGS 57P-72I, oblique lateral collapse from
side and below, x = 1°, y = 40°, z = 50° (cf. Purnell and Donoghue 1997, figs 8-9; refigured by Aldridge et al.

1987, fig. 4.8a); pi. 1, fig. 10, reillustrated UI X-1489 (Rhodes 1952, pi. 126, fig. 9); pi. 2, fig. 12, ISGS 57P-

129(A) I, half apparatus, lateral collapse (cf. Purnell and Donoghue 1997, figs 4-5); pi. 2, fig. 19, ISGS 57P-

38(A) I, collapse from behind and slightly to side, x = 71°, y = 9°, z = 17° (cf. Purnell and Donoghue 1997,

figs 6-7; refigured by Aldridge et al. 1987, fig. 4.4). Avcin’s collection of Idiognathodus assemblages restudied

as part of this investigation.

Behnken 1975. Permian, Minnekahta Member, Goose Egg Formation, South Dakota, USA; three partial

clusters of Ellisonia excavata, pi. 1, fig. 9, two Sc elements, fig. 10, two ?Pb elements, fig. 14, Sa, Sc and M
element.

Higgins 1975. Westphalian, Staffordshire, UK; pi. 6, figs 13, 15-16, two partial clusters of two elements; pi.

14, fig. 14, (SAD 663 K5) incomplete fused cluster, Pa, S and M elements, ?faecal, but retains some evidence

of element juxtaposition.

Dzik 1976. Fig. 10b, reillustrated UI X-1480 (Du Bois 1943, pi. 25, fig. 14), fig. 10c, reillustrated CGM 1/10499

(Mashkova 1972, fig. 2, pi. 1).

von Bitter 1976. Figured several assemblages of Gondolella (prioniodinid) and a partial Idioprioniodus

(prioniodinid); all appear to be faecal, partial, or disrupted, with little if any primary architecture preserved.

Figs 1 3a-b, 14a-b, 15a-b, reillustrated UI X-1505, UI X-1506, UI X-1507, UI X-1508, UI X-1503, UI X-1504
(Rhodes 1952, pi. 129, figs 8-13); fig. 16, reillustration of Assemblages 2 of Jones (1938).

Norby 1976. Mississippian, Heath and Tyler formations, Montana, USA; unpublished thesis collection of c.

400 assemblages, 29 assemblages figured. PI. 4, fig. 1, ISGS 62P-1A, Gnathodus bilineatus, partial, probably

faecal; pi. 4, fig. 2, ISGS 62P-401A, Cavusgnathus altus , disrupted, incomplete (reillustrated by von Bitter and
Merrill 1990, fig. 1b); pi. 8, fig. 1, ISGS 62P-21A, G. bilineatus, oblique collapse from behind, to one side and
below, some disarticulation, x = 56°, y = 30°, z = 16° (cf. Purnell and Donoghue 1997, figs 6-7); pi. 8, fig. 2,

ISGS 62P-2A, G. bilineatus, collapse from behind, slightly to right, and very slightly above, x = 65°, y = 18°,

z = 17° (cf. Text-figs 2-3, angle of collapse more axial; refigured by Sweet 1988, p. 2); pi. 8, fig. 3, ISGS 62P-

6A-1, G. bilineatus, partial, no primary architecture; pi. 8, fig. 4, ISGS 62P-17A, G. bilineatus, possibly

disrupted axial collapse, or faecal; pi. 8, fig. 5, ISGS 62P-19A, G. bilineatus, oblique collapse from above, front

left, slight post-mortem disruption, x = 37°, y = 38°, z = 31° (cf. PI. 3, Text-fig. 14); pi. 8. fig. 6, pi. 10, fig. 5,

ISGS 62P-16A, disarticulated probable faecal assemblage of a G. bilineatus and an Idioprioniodus (prioniodinid)

(refigured by Norby and Avcin 1987, pi. 9.1, fig. 7); pi. 8, fig. 7, ISGS 62P-12A, G. bilineatus, possible oblique

lateral collapse from side and behind (cf. Purnell and Donoghue 1997, figs 6-7); pi. 8. fig. 8, ISGS 62P-3A, G.

bilineatus, incomplete, disrupted, no primary architecture; pi. 8, fig. 9, ISGS 62P-20A, G. bilineatus,

disarticulated, no primary architecture; pi. 8, fig. 10, ISGS 62P-13A, G. bilineatus, disarticulated, remnants of

S element juxtaposition
;
pi. 10, fig. 2, ISGS 62P-604, Idioprioniodus (prioniodinid), incomplete, no primary

architecture (refigured by Norby and Avcin 1987, pi. 9.1, fig. 3); pi. 10, fig. 4, ISGS 62P-605, Idioprioniodus

(prioniodinid), incomplete, no primary architecture (refigured by Norby and Avcin 1987, pi. 9.1, fig. 2); pi. 13,

fig. 1, CM 33965, Lochriea commutata, disrupted, little if any primary architecture; pi. 13, fig. 2, pi. 14, fig, 6,

ISGS 62P-217A, L. commutata, disrupted oblique lateral collapse; pi. 13, fig. 3, ISGS 62P-213A, L. commutata,

faecal, no primary architecture; pi. 14, fig. 1, ISGS 62P-208, L. commutata, faecal, no primary architecture;

pi. 14, fig. 2, ISGS 62P-601A, faecal assemblage of G. bilineatus and Idioprioniodus (prioniodinid); pi. 14, fig.

3, ISGS 62P-204A, three or four apparatuses of L. commutata, possibly faecal, but some apparatuses retain

architectural information (e.g. uppermost apparatus, oblique lateral collapse, only slightly disarticulated, x =
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32°, y = 10°, z = 57°); pi. 14, fig. 4, ISGS 62P-205A, L. commutata, faecal, no primary architecture; pi. 14, fig.

5, ISGS 62P-206A, L. commutata, faecal, two apparatuses, no primary architecture; pi. 14, fig. 7, ISGS 62P-

207A, L. commutata, lateral collapse, post-mortem separation of P and S elements; pi. 14, fig. 8, ISGS 62P-

216A, L. commutata, oblique lateral collapse from the side, slightly in front and slightly below, x = 29°, y =
6°, z = 60° (cf. Text-figs 12-13); pi. 14, fig. 9, ISGS 62P-210, L. commutata

,

oblique collapse from behind,

above and to one side (cf. Text-figs 15-16); pi. 19, fig. 1, ISGS 62P-701A, Vogelgnathus campbelli,

disarticulated, no primary architecture, ?incomplete (less than nine S elements; refigured by Norby and
Rexroad 1985, fig. 4, pi. 1, figs 1-2); pi. 19, fig. 2, ISGS 62P-602A, B, faecal assemblage of Idioprioniodus

(prioniodinid) and G. bilineatus, partial, no primary architecture; pi. 19, fig. 3, pi. 10, fig, 1, ISGS 62P-603,

Idioprioniodus (prioniodinid), disarticulated, no primary architecture (refigured by Norby and Avcin 1987, pi.

9.1, fig. 1); pi. 19, fig. 4, pi. 10, fig. 3, ISGS 62P-751, Kladognathus (prioniodinid), partial (refigured by Norby
and Avcin 1987, pi. 9.1, fig. 4). Most ozarkodinid assemblages in Norby’s collection restudied as part of this

investigation.

Merrill and von Bitter 1977. Pennsylvanian, USA; Neognathodus assemblages; figs 2-5, 9a, c, refigured

assemblage 12 of Burnley (1938), incomplete, disrupted, no primary architecture; figs 6-8, refigured

assemblage 4 of Jones (1938), faecal, very little primary architecture; fig. 1, refigured specimen UI X-1505
(Rhodes 1952, pi. 129, fig. 13), faecal, contains elements from a Gondolella and a Neognathodus apparatus, no
primary architecture.

Nicoll 1977. Upper Devonian, Gogo Formation, Western Australia; articulated apparatus of Hibbardella

angulata (prioniodinid).

Ramovs 1977. Middle Triassic, central Slovenia; four incomplete fused clusters of Pseudofurnishius
(prioniodinid), one preserving primary architectural information (several refigured by Ramovs 1978).

Muller 1978. Fig. 12, reillustrated IMGP Go 600-12 (Schmidt and Muller 1964, fig. 1).

Ramovs 1978. Middle Triassic, central Slovenia
; 92 incomplete fused clusters ofPseudofurnishius (prioniodinid),

several preserving primary architectural information (some refigured from Ramovs 1977).

Rieber 1980. Middle Triassic, Grenzbitumenzone, Ticino, Switzerland; bedding plane assemblage preserving

a complete articulated apparatus of Neogondolella (prioniodinid).

Habetih and Knobloch 1981. Figure 72, Hemilistrona, Zikmundova specimen, some post-mortem dis-

articulation, but reflects oblique collapse from above, left, and behind, x = 46°, y = 28°, z = 30° (higher and
more posterior than Text-figs 15-16); refigured by Dzik 1991.

Higgins 1981. Westphalian, Staffordshire, UK; Idiognathoides, ten disarticulated, probably faecal assemblages,

variable completeness, no primary architecture in figured specimen.

Metcalfe 1981. Upper Visean, North Yorkshire, UK; three partial fused clusters of Gnathodus S elements

preserving some evidence of element juxtaposition.

Mietto 1982. Triassic, Trento, north-eastern Italy; partial fused cluster (Pa pair), Budurovignathus
(prioniodinid).

Puchkov et al. 1982. Upper Devonian, northern Urals, Russia; two bedding plane assemblages each preserving

an incomplete, disarticulated apparatus of Palmatolepis.

Briggs et al. 1983. Lower Carboniferous, Granton Shrimp bed, Edinburgh, UK; figs 1b, 2a-c, 3a-b, IGSE
13821 and 13822, apparatus of Clydagnathus windsorensis in head of conodont animal, preservation of
apparatus (particularly position of Sb, probably Sb

2
elements, between Sc elements of sinistral and dextral

sides, and position ofM element) indicates oblique lateral collapse at c. 45° from axial plane of apparatus, x
= 3°, y = 43°, z = 47° (cf. Purnell and Donoghue 1997, figs 8-9). Apparatus refigured by Higgins 1983, p. 107;

Briggs 1984, p. 17; Aldridge and Briggs 1986, fig. 8b; Aldridge 1987, fig. 1.9b; Aldridge et al. 1987, fig. 4.2b;

Clark 1987, fig. 20.5b, C; Sweet 1988, fig. 3.1b-c; Weddige 1989, fig. 9; Briggs and Crowther 1990, p. 415;
Conway Morris 1989, fig. 4; Lane 1992, 10.18; Aldridge et al. 1993, fig. 2. fig. 6, IGSE 13823, fused cluster

of Clydagnathus windsorensis, missing P elements, lateral collapse, x = 2°, y = 2°, z = 87° (cf. PI. 2, Text-fig.

11; refigured by Aldridge 1987, fig. 1.4).

Higgins 1983. P. 107, refigured IGSE 13822 (Briggs et al. 1983, figs 2b, 3b).

Briggs 1984. P. 17, refigured IGSE 13822 (Briggs et al. 1983, figs 2b, 3b).

Lane and Ziegler 1984. Figured IMGP Go 600-44, fig. 7 of Schmidt and Muller (1964).

Conway Morris 1985. Mississippian, Bear Gulch Limestone Member, Montana, USA; pi. 1, fig. 4, UM 6027,

Kladognathus (prioniodinid) in Typhloesus, no primary architecture (refigured by Conway Morris 1989, fig. 1.5,

Conway Morris 1990, fig. 11); pi. 1, fig. 7, refigured UM 6028 (Scott 1973, pi. 3, fig. 2); pi. 1, fig. 9, UM 6029,
Gnathodus bilineatus in Typhloesus, no primary architecture (refigured by Conway Morris 1990, figs 28-29);
pi. 2, fig. 2, UM 6030, assemblage of two apparatuses of Adetognathus in Typhloesus, one retains some primary
architecture (oblique posterior collapse with some post-mortem disarticulation; refigured by Conway Morris
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1990, fig. 18); pi. 2, fig. 7, UM 6100, bituminous mass of broken conodonts (refigured by Conway Morris 1990,

fig. 47).

Norby and Rexroad 1985. Fig. 4, pi. 1, figs 1-2, refigured ISGS 62P-701A, Vogelgnathus campbelli, (Norby 1976

pi. 19, fig. 1).

Nicoll 1985. Upper Devonian, Western Australia; collection of > 200 fused clusters of Polygnathus xylus and
Ozarkodina brevis. Figs 3c-f, CPC25167-CPC25170, partial clusters of two or three S and M elements; figs 4a-i,

9b, CPC25171-CPC25179, CPC25202, are partial clusters of two or three P elements; Fig. 3a, CPC25165, S

and M array, lateral collapse from side and very slightly above, x = 15°, y = 21°, z = 64° (cf. PI. 2, Text-fig.

1 1 ; P and Sb
x
elements not in contact with other elements and therefore not preserved as part of cluster); fig.

3b, CPC25166, oblique lateral collapse from side and above, x = 3°, y = 23°, z = 67° (cf. PI. 2, Text-fig. 1 1

;

slightly higher collapse angle); fig. 4J, CPC25180, ?complete apparatus, oblique axial collapse from slightly

above, x = 66°, y = 24°, z = 1°; fig. 5a, CPC25181, partial apparatus, S and M elements only, disrupted lateral

collapse (dextral M on sinistral side); fig. 5b, CPC25182, partial apparatus, S and M elements only, disrupted

lateral; figs 8a, 9c, CPC25199, disrupted ?axial collapse, x = 84°, y = 4°, z = 5°; figs. 8b, 9d, CPC25200, partial

apparatus, oblique lateral collapse from posterior, x = 69°, y = 12°, z= 17°; fig. 9a, CPC25201, partial

apparatus, no primary architecture. Much of this collection is lost.

Rhodes and Austin 1985. Carboniferous, UK; figured and described 41 bedding plane assemblages, but all are

partial, disrupted, faecal or the remains of more than one individual ; none preserves significant architectural

information. Collection deposited with British Geological Survey has been re-examined, but much material is

missing.

Sweet 1985. Fig. 1, refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14)

Swift and Aldridge 1985. PI. 7.1, fig. 12, partial cluster (fused Pa pair), Mesogondolella.

Aldridge and Briggs 1986. Fig. 5, UN 5545/015 new specimen of Idiognathodus from Pennsylvanian, Illinois,

USA, oblique lateral collapse from side, above and behind, x = 36°, y = 8°, z = 53° (cf. Text-figs 15-16;

refigured by Aldridge et al. 1987, fig. 4.3; Smith 1987, fig. 8.1-8.2; Black 1988, fig. 170; Aldridge et al. 1994,

fig. 2); fig. 6, IU-IGS 15169 (specimen missing), cluster of Ozarkodina from Silurian of Indiana, USA, x = 71°,

y = 4°, z = 19°; fig. 8b, refigured IGSE 13822 (Briggs et al. 1983, figs 2b, 3b).

Aldridge et al. 1986. Lower Carboniferous, Granton Shrimp bed, Edinburgh, UK; figured apparatuses in head

of conodont animals: figs 1 a, 3, RMS GY 1986.17.1, gen. indet., probable oblique lateral collapse; figs 6, 8,

BM X1065, Clydagnathus windsorensis, probable oblique lateral collapse.

Barskov and Alekseev 1986. p. 68, reillustrated CGM 1/10499 (Mashkova 1972, fig. 2, pi. 1).

Zhang and Zhang 1986. Upper Permian, central Fujian Province, China
;
partial cluster of ‘ neohindeodelliform

’

S elements.

Aldridge 1987. Fig. 1.2, refigured UI X-6377 (Du Bois 1943, pi. 25, fig. 21); fig. 1.4, IGSE 13823 (Briggs et al.

1983, fig. 6); fig. 1.6, X-1480 (Du Bois 1943, pi. 25, fig. 14); fig. 1.9b, IGSE 13822 (Briggs et al. 1983, figs 2b,

3b).

Aldridge et al. 1987. Figs 4.5, 4.10, ISGS 57P-170 II (from Avcin 1974, thesis collection), oblique collapse from
above and behind, x = 47°, y = 30°, z = 28°(a little more posterior than Text-figs 15-16). Refigured: fig. 4.2a,

UI X-6377 (Du Bois 1943, pi. 25, fig. 21); fig. 4.2b, IGSE 13822 (Briggs et al. 1983, figs 2b, 3b); fig. 4.3, UN
5545/015 (although numbered UN 5830/016 in caption) (Aldridge and Briggs 1986, fig. 5); fig. 4.4, ISGS 57P-

38 (Avcin 1974, pi. 2, fig. 19); fig. 4.6a, (Schmidt 1934, fig. 5a-b and pi. 6, fig. 1); fig. 4.6b, 4.12a, UI X-1480

(Du Bois 1943, pi. 25, fig. 14); fig. 4.8a, ISGS 57P-72(A) (Avcin 1974, pi. 2, fig. 1); fig. 4.9a, ISGS 57P-180,

(Avcin 1974, pi. 1, fig. 4).

Clark 1987. Fig. 20 .a, reillustrated Lochriea assemblage (Scott 1942, pi. 37, fig. 4); fig. 20.2b, reillustrated UI
X-1480 (Du Bois 1943, pi. 25, fig. 14); fig. 20.5, reillustrated IGSE 13821 and 13822 (Briggs et al. 1983, figs

1 b, 2a-c, 3a-b).

Nicoll 1987. Figured partial clusters (fused Pa pairs) of Ozarkodina brevis, O. eosteinhornensis, Icriodus

expansus. Polygnathus xylus.

Nicoll and Rexroad 1987. Silurian, northern Indiana, USA; collection of > 700 fused clusters of Ozarkodina,

14 clusters figured; pi. 3.1, figs 7-9, IU-IGS 16827-16829, clusters of Pa element pairs only; pi. 3.1, fig. 10, IU-

IGS 16830, partial cluster, three S elements; pi. 3.2, fig. 1, IU-IGS 16831, almost complete apparatus, oblique

axial collapse from above and slightly to the right, x = IT, y = 12°, z = 5°; pi. 3.2, figs 2, 5, IU-IGS 16832,

almost complete apparatus, collapse from below and slightly anterior; pi. 3.2, figs 3-4, IU-IGS 16833, almost

complete apparatus, oblique-lateral collapse from the posterior and slightly below, x = 68°, y = 10°, z = 20°;

pi. 3.2, figs 6-7, IU-IGS 16834, partial apparatus, S and M elements only, oblique-lateral collapse from the

posterior and slightly below, x = 52°, y = 4°, z = 38°; pi. 3.3, figs 1-2, IU-IGS 16835, almost complete

apparatus, oblique dorso-ventral collapse from above, front and slightly right, x = 56°, y = 30°, z = 16°; pi.
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3.3, figs 3-4, IU-IGS 16836, ?complete apparatus, oblique dorso-ventral collapse from front and below, x =
75°, y = 15°, z = 3°; pi. 3.4, figs 1, 3, 5, IU-IGS 16837, partial apparatus, lateral collapse (cf. Purnell and
Donoghue 1997, figs 4-5); pi. 3.4, figs 2, 4, IU-IGS 16838, partial apparatus, S and M elements only, oblique-

lateral collapse from anterior and slightly below, x = 38°, y = 9°, z = 51°; pi. 3.5, figs 1, 3, IU-IGS 16829,

complete apparatus, oblique axial collapse, from below, slightly to right, x = 68°, y = 18°, z = 12°; pi. 3.5, fig.

2, IU-IGS 16840, partial apparatus, no primary architecture.

Norby and Avcin 1987. PI. 9.1, figs 1^1, 7, refigured ISGS 62P-603, 62P-605, 62P604, 62P715, 62P16A (Norby
1976, pi. 10, figs 1-5); pi. 9.1, fig. 5, ISGS 62P-313, Lochriea commutatal, disrupted, ?oblique collapse from
behind, below and to one side; pi. 9.1 fig. 6, ISGS 57P-500, Idiognathodusl

,
?oblique collapse from behind and

to one side.

Smith 1987. Fig. 8. 1-8.2, refigured UN 5545/015 (Aldridge and Briggs 1986, fig. 5).

Black 1988. Fig. 170, refigured UN 5545/015 (Aldridge and Briggs 1986, fig. 5).

Sweet 1988. P. 2, refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14, reversed); ISGS 62P-2a (Norby 1976, pi.

8, fig. 2); fig. 3.1b-c reillustrated IGSE 13821 and 13822 (Briggs et al. 1983, figs 1b, 2a-c, 3a-b).

Weddige 1989. Refigured: fig. 5, UI X-1480 (Du Bois 1943, pi. 25, fig. 14), CGM 1/10499 (Mashkova 1972,

fig. 2, pi. 1); fig. 6, UI X-6377 (Du Bois 1943, pi. 25, fig. 21); fig. 7, Palmatolepis cluster (Lange 1968, pi. 1);

fig. 9, IGSE 13821 and 13822 (Briggs et al. 1983, figs 1b, 2a-c, 3a-b).

Aldridge 1990. Fig. 1, refigured UI X-6377 (Du Bois 1943, pi. 25, fig. 21).

Briggs and Crowther 1990. p. 415, refigured IGSE 13822 (Briggs et al. 1983, figs 2b, 3b).

Conway Morris 1989. Fig. 1.5 refigured UM 6027 (Conway Morris, 1985, pi. 1, fig. 4), fig. 1.6 refigured UM
6028 (Scott 1973, pi. 3, fig. 2), fig. 4, refigured IGSE 13822 (Briggs et al. 1983, figs 2b, 3b).

Conway Morris 1990. Mississippian, Bear Gulch Limestone Member, Montana, USA; fig. 11, refigured UM
6027 (Conway Morris 1985, pi. 1, fig. 4); figs 16, 18, refigured UM 6030 (Conway Morris 1985, pi. 2, fig. 2);

figs 25-26, refigured UM 6028 (Scott 1973, pi. 3, fig. 2); figs 28-29, refigured UM 6029 (Conway Morris 1985,

pi. 1, fig. 9); fig. 47, refigured UM 6100 (Conway Morris 1985, pi. 2, fig. 7); fig. 64, CM 35527, disarticulated

elements in Typhloesus\ fig. 68, CM 6031, scattered Kladognathus (prioniodinid) elements in Typhloesus\ fig.

71, UM 5878, Cavusgnathus apparatus in coprolite, some post-mortem disruption, but may reflect oblique

collapse from above and behind, parallel to long axes of S elements.

von Bitter and Merrill 1990. Fig. 1a, refigured UI X-1480 (Du Bois 1943, pi. 25, fig. 14); fig. 1b, ISGS 62P-401a
(Norby 1976, pi. 4, fig. 2); fig. lc-D, USNM 183567-183568 (Scott 1973, pi. 1, figs 1-2, pi. 2, figs 1-2).

Dzik 1991. Fig. 1, refigured Hemilistrona, Zikmundova specimen (Habetin and Knobloch 1981, fig. 72; fig. 3a,

reillustrated CGM 1/10499 (Mashkova 1972, fig. 2, pi. 1).

Ritter and Baesemann 1991. Lower Permian, Wolfcamp Shale, Texas, USA; collection of nine bedding plane
assemblages; four, identified as Sweetognathus, illustrated. None preserves significant primary architecture.

Dzik 1992. Fig. 9.16, refigured CGM 1/10499 (Mashkova 1972, fig. 2, pi. 1).

Lane 1992. Fig. 10.18, refigured IGSE 13822 (Briggs et al. 1983, figs 2b, 3b).

Aldridge et al. 1993. Lower Carboniferous, Granton Shrimp bed, Edinburgh, UK; figured apparatuses of
Clydagnathus windsorensis in head of conodont animals: fig. 2, refigured IGSE 13822 (Briggs et al. 1983, figs

2b, 3b); figs 4, 6, RMS GY 1992.41.1, incomplete, oblique lateral collapse from side and below, x = 25°, y =
10°, z = 63° (cf. PI. 1, Text-fig. 6, but not as far forward; refigured by Aldridge et al. 1994, fig. 4; Long 1995,

p. 35); fig. 9, RMS GY 1992.41.2, incomplete, x = 29°, y = 3°, z = 61° (Pa, Pb, and dextral Sb15 Sc, Sc), lateral

collapse from side and slightly behind (cf. Text-figs 4-5).

Purnell 1993a. Fig. 2, BU 2183, bedding plane assemblage of Idiognathodus from Pennsylvanian, McLeansboro
Group, Bailey Falls, Illinois, USA; oblique lateral collapse from side, behind and above (cf. Text-figs 15-16,

but slightly more posterior collapse; refigured by Purnell 1994, fig. 2a).

Purnell 1993b. Mississippian, Bear Gulch Limestone Member, Montana, USA; figs 2-3, ROM 48915,
articulated apparatus of Kladognathus (prioniodinid) in guts of Typhloesus (specimen also contains small
apparatus of Lochriea)-, fig. 4, reillustrated UM 6028 (Scott 1973, pi. 3, fig. 2).

Varker 1994. Namurian, North Yorkshire, UK; collection of >60 fused clusters, figured 11 incomplete
apparatus clusters of Gnathodus bilineatus and Lochriea. PI. 1, fig. 1, MPK 9774, S elements only, ?faecal,

preserves some element juxtaposition
;
pi. 1, fig. 2, MPK 9775, very incomplete , no primary architecture; pi.

1, fig. 3, MPK 9776, S elements, probably faecal, little or no primary architecture; pi. 1, fig. 4, MPK 9777, S
array and Pb element, oblique collapse from behind left, x = 56°, y = 21°, z = 25° (orientation between Text-
figs 2-3 and Text-figs 15-16; pi. 1, fig. 5, MPK 9778, S and M elements, no primary architecture; pi. 1, fig.

6, MPK 9779, S and M elements, possibly preserving some primary element juxtaposition; pi. 1, fig. 7, MPK
9780, S and M elements and Pa element, axial collapse from behind, x = 74°, y = 16°, z = 3° (cf. Purnell and
Donoghue 1997, figs 6-7, but lower and more posterior); pi. 2, fig. 1, MPK 9781, S elements and Pb, probably
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faecal, possibly preserving some primary S element juxtaposition
;
pi. 2, fig. 2, MPK 9782, Pa and S fragments,

faecal, no primary architecture; pi. 2, fig. 3, MPK 9783, Pa and Sb
x , no primary architecture

;
pi. 2, fig. 6, MPK

9786, S elements and Pa, probably faecal, possibly preserving some primary S element juxtaposition.

Aldridge et al. 1994. Fig. 2, refigured UN 5545/015 (Aldridge and Briggs 1986, fig. 5), RMS GY 1992.41.1

(Aldridge et al. 1993, figs 4, 6).

Purnell 1994. Fig. 2a, refigured BU 2183 (Purnell 1993a, fig. 2); fig. 2b, Gnathodus bilineatus (from Norby 1976,

thesis collection), some post-mortem disruption, oblique lateral collapse from side, above and behind (cf. Text-

figs 15-16).

Stone and Geraghty 1994. Pennsylvanian, Carbondale Formation, Illinois, USA; figs 1-2 (ISGS 100P-19B)

partial apparatus of Idioprioniodus (prioniodinid), disarticulated, no primary architecture.

Long 1995. p. 35, refigured RMS GY 1992.41.1 (Aldridge et al. 1993, figs 4, 6).

Merrill and von Bitter 1995. Described new assemblage of Neognathodus, almost complete apparatus, one

individual, elements parallel
;
possibly reflects axial collapse, but disruption of P elements, orientation of M

element, and juxtaposition of S elements indicates that faecal origin likely, with little primary architecture

preserved (cf. Merrill and von Bitter 1995; photographs kindly provided by G. K. Merrill and P. H. von Bitter).

Nicoll 1995. Text-fig. 5, four incomplete fused clusters, P elements only.

Purnell et al. 1995. Figs 5-6, refigured IU X-6377 (Du Bois 1943, pi. 25, fig. 21), and IU X-1480 (Du Bois 1943,

pi. 25, fig. 14).

Weddige and Hiisken 1995. Lower Devonian, Germany; collection of > 250 bedding plane assemblages, c. 30

thought by authors to preserve primary architecture, none figured, but collapse patterns probably consistent

with our model (pers. obs.
;
cf. Weddige and Hiisken).

Orchard 1996 : Upper Devonian, British Columbia, Canada; fig. 7.4, partial cluster (fused Pa pair) of

Palmatolepis, partial cluster (fused Pb pair) of ?Polygnathus, partial cluster of indeterminate S elements.

Purnell and Donoghue 1997. Pennsylvanian, McLeansboro Group, Bailey Falls, Illinois, USA; Natural

assemblages of Idiognathodus: figs 2, 3a, reillustrated UI X-1480 (Du Bois 1943, pi. 25, fig. 14); figs 4, 5a, PM
X 2217, lateral collapse from side and slightly below (x = 0°, y = 8°, z = 82°); figs 6, 7a, PM X 2218, collapse

from behind, left and slightly below (x = 67°, y = 14°, z = 18°); figs 8, 9a, PM X 2219, collapse from above,

right, and slightly behind (x = 12°, y = 43°, z = 44°).



MID DEVONIAN PHYLLOCARID CRUSTACEA
FROM BOLIVIA

by PATRICK R. RACHEBOEUF

Abstract. The Givetian Dipleura dekayi Zone of the Bolivian Altiplano, and adjacent stratigraphical levels,

yield representatives of the phyllocarid genera Echinocaris and Dithyrocaris. The peculiar morphology and
well-preserved original features of the exoskeleton allow erection of a new species, Echinocaris spiniger sp. nov.

Discovery of a carapace with abdominal somites still connected allows identification of the corresponding tail

piece and description of the complete exoskeleton of Dithyrocaris oculeus sp. nov., probably one of the earliest

representatives of the genus. Palaeobiological and taphonomic data regarding these species are discussed. Two
other forms, represented by only few specimens from other isolated localities, are provisionally left in open
nomenclature: Echinocaris sp. and Dithyrocaris sp.

Numerous papers have been devoted to the description of phyllocarid taxa or to more general

topics such as their evolution and palaeobiogeography. Despite this abundant literature, phyllocarid

crustaceans remain poorly known and are probably much more diverse than previously established.

Besides the general rarity of these fossils, our relatively poor knowledge is due partly to the fact that

most taxa have been described only from isolated parts of the exoskeleton, mainly the tail piece, and
little is know about their ontogeny. Species described from complete exoskeletons are few, and little

data on intraspecific variability are available. As a consequence, the taxonomic value of many
morphological characters is still uncertain. For such reasons any description of complete

exoskeletons or of numerous isolated elements may prove to be significant for diversity, taxonomic,

palaeoecological, evolutionary and palaeobiogeographical studies. This is the case for the Mid
Devonian Bolivian phyllocarids described here.

Occurrence. Fossiliferous siliciclastic concretions occur at several lithostratigraphical levels within

the Devonian sequence of Bolivia; these concretions are well known throughout the world for their

well-preserved fossils. Many examples of trilobites, brachiopods, bivalves, conulariids and
vertebrate remains are described in the literature. This is also true for rarer fossils, such as

phyllocarids, which have only recently been described by Hannibal et al. (1994). These authors

described and illustrated Echinocaris cf. punctata (Hall, 1863), Dithyrocaris cf. insignis Jones and
Woodward, 1898, undetermined rhinocaridid abdomens and telsons, as well as mandibles. Due to

their poor preservation or fragmentary condition, specimens were left in open nomenclature. Most
of these materials were collected many years ago by L. Branisa and are now housed in various

institutions: the United States National Museum (USNM), the American Museum of Natural
History (AMNH), the Hunterian Museum of the University of Glasgow (GLAHM), and the

Museum of Comparative Zoology, Harvard University.

In 1993 three concretions yielding phyllocarid remains were collected in situ in the Belen section,

25 m above the top of the Cruz Loma Sandstone, i.e. in the lower part of the Sica Sica Formation.
These beds belong to the Dipleura dekayi Zone (Text-fig. 1b). The first concretion yielded a well-

preserved right valve of Dithyrocaris, with three abdominal somites still connected. The second
yielded the ventral external mould of an almost complete tail piece of the same genus. The third

concretion yielded both articulated valves, although incomplete, of a specimen of Echinocaris.

Lengthy preparation using hydrochloric acid, needles, and an engraver-pen revealed that the right

valve of Dithyrocaris exhibits several details that do not fit with the description of specimens

[Palaeontology, Vol. 41, Part 1, 1998, pp. 103-124, 3 pls| © The Palaeontological Association
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text-fig. 1 . a, location map of the Belen section in the Bolivian Altiplano. b, corresponding lithostratigraphical

column, with location of concretion levels and Dipleura dekayi Zone.

previously studied by Hannibal et al. (1994). Hence it was necessary to compare the newly

discovered specimen with those which had been previously collected and described, after the latter

had been prepared using the same method. It was clear that features and morphological details

observed on the newly found carapace of Dithyrocaris were likewise evident on each of the other

previously collected carapaces. All the material belongs to the same species and allows a complete

description of the exoskeleton of Dithyrocaris oculeus sp. nov., including the abdomen and tail

piece; but no appendages, except for the mandible are known. In the same way, after preparation,

the material of Echinocaris allows the description of a new species, Echinocaris spiniger sp. nov., co-

occurring with Dithyrocaris oculeus in at least one level.

Among the undetermined specimens illustrated by Hannibal et al. (1994, fig. 4.6) is a large tail

piece of a rhinocaridid, probably of the genus Dithyrocaris, from the locality Achumani Alto (south

of La Paz), the stratigraphical position ofwhich remains uncertain. As indicated by the authors, this

specimen (GLAHM A2793) is from a larger individual than those from the Dipleura dekayi Zone.

It is re-illustrated for comparison, and described herein as Dithyrocaris sp. Another less complete

specimen, similar in size and every aspect of its morphology (GLAHM 101283), comes from the

locality Aiquile (Department Cochabamba), also of uncertain stratigraphical position. Both

specimens undoubtedly belong to a rhinocaridid species distinct from Dithyrocaris from the

Dipleura dekayi Zone and they are possibly from a different stratigraphical level. To ensure

accuracy, only specimens which definitely or presumably come from the uppermost Belen

Formation, and from the lower part of the Sica Sica Formation (Cruz Loma Sandstone and
overlying siltstones, Givetian Dipleura dekayi Zone), are described herein.

Measurements and terminology follow those used by Rolfe (1962, 1969, 1981) and by Hannibal

et al. (1994). New specimens are deposited in the YPFB collection, under numbers ‘YPFB Pal’,
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Centro de Tecnologi'a Petrolera, Santa Cruz de la Sierra, Bolivia. Other studied specimens are

housed in the American Museum of Natural History (AMNH) and in the Hunterian Museum of

the University of Glasgow (GLAHM = HMGU in Hannibal et al. 1994).

Stratigraphical background. Almost all known Devonian Bolivian phyllocarid occurrences are from
the Belen and Sica Sica formations of the Altiplano region, assigned to the Emsian, although the

upper part of the Sica Sica Formation may be Eifelian (Isaacson 1977). Such a stratigraphical

assignment led Rolfe and Edwards (1979) to consider that representatives of the genus Dithyrocaris

from the Sica Sica Formation had ‘an earlier’, unsuspected biostratigraphical occurrence...’ than

previously known. More recently Isaacson and Sablock (1988) assigned an Eifelian age to the

uppermost Belen Formation, whilst the whole of the Sica Sica Formation was considered to be

Eifelian. Hannibal et al. (1994, pp. 62-63) concluded that Bolivian representatives of the

genera Echinocaris and Dithyrocaris are among the earliest in the world.

The age of the Devonian sequence of Bolivia has been discussed recently, and a new vertical range

proposed (Racheboeuf et al. 1993, 1994; Blieck et al. 1996). As a consequence of new palynological

data and proposed lithostratigraphical correlations, an Eifelian age was assigned to the upper
member of the Belen Formation and a Givetian age to the Sica Sica Formation, the Eifelian-

Givetian boundary being placed provisionally just below or within the Cruz Loma Sandstone. Such
results are in better agreement with the Givetian age of the Dipleura fauna in North America, and
imply that representatives of both Echinocaris and Dithyrocaris are of about the same age as those

in North America.

Most available Devonian phyllocarid specimens from Bolivia come from Branisa’s zones of the

Belen section of the Altiplano, about 120 km south of La Paz (Text-fig 1a): Belen 7-0, 7-7, 8-1,

8-3, Cl 5. These zones are not easy to place precisely within the stratigraphical column, but according

to Branisa (1965) and his personal communications to various authors, some of them can be clearly

defined (see Babcock et al. 1987). The stratigraphical position of locality 7-0 remains uncertain and
belongs to either the Belen or the Sica Sica Formation. 7-7 belongs to beds with Taonurus candegalli

of the Metacryphaeus venustus Zone, lower part of the Cruz Loma Sandstone, lowermost beds of

the Sica Sica Formation. Locality 8-3 corresponds to the Cierro Cieloloma section of the Belen

section, and belongs to the Givetian Dipleura dekayi Zone of the Sica Sica Formation, above the

Cruz Loma Sandstone. Locality 8-1 of the Belen section could not be precisely located; the only

available information from Branisa is ‘Middle Devonian’.

Among a collection of 37 concretions from these localities, the distribution of phyllocarid remains
(mandibles excluded) is as follows: concretions with Echinocaris from localities 7-0 and 8-1

respectively yielded one and five specimens; those with Dithyrocaris from localities 7-7, 8-1, and
Cl 5, respectively yielded one, 15, 14 and one specimen. Although there is no stratigraphical order

inferred from the increasing locality numbers, it appears clearly that the distribution of phyllocarid

remains is not random: (1) phyllocarids are more abundant at localities 8-1 and 8-3; (2)

representatives of Dithyrocaris are commoner than representatives of Echinocaris ', (3) each genus is

represented by a single species; (4) the distribution of phyllocarid remains per locality is strongly

suggestive of a longer vertical range for Dithyrocaris oculeus than for Echinocaris spiniger.

SYSTEMATIC PALAEONTOLOGY
Suborder ceratiocarina Clarke, in Zittel, 1900

Family echinocarididae Clarke, in Zittel, 1900

Genus echinocaris Whitfield, 1880

Type species. Echinocaris sublevis Whitfield, 1880, by original designation, from the Upper Devonian of Ohio.
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Echinocaris spiniger sp. nov.

Plate 1, figures 1-10; Text-figure 2

1994 Echinocaris cf. E. punctata (Hall, 1863); Hannibal et al. p. 60, figs 2. 1-2.6.

Holotype. Tail piece and abdominal somites GLAHM A2790.

Derivation of name. From the Latin
‘

spina ’ (spine) and ‘gero' (to bear): an allusion to the strong lateral

spinules on the telson.

Locality and horizon. In the Belen section, just above the Cruz Loma Quartzite, in the Dipleura dekayi Zone
(Branisa’s zone 8-3), lowermost Sica Sica Formation, the same locality and level as most of the material studied

by Hannibal et al. (1994).

Material. The anterior part of the two valves of an articulated carapace (YPFB Pal 9290) ;
both moulds of an

almost complete tail piece with the two last abdominal somites displaced (GLAHM A2790); both moulds of

an almost complete, articulated exoskeleton (AMNH 43516A-B), and an incomplete, crushed carapace

(AMNH 43515A-B).

Diagnosis. Echinocaridid without tubercles on the dorsal and posterodorsal lobes of the carapace.

Telson with stout, spaced latero-dorsally inserted spinules, and two shallow longitudinal ventral

furrows. Furcal rami with dorsal, ventral and inner furrows, the latter with a row of minute pits

for insertion of setae.

Description

Carapace. The carapace of the almost complete exoskeleton (AMNH 43516) is poorly preserved, except for

its anterior region (PI. 1, fig 5), and is about 35 mm long for an overall length of the exoskeleton about 85 mm.
The only new available specimen (YPFB Pal 9290) exhibits about two-thirds of the left valve, and the

corresponding dorsal region of the right valve, still articulated. The maximum preserved length is 40 mm and
its estimated total length is about 50 mm. The external mould exhibits the anterior margin of the carapace

which is very slightly convex forward, almost straight, truncated, and roughly perpendicular to the dorsal line.

A narrow border is well developed. Antero-dorsally the border is a rounded rim which tapers progressively

antero-ventrally, becoming narrower, and more flattened. The border is markedly geniculated inwards, at 90°

from the plane of the valve, developing a flattened proximal wall, and bounded by a thin, narrow, ridge. The
distal shelf could not be observed. The wall is very finely ornamented by very thin, almost imperceptible,

longitudinal ridges. The surface of the valves is similar to that described by Hannibal et al. (1994), in the

distribution and morphology of the lobes, as well as in their ornamentation, which is better developed in the

posterior half of the valves, and composed of very small, low tubercles. However, the anterior slope of the

anterodorsal lobe exhibits shallow, rounded, variably anastomosing canals which end in the furrow delineating

the rounded border. The anterior half of the carapace is almost smooth and lobes are devoid of tubercles (Text-

EXPLANATION OF PLATE 1

Figs 1-10. Echinocaris spiniger sp. nov.; Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. 1-4, YPFB Pal 9290; latex replica; incomplete articulated carapace. 1, general

view; x 1-5. 2, enlarged view of the postero-dorsal node; x 10. 3-4, enlarged view of the anterior margin of

the left valve, respectively exterior and interior; x4. 5-7, AMNH 43516; latex replica; almost complete,

articulated exoskeleton. 5, general view of the dorsal side; x 1-5. 6, dorsal side of the 5th to 7th abdominal

somites and telson head; x 3. 7, ventral side of 4th to 6th abdominal somites; note the ventral platform with

two posterior spines and limb insertions on the 4th somite; x 3. 8-10, GLAHM A2790; latex replica; well

preserved tail piece, respectively in dorsal, dorso-lateral, and ventral views (with the 7th abdominal somite

superimposed); note the large and spaced spinule bases on the telson, the shallow dorsal and ventral

longitudinal furrows, and the articulatory dorsal and ventral condyles on the furcal rami; x2.

Fig. 11. Echinocaris, sp. from Branisa’s zone 7-0, Belen section, GLAHM 101282; latex replica; abdominal

somites 4 and 5 in ventral view; note the three spines on the ventral tubercle of the 4th somites; x 3.
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fig. 2d; PI. 1, figs 1, 5). The carapace is covered posteriorly by minute and dense granulations. Along the dorsal

side of the left valve a small, rounded well-differentiated tubercle is developed. The ventral region of the

carapace, as well as its posterior part, were not observed.

The corresponding internal mould of the left valve of specimen YPFB Pal 9290 is smooth, without any kind

of ornament. The ridges, corresponding to the furrows separating the lobes on the external surface, are better

developed. The most interesting feature is the development of two blade-like vertical expansions (PI. 1 , fig 4)

text-fig. 2. Echinocaris spiniger sp. nov.
;
Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. a-c, reconstruction of the tail piece. Camera lucida drawings from specimen

GLAHM A 2790. Broken lines refer to non-observed, hypothetical outlines, a, reconstruction of the tail piece

in dorsal view; a, cross section of the left furcal ramus, b, anterior region of the tail piece in lateral view, c,

anterior region of the tail piece in ventral view, d, tentative reconstruction of the outline of the left valve of

the carapace. Camera lucida drawings from specimens YPFB Pal 9290, AMNH 43515, and AMNH 43516.

Dotted line indicates the outline of the observed parts of the carapace. Broken line corresponds to a

hypothetical outline of the carapace. Note the lack of tubercles on the lobes, the lack of granulation in the

anterior region of the carapace, and the postero-dorsal node. Scale bars represent 10 mm.
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in the antero-dorsal angle of the valves, close to the dorsal line and expanded from the rounded ridge

corresponding to the external furrow separating the border from the valve surface. These lamellar processes

are here interpreted as apodemes, insertion areas for muscles of the carapace.

Abdominal somites. The two moulds of the almost complete exoskeleton, AMNH 43516, were prepared

carefully so that the ventral and dorsal sides of abdominal somites could be examined. The posterior edge of

each somite is characterized by two strong postero-ventral lateral spines, and two main dorsal spines (PI. 1,

fig. 6). The latter are 2-6-2-9 mm apart and two smaller spines are inserted between them on each side of the

plane of symmetry. On their ventral side, somites 6 and 7 exhibit a well differentiated, transversely elongated,

convex anterior tubercle. Abdominal somites are finely ornamented dorsally with numerous small granulations,

and they are almost smooth ventrally. The 4th abdominal somite is 3-6 mm long and 9-36 mm wide. Its ventral

side exhibits a relatively small, prominent ventral tubercle with two postero-lateral spines and no antero-medial

spine. Limb insertions are markedly oval, and obliquely displayed. Their maximum width is 3-27 mm, almost

pependicular to the longitudinal axis, while their length is 2-02 mm. Somites 5, 6 and 7 are, respectively,

4-2 mm, 5-6 mm and 9-5 mm long. Somites 6 and 7 are, respectively, 6-24 mm and 4-48 mm wide.

Telson and furcal rami. The head of the telson of specimen AMNH 43516 is 6-24 mm wide. The telson of

specimen GLAHM A 2790 is 32 mm long. At its anterior margin, the head is 6 mm wide. It widens posteriorly

up to 9 mm before it narrows to 2 mm, at the site of insertion of the furcal rami. Telson head convex, globose,

with two lateral and two posterolateral shallow furrows. Dorsal side of the telson with two rows of small

circular or elongated depressions. The anterior row is weakly arched, convex posteriorly, while the posterior

row is strongly arched, posteriorly concave, horseshoe-shaped (Text-fig. 2A).Telson axis sub-cylindrical in

cross section, with straight lateral margins and two shallow longitudinal ventral furrows, getting progressively

narrower up to its spinose posterior extremity. Stout spinules are inserted latero-dorsally on each side of the

telson. Spinules are widely spaced and they are not inserted in a longitudinal furrow. They number seven on
the left side of the telson with intermediate spaces varying from 2-5 mm to 1-8 mm; spacing decreases

backwards. Spines are not symmetrically inserted, but alternate either side of the telson, except for the last

posterior two spinules which are almost opposed. Ventral platform not observed. The ventral side of the telson

is weakly convex in cross section and smooth.

The maximum preserved length of the furcal rami is 28 mm. Their head is sub-cylindrical to oval in cross

section and 3 mm wide, with well differentiated dorsal and ventral articulatory condyles (Text-fig. 2b-c).

Lateral margins of furcal rami are straight and narrow posteriorly. At 5 mm posterior from their anterior

extremity they are 2 mm wide, and at 23 mm, 1 mm wide. Furcal rami are rod-like, sub-circular in cross section,

with three shallow longitudinal furrows producing a clover-leaf-like cross section. The outer lateral margin is

rounded and larger than the other two lobes defined by the longitudinal furrows. The inner furrow, which faces

the telson, bears small pits which are spinule or setal insertions. They number 5 per mm and their diameter is

about one-quarter the diameter of the pits observed on the telson. Ifwe consider that the furcal rami are regular

in shape and that their width regularly decreases up to their extremity, their total length could reach 50 mm,
i.e. about one-and-one-half times the corresponding telson length.

Remarks. The generic assignment of the carapace was established by Hannibal et al. (1994), and
there is no doubt about the conspecificity of the newly described specimen which comes from the

same level and locality, the Dipleura dekayi Zone of the Belen section. Hannibal et al. (1994)

tentatively assigned his material to E. punctata (Hall, 1863), based on a strong overall resemblance

in shape, ornamentation and relative proportions of carapace lobes and abdominal somites.

However, the authors noted differences in the morphology of the dorsal and posterodorsal lobes of

the carapace, as well as on the third last abdominal segment. The development of strong, latero-

dorsal spines on the telson is undoubtedly one of the most original features of the Bolivian form.

Such a peculiar features is very different from that illustrated by Hall (1863, pi. 1, fig. 2) in
‘ Ceratiocaris armatus’’ and has not been described in other representatives of Echinocaris. This

character, added to the differences emphasized by Hannibal et al. (1994, p. 62), makes the Bolivian

form a new species, distinct from E. punctata.
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Echinocaris sp.

Plate 1, figure 11

Material. The external mould of the ventral side of three incomplete abdominal somites (GLAHM 101282),

locality 7-0 of Branisa, Belen section; unknown stratigraphical position.

Comparison. This specimen is left in open nomenclature due to its fragmentary nature. Moreover, the ventral

tubercle of the (?)4th abdominal somite exhibits three stout posteriorly directed spines, one antero-medial and
two postero-lateral. This character distinguishes this form from Echinocaris spiniger which lacks the antero-

medial spine on the ventral tubercle of 4th somite. However, the taxonomic significance of this character

remains poorly known, and it could be related to dimorphism.

Suborder rhinocarina Clarke, in Zittel, 1900

Family rhinocarididae Hall and Clarke, 1888

Genus dithyrocaris Scouler, in Portlock, 1843

Type species. Argas testudineus Scouler, 1835, from the Lower Carboniferous of Scotland.

Dithyrocaris oculeus sp. nov.

Plates 2-3
;
Text-figures 3-5

1994 Dithyrocaris cf. D. insignis Jones and Woodward, 1898; Hannibal et al., p. 63, figs 4.1, 4.3-4.4.

Holotype. Both external and internal moulds of the left valve of a probably complete, articulated carapace,

AMNH 44692.

Locality and Horizon. Lower part of the Sica Sica Formation within the lowest 30 m above the Cruz Loma
Sandstone, in the Belen section of the Bolivian Altiplano, c. 120 km south-east of La Paz; Givetian Dipleura

dekayi Zone.

Derivation ofname. From the Latin oculeus, ‘which has eyes’; alluding to the presence of the ocular tubercle.

Material. A total of 35 concretions has been studied; 12 of them yielded more or less complete isolated or

articulated valves
;
eight abdominal segments, alone or in connection with the carapace or with the tail piece

;

1 1 tail pieces, and nine mandibles, whilst five other concretions yielded valve fragments only.

Diagnosis. Dithyrocaris with a single, very weakly curved, mesolateral carina and well-developed

posteroventral spine. Ventral margin regularly rounded, with a wide, smooth, and flat border.

Ocular tubercle well differentiated. Median dorsal plate almost smooth, with well differentiated

posterodorsal node. Doublure shelf very narrow. Carapace ornamentation very discrete, mainly

made of curved, obliquely, postero-ventrally oriented lines, without any granulation. Abdominal
somites with very thin ornamentation of anastomosed, anterodorsally-posteroventrally directed

oblique lines. Limb site on 5th somite. 6th somite with lateroventral carina and ventral

explanation of plate 2

Figs 1-8. Dithyrocaris oculeus sp. nov.; Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. 1, 3-5, YPFN Pal 8432; latex replica; right valve of a large specimen with

abdominal somites 5-7 still connected. 1, general view; x 2. 3, enlarged view of the ‘ocular’ tubercle; x 10.

4, enlarged view of the anterior part of the mesolateral carina showing the ornament and the smooth nature

of the carina; x 10. 5, enlarged lateral view of abdominal somites 6 and 7; x3. 2, AMNH 44693; latex

replica; detail of the posterior margin of a left valve; x3. 6-8, AMNH 44692; latex replica; left valve.

6, detail of the postero-ventral doublure ;
x 4. 7, external mould ; note the location of the postero-dorsal

node; x2. 8, internal mould; x2.
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table 1. Dithyrocaris oculeus sp. nov. ; Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. Outline of the left valve of the carapace showing the position and orientation of

measurements (above), in millimetres. Asterisks in table refer to estimated measurements.

YPFB
8432

AMNH
44692

AMNH
44693

AMNH
44694

GLAHM
A2791

GLAHM
101261

GLAHM
101263

GLAHM
101272

GLAHM
101278

L 47* 37 38 43* 35 27* 35* 27-5

Hm 25 18-5 20-8 21 23* 16* 13 18 13*

H(L : 2) 23-4 19-9 20-5 21* — — 131 — —
Hmdp 2-3 1-8 2-1 1-6* 1-9 1-8 1-3 1-6 —
He 10 9-5 8-8 9-3 9-6 — 5-2 7-0 —
Hv 8-5 6-6 7-5 8-0 8-7 — 4-7 60 —
Hb 2-8 2-0 2-1 21 — — 1-9 — 60

Lmdp 35 27 — — 33-5 — 21-3 29-3 —
Lrp — 8-0 — — — — — 8-5 5

Wrp 2-2 1-7 — — — — — 1-7 —
D 4? 3-0 — — — — 2-3 2-6 2-2

Lvs — 3-6 5-2 41 — 3-5 3-2 — —
Hpm 9-2 8-0 8-2 90 91 7-0 5-8 7-5 —
Lot 7* 6-5 7-5 — — — — — —
Hot 5-4 3-8 4-0 — — — — 3-6 -

ornamentation. 7th somite sub-cylindrical, smooth ventrally. Telson long and narrow with acute

extremity, two dorso-lateral shallow longitudinal furrows, and two rows of small spinules. Furcal

rami typical for the genus, one-and-one-half times longer than the telson.

Description

Carapace. The smallest observed carapace is 27 mm long and c. 1 3 mm (estimated) high, whilst the largest is

c. 50 mm long, including posteroventral spine, for a corresponding height of c. 25 mm, measured from midline

to ventral border, including the lateral side of the median dorsal plate. Approximate length/height ratio of 2-0,

varying between 1 -8 and 2- 1 . Maximum height of the valve located at about three-fifths the valve length from

the anterior border. Anterior margin regularly convex, bounded by a narrow rounded border, becoming sub-

perpendicular to midline dorsally. Ventral margin weakly, regularly convex, with well differentiated, flattened,

ventral border widening posteriorly, up to 4 mm high, posteriorly merging into a large, triangular, flattened,

up to 4-5 mm long posteroventral spine. Dorsal margin of the spine in the prolongation of the mesolateral
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text-fig. 3. Dithyrocaris oculeus sp. nov.
;
Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. a, schematic reconstruction of the carapace. Rectangles with letters indicate the

location of enlarged details b to f. b-f, Camera lucida drawings showing details of the morphology and
ornamentation; arrows indicate the front of the carapace, b, AMNH 44692, rostral plate in dorsal and lateral

views (the ornamentation could not be observed along the longitudinal axis, left blank), c, YPFB Pal 8432,

‘ocular tubercle’ of right valve, d, YPFB Pal 8432, ornamentation of the right mesolateral carina. e, AMNH
44693, posterior part of left valve. F, GLAHM 101272, posterior part of the right side of median dorsal plate,

showing curved ornament, posterodorsal projections of the dorsal carina, and the posterior node. Scale bars

represent 2 mm.
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text-fig. 4. Dithyrocaris oculeus sp. nov.
;
Givetian

Dipleura dekayi Zone, Lower Sica Sica Formation,

Belen section, Bolivian Altiplano. Reconstruction of

the inner side of right valve of carapace, showing the

doublure. Doublure shelf stippled, separated from the

doublure wall by the corrugated groove. Scale bar

represents 5 mm.

carina. Posterior margin of the valve at about 100° with midline, with a fairly well developed rounded border,

up to 2 mm wide, very weakly concave dorsally, then weakly sinuous or almost straight towards posteroventral

spine. Measurements are given in Table 1.

The rostral plate was observed on four specimens. It is completely preserved on specimens AMNH 44692

and GLAHM 101272, whilst only its posterior half is preserved on specimens GLAHM 101262 and YPFB Pal

8432. The plate is weakly arched in cross section in its posterior part which is about two-thirds its total length.

The anterior part of the plate is elevated, markedly triangular in cross section, ending anteriorly in a stout head,

just extending beyond the anterior margin of the valve (Text-fig. 3b). Interval of 2-6 mm between the rostral

plate and the median dorsal plate. Median dorsal plate well developed, long and relatively narrow, weakly

arched in its anterior 3 mm, then becoming triangular, roof-shaped, in cross section with a well differentiated

median dorsal carina, and posterior pointed termination. The maximum height of the plate is 2-3 mm. The
dorsal longitudinal carina is crossed by oblique, weakly developed, chevron-like lines, the strongest of which

develop short spine-like, posteriorly directed, expansions of the carapace (Text-fig. 3f). These very small

projections number 3 to 4 per mm. At a distance between 4T mm and 5-8 mm from its posterior spinose

extremity, the median dorsal plate exhibits a small node developed on both sides of the carina (Text-fig. 3f).

This structure, described below, could not be observed on the internal moulds. Only one well differentiated,

weakly curved, narrow, rounded, mesolateral carina inclined at about 5-10° to the dorsal margin, originating

anteriorly below the ‘ ocular ’ tubercle, or just anterior of it, and terminating posteriorly in the prolongation

of the posteroventral spine. Length of the carina about 39 mm. At three-fifths the valve length from anterior

margin, the carina is located at 53 per cent, the total valve height from dorsal midline.

A relatively small, slight, yet well differentiated, and perforated ‘ocular’ tubercle could be observed on six

valves. It is located 6-5-7 mm from the anterior margin of the valve, usually straight below the posterior

extremity of the rostral plate, or slightly behind this point, and at a distance between 3-6 mm and 5-4 mm from

the midline, i.e. at about one-third the valve height measured (Text-fig. 3a). The hole in the centre of the

tubercle is also present on the internal mould, indicating a perforation through the exoskeleton (Text-fig. 3c).

However, the ‘ocular’ nature of the tubercle remains unclear, and even unlikely if we refer to the body plan

of most crustaceans in which eyes always occupy an anterior location.

Five internal moulds display the doublure of the carapace. The doublure is well differentiated but relatively

narrow, and elaborated into a proximal wall and a distal shelf separated by a narrow corrugated groove (Text-

fig. 4). The doublure wall is similar to the external ventral border in size and morphology. The doublure shelf

is relatively narrow, not exceeding 1-5 mm wide, i.e. c. one-third the maximum width of the wall. The width

of the doublure shelf is constant and regular ventrally and posteriorly
;

it gets narrower anteroventrally and

anteriorly, to 0-4 mm. Both wall and shelf are fiat, smooth, devoid of any ornamentation. The groove is very

narrow, c. 0-25 mm wide, mainly developed in the ventral part of the carapace, and bounded by two well

differentiated ridges. The ventral ridge terminates at the extremity of the posteroventral spine, while the dorsal

ridge curves dorsally to connect the posterior edge of the valve. The corrugated groove is not developed in the

anterior part of the valve where the doublure is narrow and rounded.

Abdominal somites. Six concretions yielded abdominal segments, isolated or still connected with either the

carapace or the tail. They correspond to somites 5, 6 and 7. Fragments of somite 4 have been observed but they

are so poorly preserved that they cannot be used for description or reconstruction. Two specimens of somite

5 have lengths of 3 mm (GLAHM 101250) and 31 mm (GLAHM 101255). Ornamentation of somite 5 exhibits

typical sinuous lines perpendicular to the longitudinal axis dorsally, bending backwards postero-ventrally.

Ventral side of the somite almost smooth, with a markedly convex ventro-central tubercle, with sub-elliptical

limb insertions similar to those described by Rolfe (1981). Centroventral tubercle surrounded by a narrow

furrow. Median part of ventral side not preserved (GLAHM 101255, Text-fig. 5i; PI. 3, figs 2-3). Somite 6 is
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4-5-8 mm long and 6 mm high, sub-cylindrical and shows a well differentiated, narrow, weakly pronounced,

and sigmoid ventrolateral carina. This ridge originates anteriorly, posterior to the anterior lateral socket.

Ornamentation dorsally chevron-like along the longitudinal axis. On the anterior part of the somite, lines are

almost perpendicular to the somite axis whilst they become progressively oblique postero-ventrally. In the

anterior part of the somite, sinuous dorso-lateral lines are deflected strongly backwards near the carina, which

they do not cross. Ventrally, the ornamentation comprises thin, weakly pronounced lines, chevron-like

anteriorly. The curvature along the midline become progressively reversed backwards whilst the ornamentation

disappears progressively posteriorly, along the longitudinal axis (Text-fig. 5g-h). Somite 7 is 4-8-18 mm long,

with a corresponding mean height of 2-4-6-8 mm (see Table 2). Somite 7 is anteriorly almost cylindrical in cross

section, becoming sub-triangular, rounded posteriorly, devoid of lateral carina. The anterior lateral socket is

relatively small, circular and smooth. Ventrally, the posterior part of the somite is depressed where it articulates

with the head of the telson. The two antero-ventral condyles are prominent and rounded. Ornamentation of

somite 7 is chevron-like dorsally, and postero-ventrally oblique on the flanks, whilst the ventral side is smooth,

devoid of any sinuous lines (Text-fig. 5e-f). The length ratio between somite 7 and somite 6 of the same

specimens lies between 0-56 and 0-59 (three measurements), while between somite 6 and somite 5 it is 0-6 (two

measurements).

Tail piece. Eleven variably preserved specimens were available for description. The telson head is relatively

wide, rounded, sub-semicircular in cross section, with weakly convex lateral margins. The telson becomes

progressively narrower posteriorly; while the lateral margins become concave and the section becomes

triangular. A longitudinal median carina, then two longitudinal lateral, shallow, rounded, furrows, differentiate

progressively from the head, and extend posteriorly up to its acute extremity. Lateral margins are straight, very

low-angled (about 5° to each other), and bear a very narrow groove in which very small spinules are inserted

(Text-fig. 5b). A complete small telson (GLAHM 101250) is 14-5 mm long for a head which is 3 mm wide.

Lateral spinules number 6 per mm. Spinules preserved on specimen GLAHM 101271 are 0-2-0-3 mm long.

Ventral side of telson concave in its posterior part with a shallow median longitudinal groove, becoming flat

to weakly convex posteriorly. Ventral platform sub-triangular, longitudinally depressed, with straight lateral

margins and a rounded posterior free margin. Anterior part of the ventral platform with a relatively wide,

V-shaped groove (Text-fig. 5c). Head of the telson ornamented by oblique, chevron-like lines which curve

dorsally in the plane of symmetry (Text-fig. 5b).

Furcal rami very long and narrow, but only specimen YPFB Pal 8433 shows an almost completely preserved

furca. The head of the telson is broken, and its total length is more than 21-5 mm. Furcal rami are c. 30 mm
long (estimated). In specimen GLAHM 101250 furcal rami head is 1-5 mm wide and its reconstruction suggests

that furcal rami are at least one-and-one-half times longer than the telson, i.e. c. 21-75 mm for a telson length

of 14-5 mm. The length: width ratio of the telson is c. 4-5; that of the furcal rami is c. 14-5. Furcal rami flattened

in cross section, with a rounded outer lateral edge. Dorsal side of the furcal rami with a deep, narrow, smooth,

longitudinal groove, very close and parallel to the inner margin (Text-fig. 5b). Inner margin with a very narrow

and deep groove in which spinules are inserted, as one the lateral margins of the telson. Anterior part of furcal

rami ornamented by oblique lines on both ventral and dorsal sides. Specimen YPFB Pal 8433, found in the

Dipleura dekayi Zone of the Belen scetion, lacks the ornamentation on the anterior ventral region of the furca,

and furca are slightly bent outwards in their distal region. These two characters may possibly be related to

sexual dimorphism rather than indicating a distinct species. Comparable differences related to sexual

dimorphism are know in the recent leptostracan Nebalia bipes. Males have longer setae and paddles than

females (Vannier et al. 1997).

Mandibles. Concretion GLAHM 101255 yields three abdominal segments, the tail piece and the two

mandibles, undoubtedly belonging to Dithyrocaris. Palp foramen relatively large with respect to the size of the

grinding surface, and anteriorly placed. Grinding surface not easy to observe because acicular minerals are

often developed on tubercles. Gnathal lobe regularly arcuate, with five well differentiated denticles and (?)one

large, posterior, molar denticle. Incisor process high, well developed, followed by one simple, less elevated,

conical denticle. Third and fourth denticles with two cusps. Molar denticle transversely ridged.

Ornamentation. The ornamentation of Dithyrocaris oculeus sp. nov. is very discrete, delicate, and varies from

one part of the exoskeleton to another. It differs strongly between carapace and abdomen. Details are given

in Text-figures 3 and 5. Two main types of microsculptures have been recognized on the carapace. The first

type, located in the anterodorsal part of the carapace, above the mesolateral carina, and around the ‘ ocular
’

tubercle, is made of very small circular or sub-circular ridges, which open progressively towards the mesolateral
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carina, producing volutes (curled ridges), which increase progressively in length (Text-fig. 3c-d). These volutes

are always variably oblique to the dorsal margin. They have initially a dorso-anterior direction, then they turn

progressively dorso-posteriorly, their ventral extremity progressively becomes unrolled, and they tend to

become parallel to the carina which they never cross (Text-fig. 3d). These curved ridges occur radially on the

flanks of the ‘ocular’ tubercle. Small, rounded, similar microsculptures appear again just below the mesolateral

carina, which is always smooth. They increase in length progressively while their ventral extremity uncoils, and
extend to the ventral border.

The second type of ornamentation is developed mainly on the anterior and anteroventral rounded rims as

well as on the posterior margin. In the anterior part of the carapace, it is composed of sinuous, terrace-line-

like ridges, initially parallel to the anterior margin of the carapace, then progressively curving backwards
ventrally, and orientated at c. 45° to dorsal margin, crossing the anteroventral rounded rim, then extending

with the same orientation on the ventral flat border, where the ridges are less prominent. The same kind of

ornamentation is developed on the posteroventral spine as well as on the posterior margin to which they are

more or less parallel (Text-fig. 3e).

The abdominal region (pleomeres 5-7) exhibits a different, typical, better developed ornamented pattern,

which is common to many phyllocarid Archaeostraca and comparable to the ornamentation of many
burrowing organisms. This ornament consists of a pattern of linear, sinuous, terrace-line-like ridges, roughly

parallel to each other, and at 45° to the axis of each abdominal segment. These ridges are variable in length;

some increase by intercalation (Text-fig. 5). They are not as developed as in Dithyrocaris quinni Copeland, 1967

where they form true cuestas, interpreted herein as possible features to prevent the animal from back slippage

during the burrowing phase (Vannier et al. 1997). In the new species, the function of these structures was
probably similar, although no other evidence for burrowing habits is available from preserved soft parts or

carapace design. In D. oculeus sp. nov., as in other fossil phyllocarid crustaceans, the integumental

microstructures are likely to have minimized fluid turbulence both in the water column or in soft, water-

permeated sediments. This interpretation finds some support in the fact that the preferential depositional

environment of Bolivian phyllocarids is fine, organic-rich, muddy sediment.

Suprageneric and generic assignment. At the family level, the Bolivian material differs from the

Treatise diagnosis in that the median dorsal plate is typically narrow, folded longitudinally and
roof-shaped in cross section, rather than ‘...slightly bent along dorsal median carina.’ (Rolfe 1969,

p. R321). But it is clear that most Devonian species are poorly known, and this species is one of the

earliest certain, completely described representatives of the genus (Rolfe and Edwards 1979). The
distinction between genera of the family Rhinocarididae remains difficult, especially between

Rhinocaris, Tropidocaris and Dithyrocaris (Morzadec and Rolfe 1968; Rolfe 1969; Feldmann et al.

1986; Hannibal et al. 1994; Racheboeuf 1995). Assignment of the Bolivian form to the genus

Dithyrocaris follows the interpretation of Hannibal et al. : a single mesolateral carina on each valve

and a well developed posteroventral spine. The main question remains the significance of the

carapace ornamentation which is very different between the type species of Dithyrocaris (Argas

testudineus) and the Bolivian species. One of the most interesting features of the carapace of

D. oculeus is the node developed on the posterior part of the median dorsal plate.

EXPLANATION OF PLATE 3

Figs 1-6. Dithyrocaris oculeus sp. nov. ; Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. 1, GLAHM 101272; latex replica; enlarged view of the postero-dorsal region

of the right valve, showing the dorsal node on the median dorsal plate, the posterior spine-like projections

of the dorsal carina, and the ornament of the carapace; x 10. 2-3, GLAHM 101255; latex replica;

respectively right and left sides of abdominal somites 5 to 7 and tail piece ; note the limb insertion on the 5th

somite, and the lateral carina on the 6th somite; x 5. 4-6, GLAHM 101250; latex replica; abdominal somites

5 to 7, and tail piece. 4, enlarged view of the telson showing the ornamentation and the lateral rows of setae

insertions; x 8. 5-6, abdominal somites and tail piece, respectively in dorsal and ventral views; x4.

Fig. 7. Dithyrocaris sp. from Achumani Alto, south of La Paz ; GLAHM A2793 ; latex replica ; external mould
of the ventral side of a tail piece ;

x 2.
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text-fig. 5. Dithyrocaris oculeus sp. nov. ; Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. Arrows indicate anterior. Broken lines refer to non-observed, hypothetical

outlines, a, reconstruction of the entire exoskeleton, b, reconstruction of the tail piece in dorsal view, mainly

from specimens GLAHM 101250 and 101271. c, reconstruction of the ventral side of telson head, from
specimen GLAHM 101250. d-f, 7th abdominal somite in dorsal (d), ventral (e), and lateral (f) views, g-h, 6th

abdominal somite in lateral (g), and ventral (h) views, i, 5th abdominal somite in lateral view, showing site of

left limb insertion. Scale bars represent 5 mm.
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table 2. Dithyrocaris oculeus sp. nov.; Givetian Dipleura dekayi Zone, Lower Sica Sica Formation, Belen

section, Bolivian Altiplano. Measurements of the abdominal somites, in millimetres. L: length; W: width; H:
height; L6:L7: length of the 6th somite versus length of the 7th somite.

YPFB
8432

AMNH
44696

GLAHM
A2792

GLAHM
101250

GLAHM
101253

GLAHM
101254

GLAHM
101255

5th

L — — 3 — — 31
W — — — — — — —

6th

L 7-6 — — 4-9 — — 4-5

W — — — — — — —
H 60 — — — — : —

7th

L 13-1 18 11-5 8-2 11 4-9 8-0

W 4-2 — — — — — —
H 4-8 6-8 5-4 4-6 5* 2-4 —

L6:L7 0-58 — — 0-59 — — 0-56

Remarks. Valves, abdominal somites, tail pieces and mandibles are assigned to the same species,

allowing one of the most complete descriptions of a representative of the genus Dithyrocaris. Such
an assignment was made possible owing to the preservation, in a concretion, of a carapace with

abdominal somites still connected. These somites are identical in morphology, size, and
ornamentation to those which are connected with tail pieces in other concretions.

The new available concretion, as well as specimens collected by Branisa, are from the same
locality (Belen section), and level (lowermost Sica Sica Formation) as most of the specimens

described by Hannibal et al. (1994). This fact, added to the description by these authors, as well as

our own observations, precludes any doubt about the conspecificity of our specimens and hence

about their assignment to the genus Dithyrocaris. Hannibal et al. (p. 63) compared the Bolivian

species with four Carboniferous species: D. quinni Copeland, 1967, D. glabra Woodward and
Etheridge, 1873, D. granulata Woodward and Etheridge, 1873, and D. insignis Jones and
Woodward, 1898, and only one Devonian species : D. neptuni (Hall, 1863). These authors stated that

the Bolivian specimens ‘...lack... a distinct “ocular” tubercle (= anterior tubercle)...’, although

‘Three specimens ... seem to exhibit a weakly developed anterior tubercle or tubercles.’ Although
they questioned the taphonomic or authentic anatomical nature of these tubercles, they considered

that the Bolivian species lacks a distinct ocular tubercle, and that this character distinguishes this

form from both D. quinni and D. neptuni. Hence the Bolivian form was assigned to Dithyrocaris cf.

D. insignis due to its produced median dorsal plate and similar size. The good preservation of the

‘ocular’ tubercle on specimen YPFB Pal 8432, as well as on specimens AMNH 44692, 44693;
GLAHM 101261, 101272, raises again the question of comparison at the specific level.

The new species differs strongly from the type species, D. testudinea from the Lower Carboniferous

of Scotland, by the carapace ornamentation, devoid of strong, oblique, sinous ridges, by its more
elliptical outline, and by the relative length of furcal rami, which are much longer than the telson,

whilst they are about the same length in the type species.

Among other species compared by Hannibal et al., Dithyrocaris oculeus sp. nov. differs from
D. quinni Copeland, 1967, from the upper Mississippian of Arkansas, in its almost straight (instead

of regularly curved) mesolateral carina originating anteriorly in a posterior position with respect to

the ‘ocular’ tubercle. In Copeland’s species the mesolateral carina originates at mid-length between
the anterior margin and the ‘ocular’ tubercle (see Copeland 1967, pi. 162, figs 10-12) and the

ornamentation is better developed, denser and more prominent on the valve as well as on the

abdominal pleonites (pi. 162, figs 6, 12). In D. quinni, the denticles point backwards, in contrast to
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those of D. oculeus. They are replaced by irregular curved structures whose anterior edge bounds
a depressed posterior area.

Hannibal et al. (1994) assigned (with a query) the Bolivian form to the Carboniferous species

Dithyrocaris insignis Jones and Woodward, 1898 due to its ‘less pronounced carapace

ornamentation’ (p. 63). In fact, D. insignis exhibits a carapace surface with both strong linear and
reticulate ornaments which are absent in the Bolivian form. According to Jones and Woodward, the
‘

. . . mesolateral ridge... [is like]... that of D. tricornis ’ (p. 159) which is said to be ‘rugose or

tuberculate’ (p. 171); in the Bolivian form the mesolateral ridge is entirely smooth. Moreover, the

Bolivian form differs from D. tricornis Jones and Woodward, 1898, in the lack of any punctae, from
D. granulata Woodward and Etheridge, 1873 in the lack of granulation, and from D. glabra

Woodward and Etheridge, 1873 in the development of the mesolateral carina as well as by the lack

of granulation (see Jones and Woodward 1898). All specimens described and illustrated by Jones

and Woodward (1898, 1899) exhibit another peculiar feature: the dorsal side of the posteroventral

spine is curved dorsally, whilst in the Bolivian form it is parallel to the carapace midline, in perfect

prolongation of the mesolateral carina.

Most interesting is the comparison with Devonian species. Dithyrocaris neptuni (Hall, 1863) is a

poorly known species, initially described from a tail piece and a fragment of a lateral caudal spine.

The illustration of the type specimen (Hall and Clarke 1888, pi. 33, fig. 1) indicates that D. neptuni

is a very much larger species, but that the relative length of the telson and furcal rami are similar

to those of D. oculeus sp. nov. Stumm and Chilman (1969, p. 60) described Dithyrocaris sp. cf.

D. neptuni (Hall) from the early Givetian Silica Shale of Ohio and indicated that the total length

of the species was about 300 mm. Ornamentation (Stumm and Chilman 1969, pi. 5, fig 4) resembles

that of the Bolivian species. Such a peculiar ornamentation has not been illustrated elsewhere,

except for another species from the Silica Shale, Hebertocaris wideneri, described in the same paper

by Stumm and Chilman (1969, p. 63, pi. 6, fig. 4). Although reconstructions exhibit strong

morphological differences between Dithyrocaris sp. cf. D. neptuni and Hebertocaris wideneri

(compare Text-figs 2 and 3), such a similar ornamentation in two forms, only known by fragments,

and from the same stratigraphical level, may be due to an erroneous assignment of carapace

fragments. However, D. oculeus sp. nov. can be distinguished from both forms of the Silica Shale by

its smaller size, less developed carapace ornamentation, without spines on the rostral plate as well

as on the median dorsal plate, and especially by its smooth as opposed to rugose or cordate

mesolateral carina, crossed by the ornamentation.

Dithyrocaris oceani (Hall and Clarke, 1888) from the Portage Group differs from the Bolivian

species in its larger size, relatively shorter and curved furcal rami, in the development of coarse

granulation in the anterodorsal part of the carapace above the ocular tubercle, and in the straighter

lateral carina and ornamentation (Hall and Clarke 1888, pis 32-34).

Dithyrocaris sp.

Plate 3, figure 7

Material. The ventral external mould of a tail piece (GLAHM A2793) from Achumani Alto, south of La Paz,

and the anterior part of a tail piece (GLAHM 101283) from Aiquile in the centre of Cochabamba department.

Both are of uncertain formation and age.

Comparison. Both specimens assigned provisionally to Dithyrocaris sp. differ primarily from

Dithyrocaris oculeus in their much larger size and less elongated telson and furcal rami. The width

of the telson head is c. 12-5 mm, and its estimated length is c. 45 mm, i.e. a length: width ratio of

c. 3-6. The anterior margin of the ventral platform is 1 1 mm from the anterior side of the telson. The
telson is less elongated than in D. oculeus where the length: width ratio reaches c. 4-5. The furcal

rami head is 7-5 mm wide. The furcal rami width versus telson head width ratio is about 0-6. For D.

oculeus the same ratio is 0-5. A tentative reconstruction from specimen GLAHM A2793 gives an

estimated length of about 75 mm for the furcal rami, i.e. a length:width ratio of 10. For D. oculeus.
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the length: width ratio of the furcal rami is c. 14-5. The ventral side of the telson is more flattened,

except for a better differentiated, rounded, narrower longitudinal ridge, than in D. oculeus. The
ornamentation of the telson head, as well as that of furcal rami head, is twice as dense in D. oculeus

as in Dithyrocaris sp. Moreover, the flanks of the telson head of Dithyrocaris sp. exhibit curved,

scale-like lines which have not been observed in D. oculeus ,
where the ornament is made of sinuous,

oblique lines only. Size and relative proportions of the elements of the tail piece, as well as

ornamentation, indicate that this rhinocaridid is a species distinct from D. oculeus.

PALAEOBIOLOGY AND TAPHONOMY
The postero-dorsal node. Despite its small size and weak relief, this peculiar feature, restricted to the

dorsal side of the posterior part of the median dorsal plate, is always well differentiated along the

dorsal longitudinal carina, especially in specimen GLAHM A2791 . Its location is marked by a weak
flexure of the carina in front of the node, and by a stronger flexure behind the node (Text-fig. 3f).

The node is symmetrical on both sides of the carina. It is weakly convex and usually slightly

pronounced dorsally. Its length does not exceed 1-2 mm, for corresponding height and thickness of

0-8 mm and 0-3 mm respectively. In lateral view, the node is drop-shaped, widening backwards, and
smooth in its anterior part. Each side of the node bears minute sub-circular to polygonal punctae

which fan out to form a delicate reticulate net which does not cross over the dorsal line. On the

internal mould of the carapace, the location of the node is indicated only by a very weak relief

without any kind of ornamentation. This fact suggests strongly that the node is not perforated, and
that punctae are thinnings of the carapace. The node can be interpreted probably as a sensory

organ, possibly for hydrodynamic flow.

Dorsal nodes have been described previously in fossil phyllocarids. Rolfe (1962, p. 916) described

three hinge nodes (anterior, median and posterior) on the carapace of Ceratiocaris and summarized
these observations. The nodes are asymmetrical features developed only on the right valve of

ceratiocarines, i.e. phyllocarids whose carapace is devoid of a median dorsal plate. These nodes are

smooth ‘...free of ornament and the carapace striae are distorted or bowed-out in the immediate

vicinity of the nodes’ (Rolfe 1962, p. 917), although the posterior node shows a circular hole in its

centre in both Ceratiocaris acuminata Hall and C. papilio. Features described in Mesothyra oceani

by Hall and Clarke (1888, p. 189, pi. 32, fig. 6), and in Rhinocaris by Clarke (1893, p. 794), are not

homologous in either their morphology or location, to the posterodorsal node of Dithyrocaris

oculeus sp. nov. On the other hand a node exhibiting a similar shape and postero-dorsal location,

was also observed on the single left valve specimen of Kerfornecaris roscanvelensis Racheboeuf and
Rolfe, 1990 of the family Echinocarididae, but as the right valve of this species is unknown the

symmetry of the feature cannot be established, and its possible ornamentation could not be

described, due to the grain-size of the sediment.

Rolfe (1962, p. 917) considered that the three dorsal hinge nodes on the right valve of Ceratiocaris

may have acted as hinge clasps, but he wrote that the presence of a circular hole on the posterior

node of some species ‘...may represent some original structure of unknown function.’ Although I

could not find any similar structures in the literature, it is to be noted that it is situated along the

posterodorsal side of the carapace, i.e. opposite to the anteroventral side of the organism, where
most sensory organs are located (antennae, eyes, palps, etc.). Moreover, the small sub-circular to

polygonal depressions mainly developed backwards, on the posterolateral part of the node,

correspond most probably to thinnings of the carapace, although thin sections through the carapace

could not be produced. These considerations led the author to interpret the posterodorsal node as

a sensor of the surrounding hydrodynamic flow. If the homologous structure and function of the

single node described in Kerfornecaris could be established, each valve of this genus would have
developed a node. This would indicate some kind of parallel tendencies between ceratiocarines and
rhinocarines. Further investigations are needed of well preserved phyllocarid material to find similar

structures.
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Taphonomy. Carapaces of Echinocaris spiniger sp. nov. are mostly incomplete. Moreover, they are

often broken, exhibiting clean breaks, except for their anterior part which was probably more
resistant, due to the development of stout, convex, lobes. Clean breaks, instead of folds or distortion

as in Dithyrocaris oculeus sp. nov. which occurs in the same level, strongly suggest that the carapace

was more thickened and mineralized, and hence more brittle. Clean breaks, even in complete

exoskeletons of E. spiniger sp. nov. (AMNH 43516), are a consequence of diagenetic processes.

The exterior of the left valve of E. spiniger specimen YPFB Pal 9290 exhibits sinuous,

anastomosing, sub-cylindrical tubes of epizoans. The same specimen shows two very small, juvenile

shells of an ambocoelid brachiopod which were possibly attached to the carapace close to the

anterior part of the mesolateral carina (PI. 1, fig. 1). These shells probably belong to the same
ambocoelid species as the shell described by Hannibal et al. (1994, pp. 60-61), presumably attached

to the 7th abdominal somite of specimen AMNH 43516 and re-illustrated herein (PI. 1, fig. 5). The
post-mortem settlement of these epizoans strongly suggests that the carapace of these echinocaridid

specimens was not rapidly buried. If the epizoans settled during the life of the organism, this would
reflect a nekto-benthic mode of life.

Carapaces of D. oculeus sp. nov. are found either with both valves still articulated, or as isolated

valves. For three of the available articulated carapaces the angle between the two valves varies

between 90° and 100°. This is probably not random, and this angular value may correspond to the

maximum ‘normal’ opening of the carapace when the animal was alive. A somewhat similar

condition was illustrated for an undetermined late Emsian rhinocaridid from the Massif Armoricain

(Racheboeuf 1995, pi. 5, fig. 7). Several other Bolivian specimens, apparently represented by
isolated valves, are in fact also articulated carapaces. This is the case for specimens AMNH 44692,

GLAHM 101262 and YPFB Pal 8432 which have been prepared to observe the rostral plate. The
fact that many concretions appear strongly asymmetrical after breaking, with a ‘ thin ’ part yielding

the external mould of a valve, and a much thicker part with the corresponding internal mould,

strongly suggests that this kind of concretion yields articulated carapaces, and that they break along

only one of the two valve planes. In this respect, careful preparation of newly collected concretions

would probably allow the collection better data about the taphonomy of the lowermost beds of the

Sica Sica Formation.

However, the relatively high percentage of articulated carapaces, added to the discovery of

connected abdominal somites and tail pieces, and the occurrence of mandibles associated with

carapace remains, indicate a quiet environment. Such preservation strongly suggests that the D.

oculeus remains were buried rapidly. It has to be noted that the carapace of D. oculeus never shows

epizoan tubes, whilst they are commonly developed on the carapace of E. spiniger. This may be

related to a different mode of life, Dithyrocaris being a better swimmer than Echinocaris which lived

on the sea bottom. Moreover, if carapace and abdominal somite remains show evidence of weak
post-mortem distortion, this is directly related to the thin cuticle. Specimens are well preserved, not

flattened like most phyllocarids of the Silurian black graptolitic shales, for example. This implies the

very early development of the concretions. Such considerations could not be drawn from associated

faunal elements such as brachiopods, vertebrate remains, and even complete trilobite exoskeletons

occurring in the same level, which are much more heavily mineralized than the phyllocarids.

CONCLUSIONS

Echinocaris spiniger and Dithyrocaris oculeus can now be listed among the few well-known

phyllocarid taxa. The chemical preparation of the moulds of the carapace revealed details of the

ornamentation and peculiar, minute features, such as the dorsal node. The latter, which probably

represents a sensory organ, developed symmetrically on both sides of the median dorsal plate of the

rhinocarine D. oculeus, and may have homologues in the ceratiocarine genera Kerfornecaris and

Echinocaris, for which symmetrical development remains questionable.

Both Bolivian species described herein are Givetian. That means that the two genera Echinocaris

and Dithyrocaris do not appear in Bolivia earlier than their respective representatives in North
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America. From a palaeobiogeographical point of view, the occurrence of representatives of the

genera Echinocaris and Dithyrocaris in the cooler climate of the Malvinokaffric realm is somewhat

surprising, because both genera, especially the former, have up to now only been recorded as having

tropical to subtropical distribution. The Bolivian representatives of the two genera may have

preferred different environmental conditions, i.e. cooler temperatures. In this respect, the overall

size of Bolivian specimens from the Dipleura dekayi Zone may be of some interest. The largest

carapace of Echinocaris spiniger is estimated to have been about 50 mm long, whilst that of the

North American species E. punctata is 90 mm long. The carapace of Dithyrocaris oculeus apparently

does not exceed a length of 50 mm, whilst in North America D. oceani may be as large as 140 mm
long. Very small representatives of both genera may co-occur in the same beds as these ‘giant’

North American species (some of them could possibly be juvenile forms). Recent crustaceans

generally reach smaller sizes in cool waters than under tropical or subtropical conditions. The

relatively smaller size of Bolivian phyllocarid carapaces, compared with North American

representatives of the same genera, may possibly be the expression of the impact of cooler water

temperature on the growth of these crustaceans.
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MORPHOLOGY AND PALAEOECOLOGY OF A
PRIMITIVE MOUND-FORMING TUBICOLOUS

POLYCHAETE FROM THE ORDOVICIAN OF THE
OTTAWA VALLEY, CANADA

by H. MIRIAM STEELE-PETROVICH and THOMAS E. BOLTON

Abstract. Build-ups of the calcareous tube, Tymbochoos (gen. nov.) sinclairi (Okulitch), occur in mid

Ordovician limestones of the Ottawa Valley; the oldest previously known build-ups of calcareous tubes are

Devonian. The Tymbochoos build-ups occurred as elongate dune-shaped structures in tidal channels on

intertidal flats, and as small isolated pillow-shaped structures on near-shore subtidal shoals. Clustered tubes

radiated horizontally from small attachment areas and then grew vertically. Individual tubes widened quickly

to a diameter of about 1 mm and then grew cylindrically ; irregularly spaced concentric constrictions of the tube

wall developed in places into thin anteriorly directed internal collars. Growth forms include (1) a framework

of concentrated clumps of densely packed, long vertical tubes, found only in the dune-shaped structures,

(2) a sparser concentration of clumps with more loosely packed shorter vertical tubes in the pillow-shaped

structures, and (3) scattered tube aggregates. T. sinclairi was probably a primitive suspension-feeding

polychaete that fed with short tentacles and was supported by its setae-bearing parapodia against the

irregularities of the inner tube surface. Few other species were associated with these Ordovician tube build-ups

;

exploitation of the intertube environment probably began at the end of the Cretaceous.

Build-ups with frameworks dominated by calcareous tubes are rare in the fossil record. The

oldest previously reported tube-supported framework is Devonian (Beus 1980), but its taxonomic

affinity is uncertain (ten Hove and van den Hurk 1993). Several Carboniferous reefs have tubicolous

frameworks, considered to be of vermetid origin (Leeder 1973; Burchette and Riding 1977; Wright

and Wright 1981; Weedon 1990). Although build-ups supported by serpulid tubes have been

documented from rocks at the Triassic-Jurassic boundary, they remain fairly uncommon through

the Tertiary (ten Hove and van den Hurk 1993). With the discovery of well-defined build-ups in the

Ottawa Valley, Canada, the geological range of confirmed build-ups that are supported by

calcareous tubes has been moved back to the early mid Ordovician. These Ordovician build-ups and

the environments they occupied are similar in many ways to those of Recent serpulids and

vermetids; the similarities imply both considerable evolutionary and ecological convergence and

conservatism of calcareous tube-dwelling organisms over the past 450 million years.

The build-ups of this study occur as dune-shaped structures, both in the wall and on the top

surface of a quarry at L’Orignal, as a field of well exposed small pillow-shaped structures at

Braeside, and as poorly exposed mounds on a crumbly exposure face at Dunrobin (Text-fig. 1);

small scattered clumps of tubes are relatively rare. Detailed knowledge of the environments of

deposition (Steele-Petrovich 1984, 1986, 1989, 1990) and the exceptional preservation of numerous

tubes have enabled the detailed studies of taxonomy, morphology and palaeoecology, presented

here, of this Ordovician tube-building organism. This species, until now classified as a rugose coral,

Fletcheria sinclairi (Okulitch 1937; Wilson 1948), is here reassigned to Tymbochoos, a new genus,

which is inferred to be a primitive polychaete.

IPalaeontology, Vol. 41, Part 1, 1998, pp. 125-145] © The Palaeontological Association
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STRATIGRAPHY AND GEOLOGICAL SETTING

The tubicolous build-ups of this study occur in limestones of Blackriveran age, assigned

traditionally to the Pamelia and Lowville formations (e.g. Wilson 1946), and more recently (e.g.

Williams and Telford 1986) to the Shadow Lake and Gull River formations of Liberty (1964), and
to the B, C and /? lithostratigraphical units of Steele-Petrovich (1986, 1989; Text-fig. 2).

The sediments at Braeside and Dunrobin accumulated in a shallow quiet tropical lagoon behind

a lime-mud bank (Steele-Petrovich 1984, 1989); there is evidence that the bank and lagoon

developed within a narrow gulf, and migrated with the transgressing sea up a pre-existing rift valley

that preceded the present Ottawa-Bonnechere Graben. In contrast, the sediments at L’Orignal were

deposited on a normal level bottom within the Ottawa Basin (Steele-Petrovich 1989).

ARCHITECTURE OF THE BUILD-UPS

Dune-shaped mounds

Dune-shaped mounds of Tymbochoos occur at two stratigraphical horizons in a small quarry near

L’Orignal (Text-fig. 3). The upper horizon is exposed both in the quarry wall and on the table rock

at the top of the quarry (Text-fig. 4a). Forty-eight mounds, somewhat reminiscent of Andrews’

(1964) subfossil serpulid reef fields from Baffin Bay, Texas, occur at the top of the south side of the

quarry, in an area of about 20 x 150 m; their lengths are generally L 5-3-0 m but up to 5 0 m, length-

to-width ratios are 1 -5-2-5. Actual mound heights are generally 0-45-0-50 m; heights above the

contemporary intermound sediment vary from about OTO-O-35 m, and are comparable to those of

many Recent and fossil serpulid build-ups (e.g. Andrews 1964; Braga and Lopez-Lopez 1989; ten

Hove and van den Hurk 1993). The mounds trend north-north-east, most within azimuths 20-35°

(Text-fig. 5). They are asymmetrical in cross section, with the west-north-west side generally sloping
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text-fig. 2. Middle Ordovician stratigraphy of the Ottawa Valley.

between 30° and 60° and the opposite side sloping at less than 20° (Text-fig. 4a); smaller

disconnected mound patches commonly occur along the periphery of the more gently sloping side.

The mound surfaces are commonly knobby or ridged, with shallow relief. The lower mound horizon
can be seen only on a small weathered portion of the quarry wall and on a few square metres of
horizontal shelf; these exposed mounds are rounded and appear to be almost symmetrical dune-
shaped structures (Text-fig. 6a-b), about 0-7 m across, 0-4 m high with height about 50 mm above
the contemporary sediment surface.

Tymbochoos sinclairi was a suspension feeder, as implied by the current-controlled dune-shaped
mounds. Orientation of the asymmetrical mounds can be interpreted by analogy with Recent
serpulid build-ups, studied by Behrens (1968), that encrust the insides of rectangular water-intake

tunnels of an electric power plant in Corpus Christi, Texas. This Recent encrusting growth develops
shapes and orientations similar to those of ripple marks formed in non-cohesive sediment: the

structures are perpendicular to the current, with gentle and slightly rounded up-current slopes and
steep down-current slopes. Although both of these forms have the same asymmetrical shape, the

Recent structures, with wavelengths of 0T0-0T5m, heights of 10-20 mm, and crest lengths of
0T 0-0-20 m, are considerably smaller than the asymmetrical mounds of this study. The similarity

in form suggests that the asymmetrical Tymbochoos mounds developed where the dominant tidal

current (probably the incoming current) flowed west-north-westwards; the symmetrical mounds
probably formed where incoming and outgoing current strengths were similar.
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text-fig. 3. Stratigraphical sections as measured at each locality, showing Steele-Petrovich locality numbers
for the Tymbochoos occurrences.

Pillow-shaped structures

Limestone ‘pillows’ are concentrated on what appears to be a single bedding plane that crops out

at several locations near Braeside (Text-fig. 1). The structures are sub-circular to elliptical in plan,

usually OT 0-0-2 5 m across and up to 0-4 m long, flat on the bottom and flat to slightly domed on
top, with sharply defined rounded to angular edges (Text-fig. 7); their thickness is generally about

100 mm, with 30-50 mm exposed above the bedding plane (Text-fig. 7d). In rare cases the upper

surfaces of the ‘pillows’ are pitted and appear to have been bored (Text-fig. 7c). Although a

bulldozer had disturbed the exposures, 14 ‘pillows’ were in place in an undisturbed area measuring

about 3 x 2 m, and were generally spaced no more than 0-3-0-5 m apart; some were almost touching

each other and in several cases two or three had grown together.

.

Other mounds

Clusters of mounds are poorly exposed and/or poorly preserved at several horizons in a road-cut

and associated narrow ditch near Dunrobin (Text-fig. 1); those in the ditch have been sheared off

horizontally, and those in the road-cut occur in a crumbly part of the section and are poorly defined.

These build-ups vary considerably, from small buttons to poorly defined masses nearly one metre

across, from regular saucer or mound shapes to build-ups with irregular projections, and from
isolated mounds to those that grew together, both laterally and vertically. Because of poor
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text-fig. 4. Macrostructures of asymmetrical, dune-shaped mounds from near L’Orignal (see Text-figure 3 for

identification of S-P locality numbers). A, view down the crest of an individual mound at top of south end of

quarry. Slope of right (i.e. east-south-east) flank about 20°; slope of left (west-north-west) flank about 50°.

Surface irregular due to shallow channels. Small disconnected patches of mound along periphery of gently

sloping flank. Inferred current direction from right. Length of tape case 65 mm. b, GSC hypotype No. 115517;

hand specimen showing horizon of densely packed, long vertical tubes between horizons of densely packed

horizontal tubes; x 1. c, GSC hypotype No. 115518; hand specimen from scree at south end of quarry (S-P

Locality No. 146), showing relatively densely packed tubes with concentric crenulations and, in some cases,

longitudinal ridges; x 6. d, top surface of a mound showing scattered clumps of radiating, mainly horizontal

tubes. Scale in inches. Photographs a-b and d taken at S-P Locality No. 146-4D (GSC No. 0-104069).
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text-fig. 5. Map showing relative positions and alignment of asymmetrical, dune-shaped mounds at top of

south side of quarry, near L’Orignal.

text-fig. 6. Macrostructures of symmetrical, dune-shaped mounds formed by Tymbochoos, located near

L’Orignal (see Text-figure 3 for identification of S-P locality numbers), a, section through lower mound
horizon in west-facing quarry wall, showing individual growth horizons of tubes. Arrow marks position of left

side of B. Scale in inches. S-P Locality No. 146-3A (GSC No. 0-104065). b, enlargement of part of a, to right

of arrow ; relatively dense, subvertical tubes in radiating clumps that are emphasized by differential weathering,

between horizons of densely packed, horizontal tubes that have not been emphasized by weathering.

preservation and exposure, these mounds are of interest primarily for the environment that they

occupied.

Isolated tube aggregates

Isolated small clumps of Tymbochoos tubes occur in living position, often close to build-ups.
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text-fig. 7. Macrostructures of pillow-shaped mounds from Braeside (see Text-figure 3 for identification of

S-P locality numbers), a-b, on disturbed (a) and undisturbed (b) bedding planes, showing sub-circular and
elliptical shapes in plan view. Length of hammer 0-35 m (only partially visible in b); S-P. Locality No. 75-1A
(GSC No. 0-106469) (lateral equivalent of 10-1A). c, enlargement of far side of large ‘pillow’ in figure a
showing pitted surface; scale in inches, d, vertical section through small ‘pillow’ (about 40 mm thick) showing
its flat bottom, slightly domed top and sharply defined, angular edges; S-P. Locality No. 74-5C (GSC No.

0-105755).

FORM AND GROWTH OF THE TUBES

The tubes of T. sinclairi (Text-figs 8, 9a-b, 10-11) are circular in cross section and expand very

quickly from c. 0T2mm at the base to a mature size of generally 0-95-1 -30 mm (maximum
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text-fig. 8. Photomicrographs of symmetrical, dune-shaped mounds from near L’Orignal; S-P Locality No.
146-3A (GSC No. 0-104065) (see Text-figure 3 for identification of S-P locality numbers), a, GSC hypotype

No. 115519; vertical section showing long tubes and dense, subparallel vertical growth of framework-type

structure. Horizontal radiating growth at base appears to be from three closely packed tube aggregates; vertical

tubes show fine tube walls with concentric constrictions; x 5. b, GSC hypotype No. 115520; horizontal section

through framework-type structure showing dense packing and sub-circular cross section ofmature tubes ;
x 10.

1-50 mm); subsequent growth produced straight to slightly sinuous, cylindrical tubes. The circular

cross section is seldom distorted significantly by contact with other tubes (Text-fig. 8b). Unlike some
Recent serpulid species, which share walls in the area of contact (Hartmann-Schroder 1967),

contiguous individuals of T. sinclairi each appear to have produced a complete tube; apparent

sharing of walls, where it occurs, appears to result from selective dissolution of a part of one tube.

Tube-wall thicknesses vary greatly (0-02-0T2 mm) in a manner that is unrelated to tube diameter

(compare Text-figs 8-9, 11) and is probably due to diagenesis. In rare cases, longitudinal ridges

occur on the weathered exteriors of T. sinclairi tubes (Text-fig. 4c). In thin section these ridges have

been seen only on specimens with unusually thin, apparently unaltered, walls (Text-fig. 1 1b); about

20 fine ridges can be spaced somewhat unevenly around a tube, or several can occur on only a part

of the surface, suggesting that certain ridges were obliterated by diagenesis. However, as

considerable variation in tube morphology of another group of polychaetes, the Recent serpulids,

can be associated with different growth stages (Hartmann-Schroder 1967) and environmental

changes (ten Hove and van den Hurk 1993), one cannot dismiss the possibility that variation in

ridging in the T. sinclairi tubes is primary. Most of the studied tubes are constricted concentrically

at semi-regular intervals (Text-figs 8a, 9b, 1 1a, c), which results in unevenly corrugated inner and

outer surfaces. In places these constrictions have developed into thin, anteriorly directed, internal

collars (Text-fig. 11c) that result from the inward growth of the leading edge of the tube. These

collars do not occur in all tubes ; when present, they can encircle the whole tube and be relatively

regularly spaced at about 0-4 to 0-6 mm intervals, or they can be well defined on only a part of the
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text-fig. 9. Photomicrographs of asymmetrical, dune-shaped mounds from near L’Orignal (see Text-figure 3

for identification of S-P locality numbers). A, GSC hypotype No. 115522; S-P Locality No. 146-4D (GSC No.

0-104069); vertical view of small scattered radiating Tymbochoos clumps growing on and overgrown by

stromatolitic laminae; x 4-95. b, enlargement of centre left of a showing attachment of small isolated radiating

clump of tubes to firm stromatolitic surface; x 13-85. c, GSC hypotype No. 115521 ;
S-P Locality No. 146-4B

(GSC No. 0-104067) (lateral equivalent of 146-4D); vertical section showing small Tymbochoos clump in early

stage of tube growth with filamentous microbial overgrowths; x 32-65. d, GSC hypotype No. 115523; vertical

section showing Tymbochoos tubes in burrowed microbial deposits; x 13-85; S-P Locality No. 146-4D (GSC
No. 0-104069).
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text-fig. 10. GSC hypotype No. 115524; polished vertical surface from the upper part of an asymmetrical,

dune-shaped mound showing a few radiating clumps of Tymbochoos tubes near the base, and toward the top

an increase in abundance of isolated horizontal tubes and wavy and mounded microbial growths
;
x 0-99

; S-P

Locality No. 146-4D (GSC No. 0-104069) (see Text-figure 3 for identification of S-P locality numbers).

tube and pass into simple constrictions on the opposite side. The degree to which these differences

are primary or an artefact of preservation is difficult to determine. After a collar had formed, tube

growth resumed on the outside of the tube below the collar and then enclosed the collar region.

Unlike the tubes of most Recent species of serpulids and vermetids (ten Hove and van den Hurk
1993), the tubes of T. sinclairi, with intermittent periods of tube constriction at the anterior ends,

could not have been closed by an operculum
;
even a flexible fleshy operculum would probably have

caught on the constrictions as it was withdrawn into the tube (H. A. ten Hove, pers. comm. 1996).

Tubes typically grew in clumps, which have the same pattern of growth in the different kinds of

build-ups. Most clusters were probably anchored to a firm base, such as a shell fragment, ooid,

intraclast, stromatolitic hardbed, or upper tip of a clump of previously abandoned tubes (Text-figs

9a-b, 1 1a, c). Many Recent serpulids attach themselves to fallen tube fragments of their own species
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(Bosence 1979; ten Hove and van den Hurk 1993), but broken fragments of T. sinclairi are rare. This

scarcity can be attributed to several factors: to negligible bioerosion during the Ordovician,

compared with the Recent (cf. Bosence 1979; ten Hove and van den Hurk 1993), to the support

given to the tubes by penecontemporaneous sediment filling the intertube space (cf. Straughan 1972;

ten Hove and van den Hurk 1993), and to microbial overgrowth of the tubes shortly after the

animal’s death (discussed later). Attachment areas of the clumps are invariably small, almost

certainly because of both the gregarious settling of the larvae and the scarcity of suitable substrate,

as analogies with Recent serpulids suggest (cf. Bosence 1979; ten Hove 1979; ten Hove and van den

Hurk 1993); available hard particles, other than the worm tubes, were very small and relatively

scarce in Tymbochoos-inhabited environments, and only the initial settlers in a clump appear to

have been attached to a firm external base. Succeeding spat settled at the base of the established

tubes
;
tubes within a clump grew sub-horizontally and radially out from the initial attachment area,

and after a sufficient base had been established, they turned upward and grew vertically (Text-figs

8a, 1 1a, c). There is no evidence of spat having settled on the vertical walls of growing tubes, as with

some Recent serpulids (cf. Hartmann-Schroder 1967; ten Hove and van den Hurk 1993), possibly

because periodic larval production more-or-less coincided with the death of the previous generation,

as in some Recent serpulid communities (cf. Behrens 1968; Straughan 1972) (discussed below),

and/or because conditions that were suitable for larval settlement lasted for only a short time after

initial settlement.

INTERNAL STRUCTURES OF BUILD-UPS

Internal structures of the different kinds of T. sinclairi build-ups differ considerably in maximum
density ofclumps of tubes, tube density within the clumps, maximum tube length, and concentration

of associated microbial growth/binding. Clumps that form the ‘pillow’ structures are usually

relatively widely spaced and small, consisting of a comparatively few short tubes (Text-fig. 1 1a,

c-d), which rarely reach more than 4—8 mm above the base. In contrast, a dense framework
structure of tubes dominates the dune-shaped mounds (Text-figs 4b-c, 6, 8), except near the tops

of at least the asymmetrical mounds, where stromatolitic growths dominate (Text-fig. 10).

Tube density

The framework structure consists of relatively long horizontal and vertical (or sub-vertical) tubes,

commonly in well-differentiated rows (Text-figs 4b, 6, 8a). At densest packing, the vertical tubes are

several tens of millimetres long, occupy at least two-thirds of any horizontal cross sectional area,

and appear to be more-or-less subparallel throughout and in contact with one or more other tubes

along much of their lengths (Text-figs 4b, 8). The strength provided by tube contact in these

Ordovician structures must have outweighed the competitive disadvantage of not having had a

regular separation of feeding apparatuses. In contrast, many Recent serpulids have both equal

spaces between tube apertures (Bosence 1979; ten Hove and van den Hurk 1993) and lengthwise

contact with other tubes (ten Hove, pers. comm. 1996), thereby combining strength with feeding

effectiveness. A somewhat flaring upward growth in the Recent serpulids results in intertube space

that is subsequently colonized by younger tubes, producing a closely packed tube structure posterior

to the evenly spaced apertures (compare text-figs in Bosence 1973, 1979 and those in ten Hove and
van den Hurk 1993).

As tube growth in Recent serpulids accounts for most of their expended energy (Dixon 1980),

maximum tube growth must occur under optimum environmental conditions (cf. Hartmann-
Schroder 1967). High larval survival rates, which also depend on favourable conditions (cf.

Straughan 1972), are necessary for the growth of densely packed tubes (cf. Hartmann-Schroder
1967). By analogy, the framework structure of T. sinclairi

,
with its long densely packed tubes, must

have developed when conditions were particularly favourable, and the more sparsely distributed

clusters with short tubes grew in poorer conditions. The increase in microbial growths with decrease
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in tube density (discussed below) supports the argument that sparse tube growth formed under
poorer conditions.

Death and replacement

Intermittent mass death and subsequent replacement by another generation of tubes occurred in

both dense and sparse populations of T. sinclairi : clumps of tubes originated at a single horizon and
grew to approximately the same height (Text-figs 4b, 6, 1 1a), indicating that the clumps developed

from the same spatfall, grew at about the same rate, and died en masse. Where clumps and tubes

are relatively widely spaced, new growth commonly occurred on a thin sediment layer that covered

the death horizon. In contrast, the dense framework structure has alternating horizontal and
vertical growth in contiguous layers, commonly several tens of millimetres thick (Text-figs 6b, 8a).

A similar growth pattern of dense tubes is found in the sub-Recent serpulid patch reefs of Baffin

Bay (cf. Andrews 1964) and in the fouling structures within the water-intake tunnels in Corpus
Christi (cf. Behrens 1968); in the latter, each couplet represents an annual cycle of growth.

Laboratory studies indicate that growth rates of the serpulid tubes in the first two to four weeks
after settlement of the spat are ten to twenty times greater than in later life, leading Behrens (1968)

to suggest that the newly settled worms crowd out and kill the previous generation. However, a

more likely interpretation is that the adult worms die each year immediately after reproducing. A
similar growth pattern in the framework structure of T. sinclairi suggests a comparable type of

replacement.

Intertube burrowing

A penecontemporaneous carbonate mud, commonly with scattered peloids and ooids, occurs

between the tubes in T. sinclairi build-ups (Text-figs 8-9, 11). Horizontal, vertical and oblique

burrows (diameters 0-8-1 -2 mm) are common in association with microbial growths amongst the

sparsely distributed clusters of tubes in the asymmetrical dune-shaped mounds (Text-fig. 9d). Well

defined horizontal burrows (about 0-5 mm diameter) and poorly defined swirls occur more rarely

and in the absence of microbial growths within the compact framework structure. In most cases,

poorly defined, almost ethereal swirls are the only evidence of burrowing within the ‘pillows’.

Microbial growths

Stromatolitic growths, as well as non-stromatolitic microbial growths with filamentous, vermiform,

and clotted textures, occur only with sparsely distributed tube clumps (Text-figs 9-10, 11c). There

is no evidence of microbial development associated with the dense framework structure that

dominates the dune-shaped mounds (Text-fig. 8), although abundant stromatolitic growth occurs

text-fig. 11. Photomicrographs of pillow-shaped mounds from Braeside (see Text-figure 3 for identification

of S-P locality numbers), a, GSC hypotype No. 115525; S-P Locality No. 10-X (GSC No. 0-105757) (lateral

equivalent of 10-1A); vertical view showing (1) relatively widely-spaced tube aggregates with radiating, sub-

horizontal basal tube growth and relatively short vertical tube growth; (2) several tube aggregates growing

from a single horizon to approximately the same height and being replaced subsequently by another aggregate

that grew directly on the abandoned tubes
; (3) tube aggregate (lower right) growing on a trepostome bryozoan

fragment; x 5. b, GSC hypotype No. 115525; same locality as a; horizontal section through two Tymbochoos

tubes showing thin shells with radial projections (representing longitudinal ridges) on the outer surfaces; x 40.

c, GSC hypotype No. 115526; S-P Locality No. 10-1A (GSC No. 90071); vertical views of tube aggregate with

radiating, sub-horizontal basal tubes and relatively short vertical tubes; vertical tubes with fine tube walls,

concentric constrictions, and well defined inward-projecting collars; tops of tubes overgrown by microbial

growths; scattered ooids and peloids in micrite of matrix and tube infillings; x 10. d, GSC hypotype No.

115528; S-P Locality No. 10-X (GSC No. 0-105757) (lateral equivalent of 10-1A); horizontal section of

mature relatively scattered tubes with sub-circular cross section; x 14.
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text-fig. 11. For caption see opposite.
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with scattered tubes toward the tops of these mounds (Text-figs 4d, 10). Microbial remains within

the ‘pillow’ structures are discrete to nebulous; they occur as thin overgrowths on clumps of

Tymbochoos or on a thin layer of sediment that covers the clumps (Text-fig. 11c), as patches

between tube clumps and between tubes within the same clump and, more rarely, as faint growths

within the tubes. The fact that microbial growths are associated only with relatively poor tube

development indicates that the conditions that caused the demise of Tymbochoos were advantageous

for microbial growth. In some cases, the spread of microbes may have sped up the demise of

Tymbochoos or even finished them off. However, the fact that most tubes in both environments have

some sediment fill and show little evidence of microbial growths, either within the cavity or across

the aperture, implies that the microbes generally grew over the tubes after the worms had died and
sediment had filtered into the tubes. Stromatolitic growth, which flourished when Tymbochoos
declined (Text-figs 9a-c, 10), gave structural strength in the absence of a framework structure to

both the upper part of the dune-shaped mounds and to the ‘pillows’. Penecontemporaneous
cementation, which could have been a direct result of high salinity (see below) (e.g. Brantley et al.

1984), may have helped to stabilize some of the Braeside ‘pillows’, as implied by rare surface

borings (Text-fig. 7c).

HABITATS

Near-shore settings

The Tymbochoos build-ups all developed in near-shore settings. Most of the mounds at both

L’Orignal and Dunrobin occur on a packstone-grainstone of ooids, intraclasts and ostracod

fragments (Text-fig. 3); these sediments were laid down in tidal channels within tidal flats that were

colonized, at least in part, by stromatolites (Steele-Petrovich 1984). In some cases T. sinclairi tubes

grew on firm stromatolite mounds, some of which were overturned and had probably been

undermined by the meandering channel and fallen into it. In other cases dispersed clumps, that

developed repeatedly on the hard laminar surfaces of stromatolites, were overgrown by stromatolitic

laminae after only a few millimetres of vertical tube growth (Text-fig. 9a); these stromatolites, which

occurred at the edge of the environment necessary for Tymbochoos survival, probably developed on
levee backslopes and in subtidal ponds within the tidal flats. The Tymbochoos ‘pillow’ structures at

Braeside developed in a slightly deeper environment, also on an oolite; they are preserved in a

packstone-grainstone of ooids, intraclasts, peloids and fossil fragments, which formed discontinuous

shoals where relatively gentle waves made contact with the bottom (Steele-Petrovich 1984). The
tidal channels and the near-shore shoals where Tymbochoos lived were comparatively high-energy

settings for this study area, although the oolites, at least in the western part of the valley, formed

in muddy environments close to the low-energy limit of ooid formation. Mounds from the lowest

stratigraphical occurrence at Dunrobin (Text-fig. 3) are anomalous in not having developed in

association with an oolite
;
they formed in a peritidal environment, probably close the low-tide mark

and are preserved in a unit that is sandwiched between intertidal stromatolites. Most Recent

serpulid build-ups also occur in near-shore environments, commonly in association with oolites (e.g.

Andrews 1964; ten Hove 1979; Bone and Wass 1990; ten Hove and van den Hurk 1993).

Environmental conditions

Mass deaths of young adults after only a short period of tube growth imply fluctuating conditions

that for short periods of time were tolerable for both the larvae and young adults and then quickly

deteriorated to a state that killed the adults. Only those worms that formed dense frameworks

appear to have lived a full life. The dispersed clumps of short tubes throughout the ‘pillows’ suggest

that the ‘pillows’ were subjected to more marginal, although more uniform, conditions throughout

their development than the dune-shaped mounds. The development of dune-shaped mounds at

L’Orignal and ‘pillows’ at Braeside is in keeping with stronger currents in the tidal channels at

L’Orignal compared with a quiet and more restricted shallow subtidal setting at Braeside.

There is no evidence that deteriorating conditions toward the tops of the dune-shaped mounds
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resulted from changes in either sedimentation rate or current regimes, and the close association of

T. sinclairi with oolites, which form in shallow agitated conditions, is evidence against suboxia. An
alternative explanation is fluctuating salinity: abundant linked evidence on the faunas and the

lithofacies within the graben, west of Ottawa, shows that salinity of the near-shore environments

fluctuated from hypersaline much of the time, with gypsum forming occasionally, to normal marine

more rarely. In comparison, Recent serpulids with the highest salinity tolerance cannot survive

salinities above about 55%0 (ten Hove and van den Hurk 1993), while gypsum forms at salinities of

at least 125%0 (Brantley et al. 1984). Studies of the Ottawa basin in the eastern part of the valley

are not sufficiently advanced to determine if hypersalinity was common there also
;
more sustained

and denser tube growth, a lack of gypsum, and more open-marine conditions are in keeping with

a lower salinity than in the graben, although the scarcity of near-shore epifaunas in the east may
reflect some hypersalinity. The common disruption of microbial textures by burrowing (Text-fig.

9d) indicates that the conditions that adversely affected Tymbochoos within the dune-shaped

mounds and encouraged microbial growth also sustained burrowers. As burrowers and

cyanobacteria can tolerate higher salinities than most epifauna (e.g. Fogg 1973; Savrda et al. 1984),

their survival in the eastern part of the valley when T. sinclairi died fits the explanation that a salinity

increase terminated the growth of the dune-shaped mounds. Smaller and sparser clumps of

Tymbochoos tubes with large microbial growths (Text-figs 4d, 10) are somewhat reminiscent of

build-ups in Baffin Bay, Texas, in which mats of green algae have overgrown serpulid reefs that have

died since the turn of the century, apparently in response to high salinity (cf. Andrews 1964).

ASSOCIATED FAUNA/FLORA

A diverse and abundant fauna lives in association with tube build-ups today (Woodin 1978). In

contrast, only a few species are preserved with the Tymbochoos build-ups. Intertube forms were

limited to burrowers and to microbial overgrowths that spread as environmental conditions

deteriorated and Tymbochoos died. A semi-infaunal byssally attached bivalve, Cyrtodonta

breviuscula/subcarinata (C. breviuscula is the juvenile form of C. subcarinata), and a low-spired

gastropod, Raphistomina distincta, were common to abundant in the tidal channels amongst the

asymmetrical dune-shaped mounds; small michelinocerid cephalopods were rare. Ostracods

probably lived in tidal pools but not in the channels. C. breviuscula/subcarinata also lived

commonly amongst the T. sinclairi ‘ pillows ’
; the absence of gastropods from amongst the ‘ pillows

’

may be related to weaker microbial growth in that setting.

There is little fossil evidence of possible competition and predation that could have restricted

Tymbochoos sinclairi to the nearshore region. Because of the morphological and ecological

similarities between T. sinclairi and Recent serpulids, the two groups would be likely to share the

same competitors and predators. Most competitors (barnacles, brown algae) and, except for

gastropods, most predators (echinoids, starfish, crabs, fish) of Recent serpulids (Straughan 1969,

1972; Bosence 1973, 1979; O’Donnell 1984) have poor fossilization potentials, and within these

groups, only the starfish and gastropods were significant predators during the mid Ordovician.

Although there is no evidence for external digestion in Ordovician starfish (Spencer and Wright

1966), the chance of such evidence being preserved is slight, and it is impossible to ascertain the

ability of Ordovician starfish to feed on tubicolous forms that could withdraw into tubes. The

absence of boreholes in T. sinclairi tubes indicates a lack of gastropod predation. Therefore, the

effects of competition and predation on the distribution of T. sinclairi during the Ordovician appear

to have been minor compared with similar effects on serpulids today.

FUNCTIONAL MORPHOLOGY AND SYSTEMATIC AFFINITY

Tymbochoos was neither a serpulid worm (H. A. ten Hove, pers. comm. 1996) nor a vermetid

gastropod, each of which belongs to a common Recent group that produces build-ups of calcareous

tubes. T. sinclairi, with episodic constrictions of the aperture and irregularly spaced constrictions
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with anteriorly directed inner collars on the inner tube surface, could not have withdrawn quickly

in the face of danger (ten Hove, pers. comm.); in contrast, Recent serpulids, with smooth inner

surfaces and constant tube diameters, pull in rapidly. Also, fast expansion to mature diameter of

the T. sinclairi tube is unlike the gradual and continuing tube expansion of Recent serpulids

(H. A. ten Hove, pers. comm.). T. sinclairi lacks the coiled protoconch and the complete septa of

vermetid gastropods; the inner rings of T. sinclairi, although superficially resembling incomplete

septa of the vermetids, formed when the whole leading edge of the tube turned inwards, in contrast

to the development of vermetid septa from the inner shell layer (cf. Burchette and Riding 1977).

T. sinclairi was a suspension feeder, as indicated by its current-controlled structures, the feeding

positions of its tubes, and the living habits of morphologically similar Recent forms. Of tube

builders, only the polychaetes have the repetitious segmentation that the semi-regular constrictions

and collars on the inner tube wall could reflect. A primitive polychaete, with parapodia and setae

on each segment (cf. Fauchald 1975), could have maintained itself at a desired level within the tube

by bracing its setae against the irregularities of the inner tube wall. Internal collars may have
developed where there was a need for a firmer grip. The inability to withdraw quickly probably

reflects the low predation pressures of the Ordovician (see above)
;
as these pressures increased in

intensity later in the Phanerozoic (cf. Vermeij 1977), tubicolous animals evolved characteristics that

permitted more efficient escape. Analogies with Recent tubicolous suspension-feeding polychaetes

indicate that T. sinclairi had either a tentacular feeding crown or a system of relatively independent

tentacles. Although a feeding crown in the Ordovician would probably have been smaller and not

as efficient or as well co-ordinated as in Recent worms, it would have had greater difficulty moving
in and out past the anteriorly projecting collars than would independent tentacles. Also, the lack

of regular spacing between the long, parallel tubes (see above) argues against feeding crowns.

Therefore, T. sinclairi probably resided within its tube and fed with a series of short independent

tentacles that projected into the water column.

The closest living analogues of Tymbochoos appear to be cirratulids. One of these, Dodecaceria

fewkesi, forms reefs 0-5-1-0 m across, has smooth calcareous tubes without constrictions or inner

collars, and each worm feeds with 1
1
pairs of independent tentacular cirri that project from the tube

opening (Meinkoth 1981, p. 433; ten Hove and van den Hurk 1993). A closely related species,

D. coralii (illustrated by Meinkoth 1981, p. 433), has a generalized polychaete body with setae on
each segment and with eight pairs of tentacular cirri near the anterior end. These analogies reflect

characteristics of a primitive polychaete and do not necessarily imply a close genetic relationship

between the two groups.

Preliminary microscopic examination of the tubes (magnification 250 x ) consistently shows a

single tube layer with a fine radial calcite structure. Studies of the microstructure, which are beyond

the scope of this paper and planned for the future, are needed before the systematics of Tymbochoos

sinclairi can be worked out.

COMMUNITY STRUCTURES OF THE TUBE-SUPPORTING BUILD-UPS DURING
THE PHANEROZOIC

Large and consistent differences occur between the community structures of the build-ups of Recent

serpulids or vermetids and T. sinclairi. Recent tubicolous build-ups serve as refuges for other

organisms (Woodin 1978); abundances and diversities of associated organisms are considerably

greater within the build-up than away from it. Epifauna associated with Recent serpulid build-ups

include stromatolites and other microbial deposits, encrusting bryozoans, byssate bivalves, grazing

gastropods and, less commonly, boring sponges and endolithic algae, as well as predatory echinoids,

starfish, crabs and fish (cf. Mastrangelo and Passed 1975; Bosence 1979; Haines and Mauer 1980a,

19806; Kirkwood and Burton 1988; Rasmussen et al. 1993; ten Hove and van den Hurk 1993). Of
the 54 infaunal invertebrate species living amongst the serpulid tubes in Delaware Bay, the most

abundant are soft-bodied suspension feeders and deposit feeders that burrow into the intertube

sediment, build their own tubes and/or inhabit empty serpulid tubes (Haines and Mauer 19806).
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There is little information on the community structures of tubicolous worm build-ups in either

the Cenozoic or the Mesozoic. Diversity was high in both a serpulid build-up and a vermetid-algal

reef of Miocene age (Pisera 1985; Friebe 1994). Low diversities in the only known Jurassic serpulid

structures that are in situ (Johnson and McKerrow 1995) could reflect either the evolved complexity

of tube communities of that age or the high-stress environmental conditions under which they had

developed. However, a low-diversity epifauna, mainly of brachiopods, that was associated with

serpulid build-ups that formed below storm-wave base in sediments near the Triassic-Jurassic

boundary (Braga and Lopez-Lopez 1989) must represent the true development of intertube diversity

associated with build-ups of calcareous tubes at that time.

Faunal diversities and abundances associated with the Ordovician build-ups of Tymbochoos

Sinclair

i

are very low. Although these build-ups developed in environments that were affected by

adverse conditions, there is no difference between the flora/fauna associated with the long, densely

packed tubes representing optimal growth and those associated with poorer growth. The presence

of gastropods and byssally attached bivalves in the surrounding sediments indicates that conditions

were satisfactory, at least at times, for other fauna. Therefore, this low-diversity fossil community
probably represents the true complexity of mid Ordovician communities that are associated with

calcareous tube-building organisms, and indicates that tubicolous build-ups had scarcely been

exploited as a refuge during the mid Ordovician. In particular, relatively constant burrow diameters

suggest that the diversity of intertube burrowers was low
;
there was no encrusting growth on the

worm tubes, in spite of the presence of encrusting bryozoans in other mid Ordovician settings ; no

organisms had bored into the tubes, although the boring of shells occurred elsewhere at this time

;

byssate bivalves, although associated with the build-ups, did not live amongst the tubes, as they do

amongst Recent tubes. Other Palaeozoic tube-dominated build-ups, such as the Cambrian Scolithus

build-ups (Goodwin and Anderson 1974) and the Carboniferous vermetid build-ups (cf. Burchette

and Riding 1977; Wright and Wright 1981), show the same pattern of associated low-diversity

communities.

Because build-ups that were formed by different kinds of tube-forming organisms throughout the

Phanerozoic occupied many of the same environments, the exploitation of intertube space probably

intensified in the different kinds of structures at about the same time. The scanty fossil record

suggests that a significant increase in faunal diversities and abundances associated with tube build-

ups occurred between the Jurassic and the Miocene. Considering the enormous overall increase in

invertebrate diversity at the end of the Cretaceous (e.g. Sepkoski et al. 1981), it is reasonable to

suggest that the extensive exploitation of intertube space began at that time.

SUMMARY
1 . Build-ups of calcareous tubes, previously unknown in rocks older than Devonian, occur in mid
Ordovician carbonates of the Ottawa Valley, Canada.

2. The tubes of Tymbochoos sinclairi (Okulitch) are circular in cross section and expand quickly to

adult diameter (0-95—1-30 mm); irregularly spaced concentric constrictions develop in places into

thin anteriorly directed internal collars
;
growth succeeding the collars began outside and below the

collars and subsequently enclosed the collar region.

3. Clumps of tubes formed when the tubes grew sub-horizontally and radially out from small firm

attachment areas and then turned and grew vertically.

4. T. sinclairi produced dune-shaped structures and smaller isolated pillow-shaped structures.

5. Deteriorating environmental conditions resulted in microbial growths and weak tube

development.

6. The build-ups generally formed on oolites, either in intertidal channels or on shallow subtidal

shoals.

7. T. sinclairi was probably a primitive polychaete that braced itself against the constrictions and
collars of the inner tube surface with the setae-bearing parapodia of each segment, and fed with a

series of short tentacles that protruded through the tube opening.
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8. Predation and competition pressures on T. sinclairi were low.

9. Only a few other species lived in association with T. sinclairi build-ups, in contrast with the high-

diversity communities of refuge-seeking species that live amongst the tubes in Recent calcareous-

tube build-ups. The large increase in intertube diversity probably occurred at the end of the

Cretaceous.

SYSTEMATIC PALAEONTOLOGY
The figured material is housed in the National Type Collection of Invertebrate and Plant Fossils at the

Geological Survey of Canada (GSC), Ottawa.

Genus tymbochoos gen. nov.

Derivation of name. From the Greek tymbokd’ds (= mound builder).

Type species. Tymbochoos sinclairi (Okulitch, 1937).

Diagnosis. Small calcareous tubes, circular in cross section, expanding quickly from the base to a

mature diameter just greater than one millimetre, then growing as straight to slightly sinuous

cylinders. Tubes with concentric constrictions, semi-regularly spaced, resulting in corrugated walls.

Constrictions extending in places into narrow, anteriorly directed internal collars. Tube growth

beyond the collar beginning below the collar on the outside of the tube, and enclosing the collar

region. Exterior surface marked rarely by fine longitudinal ridges. Tubes occurring singly or, more
typically, in clumps with tubes radiating sub-horizontally from small attachment areas and then

growing vertically.

Tymbochoos sinclairi (Okulitch, 1937)

Text-figures 4, 6-1

1

1937 Fletcheria sinclairi Okulitch p. 315, pi. 1, figs 5-7, Text-fig. la-c.

1948 Fletcheria sinclairi Okulitch; Wilson, p. 43, pi. 21, figs 4-5.

Types. Holotype, Royal Ontario Museum, Toronto, P6871; paratype, ROM P6870; hypotypes, Geological

Survey of Canada 115517-115528

Description. Clustered tubes radiating sub-horizontally from small attachment areas and then projecting

vertically (Text-figs 4b, 8a, 9a-b, 1 1a, c). Tubes circular in cross section (Text-figs 8b, 1 1b, d) with diameters

increasing quickly from about 0T2 mm to a maximum of 1-50 mm (usually 0-95-T30 mm); subsequent tube

growth as straight to slightly sinuous cylinders (Text-figs 4b-c, 8a, 9a-b, 11a, c). Wall thickness varying

greatly, probably due to diagenesis. Semi-regularly spaced concentric constrictions common and resulting in

corrugated inner and outer walls (Text-figs 4c, 8a, 9a-b, 1 1a, c). In places these constrictions developing into

thin, anteriorly directed, internal collars that result from inward growth of the leading edge of the shell;

succeeding growth beginning on the outside of the tube below the collar and subsequently enclosing the collar

region (Text-fig. 1 lc). Exterior sculpturing varying: most tubes unridged, but about 20 fine longitudinal ridges

occurring on others (Text-figs 4c, 11b). Growth forms including (1) dense concentrations of clumps with

densely packed vertical to sub-vertical tubes (up to 0-4 m long) (Text-figs 4b, 8a), occurring only in dune-

shaped structures (Text-fig. 4a, 6) ; (2) sparser concentrations of clumps with loosely packed vertical to sub-

vertical tubes (a few mm long) (Text-figs 9a-b, 10-11), occurring in isolated pillow-shaped structures (Text-

fig. 7); (3) isolated tube clumps on certain bedding planes.

Remarks. Okulitch (1937) related this species to the Chazyan tabulate coral Fletcheria

[Eofletcheria] incerta (Billings) from the mid Ordovician (Chazyan) Mingan Formation of the

Mingan Islands, Quebec, and assigned it to a new species, Fletcheria sinclairi,
on the basis of

different tube growth, smaller tube diameter, lack of septa and tabulae, a markedly rugose exterior,

and rejuvenescence (i.e. a new start after growth of a collar). Bassler (1950, p. 266) noted similar
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corrugated walls in the tubicolous annelids Conchiolites and Cornulites. The present study confirms

that this species is not a coral, but a calcareous tube, probably of a primitive polychaete. It is here

assigned to a new genus Tymbochoos.

Occurrence. G. W. Sinclair (pers. comm. 1970) collected the type specimens from the Pembroke

Quarry (Text-fig. 1) (see Goudge 1938, p. 162). Kay (1942) reported 4-3 m of Lowville Beds in this

quarry. According to C. R. Barnes (pers. comm. 1995), the quarry in 1966 contained 2 0 m of

Pamelia Beds overlain by 4-2 m of Lowville beds. In 1970, B. A. Liberty and T. E. Bolton noted this

species in the upper exposed Lowville beds of the quarry. Previous publications report F. Sinclair

i

from probable late Chazyan rocks in the vicinity of Pembroke (Okulitch 1937 ;
Bassler 1950, p. 266),

the Pamelia Beds near Ottawa (Okulitch 1937) and the Pamelia Beds on Highway 17 about 10 km
south of Pembroke (Wilson 1948). Specimens studied here are from the Pamelia Beds near

L’Orignal and Dunrobin and Lowville Beds at Braeside (Text-fig. 2).
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THE EARLIEST KNOWN PIG FROM THE UPPER
EOCENE OF THAILAND

by S. DUCROCQ, Y. CHAIM ANEE, V. SUTEETHORN and J.-J. JAEGER

Abstract. Several dental remains of a new suid, Siamochoerus banmarkensis gen. et sp. nov., have been

collected in the Late Eocene Krabi basin in southern Thailand. This species is morphologically close to but

more primitive than Dubiotherium waterhousi (formerly Palaeochoerus waterhousi), and represents one of the

oldest known suids. The date of origination of suids can therefore be placed back to the Late Eocene or even

earlier, and the early evolution and diversification of the family might have occurred largely in the Oligocene

of Asia.

Pigs are artiodactyls belonging to the family Suidae, characterized by their ubiquity and ability

to radiate rapidly in new territories. For these reasons, suids are considered to be useful for

intercontinental as well as local and regional biostratigraphy. The palaeontological history of the

family Suidae is well documented in the Miocene and afterwards (Pickford 1988, 1993), but the

fossil record and the evolutionary history of suids and their close relatives the tayassuids is almost

unknown during the Paleogene of the Old and New worlds. According to the recent work of

Pickford (1993), only two tayassuids (the peccaries Palaeochoerus and Doliochoerus) and one suid

(.Hyotherium) occur in Paleogene deposits of the Old World. The earliest known true suid is

Hyotherium from the Upper Oligocene of Europe (Pickford 1993). Hyotherium belongs to the

subfamily Hyotheriinae which is considered to be the ancestral group that gave rise to further

subfamilies of pigs. However, the major evolution and diversification of suids occurred during the

Neogene in the Old World, with over 30 genera recognized. Suidae evolved in a rather different way
than Tayassuidae and are distinguished by limb structure (four toes on both front and hind limbs

and unfused third and fourth metatarsals) and dentition (for example, suids possess outwardly and

upwardly curved upper canines; see for example Nowak and Paradiso 1984).

The Late Eocene Krabi Basin in southern Thailand (Text-fig. 1) has yielded a rich and diverse

mammalian fauna including a dermopteran, a megabat, primates, carnivores, rodents, a tayassuid,

anthracotheres, ruminants, a tapir and a rhino (Ducrocq et al. 1995, 1996; Chaimanee et al. 1997).

Holroyd and Ciochon (1994) have dated the Krabi basin as late Mid Eocene, and of similar age to

the locality of Pondaung, Burma, because of similarities between the anthracothere associations at

both sites. However, they based their work on information from Ducrocq et al. (1992) that has since

been updated. The anthracotheres from Krabi are somewhat more derived than those from

Pondaung, and morphologically closer to forms described from the basal Oligocene of Europe

(Monteviale, Italy) and China (Ducrocq 1993, 1994a). In addition, the recently described

anthropoid primate Siamopithecus eocaenus Chaimanee, Jaeger, Suteethorn and Ducrocq, 1997,

displays strong similarities to Pondaungia cotteri from Pondaung, but shows somewhat more
derived dental features compared to those of the Burmese species. We therefore conclude that the

Krabi fauna is more probably Late Eocene in age rather than older.

Dental remains of a small artiodactyl have been collected from the Late Eocene Bang Mark pit

at the Krabi mine in southern Thailand. The morphology and structure of these fossils allow them
to be attributed to a suid and they are placed in a new genus and species. This new form from
Thailand further illustrates the early differentiation of Suidae in South-east Asia.

[Palaeontology, Vol. 41, Part 1, 1998, pp. 147-1561 © The Palaeontological Association
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text-fig. 1. Map of Thailand showing location of the

Krabi Basin fossil site. The mine that yielded the

specimens of S. banmarkensis reported here, is

represented by the letter F.

SYSTEMATIC PALAEONTOLOGY
Order artiodactyla Owen, 1848

Family suidae Gray, 1821

Genus siamochoerus gen. nov.

Derivation of name. From Siam (former name of Thailand), and from ‘ choerus' , the Greek for pig.

Type species. Siamochoerus banmarkensis sp. nov.

Diagnosis. As for species.

Siamochoerus banmarkensis gen. et sp. nov.

Text-figures 2-4

Derivation of name. From Bang Ban Mark, the type locality.

Holotype. A left lower jaw with P
4
-M

3 ; Specimen No. TF 2905 (Text-figs 2-3), Collections of the Department

of Mineral Resources, Bangkok.

Additional material. All from Bang Ban Mark: isolated left P
3
(TF 2963; Text-fig. 4a-b); isolated left M

3
(TF

2906); and fragmentary left maxillary with damaged M J-M 3 (TF 2907; Text-fig. 4c).

Type locality. Lignite mine. Bang Ban Mark pit, Krabi basin, southern Thailand (latitude : between 7° 54' 49"

N and 8° 12' 16" N; longitude; between 98° 11' 35" E and 99° 8' 35" E).

Horizon. Upper level of the main lignite seam of Bang Ban Mark pit (Formation B2, see Bristow 1991). The
mammalian fauna associated with the suid remains is identical to that from Wai Lek pit (which yielded most

of the taxa known in Krabi) and Bang Mark pit, and faunal evidence indicates a Late Eocene age (see above

and Ducrocq et al. 1995).
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Table 1. Dental dimensions of Siamochoerus banmarkensis gen. et sp. nov. (in mm).

Length Width (trig.) Width (tal.)

TF 2963 Left P
3

10-3 5-3

TF 2905 Left P
4

9-4 6-4 —
Left M

1
10-9 7-9 7-6

Left M
2

13-8 10-2 9-4

Left M
3

18-7 10-5 8-4

TF 2907 Left M
3

18-6 9-8 8-3

TF 2907 Left M 2 12-5 —
Left M 3 13-7 14-6

text-fig. 2. Siamochoerus banmarkensis gen. et sp. nov. ;
TF 2905; left lower jaw preserving P

4
-M

3 ; Bang Ban
Mark, south Thailand, a, labial, and b, lingual views. Scale bar represents 10 mm.

Diagnosis. Primitive suid, close to Propalaeochoerus pusillus in size. P
3
simple lacking a metaconid,

P4 with small metaconid and hypoconid and lacking a paraconid. Lower molars show a marked
increase in size from front to back, with the mesial lobe wider than distal lobe, a small hypoconulid
and extremely weak accessory cusps. M

3
elongated with two-cusped hypoconulid. Upper molars
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C

text-fig. 3. Siamochoerus banmarkensis gen. et sp. nov.; holotype, TF 2905; left lower dental row (P
4-M 3)

;

Bang Ban Mark, south Thailand; Late Eocene a, labial, b, occlusal, and c, lingual views. Scale bars represent

1 mm.

simple, lacking accessory cusps. M 3 without distally salient talon. Enamel very finely wrinkled.

Measurements given in Table 1.

Description. The lower jaw is laterally crushed, so that it is not possible to know with certainty

if the horizontal ramus was wide, as is generally the case in suids. However, the base of the mandible

is broken and it can be supposed that it was relatively deep (Text-fig. 2). Three dental foramina

occur on the mandible : one under the posterior root of P
2 ,
one under the posterior root of P

3
and

a third, which is also the smallest, under the anterior root ofM
4

. On the lingual face of the mandible,

the posterior end of the symphysis reaches P
2

.

The isolated P
3
and the fragmentary lower jaw very probably belong to the same individual on

the basis of their state of preservation. P
3
displays a sharp triangular shape, and is more distally

curved than P
4

. There is no accessory cusp, and only a small depression runs lingually from the apex

of the cusp to the base of the crown. The talonid is made of a weak elongation of the distal part

of the tooth. A weak crest is present on the mesial and distal edges of the tooth (Text-fig. 4a-b).

The morphology of P
4

is typical of the ancestral condition in suids. It is triangular, somewhat
posteriorly curved. It displays a main cusp (protoconid) and a very small lingual cusp (metaconid

or ‘InnenhugeT according to Stehlin [1899, 1900]) situated on the distolingual edge of the main
cusp, but slightly lower than it. The apices of these two cusps are joined by a very weak crest. A
talonid is well developed and consists of a single labial cusp (hypoconid) connected with the apex

of the protoconid by a straight crest. A very slight cingular spur of enamel occurs on the mesial side

of the crown and might be interpreted as an incipient paraconid. A very weak crest runs up the

mesial face of the premolar. The enamel is smooth and there is no cingulid (Text-fig. 3).
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text-fig. 4. Siamochoerus banmarkensis gen. et sp.

nov. a-b, TF 2963; isolated left P
3

. a, labial and b,

lingual views, c, TF 2907; left maxilla with crushed

M 1-3
,
occlusal view. Scale bars represent 1 mm.

The Mj is an elongated tooth with four main cusps (protoconid, metaconid, hypoconid and

entoconid), the mesial cusps being slightly higher than the distal ones. A small hypoconulid occurs

on the distal side in a median position, and there are slight swellings of the enamel in the transverse

valley and in the trigonid basin that might correspond to incipient accessory cusps. Weak transverse

crests join the metaconid to the protoconid and the entoconid to the hypoconid. The middle of the

lingual and labial faces of the molar is waisted, so that the anterior and posterior lobes are clearly

distinct. A tiny cingulid only occurs on the mesial edge ofM
l5
and the anterior lobe is slightly wider

than the posterior lobe. M
2

is similar to except in its larger size (Text-fig. 3).

M
3
displays the same structure as M

x
and M 2 ,

but its width decreases from front to rear. This

tooth also possesses a hypoconulid consisting of a large posterolabial cusp associated with a smaller

lingual one. The third lobe is joined to the middle of the second lobe by a very low longitudinal crest.

The two cusps that form the hypoconulid are separated by a shallow groove. The isolated left M
3

does not differ from the M 3
of the holotype. On all molars the trigonid is somewhat higher than the

talonid part, and the system of grooves or ‘Furchenplan’ of von Hunermann (1968) is well

expressed. The enamel of all the molars is very finely wrinkled, especially on the apices of cusps and

on M
3
(Text-fig. 3).

Although they are badly crushed, the upper molars display a rather simple structure with four

main cusps (paracone, metacone, protocone and hypocone) and no well-defined accessory cusps.

The ‘Furchenplan’ is poorly expressed. The crests that join the different cusps are weak and low,

and a cingulum occurs on the mesial and distal faces and between the paracone and the metacone

on the labial face. The enamel is finely wrinkled and the roots of the molars are unfused (Text-fig.

4c).

COMPARISONS

Dental and mandibular features of suids include the transversely thick horizontal ramus of the

mandible; a dental row that crosses over the body of the mandible from anterolabial to

posterolingual
; a tendency for the lower canine to splay out laterally; lingual and labial flaring of
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the molars; molars with four main cusps and anterior, median and posterior accessory cusps;

scoring of the main cusps of the molars by three distinct grooves (= ‘Furchenplan’ of von
Hunermann (1968); anterior and posterior cingula on the upper molars; strong elongation of M

3

with a complex and polybunous talonid; and unfused molar roots. Other cranial features that

characterize suids, although lacking in the Thai fossil material, are a basicranium in which the

convex glenoid cavity is higher than the level of the occlusal plane of the cheek teeth, but lacking

a postglenoid ‘stop’ and thus allowing lateral movement of the jaws (Pickford 1993).

Several dental features allow us to suggest that Siamochoerus belongs not in Tayassuidae but in

Suidae. Siamochoerus displays the association of laterally flared lower and upper molars, with

incipient accessory cusps and a distinct ‘Furchenplan’, an elongated M 3 ,
with a complicated talonid

part, and unfused molar roots. Moreover, although it displays a protoconid and a tiny metaconid

the P4 trigonid of the Thai specimen is not fully developed and the two trigonid cusps are dissimilar

in size. In addition, the P
3

is about the same size as the P4 (whereas it is generally smaller in

Tayassuidae), and is the simpler of the two, indicating that the anterior lower premolars (P
4
and P2)

were probably even less molarized. It is not possible to know whether the horizontal ramus of the

mandible was thick laterally, because the bone was crushed during fossilization
;
however, the

unfused molar roots together with the lateral flare of the molars suggest that the mandible was thick.

A major difficulty in the familial attribution of this specimen is that the classification of Suoidea

differs from one author to another. Pickford (1988, 1993), for example, considered the genus

Palaeochoerus to belong in Suidae, whilst Hellmund (1992) attributed it to Tayassuidae. Moreover,

several taxa formerly referred to Tayassuidae have, after revisions, been shifted into Suidae. This

is the case, for example, for Palaeochoerus waterhousii, now considered by Hellmund (1992) as a

suid ( = Dubiotherium waterhousii) and for Odoichoerus uniconus from the Lower Oligocene of

China (Tong and Zhao 1986) which Ducrocq (19946) referred to Suidae. As these points of view are

not shared by different authors, we think it is better to begin by comparing Siamochoerus with

different early suoid taxa, including members of Tayassuidae and Suidae.

Tayassuidae

As the basic topological morphology of the molars is rather constant throughout the family Suidae

(Pickford 1988), the lower premolars of Siamochoerus are a valuable element that allow the Thai

species to be compared with other known suoid taxa. The fourth premolar of Siamochoerus differs

markedly from that of members of the Doliochoerinae (a tayassuid subfamily), described by

Ginsburg (1974, p. 60), in its distolingually situated with respect to the main cusp (protoconid),

accessory cusp or ‘Innenhugel’ (metaconid), its labially displaced and unique posterior cusp

(hypoconid), its much less developed paraconid, and in its lower crest connecting the hypoconid and

the protoconid. Also, the P3 of Siamochoerus displays a posterior crest running from the protoconid

down to the distal base of the crown which, unlike the condition in tayassuids, is not divided into

small cusplets.

The oldest known European suoids are the genera Propalaeochoerus and Doliochoerus from the

Lower Oligocene of Europe (Ginsburg 1974; Hellmund 1992). Both these genera differ from

Siamochoerus in that P3 has a higher and better developed distal crest, P4 is much more molarized

and the upper and lower molars have better developed accessory cusps and crests. Doliochoerus

quercyi differs from Siamochoerus further in its shorter and more massive M 3 ,
better developed

cingula on the upper molars and stronger talon on M 3
. Palaeochoerus (a tayassuid known from the

beginning of the Oligocene, according to Ginsburg (1974) and Pickford (1993), but considered as

a suid by Hellmund (1992)) also differs from the Thai species in its distolingually to mesiolingually

elongated upper molars, its much stronger cingula, its better developed preprotocrista, and its less

bulbous lower molars and more molarized P4 .

Odoichoerus uniconus was described as a tayassuid from the Lower Oligocene of China by Tong
and Zhao (1986). Recently, Ducrocq (19946), suggested that, on the basis of its dental morphology,
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this Chinese species probably belongs to Suidae rather than to Tayassuidae. Therefore, it seems that

Odoichoerus might be one of the earliest known representatives of the family Suidae. This genus

differs from Siamochoerus in its smaller size, its shallower mandibular ramus, a much smaller

hypoconulid on M
3
and sharper and simpler P4 without accessory cusps, but with a higher distal

crest. Tong and Zhao (1986) further compared Odoichoerus to the tayassuids Taucanamo and

Albanohyus (the latter being considered a synonym of Taucanamo by Pickford (1993)) in which P
4

is simpler than in other tayassuid taxa. Taucanamo is known from the Miocene of Europe (Thenius

1956) and Turkey (Pickford 1979, 1993). The P
4
of Siamochoerus is similar to that figured by

Pickford (1979, fig. 6) and attributed to cf. Taucanamo from Turkey. However, the Turkish

premolar differs from that of the Thai species in its larger size, the greater lingual development of

the metaconid, which is more mesially situated, and in its better developed mesial and distal

cingulids. In addition, the lower molars associated with cf. Taucanamo are less elongated, less

waisted labially and more massive than those of Siamochoerus. The latter is about the size of T.

sansaniense, but differs from it in its more elongated M 3 ,
its smaller hypoconulid and in its weaker

accessory cusps. Siamochoerus is also distinguished from T. pygmaeum by its shorter P3
without

cingulid, M
4

is much smaller than M
2 ,

the system of grooves (‘Furchenplan’) is poorly expressed

and the upper molars are squared, not elongate, and have very weak accessory cusps.

The tayassuid Egatochoerus jaegeri from the Krabi Basin, south Thailand (Ducrocq 19946) is

very different from Siamochoerus. Both taxa differ in their size and in their upper and lower

premolar and molar structure and morphology. Given their distinct tooth morphology, Tayassuidae

and Suidae seem therefore to have diverged before the Late Eocene.

Suidae

In his revision of the Oligocene suoids from western Europe, Hellmund (1992) erected the new genus

Dubiotherium for the Late Oligocene Palaeochoerus waterhousi, and placed it in Suidae.

Dubiotherium and Siamochoerus are similar in overall morphology, but can be distinguished by

several features : Siamochoerus is somewhat smaller
;
the mesial face of its P3 is convex ; its P4

exhibits

a more reduced metaconid and a shallower and weaker crest connecting the protoconid and the

hypoconid
;
the lower molars lack the enamel cuspules on their distal cingulid, and the M

3
is more

slender distally.

According to Pickford (1993, p. 242), it is not clear whether early suid-like fossils from Asia

attributed to the genus Propalaeochoerus are suids or tayassuids. Pickford (1993) further argued

that the European forms of this genus, considered to belong in Hyotheriinae, might be the ancestral

group for other subfamilies of pigs. The only hyotheriid known in the Paleogene (Upper Oligocene

in Europe and the Indian subcontinent) is Hyotherium. However, Siamochoerus differs markedly

from Hyotherium in its narrower P3_4 with much less developed trigonid and talonid, without mesial

and distal cingulid, its slender lower molars that lack well developed accessory cusps and labial

cingulid, its shorter upper molars with a stronger increase in size from front to back, the absence

of mesial and medial distinct accessory cusps, and the absence of a distal expansion of the M 3
talon.

Other Eurasian suid genera (e.g. the Miocene Aureliachoerus and Listriodon ) are too specialized

to be related, at least from a morphological point of view, to the Thai species. They differ from

Siamochoerus in the same features that distinguish Hyotherium ,
and Listriodon also exhibits

lophodont cheek teeth.

Among other primitive artiodactyls, the genus Cebochoerus from the Middle-Upper Eocene of

western Europe has previously been suggested as a possible ancestor to the Suidae (Pearson 1927).

This hypothesis is now abandoned (Hellmund 1992). The lower molars of the European genus

display few similarities to those of Siamochoerus (bunodont cusps, bulbous labial tooth walls, and

faint mesial cingulid). However, Cebochoerus differs from Siamochoerus in its more elongated and

massive lower premolars with better developed mesial and distal cusps, its shorter, lower M 3
with

more simple third lobe, and in details of the upper molars which have external cusps joined by a

crest and more selenodont internal cusps.
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DISCUSSION

In its overall morphology, the dental material of Siamochoerus banmarkensis is more similar to that

of Dubiotherium than to other European species, although the Thai species is obviously more
primitive. The structurally simple lower molars and the elongated M

3
with relatively simple

hypoconulid are found in both European and Thai genera. Indeed, the lower molars of the suid

Dubiotherium waterhousi (from the MP 26 European level (= late Early Oligocene)) are similar to

those of Siamochoerus in the relative height of the mesial and distal cusps, the lack of well defined

accessory cuspules, the salient distal hypoconulid on M 4_2 (called the enamel knob or
‘ Schmelzknospe ’ by Hellmund (1992, p. 25)), and the absence of an accessory cusp between the

second and third lobe on M 3 ,
which also has a two-cusped hyopoconulid lobe. In addition, P4 in

Dubiotherium and Siamochoerus has a crest that connects the apex of the protoconid and the

mesiolingual corner of the tooth, and lacks a distinct paraconid and entoconid. P
3
is also very simple

in both genera, with a very short talonid and lacks the incipient metaconid. No upper molars are

attributed to Dubiotherium ; thus a comparison of these teeth is not possible. However, the posterior

lower premolars are more derived in Dubiotherium, reflecting the separation of Tayassuidae and
Suidae before these families invaded Europe.

The Thai species might be related to the previously described Odoichoerus uniconus from the

Lower Oligocene of China (Tong and Zhao 1986). Indeed, the Early Oligocene age attributed to the

Chinese species does not contradict such an hypothesis since it has recently been suggested that most
Chinese fossiliferous localities might be older than currently considered (Ducrocq 1993). In

addition, the sparse mammal fauna associated with Odoichoerus (cf. Anthracokeryx sp., Heothema
sp., cf. Indomeryx sp., and Guixial sp.) seems to indicate a Late Eocene rather than an Early

Oligocene age (it should also be noted that the genus Heothema is synonymized with

Anthracotherium by Ducrocq 1992, in press). Odoichoerus displays lower molars with four main
cusps and slight swellings of the enamel in the transverse valleys which might be regarded as

incipient accessory cusps. These structures are better developed in Siamochoerus and Dubiotherium,

and fully developed in Hyotherium. In addition, the M
3
hypoconulid lobe of Odoichoerus is very

small, but exhibits three distinct cusplets that might foreshadow further complexity of this structure,

as seen in Siamochoerus and Dubiotherium. The labial flare of the lower molars observed in

Siamochoerus also occurs in Odoichoerus, and M
1

is markedly smaller than M 2 (M x
is 20-26 per

cent, shorter than M
2 ) in both these taxa and Dubiotherium. In addition, the P

4
of Odoichoerus does

not display the lingual cusp (metaconid) as in Siamochoerus, but exhibits a sharp and high crest that

runs from the apex of the protoconid down to the distal end of the crown. The distal half of the crest

shows two weak cusplets reminiscent of the P
4
of Hyotherium rather than that of Siamochoerus.

Nevertheless, Odoichoerus might represent an ancestor to Siamochoerus because of its smaller size

and the more primitive morphology of P4 and the lower molars. These observations and the known
fossil record suggest that suids had appeared by the Late Eocene in Asia and then colonized Europe
in the Early Oligocene. This is contrary to the opinion of Pickford (1993) who suggested that the

earliest known suids are from the Upper Oligocene of Europe. Moreover, if suids originated from
Tayassuidae, as Pickford suggested (1993, p. 242), the splitting probably occurred during the Late

Eocene or even earlier, because the oldest known tayassuid (Egatochoerus jaegeri) so far described

was found in the Upper Eocene of Thailand (Ducrocq 1994). This species already displays

characteristic tayassuid features, such as the vertical lower canine without labial symphyseal

splaying, the strongly developed trigonid of P4 and the poorly expressed ‘ Furchenplan ’ on the

molars, and thus suggests that the tayassuid pattern was achieved by the early or mid Late Eocene.

The difficulty of distinguishing between early tayassuid and suid dental morphologies, together

with the poorly documented fossil record of Asian Oligocene mammal localities, has long obscured

our knowledge of the earliest representatives of suoids. In addition, our incomplete understanding

of suoid systematics renders their use for biostratigraphical purposes and stratigraphical inferences

somewhat doubtful. These apparent deficiencies in the fossil record and related biostratigraphy

clearly demand further investigation of the Paleogene mammal localities of Asia.
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CONCLUSIONS

At present, the Krabi mammal fauna contains the most primitive known Eurasian tayassuid

{Egatochoerusjaegeri Ducrocq, 1994), but, it must be stressed that, because of the well-differentiated

structure of its teeth, this form cannot represent the stem-taxon of both tayassuids and suids. In

the same way, Siamochoerus banmarkensis gen. et sp. nov. from the Upper Eocene of Thailand is

a true suid that displays affinities with European Dubiotherium and the Chinese Odoichoerus. These

new finds suggest that the origin of suoids might have occurred earlier than previously thought

:

obviously by the Late Eocene and perhaps even earlier. The as yet unknown common ancestor of

Suidae and TTayassuidae probably emerged in southern Asia, and should be searched for in deposits

older than those that yielded Egatochoerus and Siamochoerus.
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EARLY SILURIAN SINACANTHS
(CHONDRICHTHYES) FROM CHINA

by ZHU MIN

Abstract. Histological study of new specimens of sinacanth fin spines from the Lower Silurian of the north-

western margin of the Tarim Basin (Xinjiang, China) shows that they have the same histology as the fin spines

of chondrichthyans. On this basis it is argued that sinacanths are one of the oldest known chondrichthyans,

rather than acanthodians, and their spines are the oldest known shark fin spines. Previous studies on sinacanths

are critically reviewed. The family Sinacanthidae is erected to include Sinacanthus and its relatives with

more than 15 fin spine ridges per side. It is suggested that Sinacanthus fancunensis is synonymous with

S. wuchangensis. A new sinacanth genus and species, Tarimacanthus bachuensis , from the Lower Silurian of

Tarim and South China, is erected.

The sinacanths are a middle Palaeozoic fish group, exemplified by Sinacanthus wuchangensis which

was erected by P’an (1959, 1964) for isolated fin spines from the Guodingshan Formation (Silurian:

Wenlock) of Wuhan, China (Text-fig. 1), and referred originally to Acanthodidae. Liu (1973)

reported Sinacanthus in Ningguo, Anhui, China (Text-fig. 1). Since then, large numbers of sinacanth

specimens, all of Silurian age, have been found in eight provinces of South China (P’an et al. 1975;

Li 1980; Pan 1986a, 19866; Zeng 1988; Text-fig. 1). They are a key element of the endemic Silurian

vertebrate fauna of South China, and have also been significant in regional stratigraphical

correlation (Pan 19866).

Turner (1986) assigned to ‘cf. Sinacanthus' some fin spines from the Lower Devonian of

Australia, previously reported by Chapman (1917) and Talent and Spencer-Jones (1963). She

indicated some doubt as to their acanthodian affinity, and suggested that they may have belonged

to a shark akin to Antarctilamna Young, 1982. At the same time, fin spines from the Upper

Silurian-Middle Devonian of Bolivia were considered to resemble Sinacanthus (Janvier and Suarez-

Riglos 1986; Gagnier et al. 1988), and Gagnier et al. (1988) erected Sinacanthus boliviensis. Gagnier

et al. (1988) placed Sinacanthus in Acanthodii (order and family undetermined), but suggested that

Sinacanthus might be a chondrichthyan rather than an acanthodian. Because all of the fin spines

were disarticulated and preserved mainly as external or internal moulds, there was no sound

evidence to distinguish them from either chondrichthyans or acanthodians, and the systematic

position of Sinacanthus and related forms remained unclear. In a recent study, Liu (1995, footnote

on p. 94) doubted the presence of Sinacanthus in Australia and Bolivia, and returned to the

traditional classification of sinacanths as acanthodians. I have had the opportunity to examine the

Bolivian fin spines, currently housed in Paris (Museum National d’Histoire Naturelle), and am able

to confirm that both sinacanths and acanthodians are present in Bolivia. As to sinacanths in

Australia, I follow Turner’s (1986) proposal, based on the material illustrated by Talent and

Spencer-Jones (1963) which shows similarities to the Chinese sinacanths.

The sinacanth material reported in this study was collected from the Silurian of the north-western

margin of the Tarim Basin in 1992 by the author and his colleagues (Wang Junqing and Liu Shifan;

Text-fig. 1, localities 11 and 12). Abundant fin spines, some galeaspids and large numbers of

vertebrate microremains including dermal scale-units of galeaspids and scales of chondrichthyans

indicate a diverse vertebrate fauna similar to the Llandovery-Wenlock vertebrate fauna of South

China. This fauna was first reported from Tarim by Wang et al. (1988), and further investigated by

[Palaeontology, Vol. 41, Part 1, 1998, pp. 157-171, 1 pi.) © The Palaeontological Association
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text-fig. 1. Sincanth localities in China. Dotted lines represent province boundaries. 1, Nanjing and Wuxi,
Jiangsu; 2, Ningguo, Anhui, and Changxing, Zhejiang; 3, Chaoxian, Anhui; 4, Jingshan, Hubei; 5, Wuhan,
Hubei; 6, Ruichang, Jiangxi; 7, Lixian, Hunan; 8, Dayong, Hunan; 9, Xiushan, Sichuan; 10, Kaili, Guizhou;

11, Kalpin, Xinjiang; 12, Bachu, Xinjiang.

Liu (1995) and Wang et al. (1996). The discovery of sinacanths in Tarim supports other evidence

for biogeographical affinity between the South China and Tarim blocks in the Silurian (Liu 1993,

1995 ;
Wang et al. 1996). The new sinacanth spines can be used to determine the systematic position

of this group because, although disarticulated, like those from South China, they are composed of

well preserved hard tissues and are suitable for histological research.

Resolution of the debatable systematic position of sinacanths, using histological details, will also

help to classify the various fin spine species. In South China, five species (P’an 1959, 1964; Liu 1973;

P’an et al. 1975), as well as several unnamed forms (Zeng 1988), have been referred to sinacanths.

However, different types of fin spine found in the same bed, such as Sinacanthus wuchangensis and
S. triangulatus, might represent different taxa if they are chondrichthyans, or may be better regarded

as from the same fish if they are acanthodians. For this reason, the systematic revision of the

sinacanths given below follows the discussion of the systematic affinity of sinacanths.

Institutional abbreviations. GM.V (Geological Museum of China, Beijing); HV (Regional Geological

Surveying Team, Bureau of Geology and Mineral Resources of Hunan Province, Xiangtan); IVPP.V (Institute

of Vertebrate Paleontology and Paleoanthropology, Beijing)
; VF (Institute of Geology, Chinese Academy of

Geological Sciences, Beijing).
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HISTORICAL REVIEW OF STUDIES OF SINACANTH

Sinacanthus was erected by P’an (1959), with one species (<S. wuchangensis) described briefly on the

basis of two incomplete fin spines (P’an 1959, pi. 4, figs 3-4). However, no holotype was designated,

so the two specimens must be considered as syntypes. Together with these two fin spines, a fragment

of the headshield of Hanyangaspis (P’an et al. 1975) was found. This was first referred to the

antiarchs by P’an (1959), but is in fact the first galeaspid to be figured from China (P’an 1959,

pi. 5, fig. 7 ; cf. Liu 1965). In addition, the citation date of Sinacanthus and S. wuchangensis should be

1959 according to the International Code of Zoological Nomenclature (Ride et al. 1985, Article 22),

rather than 1957 (P’an 1959, 1964; P’an et al. 1975; Turner 1986; Gagnier et al. 1988; Liu 1993,

1995).

P’an (1964) published a more formal study of Sinacanthus and S. wuchangensis, based on new
material from the type locality (Wuhan, China). He also designated a holotype (P’an 1964, pi. 1,

fig. la-b; see also P’an 1959, pi. 4, fig. 3) and a paratype (P’an 1964, pi. 1, fig. 2a-b) of S.

wuchangensis. However, since both holotype and paratype should be fixed in the original

publication (Ride et al. 1985, Article 73), the holotype of P’an (1964) should be regarded as the

lectotype of S. wuchangensis, and his paratype as the paralectotype.

A second species of Sinacanthus (S. fancunensis) was described from Ningguo, Anhui, China

(Text-fig. 1) by Liu (1973), but it is argued below that this species is synonymous with S.

wuchangensis. P’an et al. (1975) described a third species of Sinacanthus (S . triangulatus) and a

second sinacanth genus (Neosinacanthus

)

from the type locality of S. wuchangensis. Since then,

sinacanths have been found to be widely distributed in South China (Li et al. 1978; Xia 1978; Pan

1984, 1986a, 19866; Pan and Dineley 1988; Zeng 1988; Text-fig. 1).

Regarding the age of sinacanths from South China, P’an (1959) first proposed a mid Devonian

age for S. wuchangensis, but later (1964) modified this opinion to Devonian or older, while Liu

(1973) regarded the age of S.fancunensis as Early Devonian. P’an et al. (1975) also adopted an Early

Devonian age for S. wuchangensis, S. triangulatus and Neosinacanthus planispinatus. The Early

Devonian age of Sinacanthus and Neosinacanthus has been generally accepted (Hou 1978; P’an et

al. 1978; Xia 1978), although some have argued for an older, mid Silurian age (Li et al. 1978). More
recently, evidence from invertebrate fossils and stratigraphical sequences has supported a Silurian

age for the sinacanths (Li 1980; Wang et al. 1980; Lin 1982; Yang and Rong 1982), a view now
supported by previous proponents of an Early Devonian age (Pan 1986a, 19866; Liu 1995). To
summarize, sinacanths are recorded only from the Llandovery to Wenlock of South China (Pan

1986a, 19866; Pan and Dineley 1988; Zeng 1988; Liu 1995). Reports by Turner (1986), who
assumed a Silurian-Early Devonian age for Sinacanthus in South China, and Janvier and Suarez-

Riglos (1986), who state that Sinacanthus is known from the Lower and Middle Devonian of China,

are incorrect.

SINACANTH HISTOLOGY

It is generally difficult to distinguish between disarticulated ridged fin spines of acanthodians and

chondrichthyans. However, they exhibit obvious differences in histological structure. In

acanthodians, the fin spines usually consist of three layers: superficial, middle, and basal. In some
mature fin spines, a central cavity osteon or denteon may fill in the central cavity (Denison 1979).

The superficial layer (also referred to as the sculpture layer) forms the ridges of the fin spine. This

layer, composed of orthodentine or mesodentine (0rvig 1967), is distinguished histologically from
the underlying middle layer, which is formed of either cellular bone or trabecular dentine (0rvig

1967). When present, the basal layer lining the central cavity is composed of cellular bone or

dentine. Enamel or enameloid tissue has not been identified in the fin spines of acanthodians.

Amongst chondrichthyans, only some fossil sharks, such as Ctenacanthus Maisey, 1981,

Antarctilamna Young, 1982 and Tristychius Zangerl, 1981, have ridged fin spines. These fin spines

consist of two layers and, in some specimens, a thin enamel layer on the surface. Internally, a thin

basal layer lines the central cavity, as in acanthodians. This inner layer is formed of lamellar dentine
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(Maisey 1975). The outer layer, composed of trabecular dentine, forms the ridges and trunk of the

fin spine. Thus, the hard tissue forming the fin spine ridges in chondrichthyans is trabecular dentine,

whereas in acanthodians it is orthodentine or mesodentine. Therefore, the identification of the hard

tissue forming the fin spine, especially that of the ridges, is essential for the determination of the

systematic affinity of disarticulated fin spines.

Four thin sections show the histological structure of sinacanth fin spines. Two are cross sections

of fin spines (Text-figs 3f, 4c), which are oval in form and very compressed. IVPP.V 11249 was
sectioned near the base (a-a', Text-fig. 3d), where the posterior wall is open, and has a width/height

index of nearly 6 00 (Text-fig. 3f). IVPP.V11250 was sectioned near the apex of the fin spine (a-a',

Text-fig. 4b), where it is completely enclosed, and has a width/height index of about 5 00 (Text-fig.

4c). In both examples, the spine wall is fairly thin, and there is a relatively large central cavity (c.cav,

Text-figs 3f, 4c). A thin compact layer, consisting of lamellar dentine (lam, Text-figs 3f, 4c; PI. 1,

fig. 1), lines the central cavity. It resembles the inner dentinous layer of fin spines from spinate

sharks (Maisey 1975, 1979; Young 1982), or the basal layer in the fin spines of some acanthodians

(Gross 1947; Denison 1979). Covering the inner lamellar layer is a zone of trabecular dentine (tra.

Text-figs 3f, 4c ; PI. 1 , fig. 1), which forms the main body of the fin spine, and is penetrated by many
vascular canals. This outer layer extends into the ridges, whose tissue is thus homogeneous with that

immediately beneath them. The trabecular dentine in the ridges is also pierced by vascular canals,

although they are less numerous than those in the main body of the fin spine. No enameloid or

enamel tissue was found on the surface of the ridges, or in the grooves between the ridges.

Enameloid or enamel tissue is present in some, but not all, fin spines of spinate sharks (Maisey 1981,

1982; Young 1982).

SYSTEMATIC POSITION OF SINACANTHS

Evidence supporting the chondrichthyan affinity of sinacanths is as follows.

1. The tissue in the fin spine ridges is trabecular dentine and is the same as the tissue beneath the

ridges. This pattern of hard tissue distribution is only found in the fin spines of some fossil

chondrichthyans. In acanthodians, the tissue in the fin spine ridges is orthodentine or mesodentine,

and is different from the cellular bone or trabecular dentine beneath the ridges.

2. Sinacanth fin spines from China and Australia (Talent and Spencer-Jones 1963) always lack an

inserted base. This is also the case for most sinacanths from Bolivia (Janvier and Suarez-Riglos

1986; Gagnier et al. 1988), and this feature is too common to be attributed to loss due to

preservation. The absence of a base may be plesiomorphic for chondrichthyans, by comparison with

the short base in the fin spine of Antarctilamna (Young 1982). Thus, the short base of insertion in

Sinacanthus boliviensis (Gagnier et al. 1988, fig. 8b-c) is likely to be derived, compared with other

sinacanths.

3. The fin spines of sinacanths have numerous ridges, always more than 15 per side and reaching

up to 50 per side (Zeng 1988). A large number of ridges is also commonly seen on the dorsal fin

spines of sharks (Maisey 1981, 1982; Young 1982). By contrast, the ridges on acanthodian fin spines

are generally few in number, although some climatiids have up to 15 ridges per side.

This distinction permits reassessment of some problematical fin spines. Janvier and Saurez-Riglos

(1986) described a small fin spine associated with a scapulocoracoid from the uppermost Silurian

of Bolivia. This fin spine is similar to Sinacanthus in its gross morphology (Janvier and Saurez-

Riglos 1986, fig. 5c), but close examination shows that it has fewer than 15 ridges per side, as in

other climatiids and is thus distinct from sinacanths.

Wang et al. (1980) erected a new acanthodian genus (Neoasiacanthus), represented by two species

from the Fentou Formation (Wenlock) of Chaoxian, Anhui (Text-fig. 1). Pan (19866) considered

the spine specimens of N. wanzhongensis and N. shizikouensis to be placoderm spinal plates. Indeed,

the holotype of N. shizikouensis, in which the posterior face opens almost to the apex of the spine

(Wang et al. 1980, pi. 2, fig. 9c), closely resembles a placoderm spinal plate, and is distinct from the
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acanthodian fin spine. For this reason, Pan’s suggestion regarding the systematic position of N.

shizikouensis is followed here. As to the type species of Neoasiacanthus (N. wanzhongensis), I still

consider it to be an acanthodian. This species (Wang et al. 1980) has fin spines which are similar

to those of sinacanths in their gross morphology and nodular ridges (Text-fig. 2g). However, since

these fin spines have relatively few ridges (ten to thirteen ridges per side), Neoasiacanthus is more
similar to acanthodians than to sinacanths. Similar fin spines have also been found in western

Hunan (Zeng 1988, fin spine type 6), in association with sinacanth fin spines.

4. Faunal associations also support the chondrichthyan affinity of sinacanths. In Tarim, numerous
chondrichthyan scales were found together with the sinacanth fin spines, but no acanthodian scales

were obtained. Until now, no microvertebrate remains have been collected from the sinacanth-

bearing beds of South China. In Bolivia, the sinacanth fin spines were also associated closely with

abundant chondrichthyan remains (Janvier and Suarez-Riglos 1986; Gagnier et al. 1988, 1989;

Janvier 1991).

The weight of evidence thus suggests that the sinacanths should be referred to the

chondrichthyans, as provisionally suggested by Gagnier et al. (1988), rather than to the

acanthodians as originally proposed. It should be emphasized that only fin spines with more than

1 5 ridges per side can be assigned to sinacanths, while those with fewer ridges are still considered

as acanthodians. It might be argued that some sinacanth fin spines, such as Neosinacanthus (P’an

et al. 1975), are quite broad at the base and short, and resemble the intermediate fin spines of

acanthodians. However, the ornamented part of the fin spine is also broad and short in some
chondrichthyans (Maisey 1982).

SYSTEMATIC PALAEONTOLOGY
Class chondrichthyes Huxley, 1880

Subclass elasmobranchii Bonaparte, 1838

Family sinacanthidae fam. nov.

Diagnosis. Elasmobranchs with tapering, strongly compressed dorsal fin spines ; cross section from
three to six times as long as wide; anterior face of fin spine acutely rounded, lateral face slightly

convex or flat, posterior face concave and without a median ridge; spine wall fairly thin, leaving a

large central cavity
;
spine surface marked with more than 1 5 longitudinal ridges and grooves ; the

number of ridges increases towards the base of the spine as a result of bifurcation and marginal
insertion ; ridges generally as wide as or wider than grooves

;
ridges with closely set or pectinated

tubercles; tubercles of adjacent ridges never in contact; spine trunk and ridges composed of
trabecular dentine; an inner layer of lamellar dentine is well developed; no enamel on the surface.

Remarks. Since the phylogeny of early elasmobranchs remains obscure, the diagnosis given above
is more descriptive than phylogenetic. Some characters are also seen in other fin spines and may be
plesiomorphic. The most characteristic features of sinacanths include the strongly compressed fin

spine, its thin wall and large central cavity, more than 15 longitudinal ridges per side and the

marginal insertion of ridges.

Sinacanth fin spines resemble those of the primitive elasmobranch Ctenacanthus (Maisey 1981)
in their numerous longitudinal ridges ornamented with pectinated tubercles. However, Ctenacanthus
differs from sinacanths in having tubercles of adjacent ridges almost touching (not in C. specablis),

with a median ridge on the posterior face, and a cross section only twice to three times as long as

it is wide. The marginal insertion of ridges is also absent, but this feature is seen along the posterior

margin in Sphenacanthus (Maisey 1982). This form differs in the smooth or widely spaced nodular
tuberculation of the ridges, and in having a cross section twice as long as it is wide. The marginal
ridge insertion along the anterior margin seen in sinacanths is a kind of bifurcation, as was clearly

shown in Antarctilamna (Young 1982).
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Genus sinacanthus P’an, 1959

Type species. Sinacanthus wuchangensis P’an, 1959.

Diagnosis. Sinacanth with long and slender fin spines; spine gradually tapering, recurved posteriorly

and dagger-shaped.

Sinacanthus wuchangensis P’an, 1959

Plate 1, figures 2-3, 6, 8; Text-figure 2a-e

1959 Sinacanthus wuchangensis P’an, p. 11, pi. 4, figs 3-4.

1964 Sinacanthus wuchangensis P’an, p. 142, pi. 1, figs 1—4.

pl973 Sinacanthus fancunensis Liu, p. 145, text-fig. 2a, pi. 1, figs 6-8 (non text-fig. 2b, pi. 1, fig. 5).

1988 Acanthodii indet. fin spine 5, Zeng, p. 291, text-fig. 2f, pi. 1, figs 10-11.

1995 Sinacanthus wuchangensis Liu, p. 88, text-fig. 1a, pi. 1, figs 1-6.

pl995 Sinacanthus fancunensis Liu, p. 89, text-fig. 1b, pi. 1, figs 7-8 (non text-fig. lc, pi. 1, fig. 9).

Lectotype. An incomplete fin spine, MG.V1032a (Text-fig. 2a), designated as the holotype by P’an (1964);

Wuhan, Hubei; Guodingshan Formation; Wenlock.

Syntypes. Two originally unnumbered fin spines (P’an 1959, pi. 4, figs 3^1). One (P’an 1959, pi. 4, fig. 3; Text-

fig. 2a) later numbered as MG.V1032a, the other (P’an 1959, pi. 4, fig. 4; Text-fig. 2b) here numbered
MG.V1032b.

Referred specimens. Fin spines described by P’an (1964, p. 143, pi. 1, figs 2-4; Text-fig. 2d-e) from the type

locality; fin spines described by Liu (1973, p. 145, fig. 2a, pi. 1, figs 6-8; Text-fig. 2c) from Ningguo (Anhui);

fin spine type 5, described by Zeng (1988, pp. 291-292, text-fig. 2f, pi. 1, figs 10-11) from western Hunan;
IVPP.V12093-12100, described by Liu (1995, pp. 88-89, text-fig. 1a-b, pi. 1, figs 1-8) from Tarim;
IVPP.V1 1247. 1-4 (PI. 1, figs 2-3, 6, 8) collected by the author and colleagues from Tarim.

Diagnosis. Species of Sinacanthus in which the fin spines have a short basal margin and more than

15 ridges per side.

Description. As is clearly shown by its syntypes (P’an 1959; Text-fig. 2a-b), Sinacanthus wuchangensis has a

fairly slender, laterally compressed and gently tapering fin spine, whose ridges are ornamented by closely set

tubercles, somewhat resembling those of Ctenacanthus. The ridges increase basally by means of bifurcation and
marginal insertion. However, both types are fragmentary. The lectotype MG.V1032a (Text-fig. 2a) lacks the

EXPLANATION OF PLATE 1

Figs 1,4. Neosinacanthus sp. 2; IVPP.V11249; Tataaiertage Formation (Llandovery); Kalpin, Xinjiang, China.

1, cross section of the fin spine; x 60. 4, a fin spine; x 2. Abbreviations: lam, lamellar dentine; tra, trabecular

dentine.

Figs 2-3, 6, 8. Sinacanthus wuchangensis P’an, 1959. 2, IVPP. VI 1247-1; an elastomere cast of the fin spine,

showing bifurcation and marginal insertion of ridges; Tataaiertage Formation (Llandovery); Kalpin,

Xinjiang; x 5. 3, IVPP.V1 1247-3
; an elastomere cast of the fin spine; Yimugantawu Formation (Wenlock);

Bachu, Xinjiang; x 2. 6, IVPP.VI 1247-4; an internal cast of the central cavity of a fin spine; Yimugantawu
Formation (Wenlock); Bachu, Xinjiang; x 2. 8, IVPP.VI 1247-1

; SEM photograph of an elastomere cast of

the fin spine, showing ornamentation; Tataaiertage Formation (Llandovery); Kalpin, Xinjiang, China;

x 30.

Fig. 5. Neosinacanthus planispinatus P’an and Liu, in P’an et al., 1975 ; IVPP.V1 1248 ; a fin spine; Tataaiertage

Formation (Llandovery); Kalpin, Xinjiang, China; x2.

Fig. 7. Sinacanth; IVPP.VI 1252; SEM photograph of fin spine fragment, showing ornamentation;

Yimugantawu Formation (Wenlock); Bachu, Xinjiang, China; x45.

Figs 9-10. Tarimacanthus bachuensis gen. et sp. nov. ; IVPP. VI 1250; a fin spine; Yimugantawu Formation
(Wenlock); Bachu, Xinjiang, China; x2.
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ZHU, sinacanths



text-fig. 2. a-e, reconstruction of the fin spine of Sinacanthus wuchangensis P’an, 1959. A, lectotype,

MG.V1032a (P’an 1959, pi. 4, fig. 3). b, one of the syntypes, MG.V1032b (P’an 1959, pi. 4, fig. 4). c,

IVPP.V4412a (Liu 1973, pi. 1, fig. 7). d, MG.V1033 (P’an 1964, pi. 1, fig. 2a). E, MG.V1036 (P’an 1964, pi.

1 , fig. 3). F, reconstruction of the holotype fin spine of Sinacanthus triangulatus P’an and Liu, in P’an et al., 1975

;

MG.V1501 (P’an et al. 1975, pi. 10, fig. 4). G, reconstruction of the holotype fin spine of Neoasiacanthus

wanzhongensis Wang, Xia and Chen, 1980; VF0262 (Wang et al. 1980, pi. 2, fig. 6). H, reconstruction of the

fin spine of Sinacanthus sp.; HV006.1 (Zeng 1988, pi. 1, fig. 6). Scale bars represent 5 mm.
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apical and basal extremities, and MG.V1032b consists only of the apical part (Text-fig. 2b). P’an (1964)

assigned some more complete fin spines from the type locality to S. wuchangensis, and supplemented the

original diagnosis. MG.VI 033 (Text-fig. 2d), which was incorrectly designated as the paratype of S.

wuchangensis, shows the addition of ridges by bifurcation and marginal insertion. MG.VI 036 (Text-fig. 2e) is

a complete fin spine, showing the relatively short basal margin of S. wuchangensis. IVPP.V4412a (Text-fig. 2c)

is one of the syntypes of S. fancunensis (Liu 1973). As mentioned above, there are no significant differences

between the types of S. wuchangensis and the slender fin spines of S. fancunensis.

Many fin spines of S. wuchangensis from Tarim are well preserved and fairly complete (PI. 1, figs 2-3). They
all lack the insertion base. The angle between the anterior and basal margins ranges from 50° to 90°. The fin

spines are slender, laterally compressed, and recurved posteriorly at the apex. The fin spine wall is thin and
encloses a relatively large central cavity (PI. 1, fig. 6). The ornamentation of ridges is well shown in

IVPP.V11247 (PI. 1, figs 2, 8), and is same as that of the syntypes. SEM micrographs of some fragments of
sinacanths from Tarim show detail of the tubercles on the surface of ridges. The ornamentation (PI. 1, fig. 7)

is similar to that seen in some species of Ctenacanthus, such as C. littoni (Maisey 1981).

Remarks. Liu (1973) established Sinacanthus fancunensis for fin spines from Anhui, but did not

assign a holotype, so all the specimens in his study must be regarded as syntypes of S. fancunensis.

Liu (1973) acknowledged that this species was very similar to the type species of Sinacanthus, but

proposed two differences : the anterior and posterior margins of the fin spine of S. fancunensis are

nearly parallel in the lower half, whereas those of S. wuchangensis converge gently over the whole
spine, and there are c. 25-30 ridges per side in the middle part of the fin spine of S. fancunensis, but

less than 20 in S. wuchangensis. Neither distinction was later supported by Liu (1995), who proposed
two alternative differences between these species: (1) the fin spine of S. fancunensis is more slender

than that of S. wuchangensis-, (2) the angle between the anterior and basal margins is about 70° in

S. wuchangensis and close to 90° in S. fancunensis. However, these two differences are difficult to

apply in practice, and are in my opinion invalid. Some fin spines referred to S. wuchangensis by
Liu (1995), such as IVPP.V 12094 (Liu 1995, pi. 1, fig. 2), are as slender as those referred to S.

fancunensis by Liu (1973, 1995). In addition, the angle between the anterior and basal margins of
the fin spine ranges between 70° and 90°, and is more probably due to individual variation rather

than any specific significance. There are no definite differences between the slender fin spines of

S. fancunensis and S. wuchangensis, hence S. fancunensis should be regarded as a junior synonym of

S. wuchangensis. The ‘intermediate fin spines’ of S. fancunensis (Liu 1973, 1995) should be referred

to a new sinacanth (as discussed below).

Fin spines of S. boliviensis (Gagnier et al. 1988) are quite similar to those of S. wuchangensis in

outline and ornamentation, but differ in the possession of a short insertion base.

The Australian specimens referred to as ‘cf. Sinacanthus' by Turner (1986) much resemble S.

wuchangensis in their slender shape and numerous nodular ridges (Talent and Spencer-Jones 1963).

They also lack an insertion base, as suggested by Turner (1986). They differ from S. wuchangensis
in their straighter configuration and in the addition of ridges by intercalation as well as bifurcation

and marginal ridge insertion. Therefore, they probably belong to a different species of Sinacanthus,

S. micracanthus (Chapman, 1917).

Sinacanthus triangulatus P’an and Liu, in P’an et al., 1975

Text-figure 2f

1975 Sinacanthus triangulatus P’an and Liu, in P’an et al., p. 164, pi. 10, fig. 4.

Holotype. MG.V1501, a complete fin spine (P’an et al. 1975, pi. 10, fig. 4; Text-fig. 2f); Wuhan, Hubei;
Guodingshan Formation; Wenlock.

Diagnosis. Species of Sinacanthus in which the fin spine has a very broad basal margin forming an
acute angle (about 30°) with the anterior margin. There are up to 50 ridges per side near the base.

Remarks. This species is referred to Sinacanthus because of the slender and recurved shape of the
fin spine (Text-fig. 2f). It differs from other species of Sinacanthus in the acute angle between the
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anterior and basal margins of the fin spine. In addition, the basal margin is as long as the posterior

margin of the spine.

Sinacanthus sp.

Text-figure 2h

1988 Acanthodii indet. fin spine 4, Zeng, p. 290, text-fig. 2d, pi. 1, fig. 6.

Referred specimens. Fin spines described by Zeng (1988) as ‘fin spines 4’, HV006.1-26; Dayong, Hunan;
Rongxi Formation; Llandovery.

Remarks. This kind of fin spine (Text-fig. 2h) represents a new species of Sinacanthus, diagnosed as

‘ Sinacanthus with a fin spine whose basal extremity is anteroposteriorly extended’. These fin spines

exhibit the main characters of Sinacanthus'. numerous nodular ridges (30-35 ridges per side at the

base of the fin spine), the addition of ridges by marginal insertion and bifurcation, and a slender

and posteriorly recurved configuration. They differ from S. triangulatus in that the basal margin is

shorter than the posterior margin. In addition, the angle between the anterior and basal margins in

this unnamed species is about 45°, and thus larger than that in S. triangulatus where it is about 30°.

Genus neosinacanthus P’an and Liu, in P’an et al., 1975

Type species. Neosinacanthus planispinatus P’an and Liu, in P’an et al. 1975.

Diagnosis. Sinacanth with broad fin spine
;
anterior and posterior margins are straight.

Remarks. This genus is distinguished from other sinacanths by the straight anterior and posterior

margins of the fin spine.

Neosinacanthus planispinatus P’an and Liu, in P’an et al., 1975

Plate 1 ,
figure 5 ;

Text-figure 3a, c

1975 Neosinacanthus planispinatus P’an and Liu, in P’an et al., p. 165, pi. 10, fig. 5a-b.

1988 Acanthodii indet. fin spine 2, Zeng, p. 290, text-fig. 2b, pi. 1, fig. 13.

Holotype. MG.V1502, a complete fin spine (P’an et al., 1975, pi. 10, fig. 5a-b; Text-fig. 3a); Wuhan, Hubei;

Guodingshan Formation; Wenlock.

Referred specimens. Fin spines described by Zeng as ‘fin spines 2’ from the Rongxi Formation (Llandovery)

of Dayong, HV005.1-3 (Text-fig. 3c); a fin spine from Tarim, IVPP.V11248 (PI. 1, fig. 5).

Diagnosis. Species of Neosinacanthus in which the fin spine is wider than long; the angle between

anterior and posterior margins is greater than 70°
;
and the posterior margin is armed with small

triangular denticles.

Remarks. The specimens from Hunan (Text-fig. 3c) and Xinjiang (PI. 1, fig. 5) are slightly different

from the holotype (Text-fig. 3a). The angle between the anterior and posterior margins reaches 90°

in the holotype, and is evidently larger than that in the Hunan and Xinjiang specimens. However,

this difference may reflect individual variation. The discovery of Neosinacanthus planispinatus in

Xinjiang (Tarim) represents another element common to the Tarim and South China faunas during

the Silurian (cf. Liu 1993).

Neosinacanthus sp. 1

Text-figure 3b

1988 Acanthodii indet. fin spine 1, Zeng, p. 289, text-fig. 2a, pi. 1, fig. 1.
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I 1

text-fig. 3. Neosinacanthus P’an and Liu, in P’an et al., 1975. A, c, N. planispinatus P’an and Liu, in P’an et al.,

1975, reconstruction of fin spines. A, holotype, MG.VI 502 (P’an et al. 1975, pi. 10, fig. 5a-b). c, HV005-1 (Zeng

1988, pi. 1, fig. 13). b, N. sp. 1, reconstruction of the fin spine, HV004-1 (Zeng 1988, pi. 1, fig. 1). d-f, N. sp.

2. d, sketch of the fin spine, IVPP.V11249, a-a' indicates position of cross section, e, reconstruction of the fin

spine, HV010-1 (Zeng 1988, pi. 1, fig. 12); f, cross section of the fin spine (d); the rectangle indicates the region

figured in Plate 1, figure 1. Abbreviations: c.cav, central cavity; lam, lamellar dentine; tra, trabecular dentine.

Scale bars represent 10 mm.
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Referred specimens. Fin spines described by Zeng (1988) as ‘fin spines 1’, HV004.1-21; Dayong, Hunan;
Rongxi Formation; Llandovery.

Remarks. Since these fin spines (Text-fig. 3b) are relatively broad, and have straight anterior and
posterior margins, they are referred to Neosinacanthus. They are similar to the fin spines of

N. planispinatus in having small triangular denticles along the posterior margin, but are distinguished

from the latter by their shape : longer than broad.

Neosinacanthus sp. 2

Plate 1, figures 1,4; Text-figure 3d-f

1980 Sinacanthus sp., Wang et al., pi. 1, fig. 5.

1988 Acanthodii indet. fin spine 7, Zeng, p. 92, text-fig. 2g, pi. 1, fig. 12.

Referred specimens. Fin spines described by Zeng (1988) as ‘fin spine 7’ (Text-fig. 3e), HV010.1-3 (Rongxi

Formation, Llandovery, Dayong, Hunan); a fin spine from the Fentou Formation (Wenlock) of Chaoxian,

Anhui; a fin spine from the Tataaiertage Formation (Llandovery) of Kalpin, Xinjiang (Tarim), IVPP.V11249
(PI. 1, figs 1,4; Text-fig. 3d, f).

Remarks. This unnamed species of Neosinacanthus differs from other species of the genus in lacking

triangular denticles along the posterior margin of the fin spine. Similarities to other species include

the fairly broad shape (as broad as high), and the straight anterior and posterior margins.

Genus tarimacanthus gen. nov.

Derivation of name. From the Tarim Basin, Xinjiang, China.

Type species. Tarimacanthus bachuensis sp. nov.

Diagnosis. Sinacanth with fin spine which tapers rapidly and recurves posteriorly; fin spine blunt

and almost as wide as long.

Remarks. This new genus resembles Sinacanthus in its posteriorly recurved shape, but differs in

outline. The fin spine of Tarimacanthus is much blunter than that of Sinacanthus and tapers very

rapidly, whereas that of Sinacanthus tapers gently and has a slender configuration. Tarimacanthus

differs from Neosinacanthus in its recurved anterior and posterior margins.

Tarimacanthus bachuensis sp. nov.

Plate 1, figures 9-10; Text-figure 4a-c

pl973 Sinacanthus fancunensis Liu, p. 145, text-fig. 2b, pi. 1, fig. 5 (non text-fig. 2a, pi. 1, figs 6-8).

1988 Acanthodii indet. fin spine 3, Zeng, p. 289, text-fig. 2c, pi. 1, figs 3-5.

pl995 Sinacanthus fancunensis Liu, p. 89, text-fig. lc, pi. 1, fig. 9 (non text-fig. 1b, pi. 1, figs 7-8).

Derivation of name. From Bachu county, which is situated at the north-western margin of the Tarim Basin.

Holotype. A complete fin spine, IVPP.l 1250 (PI. 1, figs 9-10; Text-fig. 4a-c); Bachu, Xinjiang; Yimugantawu
Formation; Wenlock.

Referred specimens. A fin spine described by Liu (1973) from the Fentou Formation (Wenlock) of Ningguo,

Anhui, IVPP.V4412d; fin spine type 3 described by Zeng (1988) from the Rongxi Formation (Landovery) of

Dayong, western Hunan, HV009. 1-7
; IVPP.V12101, a fin spine described by Liu (1995) from the Yimugantawu

Formation (Wenlock) of Bachu, Xinjiang.

Diagnosis. As for the genus. This is the only known species.
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text-fig. 4. Tarimacanthus bachuensis gen. et sp. nov.; IVPP.V11250 (holotype); Llandovery, Tarim, a-b,

sketches of the fin spine, a-a' indicates position of cross section, c, cross section of the fin spine. Abbreviations

:

c.cav, central cavity; lam, lamellar dentine; tra, trabecular dentine. Scale bars represent 5 mm.

Description. The holotype is a complete fin spine with hard tissues preserved. It is posteriorly recurved and

looks like the short beak of a bird. It is relatively broad and the width of the base is almost equal to the length

of the fin spine. The fin spine is very compressed. In cross section, the fin spine is oval and much elongated,

and about five times as deep as broad. The posterior surface is concave and very narrow, and no median ridge

is visible. The wall is relatively thin and encloses a relatively large central cavity (c.cav. Text-fig. 4c) lined with

a thin lamellar dentine (lam, Text-fig. 4c). This central cavity becomes larger ventrally. The trabecular dentine

(tra, Text-fig. 4c) forms the ridges and trunk of the fin spine.

The lateral surface of the fin spine is slightly convex and is ornamented with numerous ridges, separated by

narrow grooves. On the surface of the ridge are tubercles which are closely spaced. The number of ridges

increases basally by bifurcation and marginal insertion. In the middle portion of the fin spine there are more
than 22 ridges per side, reaching more than 30 ridges per side near the basal margin. The posterior margin lacks

small triangular denticles.

Remarks. Liu (1973, 1995) identified two fin spines from Anhui and Xinjiang as the intermediate

spines of Sinacanthus, since he considered the sinacanths as acanthodians, wherein the fin spines are

variable. As sinacanths have been shown to be chondrichthyans, fin spines of different shapes

presumably belong to different species. Therefore, a new genus and species is named for this

distinctive type.

CONCLUSIONS

A critical review of sinacanth fin spines from the Lower Silurian of South China and Tarim has led

to the identification of a new genus and species of sinacanth ( Tarimacanthus bachuensis). Study of

the histology of sinacanths shows that the hard tissue in the fin spine ridges is trabecular dentine,

as is that in the fin spines of chondrichthyans. It is concluded on the evidence of morphology, faunal

association and histology that sinacanths are chondrichthyans rather than acanthodians.

Until this study, the oldest known chondrichthyan scales came from the Llandovery of Siberia

and Mongolia (Karatajute-Talimaa and Predtechenskyj 1995) and the oldest known chondrichthyan

fin spines were from the Lochkovian ofWyoming, USA (Cappetta et al. 1993). Since the sinacanths

are identified here as chondrichthyans and occurred as early as the Llandovery, they represent one
of the oldest known groups of chondrichthyans and their fin spines are the oldest known shark fin

spines.
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AN ABNORMAL SPECIMEN OF THE SILURIAN
ANOMALOCYSTITID MITRATE PLACOCYSTITES

FORBESIANUS

by MARCELLO RUTA

Abstract. An unusual specimen of the Silurian anomalocystitid mitrate Placocystitesforbesianus is described.

Unlike the normal morphology of the species, the anterior, transverse row of ventral plates consists of two
rather than three elements

;
the mid-ventral plate of the next posterior transverse row is reduced in size and

wedged between the lateral elements of the same row ; the plate arrangement on the anterior half of the ventral

skeleton is asymmetrical
;
the left lateral and admedian ventral plates are smaller than the corresponding plates

of the right side; finally, the placocystid plate has a slightly pronounced anterior angle. The abnormal skeletal

features of this specimen are interpreted as a developmental response to the absence of an anterior ventral

plate.

Abnormal plating patterns in representatives of the extinct group known as the mitrates have

been documented so far only in the peltocystid Peltocystis cornuta Thoral, 1935 and, possibly, in

the anomalocystitid Ateleocystites huxleyi Billings, 1858. Several specimens of Peltocystis show an

inverted arrangement of the dorsal and ventral head plates (Ubaghs 1968, 1969; Jefferies 1986,

1991 ; Jefferies et al. 1996). This condition is known as situs inversus. Jefferies (1991) suggested that

Peltocystis probably possessed an echinoderm-like larva that could attach to the substrate with

either its left or its right side. An analogous behaviour is documented in some pleuronectiform

fishes. A single specimen attributed by Wright et al. (1977) to Ateleocystites huxleyi was reported

as having an extra ventral head plate lying immediately anterior to the placocystid plate, or plate

V17 (see below) (Kolata and Jollie 1982; Parsley 1991).

In this paper, an abnormal specimen of the anomalocystitid Placocystitesforbesianus de Koninck,
1869 is described (Text-fig. 1a-b). Jefferies and Lewis (1978) provided a thorough account of the

external and internal anatomy of this mitrate, and discussed extensively its craniate affinities.

Savazzi et al. (1982) and Jefferies (1984) elaborated on its functional morphology and showed that,

like other mitrates, Placocystites probably moved rearward within mud, pulled by its tail (see also

Savazzi 1994). The preliminary results of a comprehensive cladistic analysis of the anomalocystitids

carried out by the author show that Placocystites is closely related to Rhenocystis latipedunculata

Dehm, 1932 and Victoriacystis wilkinsi Gill and Caster, 1960 (Parsley 1991; Ruta 1997). In these

three species, three large plates occupy a sub-central or slightly anterior position on the ventral head
skeleton.

The ventral plate nomenclature used in this paper (Text-fig. Id) follows Ruta and Theron (1997).

The dorsal plate nomenclature (Text-fig. lc) is simplified with respect to both Jefferies and Lewis’s

(1978) and Ruta and Theron’s (1997) systems, and is based on a revised terminology of the

anomalocystitid skeleton which will be discussed elsewhere. The anatomical interpretation and
morphological orientation of Placocystites follow the works of Jefferies and Lewis (1978) and
Jefferies (1986). Throughout, the term ‘normal individuals’ implies reference to typical individuals

of Placocystites forbesianus.

[Palaeontology, Vol. 41, Part 1, 1998, pp. 173-182, 1 pl.| The Palaeontological Association
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text-fig. 1. Reconstruction of Placocystites forbesianus de Koninck, 1869. A, dorsal view; B, ventral view;

c, nomenclature of the dorsal head plates
;
d, nomenclature of the ventral head plates. In c and d, the sculpture

of the skeleton is omitted (a and b redrawn and modified after Jefferies and Lewis 1978; c and d redrawn and
modified after Jefferies 1986).
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Anterior

Left

Posterior

text-fig. 2. Placocystites forbesianus de Koninck, 1869; Dudley Limestone, England; specimen HC11;
Holcroft Collection, Lapworth Museum, University of Birmingham. A, dorsal head skeleton; B, ventral head

skeleton. Both x 2.

Right

Anterior

text-fig. 3. Placocystites forbesianus de Koninck, 1869; Dudley Limestone, England; specimen HC11;
Holcroft Collection, Lapworth Museum, University of Birmingham. A, camera lucida drawing, ventral view;

b, ventral plate nomenclature. Scale bar represents 10 mm.
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MATERIAL AND METHODS
The abnormal specimen of Placocystites was collected from the Dudley Limestone (Wenlock age;

see Jefferies and Lewis 1978 and references therein for an account of the stratigraphy), and is

conserved in the Lapworth Museum, University of Birmingham (Holcroft Collection, no. 1 1).

Henceforth, it will be referred to as HC11. This specimen was mentioned, but not figured, by
Jefferies and Lewis (1978), who made no reference to its peculiar ventral plating pattern in their

work. It consists of an almost complete head, only slightly disrupted dorsally, and some proximal

fore tail rings (Text-fig. 2). Although the oral spines are missing, the right plate DLM shows a

toroidal tubercle for the articulation of the right oral spine (see also Jefferies and Lewis 1978,

pi. 1, figs 37-39; pi. 2, figs 47-49, 54-55).

HC1 1 was originally partly embedded in a piece of greenish silty marl. Most of the ventral head

skeleton was completely exposed. The embedding material was wetted with water and removed with

a needle. More resistant material, in the form of layers of iron oxide, was partly removed with the

aid of an air-abrasive machine using a soft abrasive (sodium bicarbonate). Ultrasonic cleaning was
used to wash off most of the residual sediment. The specimen was drawn in ventral view using a

Camera lucida (Text-fig. 3a).

DESCRIPTION

Only the ventral head skeleton (Text-fig. 2b) is described, since the dorsal skeleton (Text-fig. 2a)

does not show abnormal features. The description is best understood by reference to the ventral

plating pattern of a normal individual (Text-fig. Id). Throughout, ‘left’ and ‘right’ refer to the

animal, not to the observer.

The most remarkable asymmetries of HC11 are in the anterior half of the ventral head skeleton

(Text-figs 2b, 3; PI. 1, fig. 3). In normal individuals, three large polygonal plates are present just

anterior to V15-V19 (Text-fig. 1b, d). By comparison with the Lower Devonian Bokkeveldia

oosthuizeni Ruta and Theron, 1997, these three plates are labelled from right to left (with respect

to the animal) as V10, V12 and VI 4. In Placocystites, Rhenocystis and Victoriacystis, V10 and V14
are mirror images of each other. In Placocystites, V 12 is as large as or slightly smaller than either

V10 or V14. In HC11, the three plates present immediately anterior to V15-V19 (Text-figs 2b, 3;

PI. 1, fig. 3) appear to be homologous to V10, V12 and V14, on the basis of their mutual contacts

and with reference to their position with respect to the surrounding elements (Text-figs Id, 3b).

However, the relative proportions of the sutures formed by V10 and V14 with the adjacent plates

differ significantly from those found in normal individuals. The suture between V10 and V14 lies

anterior to V12 and bends strongly leftward, although its anteriormost extremity is slightly concave

towards the right (Text-figs 2b, 3; PI. 1, fig. 3). V12, approximately equal in size to V21 and tightly

wedged between V10 and V14 (PI. 1, fig. 3), shows three margins. Its posterior margin is semi-

elliptical and forms an angle of about 120° with each of the two antero-lateral margins; these are

mostly convex outward, and meet along the ventral midline, likewise forming an angle of 120°

(Text-figs 2b, 3). Normally, V12 is sub-pentagonal and slightly longer than wide (Jefferies 1984), and
its anterior margin is either concave posteriorly or chevron-shaped (Text-fig. 1b, d).

EXPLANATION OF PLATE 1

Figs 1-3. Placocystitesforbesianus de Koninck, 1869; Dudley Limestone, England; specimen HC11 ; Holcroft

Collection, Lapworth Museum, University of Birmingham. 1, close-up of V16-V18; note the slightly

pronounced, anterior angle of VI 7 and the stereom structure surrounding this plate. 2, close-up of the

posterior, central part of the ventral head skeleton; note the stereom structure on V21 and the partially

preserved ventral fore tail plates. 3, anterior half of the ventral head skeleton; note the sigmoidal suture

between V10 and VI 4, the presence of only two anterior plates and the small size of VI 2, wedged between

V10 and V14. All x 8.
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Anterior to V10, V12 and V14 are two plates of unequal size (Text-figs 2b, 3; PI. 1, fig. 3). The
smaller, right plate is four-sided; the larger, left plate is five-sided. Both plates show a shallow

groove running along their anterior margins; in life, this groove gave insertion to a flap of

integument connected with the oral plates (Jefferies and Lewis 1978, pi. 2, figs 54-55). The right

plate probably corresponds to V2. As in other specimens of Placocystites, this plate contacts the

ventro-lateral extension of the right DLM, laterally, and V10, posteriorly. Unlike the normal
condition, Y2 is much wider than long, and the median ends of its anterior and posterior margins

are closer to each other than the lateral ends. The identification of the left anteriormost plate poses

some problems. If the head of HC11 is held resting on its dorsal face, the external surface of the

left anteriormost plate shows two almost planar, outward-sloping areas somewhat like the roof of

a house. These areas meet approximately in the centre of the plate forming a rounded, antero-

posterior ‘gable’. The latter runs in a slightly oblique direction on the anteriormost part of the

external surface of V14, where it disappears gradually (Text-fig. 3a; PI. 1, fig. 3). In normal
individuals, the anterior third of the ventral skeleton likewise shows two sloping areas and the

‘gable’ occupies the central part of the external surface of V3 and, in part, V12 (Text-fig. 1b,). In

HCl 1, the left anteriormost ventral plate may, therefore, correspond to V3. The median half of the

suture between V14 and the presumed element V3 is concave rearward, whereas its lateral half is

concave forward. Alternatively, this element could correspond to a medially expanded plate V4
(Text-fig. 1b, d). In normal specimens, V4 is a four-sided element in contact with the ventro-lateral

extension of the left DLM, laterally, and with VI 4, posteriorly. On the basis of the available

evidence, I tentatively identify the left anteriormost plate of HCl 1 as V3.

The relative proportions of the plates on the posterior half of the ventral skeleton ofHCl 1 (Text-

figs 2b, 3) differ slightly from those in normal specimens. V22 is slightly narrower and shorter than

V20, whereas in other specimens, V20 and V22 are mirror images of each other (Text-fig. 1b, d), and
their shape changes only slightly during ontogeny (Jefferies 1984, fig. 9). In HCl 1, and in some adult

individuals of Placocystites
, V21 is roughly hexagonal and almost as long as wide (Text-figs 2b, 3;

PI. 1, fig. 2). In some specimens, such as BMNH E7588 (Jefferies and Lewis 1978, pi. 4, fig. 72),

all the sides meet at obtuse angles. However, in most specimens (such as HC35; Jefferies and Lewis

1978, pi. 1, fig. 41), the two antero-lateral sides of V21 are replaced by an anteriorly convex margin.

In young individuals of Placocystites, V21 is rhomboidal to roughly elliptical in outline and is in

contact with VI 7 anteriorly (see Jefferies 1984, fig. 9); in addition, its postero-lateral sides are

convex externally. The latter condition is also observed in adults of Ateleocystites guttenbergensis

(Kolata and Jollie 1982) and Barrandeocarpus jaekeli (Ubaghs 1979), and may represent a primitive

feature for the anomalocystitids, as suggested by a recent unpublished cladistic analysis of this

group carried out by the author. The ontogenetic changes of V21 in Placocystites probably

recapitulate the modifications undergone by this plate in the evolutionary history of a clade of

mitrates which is mainly represented by boreal forms.

V15-V19 in HC11 do not differ significantly from the normal condition in Placocystites, except

that V19 is smaller than V15, and V16 is only slightly larger than V18 (Text-figs 2b, 3). The suture

between the ventro-lateral extension of the right plate ILM and VI 5 is much longer than the suture

between the same plate and V10. Conversely, the two sutures formed by the ventro-lateral extension

of the left ILM with V14 and V19 are sub-equal in length (Text-figs 2b, 3). In addition, the suture

between the ventro-lateral extension of the right PLM and V 1 5 is much shorter than its counterpart

on the left side. V16 and VI 8 surround plate V17 and meet mid-ventrally forming two sub-equal,

short sutures in front of and behind this plate (Text-figs 2b, 3; PI. 1, fig. 1). V17 possesses a slightly

pronounced anterior angle (in other specimens, this plate is smoothly curved). The anterior margins

of VI 5 and VI 9 lie in front of the anterior margins of VI 6 and V18 respectively (Text-figs 2b, 3),

whereas in normal individuals, V15, V16, V18 and V19 form a transverse row (Text-fig. Id).

Ventral sculpture. Transversely elongate, terrace-like ridges (cuesta-shaped ribs of Jefferies 1986)

are present on the ventro-lateral extensions of DLM, ILM and PLM, as well as on V10, V14, V15,

VI 6, VI 8 and V19 (Text-figs 2b, 3a). A few irregular ridges are also present near the right margin
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of V2. In VI 6 and VI 8, they occupy the lateral half of each of these two plates and are irregular,

tending to form a reticulate pattern and breaking up in a median direction. This morphology is also

observed along the most median part of the ornamented area on V10 and V14. In normal

individuals, the ridges (both dorsal and ventral) usually terminate abruptly in a median direction.

In HC11, the external surfaces of V3, V12, V17 and V21 are smooth (Jefferies 1984).

Stereom. Traces of stereomic structure, in the form of closely spaced perforations of various shapes

and sizes, are widely distributed on the unribbed regions of the ventral skeleton ofHC1 1, where they

form irregular patches separated by more compact calcite, as well as on the most median parts of

the ribbed areas (Text-fig. 2b, 3a; PI. 1, figs 1-3). The stereom structure is visible only externally,

and it is, therefore, impossible to ascribe it to any particular morphological category based on the

three-dimensional arrangement of trabeculae and canals (Smith 1980). The rearmost third of the

gentle slope of the ventral terrace-like ridges likewise shows minute perforations, which are on
average smaller than those on the unribbed areas.

DISCUSSION

The development of the anomalocystitid skeleton, like that of other calcite-plated animals, cannot

be understood by examining the fate of individual plates in isolation. As pointed out by Raup (1968,

p. 53) in his theoretical study of plate growth in echinoids, ‘
. . . one must look upon the total skeleton

as a product of the development of the plate mosaic’. Raup discussed the morphological features

observed in the echinoid test in terms of plate close-packing interaction. He explained the behaviour

of the interacting plates by analogy with that of soap bubbles in contact with each other. Jefferies

(1984) extended Raup’s arguments to the plate development in Placocystites. Here, I shall try to

explain the abnormal features of the ventral skeleton of HC1 1 on the basis of the theoretical model
discussed by Raup (1968) and Jefferies (1984). A major limitation is imposed by the fact that growth

lines are not preserved in HC11. Therefore, it is not possible to assess the relative rates at which
individual plates grew in different directions and to detect their morphological modifications during

the ontogeny of HC1 1

.

The most distinctive feature of HC11 is the absence of a ventral plate (perhaps V4; see above)

from the anteriormost transverse row. This absence probably results from the suppression of the

centre of calcification pertaining to that plate, although it is impossible to establish which factor (or

factors) might have caused this suppression. The relative and absolute size of the remaining two
plates of the anteriormost row is greater than in normal individuals, presumably because they

developed without the spatial constraints imposed by the third element. The modifications of V2
and V3 perhaps caused a medianward displacement of the antero-median angle of V10.

I hypothesize that the ventral plates of HC11 developed at an unusually fast rate, and that the

growth rate of the anterior ventral elements was much greater than that of the posterior ventral

plates. A comparison with other individuals of Placocystites (see, for example, Jefferies 1984, fig. 9)

shows that V2, V3, V10 and Y14 in HC11 are larger than V15-V19 (compare Text-figs 2b, 3 with

Text-fig. 1). Early in the ontogeny of HC11, growth rate might have been higher near the left

anterior angle and along the anterior margin of the ventral skeleton, and progressively lower in an
antero-posterior direction. The asymmetrical arrangement of V10 and V14 can be explained as a

result of differences in development rate on the right and on the left of the longitudinal axis of the

head. V19 and Y22 were perhaps only partially influenced by the fast development of the anterior

plates, whereas VI 5 and, in part, V20 may have been characterized by a more rapid growth,

presumably as a consequence of the slight anterior displacement of V10.
Two independent lines of evidence support the proposed developmental scenario. The first comes

from the distribution of the ventral sculpture. As discussed previously, V3, most of V2, V12 and the

area lying just anterior to V12 are externally smooth. In other specimens, the anterior part of the

external surface of V12, as well as plates V2-V4 are sculptured. Jefferies (1984, fig. 9) showed that

the ventral ridges first appeared posteriorly during ontogeny, and eventually spread forward. Also,
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ridges were short and irregular early in development, but became confluent and straightened as the

head grew. In HC11, the presence of a relatively large, smooth anterior area may be explained in

terms of the rapid growth of the anterior ventral plates. Fast growth might have required a rapid

allocation of calcite
;
the mesenchyme involved in the formation and deposition of ridges could have

provided an additional source of skeletal material. Therefore, the relatively fast development of the

plates might have implied a suppression or a retardation of the deposition of the terrace-like

structures.

The second line of evidence favouring relatively rapid growth is the presence of stereomic

structure. HC1 1 is unlikely to represent an immature specimen, as its size is comparable to that of

the largest recorded individuals of Placocystites. Also, the smallest known individuals of this mitrate

do not show any stereom structure, their plates being composed of compact calcite (Jefferies and
Lewis 1978). On the basis of these observations, I conclude that the plates of HC11 are probably

incompletely calcified in places, and that deposition of calcite occurred irregularly, probably as a

result of the unusually rapid development.

The two mid-ventral elements VI 7 and V12 deserve further comment. In his analysis of the

external ontogenetic changes in Placocystites , Jefferies (1984) provided a detailed account of the

most distinctive features of VI 7 (called by him xi), or the ‘placocystid plate’ (Caster 1952). These

are summarized as follows: V17 is always smooth-surfaced; in the largest specimens, it is in contact

with V16 and V18 only, whereas in the smallest individuals it forms sutures with V21 and V12 as

well ; its size is independent of that of the head ; its outline is always smoothly curvate, never sharply

angular; the sutures between this plate and the surrounding elements slope ventralward and
outward, so that the internal surface of VI 7 is much smaller than the external surface. These

observations led Jefferies (1984) to hypothesize that VI 7 probably ceased growing early in

ontogeny, reached its final size well before other plates started pushing against it, and thereafter had

a limited capacity of adding material to its inner surface. In HC11, V17 has a slightly pronounced
anterior angle. This suggests that VI 6 and VI 8 probably began to press against V17 before the last

had attained its final size. The angles formed at the triple junction between VI 6, V17 and V18
measure 120° each. The interaction of VI 7 with VI 6 and V18 probably started just antero-lateral

to VI 7; after VI 7 was fully developed, VI 6 and V18 perhaps continued to grow, mainly in a

posterior and median direction.

The external margin of V12 shows angles mid-anteriorly and laterally, but not posteriorly.

Unlike VI 7, V12 probably interacted with the surrounding plates throughout its growth. This is

deduced from the fact that the angles formed at the triple junctions between V12 and each of the

plates with which this element is in contact measure 120°. The available evidence suggests that the

development of VI 2 was severely limited anteriorly by the interaction with V10 and VI 4. Such

interaction would explain the presence of externally convex antero-lateral margins. In a close-

packing model of interaction (Raup 1968), the margins of smaller plates are convex towards the

larger plates. The presence of a convex posterior margin in VI 2, on the other hand, probably

accounts for a relatively rapid development of this plate in a posterior direction, with modalities of

growth similar to that of VI 7.

A final note concerns V21. In several mitrates (such as Anomalocystites, Ateleocystites,

Barrandeocarpus, Bokkeveldia, Rhenocystis and Victoriacystis), V21 often shows externally convex

margins. Unlike VI 7, V21 probably started interacting with the surrounding elements before it had

reached its final size, and was capable of rapid growth even when in contact with the adjacent plates.

Therefore, the trade-off between close-packing interaction with the posterior ventral plates and

early, rapid development may explain why in some specimens of Placocystites (including HC1 1) V21
is neither precisely polygonal nor rounded.
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THE NAUTILOID CEPHALOPOD ORDER
ACTINOCERIDA IN THE BRITISH SILURIAN

by CHARLES HEPWORTH HOLLAND

Abstract. Five British Silurian species of the cephalopod order Actinocerida are described : one of Ormoceras,

one of Eldroceras, and three of Armenoceras , including A. cygneum sp. nov. Their sparse distribution

stratigraphically and geographically is reviewed. There are comments on the endosiphuncular vascular system.

Of the several thousand specimens of British Silurian cephalopods available for study only just

more than 30 can be assigned to the order Actinocerida. They are not well preserved. Apical ends

and body chambers are always missing. Preservation is largely in calcite or sandstone. In some cases

little more than the siphuncle is seen, a situation common in other parts of the world. Most of the

specimens are recorded from the upper Llandovery, but a few are found in Wenlock and Ludlow

rocks. Almost all are from England and Wales.

Repository abbreviations. BGS : British Geological Survey, Keyworth; BMNH : The Natural History Museum,
London; NMW: National Museums and Galleries of Wales, Cardiff; OUM: Oxford University Museum;
RSM : Royal Scottish Museums, Edinburgh.

SYSTEMATIC PALAEONTOLOGY

Order actinocerida Teichert, 1933

Family ormoceratidae Saemann, 1853

Genus ormoceras Stokes, 1840

Ormoceras baccatum (Woodward, 1868)

Text-figure 2c, e

1868 Actinoceras baccatum Woodward, p. 133, pi. 8.

1888 Actinoceras baccatum Woodward; Foord, p. 174.

1982 Actinoceras baccatum Woodward; Phillips, p. 1.

Holotype. BMNH C9145 (Text-fig. 2e), Woolhope Limestone, Little Hope Quarry, near Woolhope,

Herefordshire.

Paratype. OUM C198 (Text-fig. 2c), Woolhope Limestone, Woolhope.

Other material. BMNH C5250, Woolhope Limestone, Scutterdine (= Little Hope) Quarry, near Woolhope.
BMNH C34050, Woolhope Limestone, locality confusingly given as ?Aymestry.

Diagnosis. Orthocone with rate of increase of c. 6-8°. Septa strongly concave with depth about 30

to 40 per cent, of diameter of shell. Cameral depth about 30 per cent, of diameter. Siphuncle

sub-central, a little over one-third diameter of shell. Segments of siphuncle globular to slightly longer

than wide or slightly wider than long. Endosiphuncular deposits with radial divisions and an

equatorial division. Radial canals perpendicular to central canal.

jPalaeontology, Vol. 41, Part 1, 1998, pp. 183-192, 1 pi.) The Palaeontological Association
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Description. The holotype shell is embedded in a block of Woolhope Limestone. The camerae are hollow or

partly filled with calcite. These infillings are more prominent on the left hand side of the specimen. The
maximum length seen is 93 mm. The septal necks cannot be distinguished. The layer of calcite which has been
exfoliated to reveal the divisions of the endosiphuncular deposits appears to represent the perispatium and the

connecting rings.

The paratype (Text-fig 2c), although in a similar block of limestone is preserved somewhat differently. The
central canal and radial canals are clearly seen. At the apical end there are traces of the short-brimmed septal

necks. The hollows, which represent the positions of the septa, give evidence also of hyposeptal deposits,

increasing in size adapically.

Specimen BMNH C5250 is similar to the holotype but is poorly preserved. A length of 130 mm is seen. The
rate of increase appears to be greater. The siphuncular segments are globular with a diameter of 8 mm. BMNH
C34050 is a small, obliquely cut section showing part of the siphuncle, half in calcite and half infilled with fine

sediment. There is some distortion but the segments are globular, measuring about 14 mm long and 15 mm
wide.

Remarks. The siphuncular structure is typical of Ormoceras. Woodward began his description of

the holotype (Text-fig. 2e) in the characteristic manner of the time : ‘The fossil about to be described

was obligingly sent to me by Dr. Bull, of Hereford, having been happily rescued from the

remorseless hammer of the road-mender, by Richard Johnson, Esq., the Town Clerk of that city.’

His plate 8 is a lithograph by Bull. The specimen is fractured with removal of the upper surface.

Body chamber and apical end are both absent. Woodward referred to seven perfect and two
fractured beads of the siphuncle. Two have been lost, perhaps accounting for Foord’s (1888)

description of the type specimen. Foord found the shell to be a little curved ‘perhaps by distortion’,

and certainly the segments of the siphuncle suggest that this has occurred.

Family armenoceratidae Troedsson, 1926

Genus armenoceras Foerste, 1924

Armenoceras nummularium (J. de C. Sowerby, in Murchison, 1839)

Plate 1, figures 1, 4-5; Text-figure 1a-c

1839 Orthoceras nummularius Sowerby, in Murchison, p. 632, pi. 13, fig. 24.

1872 Actinoceras nummularium (Sowerby); Salter, in Murchison, p. 534, pi. 26, fig. 5.

1882 Orthoceras (Actinoceras) cochleatum (Schlotheim)
;
Blake, p. 61, pi. 15, ?fig. 8, non fig. 7,

1888 Actinoceras nummularium? Sowerby; Foord, p. 176.

1956 Actinoceras nummularium (J. de C. Sowerby); Curtis, p. 150.

1982 Actinoceras nummularium (J. de C. Sowerby); Phillips, p. 1.

Holotype. BMNH C3501 (PI. 1, figs 1, 5), Wenlock, probably lower limestone or Pycnactis Band according

to Curtis (1956), Whitfield Quarry, Tortworth, Gloucesteshire (Avon).

Paratype. BGS GSM 105055 (Text-fig. lc), Upper Llandovery, Craig-yr-myddon.

EXPLANATION OF PLATE 1

Figs 1, 4-5. Armenoceras nummularium (J. de C. Sowerby, 1839). 1, 5, BMNH C3501 (holotype); Wenlock,

Tortworth. 1, adoral view with marginal siphuncle; x 1. 5, lateral but slightly adoral view showing two

camerae. 4, Bristol City Museum Cc831:6589; upper Llandovery, Tortworth; x 1-37.

Fig. 2. Huronia vertebralis canadense (Billings); Geological Survey of Canada, Ottawa, 2544 (holotype);

Chicotte, South West Point, Anticosti, Canada; x2.

Figs 3, 6. Eldroceras blakei (Foord, 1888). 3, OUM C24617; upper Llandovery, ?Malvern; x 2. 6, BMNH
C48745 (holotype); probably Upper Llandovery, near Builth; xO-6.
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HOLLAND, Armenoceras, Huronia, Eldroceras
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text-fig. 1. Armenoceras nummularium (J. de C. Sowerby, 1839). a, RSM 1885/26; Silurian, Pentland Hills;

x 2. B, BGS RK 1887; Cae Eithin, Denbigh; x 3-4. c, BGS GSM 105055 (paratype); Upper Llandovery, Craig-

yr-myddon; x3.

Other material. BMNH C1980, Ludlow, Usk. BMNH C1989, upper Ludlow, Graigwith, Usk, Monmouth
(Gwent). Bristol City Museum Cc83 1 : 6589 (PI. 1 , fig. 4), upper Llandovery, Damery Beds, IPalaeocyclus band,

Eastwood Park, Tortworth. BGS Geol. Soc. Coll. GSb 4517, Damery Beds, Long Quarry, Tortworth. BGS
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RK 1887 (Text-fig. 1b), Central Electricity Generating Board pylon hole, Cae Eithin, Denbigh. Dudley

Museum 12513, Wenlock, locality unknown. RSM 1885/26 (Text-fig. 1a), Pentland Hills.

Diagnosis. Relatively large orthocone with only slight rate of increase. Septal depth about 30 per

cent, of diameter of shell. Cameral depth about 15 per cent, of diameter. Siphuncle sub-marginal.

Rounded, disc-like segments inflated to about one-third diameter of shell, width about three to four

times length. A system of radial endosiphuncular canals curves adorally from the central canal.

Description and remarks. The siphuncular structure is typical of Armenoceras. It is unfortunate that

the holotype (PI. 1, figs 1, 5) is an internal mould of only two camerae, although the position and

shape of the siphuncle are clear. Diameter of conch seen is 75 mm. The paratype (BGS GSM
105055) is a similar mould, but, in addition to broken parts of three camerae, shows endosiphuncular

canals and central tube (Text-fig. lc). There is also an isolated mould of this system (BGS RK1887),

so similar (Text-fig. 1b) that it can reasonably be regarded as belonging to the same species. Blake

(1882, pi. 15, fig. 8) illustrated another such. I was able to section a fragmentary and broken

specimen from the Pentland Hills (RSM 1885/26). The septa appear to be oblique, but there is

internal distortion. However, the central canal and radial canals are well seen (Text-fig 1 a), the latter

expanding into the perispatium. Specimen BGS Geol. Soc. Coll. GSb 4517 is a typical column of

isolated siphuncular segments, of which ten are preserved. Another type of preservation (PI. 1,

fig. 4) is seen in an external mould in the collections of Bristol City Museum (Cc831 : 6589). There

are traces of possible hyposeptal and episeptal cameral deposits here.

Armenoceras subconicum (d’Orbigny, 1850)

Text-figure 2b, d

1839 Orthoceras conicum J. de C. Sowerby, in Murchison 1839, p. 642, pi. 21, fig. 21.

1850 Orthoceratites subconicus d’Orbigny, p. 2.

1882 Orthoceras subconicum (d’Orbigny); Blake, p. 150, pi. 12, fig. 9.

1888 Actinoceras subconicum (d’Orbigny); Foord, p. 175.

1956 Actinoceras subconicum (d’Orbigny); Curtis, p. 149.

Holotype. BGS Geol. Soc. Coll. 6857 (Text-fig. 2b), upper Llandovery, Damery Beds, Michaelwood Chase,

near Tortworth.

Other material. BGS GSM 105101, Wenlock Shale, Builth, Breconshire (Powys). BMNH C2032, upper

Ludlow, Horeb Chapel, Monmouth (Gwent). Bristol City Museum Cc830:6589 (Text-fig. 2d), upper

Llandovery, Damery Beds, Tortworth Inlier.

Diagnosis. Orthocone with rate of increase about 10°. Septa moderately concave with depth about

20 per cent, of diameter. Cameral depth about 17 per cent, of diameter. Siphuncle sub-central.

Segments of siphuncle widely inflated to four or five times their length. Endosiphuncular deposits

with complex lobation. Central canal prominent, cruciform to acutely triangular. Hyposeptal

deposits present.

Description and remarks. As noted by Curtis (1956), the species was re-named by d’Orbigny (1850),

when it was found that the name Orthoceras conicum was occupied (Hisinger 1837).

The siphuncular structure is typical of Armenoceras. The type specimen is preserved as an internal

mould of chocolate brown rottenstone within a richly shelly band. The spongy appearance of the

endosiphuncular area, on each side of the cruciform rod representing the central canal, testifies to

a complex lobation of the endosiphuncular deposits. Sowerby’s illustration gives an accurate

impression of the holotype, but the associated shells are arranged differently from those on the

specimen.
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text-fig. 2. a, F, Armenoceras cygneum sp. nov.; upper Llandovery, Eastnor, Malvern. A, OUM C193
(paratype); x 2. F, OUM C192 (holotype); x 1-7. B, D, Armenoceras subconicum (d’Orbigny, 1850); upper
Llandovery, Tortworth. B, BGS Geol. Soc. Coll. 6857 (holotype); x 2. D, Bristol City Museum Cc380:6859;
x 14. c, E, Ormoceras baccatum (Woodward, 1868); Woolhope Limestone, Woolhope. c, OUM Cl 98

(paratype); xO-9. E, BMNH C9 145 (holotype); xO-6.
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Specimen Cc830 is similar to the holotype in preservation and appearance, although the rod

representing the central canal is acutely triangular.

Armenoceras cygneum sp. nov.

Text-figure 2a, f

Holotype. OUM Cl 92 (Text-fig. 2f), upper Llandovery, Obelisk, Eastnor, Malvern.

Paratype. OUM Cl 93 (Text-fig. 2a), as above.

Other material. BMNH C2003, upper Ludlow, Llanfrechfa, Usk, Monmouth (Gwent). BGS GSM 105051,

Silurian, Marloes Bay, Pembrokeshire (Dyfed). BGS GSM 105258, upper Ludlow, Llanfrechfa. ?BGS GSM
105054, Silurian, Marloes Bay. ?Sedgwick Museum A. 39547, Upper Llandovery, Three Chimneys, Marloes

Bay.

Diagnosis. Relatively small orthocone with rate of increase of c. 6-10°. Septa relatively shallow with

depth about 17 per cent, of diameter of shell. Cameral depth about 15 per cent, of diameter.

Siphuncle sub-central. Segments of siphuncle inflated to about four times their length. Endosiphun-

cular deposits with complex lobation. Central canal expanded in adoral segments to globular or

pear-shaped forms connected by slender necks. Hyposeptal deposits present.

Remarks. This form superficially resembles A. subconicum and is preserved as similar moulds;

specimens have previously been identified as this species. The septa are less concave, but the striking

difference is the peculiar form of the mould of the central canal. Teichert (1935) described as the

‘ pseudocone ’ the space left free between the endosiphuncular deposits in the upper part of the

siphuncle. In the present species the deposits as so far developed in the adorally situated segments

must have been so shaped as to leave globular to pear-shaped spaces in sequence between them.

Genus eldroceras Foerste, 1924

Remarks. Foerste separated Eldroceras from Armenoceras on the basis of its being slightly curved

apically. The segments of the siphuncle were described as ‘presenting moderately convex vertical

outlines; general form barrel shaped, the end flat, and in contact with the intervening part of the

septa’. Teichert (1964) referred to the siphuncle as narrower than in Armenoceras , but still wider

than long. The type species, E. indianense, has very distinctively barrel-shaped segments of the

endosiphuncular deposits, with radial divisions and also an equatorial marking on the outside.

Other illustrations by Foerste and in the Treatise show somewhat wider segments, but of similar

outline. Subsequent attributions to the genus have tended to neglect the requirement of a curved

apical end, which, since it is rarely seen to be present, is probably wise.

Eldroceras blakei (Foord, 1888)

Plate 1, figures 3, 6

1882 Orthoceras (Actinoceras) cochleatum Blake, p. 161, pi- 15, fig. 7, Inon fig. 8

1888 Actinoceras Blakei sp. nov., Foord p. 176.

1982 Actinoceras blakei Foord; Phillips, p. 1.

Holotype. BMNH C48745 (PI. 1, fig. 6), probably upper Llandovery, Gwernyfed, near Builth, Breconshire

(Powys).

Other material. BMNH C7506, Much Wenlock Limestone, Ledbury, Herefordshire. Ludlow Museum 05308,

Ludlow, Gorstian Stage, upper Bringewood Formation, Leinthall Earls, Shropshire. NMW 13.140 G26,
Wenlock, Deadman’s Bay, Pembrokeshire. OUM C24617 (PI. 1, fig. 3), upper Llandovery, ?Malvern. C29358,
Upper Llandovery, Malvern.
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Diagnosis. Orthocone with low rate of increase. Septa strongly concave. Cameral depth about 25

per cent, of diameter. Siphuncle sub-central. Endosiphuncular deposits with shape as for genus,

their width less than twice their length. Radial divisions.

Description and remarks. Foord (1888) noted that ‘Through an oversight, only a portion of the

specimen in the British Museum was figured by Prof. Blake, but the remainder adds very little to

our information respecting the species’. The illustration (Blake 1882, pi. 15, fig. 7), which is slightly

imaginative, shows 7 siphuncular segments but, in addition, traces of the external mould of the

surrounding shell and a few camerae below. The actual specimen (PI. 1, fig. 6) has ten segments and
part of another one adorally. There are slight traces of septa on one side. A maximum length of the

siphuncle seen is about 140 mm. The connecting rings are missing. The endosiphuncular segments

are clearly somewhat moved and distorted. Their maximum width is slightly above their equator.

Radial markings are 1-2 mm apart. As Foerste stated in his description of the genus, their ends are

flat where in contact with the intervening part of the septa (see, for example, Foerste and Teichert

1930, pi. 47, fig. 1). This particular feature is seen also inNMW 13.140 G26. Although the specimen

is not well preserved and is distorted, it also shows hyposeptal deposits.

The collection in The Natural History Museum also contains a loose fragment which has broken

from the remainder. The opportunity was taken to section this transversely and longitudinally. The
transverse section shows the central canal and parts of three radial canals, one of which branches.

A longitudinal view shows a radial canal approximately perpendicular to the axis of the siphuncle.

The other specimen in The Natural History Museum (BMNH C7506) shows only siphuncular

segments of appropriate shape, 4-5 mm long and 6 mm wide. Proportions are similar in a Gorstian

specimen in Ludlow Museum (05308), where the segments are 6x8 mm to 8 x 12 mm. Radial lines

are present.

OUM C24617 is a smaller internal mould in sandstone (PI. 1, fig. 3), with rate of increase of

c. 4°. The maximum length seen is only 25 mm. Septal depth is 24 per cent, of diameter. Cameral

depth 18 per cent, of diameter. The siphuncular segments measure 2-5 mm long by 3-5 mm wide.

One shows faint radial lines. Although so much smaller than the other examples, this older specimen

has all the same characteristics.

DISTRIBUTION

Of the relatively rare actinocerids described above, only Ormoceras baccatum does not extend in

range from Upper Llandovery to Ludlow. It is confined to the Woolhope Limestone, a basal

Wenlock facies restricted in geographical distribution. Armenoceras nummularium, A. subconicum

and Eldoceras blakei are recorded from Wales and the Welsh Borderland, except for the single

record of the first from Scotland. The new species, A. cygneum, is from the upper Llandovery of

the Malverns and the upper Ludlow of Monmouth. Although such ranges are long, they are to be

found also in some members of other Silurian groups. Most of the occurrences are from relatively

shallow water carbonates or sandy elastics.

Irish Siliurian cephalopod faunas as a whole are very sparse. They have been reviewed recently

by Evans (1994). He had one actinocerid taxon, represented by three fragments, probably all from

the same individual, from the Wenlock of the Dingle peninsula. County Kerry. He identified this as

Eushantungoceras aff. pseudoimbricatum (Barrande). Teichert (1964) regarded the genus Eushan-

tungoceras as a synonymn of Armenoceras, a view with which I have sympathy. Its distinguishing

characters are stated to be a very broad siphuncle, with a dorsally situated endosiphonal canal, and

the massive development of endosiphuncular deposits ventrally. The specimens from Ireland are

very similar, even to the extent of the relative width of the siphuncle, to Armenoceras subconicum.

They are preserved in a similar way. However, the endosiphuncular canal of the latter is not

marginal.

The genera Armenoceras and Ormoceras were cosmopolitan. Eldroceras was established in North

America; its European occurrences are still to become more widely recognized. The most striking

feature of Silurian actinocerid distribution is the North American arctic or circumpolar fauna of the
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Llandovery, which later became replaced by more familiar European types. The genera Huronia and

Huroniella, with the characteristic profiles of their siphuncular segments (usually found alone),

are typical of the arctic fauna. For comparison, an example from Canada is illustrated in Plate 1,

figure 2.

THE ENDOSIPHUNCULAR VASCULAR SYSTEM

Cameral deposits in orthoconic nautiloids are now generally accepted as of primary origin, difficult

though it may be sometimes to distinguish them from secondary infillings. Flower (Flower 1957;

Hook and Flower 1977) provided a charming illustration of the way their distribution in the

individual shell served happily to bring it into an approximately horizontal attitude in the water.

The cameral vascular system (cameral mantle of Flower), which secreted these deposits, was

demonstrated in North American Silurian dolomitic internal cameral moulds of Leurocycloceras

(Flower 1941) and in my own material of the same genus from the Ludlow rocks of Central Wales

(Holland 1965).

The endosiphuncular deposits of the actinocerids, also, are regarded as weighting devices.

Remarkable reconstructions of the complex system of central canal, radial tubes, and perispatium,

which must all relate to the endosiphuncular vascular system, were first published by Teichert (1933)

in his long German paper on the actincocerids. They appeared again in his shorter English version

of the work (Teichert 1935) and in the relevant chapter of the Treatise (Teichert 1964, figs 133-134).

The German paper shows the sectioned material upon which they are based and there are various

other pertinent illustrations. Foerste (1924, pi. 2, fig. 3) and Foerste and Teichert (1930, pi. 47,

fig. 2) are two examples.

The limited amount of British material described in the present paper provides its own evidence

in the form of the radial and transverse markings, seen on the outside of the endosiphunular

deposits when the connecting ring has gone (PI. 1, fig. 6; Text-fig. 2e). The subdivision of the

deposits so revealed must correspond to the arrangement of the vascular system, with its main

branches forming perpendicular or curving radial tubes. There is evidence of the tubes themselves

in O. baccatum (Text-fig 2c), and in fragmentary sectioned material of A. nummularium from the

Pentland Hills (Text-fig. 1a).

The taxonomic usefulness of the configuration of the building blocks which make up the segments

of the endosiphuncular deposits is limited by the varied degree of their preservation. Wade (1977)

illustrated a remarkably complex configuration characterizing a new Ordovician family,

Georginidae, from the Ordovician of Australia. Teichert and Crick (1974) illustrated a coral-like

arrangement of radial lamellae in the siphuncle of Huronia vertebralis from the Silurian of

Michigan. The British material shows a relatively simple arrangement in Ormoceras , of radial tubes

perpendicular to the central canal. The evidence from Armenoceras is of tubes which curve adorally

from the central canal before running outwards to a division at the perispatium.

There remains the question as to why these elaborate systems ever developed. The answer, I think,

is that the relatively large siphuncles of the actinocerids demanded a compensating weighting device,

just as did the camerae. The vascular system to provide this must have been constructed to allow

passage also from the central canal out through the connecting ring into the camerae.
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THE PHYLOGENETIC POSITION OF
ECHMATOCRINUS BRACHIATUS

,
A PROBABLE

OCTOCORAL FROM THE BURGESS SHALE

by william i. ausich and LOREN E. BABCOCK

Abstract. The biological affinities of Echmatocrinus brachiatus Sprinkle, from the Burgess Shale (Middle

Cambrian) of British Columbia, are re-evaluated based on study of all available material. This animal has an
elongate, thinly plated/scaled body with a holdfast at one end and a calyx with eight(?) arms/tentacles at the

other. Each of the latter bears alternating pinnule-like branches, and the pattern of the textured plating is very

irregular, except for the uniserially plated arms/tentacles. Originally, Echmatocrinus was considered to be a

crinoid, and recently it has been considered to be a cnidarian. The lack of any unequivocal echinoderm
characters tends to discount the crinoid affinities of Echmatocrinus. Some characters suggest affinities with

octocoral cnidarians, but, again, unequivocal affinity with cnidarians is lacking. However, the presence of eight

arms/tentacles, an elongate conical body, and plating similar to living primnoid octocorals suggest that an

octocoral affinity is more probable.

Echmatocrinus brachiatus was considered by Sprinkle (1973, questionably), Sprinkle and
Moore (1978), Sprinkle (1992), and Sprinkle and Collins (1995) to be the oldest representative of

the class Crinoidea. Accordingly, it is an important organism for understanding the early history

of echinoderms. The expectation is that it should provide guidance for identifying the echinoderms

that were ancestral to crinoids and for polarizing characters for crinoid phylogenetic analyses.

However, the unusual morphology of Echmatocrinus offers few clues to either the origin of crinoid

characters or the origin of crinoids. For example, Echmatocrinus lacks a well-organized calyx with

alternating rows of five plates and a four- or five-part column that are early Ordovician crinoid

characters (Sprinkle, 1992).

The phylogenetic position of Echmatocrinus is re-examined critically for three reasons. Firstly,

Echmatocrinus shares few morphological characters with Ordovician and younger Crinoidea.

Secondly, no undisputed Cambrian crinoids are known. The oldest undisputed crinoids, of early

Ordovician age, have no apparent close relationship to Echmatocrinus. Thirdly, the phylogenetic

position of this fossil has recently become contentious. Conway Morris (1993a) assigned it to the

Cnidaria, but Sprinkle and Collins (1995) argued that new material supports a crinoid interpretation.

Re-evaluating the phylogenetic position of Echmatocrinus is essential before further progress can be

made to understand the early evolution and classification of crinoids (Ausich and Babcock 1996).

Specimens are deposited at the Geological Survey of Canada, Ottawa, Ontario (GSC) ; the Royal
Ontario Museum, Toronto, Ontario (ROM); and the U.S. National Museum, Smithsonian

Institution, Washington, D.C. (USNM).

[Palaeontology, Vol. 41, Part 2, 1998, pp. 193-202, 1 pi.)
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APR 0 9 1998

© The Palaeontological Association



194 PALAEONTOLOGY, VOLUME 41

SYSTEMATIC PALAEONTOLOGY

Phylum cnidaria Hatschek, 1888

Class anthozoa Ehrenberg, 1834

Order octocorallia Haeckel, 1866

Suborder incertae sedis

Superfamily incertae sedis

Family echmatocrinidae Sprinkle, 1973

Genus echmatocrinus Sprinkle, 1973

Type species. Echmatocrinus brachiatus Sprinkle, 1973.

Echmatocrinus brachiatus Sprinkle, 1973

Plate 1 ;
Text-figure 1

v*1973 Echmatocrinus brachiatus Sprinkle, p. 177, pis 42-43, text-figs 44-45.

v.1975 Echmatocrinus brachiatus ;
Ubaghs, p 91, fig. 7.

v.1976 Echmatocrinus brachiatus

;

Sprinkle, p. 62, pi. 1, fig. 6.

v.1977 Ecmatocrinus Sprinkle, 1973 [.wc]; Paul, fig. 3.18.

1977 Echmatocrinus brachiatus', Webster, p. 75.

1978 Echmatocrinus brachiatus', Ubaghs, pp. T275, T277, T280.

v.1978 Echmatocrinus brachiatus', Sprinkle and Moore, p. T407, figs 219-220.

1984 Echmatocrinus brachiatus'. Smith, p. 455.

v.1984 Echmatocrinus brachiatus', Paul and Smith, p. 458, figs 11, 19.

1986 Echmatocrinus brachiatus', Webster, p. 133.

1987 Echmatocrinus brachiatus', Broadhead, p. 179.

v.1988 Echmatocrinus brachiatus', Broadhead, p. 257, fig. 20.1.

1988 Echmatocrinus brachiatus', Ausich, p. 909.

1988 Echmatocrinus brachiatus', Webster, p. 80.

1988 Echmatocrinus brachiatus', Donovan, pp. 235, 239.

1988 Echmatocrinus brachiatus'. Smith, p. 811.

v.1992 Echmatocrinus brachiatus'. Sprinkle, fig. 2.

1993a Echmatocrinus brachiatus', Conway Morris, p. 222.

1993 Echmatocrinus brachiatus', Simms, p. 310.

v.1994 Echmatocrinus brachiatus; Briggs, et al. p. 192, figs 156-157.

1995 Echmatocrinus brachiatus; Sprinkle and Collins, p. 113.

Material. The holotype is GSC 25962, and paratypes include USNM 165405 to 165408. Additional material

includes ROM SWF (two slabs, several individuals), ROM RQ9 1.92-993 A and B (four individuals), ROM
RQ9. 7-92-976 A and B (three individuals), and ROM RQ10. 1-92-1050 A and B (six individuals), ROM WT92-
441 A and B, ROM WT 1167, USNM 165426, and questionably USNM 165427.

Occurrence. Stephen Formation (Middle Cambrian), Yoho National Park, British Columbia. Specimens have

been collected from C. D. Walcott’s quarry and P. E. Raymond’s quarry at the Burgess Shale locality.

Diagnosis. Solitary octocoral with an elongate, conical body shape; covered with thin scales, irregularly

shaped and arranged; body wall flexible; eight (possibly more) tentacles with uniserial scales, scales with a

nodose and vermiform-ridged surface texture; body attached at a tapered base.

POTENTIAL ECHINODERM AFFINITIES

Sprinkle (1973, p. 178) identified the following features of Echmatocrinus as the keys to its

interpretation: (1) plating of the calyx; (2) irregularly plated, elongate holdfast rather than a stalk

with columnals; and (3) erect arms with uniserial segments and preserved tube feet. In their re-

examination of Echmatocrinus, Sprinkle and Collins (1995) also emphasized: (1) the presence of
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text-fig. 1. Echmatocrinus brachiatus Sprinkle, 1973; lateral

view of holotype (GSC 25962); Stephen Formation (Burgess

Shale, Walcott quarry), Yoho National Park, British

Columbia, a, entire specimen, solitary individual attached to

the tube of the priapulid worm Selkirkia Columbia ., Wiwaxia

corrugata spine to left at midpoint of specimen. Note the

irregular width of the animal along its length ;
x 1 . b, enlarge-

ment of upper part of specimen showing details of tentacles/

arms, pinnules/tube feet attached to tentacles, and irregular

scales/plates on body, photographed under alcohol; x 3.

sutured plates; (2) reticulate surface ornament; and (3) possible ligament or muscle pads on arm
ossicles. Additional critical attributes of these fossils include the composition and the inferred

rigidity of the calyx.
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The body wall

Sprinkle (1973) interpreted the body wall as being composed of irregular, polygonal, calcite plates.

This implies that these plates had some thickness and that they abutted against adjacent plates.

There is little indication that individual plates were imbricated and no indication of consistent

imbrication (Text-fig. 1a). If plates were laterally abutting, Echmatocrinus plates should be

hexagonal, as in most echinoderms. Examination of specimens indicates that the body wall was very

thin (Sprinkle and Collins 1995), and preservational style indicates that it was not rigid. Indeed,

specimens are commonly irregularly expanded along their lengths as a result of minor changes that

occurred during burial and compaction (Text-fig. 1 b). This preservational style is more characteristic

of animals having thin body walls composed of weakly articulated sclerites than those with thick

body walls and well articulated plates. The non-echinoderm nature of the body wall is especially

evident if Echmatocrinus specimens are compared with undoubted Burgess Shale echinoderms such

as eocrinoids (Gogia radiata Sprinkle) and edrioasteroids ( Walcottidiscus typicalis Bassler and
W. magister Bassler). Gogia and Walcottidiscus have distinct sutures between plates. In Walcottidiscus

imbricate plating is well preserved. Although these edrioasteroid plates are thin, they appear to

have been rigid, and the surface of the theca has distinct relief between the ambulacral and
interambulacral areas. Normally, sutures between plates and junctions between adjacent plates are

well defined in echinoderms, but in Echmatocrinus they are not (PI. 1, fig. 2). Thecal plates of Gogia

are preserved as moulds (e.g. in the Stephen Formation, USNM 165399; see Briggs et al. 1994, fig.

155). They are preserved in a similar way to those of other echinoderms having mouldic

preservation; each plate mould has considerable relief and is clearly distinct from adjacent plates.

Specimens of Gogia and other echinoderms from Cambrian deposits of Utah (e.g. Robison 1991;

Sprinkle 1992) show that catastrophically buried specimens have distinct sutures. Specimens that

have undergone slight disarticulation display equally or more distinct plate boundaries. In contrast,

‘sutures’ between plates are problematical on Echmatocrinus. Sprinkle and Collins (1995) described

sutures as being darker in colour and depressed with slightly raised plate centres. After examination

of all available material, we think that the existence of plate sutures is equivocal. Our observations

indicate that in some cases, the ‘sutures’ are lower than the polygons that they separate, whereas

in others they are higher. Under high magnification, the ‘sutures’ of the ‘calyx’ become
considerably less distinct or almost disappear. Plate sutures of the ‘stalk’ are extremely difficult to

discern (Text-fig. 1b). Only a small part of one specimen (ROM WT1167) is identified by us as

preserving any strong indication of sutures between adjacent plates in any part of the animal other

than the arms. Plate suture triple-junctions, typical of echinoderms with abutting plates, are nearly

absent. On USNM 165405 and USNM 165408, areas on the calyx (not individual plates) look as

though they are imbricated or torn and suggest a non-rigid, non-calcareous body wall. Commonly
for any specimen, one ‘plating’ pattern is evident in high incident light, whereas other polygonal

patterns are present in differing orientations of low incident light. Some patterns are hexagonal;

most are not. A hint of plating regularity is present on USNM 165405 and USNM 165427 in which

a portion of the body wall appears to be composed of hexagonal ‘plates’ arranged in spirals.

However this arrangement is not definite. In summary, the plating of Echmatocrinus is highly

irregular, at best, with plates abutting in some places and perhaps imbricating with others. A final,

EXPLANATION OF PLATE 1

Figs 1-2. Echmatocrinus brachiatus Sprinkle, 1973; lateral view of holotype (GSC 25962); Stephen Formation

(Burgess Shale, Walcott quarry), Yoho National Park, British Columbia; note irregular scales/plates on

body and character of texture on scales/plates interpreted as surface texture rather than stereomic

microstructure. 1, enlargement of upper part of specimen immediately below the tentacles/arms.

2, enlargement in middle of the body. Both photographed under alcohol; x 9.



PLATE 1

AUSICH and BABCOCK, Echmatocrinus
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important point is that no plates on Echmatocrinus can be identified as homologous to specific plates

on any younger crinoid.

Holdfast/stalk

No crinoid has a stalk similar to the irregular, multiplated structure of Echmatocrinus. Other

echinoderms, such as the eocrinoid Lepidocystis, may have a similar structure, but they are clearly

plated. Presence of a holdfast/stalk in Echmatocrinus does not preclude it from being a crinoid, but

it is quite unlike that of all early Ordovician crinoids, even Aethocrinus moorei Ubaghs and
Ramseyocrinus cambriensis (Hicks), which were compared to Echmatocrinus by Sprinkle (1973,

p. 178).

Stereomic microstructure

The surface of Echmatocrinus brachiatus has a distinctive pattern that Sprinkle (1973) attributed to

echinodermal stereomic microstructure. Sprinkle and Collins (1995) reported that this pattern is

similar to that of the edrioasteroid Walcottidiscus and not similar to other metazoans. However,
rather than being the interconnected, three-dimensional stereom unique to echinoderms, the body
wall surface, upon close inspection, has nodes and a vermiform, ridged surface texture (PI. 1, figs

1-2; see also Conway Morris 1993a, p. 222). Spacing of the nodes of this texture (on USNM
165405) is 0 097 to 0161 mm. Although much needs to be learned about stereomic microstructure

of crinoids and stereom spacing variability across the skeleton, its spacing on the outside of calyx

plates in living crinoids is typically one to two orders of magnitude smaller than the surface pattern

on Echmatocrinus (see Macurda and Meyer 1975).

On Walcottidiscus typicalis (USNM 90754) some plates preserve a poorly developed surface

pattern similar to that on Echmatocrinus
,
as discussed by Sprinkle and Collins (1995). However,

other plates on this specimen have a much finer, continuous pattern of circular holes and bars

(spacing = 0 0 14-0-028 mm) that is identical to echinoderm stereom. This comparison further

suggests that true echinoderm stereom is absent in Echmatocrinus and that the coarse surface texture

on Echmatocrinus only mimics the surface ornamentation of Walcottidiscus. In summary, preserved

Echmatocrinus plates lack pores or secondarily filled pores that would be expected in the

endodermically secreted stereomic skeleton ofan echinoderm. Instead, the ‘ plates ’ appear to be part

of an ectodermic skeleton.

Arms/ tentacles

The uniserial, erect arms/tentacles are the most crinoid-like feature on Echmatocrinus (Sprinkle

1973). These stand out in higher relief (Text-fig. 1b) than other parts of the animal and were

apparently the most rigid parts of the body. An isolated uniserial arm/tentacle piece (USNM
165426) demonstrates that the arms/tentacles were segmented (see Sprinkle, 1973, pi. 43, fig. 8).

Eight arms/tentacles are the most that we can definitely count on any specimen (Text-fig. 1a),

although Sprinkle (1973, p. 177) listed the arm/tentacle number as ‘At least 8 (and possibly as many
as 10)... Sprinkle (1992) listed the number as six to ten; and Sprinkle and Collins (1995) listed the

number as seven to ten. If the maximum number of arms/tentacles is less than ten, Echmatocrinus

lacks the pentameral symmetry characteristic of echinoderms.

Long (up to 4—6 mm), thin (1 mm at base), unsegmented, uncalcified branches are borne from the

arms/tentacles in an alternating pattern, one per arm/tentacle segment (Text-fig. 1b). Sprinkle

(1973) interpreted these as preserved tube feet. If this is correct, these are the only known examples

of preserved crinoid tube feet (Meyer 1982, p. 31) in the fossil record. Exceptional preservation of

non-mineralized remains is expected on Burgess Shale fossils, but other crinoid-bearing Lagerstatten

lack tube feet preservation on crinoids (e.g. Solnhofen Limestone, Mazon Creek-type deposits).

Hundreds of exceptionally preserved echinoderms have been collected from Burgess Shale-type

deposits from the Cambrian of Utah (e.g. Robison 1991), and no specimens have preserved tube

feet.
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V-shaped indentations occur on the outside of the arm/tentacle plates of Echmatocrinus (Text-

fig. 1b). Sprinkle and Collins (1995) interpreted these as possible ligament or muscle pads, but this

presupposed that Echmatocrinus is an echinoderm. If it is a crinoid, ‘muscle pads’ are highly

improbable, because muscles are not considered to have evolved as a connective tissue between

opposing brachials in crinoid arms until the Devonian (Ausich and Baumiller 1993). If

Echmatocrinus is an echinoderm, these could indicate ligamentary tissue.

POTENTIAL OCTOCORAL AFFINITIES

The fossil record of octocorals is quite poor compared with that of many other invertebrate

groups; therefore, comparisons herein are confined to living octocorals. Fossil octocorals occur in

Lagerstatten, such as Mazon Creek-type deposits (Oliver and Coates 1987). Frond-like fossils from

the Cambrian (Conway Morris 19936; Crimes 1995; Zhang and Babcock 1996) and the

Neoproterozoic (Glaessner 1984; Fedonkin 1992) have been allied with octocorals by some (e.g.

Jenkin 1992; Conway Morris 19936) although this view is not uniformly held (e.g. see Seilacher

1989, 1992). In any case, fossil octocorals or putative octocorals are not known in enough detail to

permit detailed comparison with Echmatocrinus. No pretence is made that Echmatocrinus is closely

related to any particular living octocoral, but comparisons of morphological characteristics between

Echmatocrinus brachiatus and a variety of living octocorals are made in order to consider the

affinities of this organism.

Nearly all living octocorals are colonial. However, a solitary octocoral does exist (Bayer and

Muzik 1976), and pseudo-solitary octocorals having a dominant autozooid are also known (Bayer

1973). This suggests that the earliest octocorals were solitary animals (Bayer 1973). Polyp shape of

many octocorals is conical, and eight tentacles are present. Tentacles may be simple, dichotomously

branched, or otherwise branched (e.g. Umbellula). Tentacles are pinnate in octocorals, a character

that is homoplasic with the Echinodermata. The Primnoidae are living, deep-sea octocorals that

have an outer body wall covered with abutting or imbricating scales. Examples include Fanellia,

Fannyella, and Perissogorgia (see Bayer and Stefani 1988; Bayer 1990). In living octocorals, the

scales tend to be arranged in vertical columns, and scales lack triple-junctions at most scale

junctures. The body wall is flexible rather than rigid.

Among the primnoid octocorals, the calcareous plates have a variety of shapes, but not simple

polygons. The surface sculpturing of plates is variable, but includes the following : vermiform raised

ridges, irregular rough texture, irregular striae, fine nodes, coarse nodes, and combinations of these

patterns (Bayer and Stefani 1988).

Plates of Echmatocrinus brachiatus resemble the scales of modern primnoid octocorals (Bayer

1990) both in gross and in detailed structure. Echmatocrinus plates have irregular outlines. At least

on the stalk they tend to be arranged in columns, and the surface texture is similar. The composition

of Echmatocrinus plates is not known, although their preservation is consistent with an original

calcareous composition.

Tentacles are not commonly preserved on fossil cnidarians, although a number of examples are

known from the Phanerozoic (e.g. Foster 1979; Oliver 1984; Stanley 1986; Oliver and Coates 1987).

Cnidarians from the Burgess Shale, such as Mackenzia (Briggs and Conway Morris 1986; Briggs

et al. 1994), have tentacles preserved in a manner very similar to the structures of Echmatocrinus that

were previously considered to be tube feet (Sprinkle 1973). These narrow, short, variously curled

and non-mineralized structures in Echmatocrinus are quite reasonably interpreted as pinnules or

ramifications on octocoral tentacles.

INTERPRETATION AND CONCLUSIONS

Echmatocrinus brachiatus is an animal with the following characteristics: an elongate, conical,

irregularly plated/scaled body with a holdfast on one end and eight (possibly more) arms/tentacles

at the other (Text-fig. 1b). Arms/tentacles are plated, and a series of alternating pinnule-like soft
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parts extend along the tentacles. The body wall was firm but non-rigid. The plates are roughly

textured on the outer surface. Apparently the plates were lightly skeletonized and calcareous, but

this is not known with certainty. Suggested affinities of this animal are with the crinoids (Sprinkle

1973; Sprinkle and Collins 1995) and the cnidarians (Conway Morris 1993a). Re-examination of all

available material leads us to favour a cnidarian interpretation and to suggest that Echmatocrinus

brachiatus is a primitive, solitary octocoral.

Because Echmatocrinus has been considered to be the oldest crinoid and because crinoid

morphology has been polarized by comparison with Echmatocrinus by many authors, comparing
characters of this fossil with crinoid synapomorphies may be tenuous. Instead, they are compared
with inferred synapomorphies known from early Ordovician crinoids. These inferred synapo-

morphies or essential crinoid features include a definite pentameral symmetry, a meric or holomeric

column, clear differentiation between the column and the aboral cup, a calyx composed of separate

sutured plates, aboral cup plates in discrete circlets offset by 36° or nearly 36°, at least one calyx

plate circlet in a ray position, and erect uniserial arms. Echmatocrinus lacks all of these inferred

synapomorphies except erect, uniserial arms, if the appendages on this fossil are arms as opposed
to tentacles.

If Echmatocrinus is not a crinoid, could it be another echinoderm? Features that more
traditionally would be considered echinoderm synapomorphies and that could be preserved in the

fossil record include the water vascular system, calcareous endodermal plating, pentameral

symmetry, and stereomic microstructure. Alternatively, in the deuterostome phylogeny of Jefferies

(1986), synapomorphies include the calcite skeleton with stereomic microstructure and dexiothetism

for living echinoderms and chordates, and fixation and radial symmetry for echinoderms. In this

scheme the single, unique preservable feature for echinoderms is an endoskeleton with stereomic

microstructure.

Sprinkle (1973) based his crinoid interpretation, in part, on the assumption that the ‘preserved

tube feet’ were a proxy for the water vascular system, that the plating was echinodermal, and that

stereom was preserved. However, as argued above, the ‘tube feet’ of Echmatocrinus are equally

likely to be pinnules on the tentacles of octocorals rather than a proxy for the water vascular system

of echinoderms. Echmatocrinus has plating, but whether this is endodermal or ectodermal cannot

be determined. Its plating is strikingly different in appearance from that of the sympatric

echinoderms Gogia and Walcottidiscus which have either abutting or imbricated plating, although

this does not exclude the possibility that Echmatocrinus plates were endodermal. The original

mineralogy of Echmatocrinus plates is not preserved. However, Echmatocrinus is interpreted here as

lacking stereomic microstructure. Stereomic microstructure is preserved in some Burgess Shale

echinoderms, but it does not occur in Echmatocrinus. This argues against Echmatocrinus being any
type of primitive stalked echinoderm.

Perceived similarities to crinoids, such as the elongate body attachment structure, and
arms/tentacles, can also be argued as cnidarian in affinity. However, the striking similarity between

plate architecture and arrangement of modern primnoid octocorals and the eight, pinnate

arms/tentacles (the most that we have been able to count on any specimen) strongly argue for an

octocoral interpretation.

Three slabs have connected clusters of Echmatocrinus specimens: ROM RQ9 1.92-993 A and B
with four individuals, ROM RQ9.7-92-976 A and B with three individuals, and ROM RQ 10. 1-92-

1050 A and B with six individuals. In all cases smaller specimens of varying sizes are attached to a

single larger individual. In the latter two cases the largest specimen to which others are connected

lacks arms/tentacles, but the characteristic surface texture of these larger individuals clearly

identifies them as Echmatocrinus. This pattern of attachment can be interpreted in two ways. Either

juvenile individuals attached to adults, or the smaller specimens are budded from the largest ones.

Very different phylogenetic interpretations follow from these two alternatives. Unfortunately, the

lack of preservational detail does not allow for the verification or rejection of either alternative.

In conclusion, we agree with Conway Morris (1993a) that Echmatocrinus is neither a crinoid nor

an echinoderm. There are no absolute homologies between Echmatocrinus and either crinoids or
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octocorals. However, on balance, the preserved characters of Echmatocrinus show greater

morphological similarity to octocorals than to crinoids or any other echinoderm group.
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CONSTRUCTIONAL MORPHOLOGY AND
PALAEOECOLOGICAL SIGNIFICANCE OF THREE

LATE JURASSIC REGULAR ECHINOIDS

by JOACHIM G. BAUMEISTER and REINHOLD R. LEINFELDER

Abstract. General shape of test, spine and tubercle morphologies, and ambulacral pore characteristics of

three regular echinoid species from the Upper Jurassic are interpreted in functional terms. Results are

compared with independent sedimentological and palaeoecological analyses of the host sediments. In

Acrocidaris nobilis the existence of a basal P3/4 isopore phyllode suggests the development of a strong sucker

disc which enabled firm attachment in a high energy hardground setting. This interpretation is corroborated

by tubercle characteristics indicating firmly attached but largely immotile spines, forming a ‘secondary test’.

Morphological interpretation of Rhabdocidaris rhodani suggests a low energy, possibly partly dysaerobic,

firmground setting as evidenced by (1) the exclusive occurrence of slit-like C isopores and (2) oblique tubercles

with a broad muscle attachment area indicating strong, motile stalking spines. Flattened general shape, lack

of aboral spines and a fairly strong sucker disc enabled Glypticus hieroglyphicus to crawl across very irregular

topography and even browse on the undersides of corals or within an open coral framework. On the other

hand, the fairly massive test suggests that elevated water energy occurred at least occasionally, so that the host

oligospecific dish-shaped coral association was probably positioned at shallower depths than previously

thought. It is suggested that the adaptations of some Late Jurassic regular echinoids to variable niches

independently accompanied and mirrored similar adaptive strategies developed in irregular echinoids, such as

the evolution of respiratory flattened tube feet or adaptations towards sedimentation.

The morphology of an animal is determined both by functional demands and phylogenetic

heritage. A functional solution to a demand, such as respiration or locomotion, may be more or less

perfect, and is strongly determined by the available constructional elements provided by the

phylogenetic evolution of the species. In this paper we focus on the palaeoecological potential of

constructional morphology in fossil regular echinoids. The examples from the Upper Jurassic

demonstrate that tube feet structure, thickness and strength of corona, as well as structure and

arrangement of tubercles and spines clearly vary according to the habitat of a species. A combined

functional interpretation of these features allows reconstruction of the animal’s life habit and gives

important clues for palaeoenvironmental interpretation.

The ambulacral system of echinoids has a distinct constructional plan allowing only certain

modifications. Nevertheless, tube feet of extant echinoids exhibit a great variety of structures and

functions. They are involved in locomotion, adhesion, absorption, gaseous exchange, excretion,

burial, feeding and chemosensory reception. The structure of these tube feet is well documented

(Loven 1883; Hamann 1887; Nichols 1959a, 19596, 1960, 1961, 1972; Smith 19786, 19806).

Accompanying these diversifications in tube foot structure and function there is a corresponding

change in the shape of ambulacral pores, through which each tube foot connects with its internal

ampulla. It has been shown for modern echinoids that the morphologies of pores and tube feet are

closely linked (Smith 1978a, 19806). Consequently, the morphological analysis of the ambulacral

pores, together with an analysis of the general shape of the test and the function of spines, should

be extremely helpful in palaeobiological studies. Although this is generally acknowledged, only a

few morphological and palaeoecological studies on fossil echinoids exist. Moreover, these studies

focus almost exclusively on irregular echinoids (Hoffmann 1914; Nichols 1959c; Ernst 1970, 1972;

(Palaeontology, Vol. 41, Part 2, 1998, pp. 203-219, 3 pis) © The Palaeontological Association
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Kier 1974; Seilacher 1979; Smith 1978a, 1980a, 19806, 1984), where the correlation of tube foot

function and pore morphology is more obvious, and where other morphological characteristics,

such as general shape of the corona and density patterns of spine attachment warts, help support

the functional interpretation.

The purpose of this paper is to demonstrate that the environmental demands of two Late Jurassic

regular echinoids, Acrocidaris nobilis Agassiz and Rhabdocidaris rhodani Cotteau, can be

reconstructed successfully by the analysis of hard-part morphologies. Both species are members of

well studied invertebrate associations, which, together with the character of the sediments, allow a

good control of the conclusions drawn by morphological analysis of the two echinoid species.

Interpretation can be further substantiated by comparison with the constructional morphology of

extant regular echinoids from comparable settings. As an application we will then show that

interpretation of the constructional morphology of a third Late Jurassic regular echinoid species,

Glypticus hieroglyphicus Goldfuss, provides important clues to the interpretation of sedimentation

rate, water depth and water energy, and hence helps reconstruct a palaeoenvironment which is

difficult to interpret by other criteria alone.

MATERIALS AND METHODS
The three Late Jurassic echinoid species examined were: Rhabdocidaris rhodani Cotteau, 1878

(Rhabdocidaridae), from the siliceous sponge facies (Oxfordian) at Jabaloyas in the Celtiberian

ranges of eastern Spain; Acrocidaris nobilis Agassiz, 1840 (Pseudodiadematidae), from Pery/La

Reuchenette in the Natica/Giinsberg member (Oxfordian) of north-western Switzerland; and
Glypticus hieroglyphicus Goldfuss, 1826 (Arbaciidae), from the Liesberg member in the Rauracian

of northern Switzerland and the Microsolenid Marls at Foug/Lorraine, France (Oxfordian). None
of the specimens was transported: A. nobilis is preserved with attached spines in life position and
must have been buried by a sedimentation event; G. hieroglyphicus is a common, regularly occurring

species within a fairly uniform biostromal coral association and is commonly preserved entire; R.

rhodani is derived from a similarly uniform sponge association. In both cases, the additional fauna

is mostly not fragmented.

Judging from the Treatise (Durham et al. 1966) and the original description there are no evident

differences between Rhabdocidaris rhodani Cotteau and the Rhabdocidaris species in our material.

However, Rhabdocidaris rhodani is known only from the Bajocian, and a longevity of a single species

from the Bajocian to the Oxfordian would be exceptional for a Jurassic echinoid. Comparison of

our material with the original material will be performed, but is beyond the scope of this paper.

Moreover, according to Mortensen (1928) some species of the genera Rhabdocidaris and Polycidaris

may need taxonomic revision. Taking these restrictions into consideration, our Rhabdocidaris

species is designated as Rhabdocidaris rhodani in the present paper.

After preparation and coating with gold using an Emitech K250 splutter coater, the ambulacral

pore type, and structure and arrangement of spines and tubercles were determined with a scanning

electron microscope (SEM).
Comparison of our Jurassic material with extant species was performed partly using published

data. However, the extant Colobocentrotus atratus Linnaeus, 1758 (Echinometridae), appeared

particularly suited for comparison, so some specimens were studied in detail for morphological

comparison. Small pieces of the test and spines of this echinoid were removed and placed in a 12

per cent, solution of NaOCl for about 90 minutes in order to remove organic tissue. They were then

attached to stubs, coated with gold and examined under the SEM.
Illustrated specimens with numbers prefixed by S are housed in the Palaeontological Collection

of the Institute of Geology and Palaeontology, University of Stuttgart.

Definition of terms

Terminology used for anatomical details follows the Treatise (Durham et al. 1966), except for

ambulacral pore terminology, which follows Smith (19786).
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COMPARATIVE MORPHOLOGICAL ANALYSIS OF THE REGULAR ECHINOIDS

Shape

Acrocidaris nobilis and Colobocentrotus atratus. The Late Jurassic and the extant species exhibit

obviously similar shapes (Mortensen 1935; Zbinden 1985). The studied specimens are more-or-less

circular in outline and have a flattened to slightly concave oral surface. The diameter of the tests

at the ambitus is in both cases 40 mm. The body wall is extremely thick (Table 1). The coronas are

low, but the ancient Acrocidaris is relatively higher than modern Colobocentrotus. Their peristome

is strongly enlarged compared with the periproct. The ‘gill’ slits are well developed. The ambulacra

are sinuated.

Rhabdocidaris rhodani. The examined specimen shows a test completely different from that of the

two species above. The corona is high, spherical, and only apically and orally slightly flattened. The
diameter at the ambitus, 90 mm, is large, as is the diameter of the peristome (c. 40 mm). The body
wall is rather thin relative to the size of the test (Table 1). ‘Gill’ slits are not present. The ambulacra

are not as strongly sinuated as in the two species above.

Glypticus hieroglyphicus. The test is flattened, particularly at the peristome, which is much larger

than the periproct. The diameter at the ambitus of the examined specimen is 18 mm. The apical

system is massive and found together with the test in most cases. In relation to the size of the test,

the body wall is relatively thick (Table 1), so that mechanical stability was rather high. The
ambulacra are not sinuated. ‘Gill’ slits are well developed.

Tubercles and spines

Acrocidaris nobilis. The macro- and microstructure of the tubercles reveals that this echinoid

possessed two different kind of spines, which is confirmed by rare specimens with spines undoubtedly
attached. On the aboral side the tubercle areole and mamelon of the primary spines are shortened,

and the platform is non-crenulated. The tubercles of the ambulacra and interambulacra are very

similar in size and shape (PI. 1, fig. 2). Interambulacral and ambulacral spines from the adradial

suture are strongly asymmetrical. The milled ring from the spines is shifted here to the edge of the

spine which is opposite the adradial suture (PI. 1, figs 3, 8). The spine-length is reduced and the

spines look like an anvil elongated at one side. The elongated parts of these spines overlapping the

ambulacral field form a kind of roof. The associated mamelons of their tubercles are very large

relative to the length and diameter of the associated spine. The spines at an interradial and perradial

suture exhibit no such strong unilateral elongation. Together the spines build up a mosaic-like area

out of polygons with four to seven edges. These polygons form a ‘secondary test’ by enclosing the

corona in an imperfect way. Just above the ambitus the areole of a primary in the interambulacrum
becomes enlarged, which is accompanied by crenulation of the platform (PI. 1, fig. 2) at the ambitus.

Another type of spine obviously inserts at this oral type of primary. The spine of this primary is

elongated (PI. 1, fig. 7) and triangular in cross section. Longitudinally, it is asymmetrical and
curved, with the tip of the spine directed downwards.

Colobocentrotus atratus. This extant echinoid shows aboral spines of the same shape as, but smaller

than, those of its fossil counterpart, Acrocidaris (PI. 1, figs 1, 6). The spines next to the ambulacral

field are asymmetrical and also form a roof. Together these spines build up a mosaic-like area of

polygons with four to seven edges, which is comparable to Acrocidaris nobilis, although the extant

species forms a much better developed, almost perfect ‘secondary test’ (PI. 2, fig. 6). Just below the

ambitus the primary spines change in shape and size, becoming elongated, rounded and club-like,

but more or less flattened (PI. 1, fig. 5). At the peristome the spines are spatula-shaped and decrease
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table 1. Comparison of diameter, wall thickness and height of test for the studied echinoids.

Rhabdocidaris

rhodani

Glypticus

hieroglyphicus

Acrocidaris

nobilis

Diameter of test at ambitus 90 mm 18 mm 40 mm
Thickness of test at ambitus c. 800 pm c. 600 pm c. 1 100 /an

Height of test 50 mm 9 mm 23 mm

in diameter (PI. 2, fig. 5). Tubercles below the ambitus change only in size, not in shape or structure.

In a fossil example this would possibly be interpreted as a simple differentiation in the size of

correlated spines rather than the occurrence of another morphological spine type.

Rhabdocidaris rhodani. The tubercle of a primary spine is perforated and strongly crenulated (PI. 2,

fig. 3). The notches are slightly strengthened at the side of the adoral suture. There is no
differentiation in an oral and an aboral spine-type apart from the fact that the aboral tubercles are

larger. The areoles of the primary tubercles are elliptical to rounded rectangular in shape and are

confluent. The tubercles below the ambitus are distorted and the mamelon is shifted towards the

adapical edge of the interambulacral plate. However, the area of muscle attachment is slightly

broader at the adoral suture, probably indicating that the inserting muscles pulled stronger in one

direction. Likewise, the oral tubercles are slightly tilted with respect to the plate surface, so that the

attaching spines were adjusted at a close angle to the corona. Spines of the genus Rhabdocidaris are

generally slender and thorny (Mortensen 1928). This corresponds with the crenulated tubercles on
the test of Rhabdocidaris rhodani, in which the boss does not participate very much.

Glypticus hieroglyphicus. Orally the tubercles of the interambulacra are modified into irregular,

elongated elevations resembling Egyptian hieroglyphics (hence its name) (PI. 1, fig. 4). Obviously,

these interambulacral elevations could not act as attachment areas for spines. However, just below

the ambitus the tubercles of primary spines are well developed and the species was definitely covered

by spines, although we did not find any specimen with spines attached. The mamelon is non-

perforated and non-crenulated. The areole of these tubercles is small. Minute tubercles across the

ambulacra are interpreted by Hess (1975) as mamillae for minute ambulacral spines.

Pore pairs and tube feet

Colobocentrotus atratus. The pore pairs of this modern echinoid were studied by Smith (19786).

On the aboral side are crowded pores of P2 isopore type in more than one row. Orally, this echinoid

develops P4 isopores (breadth of the muscle attachment area: 550 pm; diameter of a pore: 100 pm;
PI. 3, fig. 2) and forms phyllodes (PI. 3, fig. 1).

Acrocidaris nobilis. This species shows aboral small narrow ambulacral pores which stand in one

row (PI. 1, fig. 2). The pores are P2 isopores. From the ambitus to the peristome the muscle

attachment area surrounding the pores increases in size and the pore pairs change to the P4 type,

realizing all transitions from P2 to P3/4 isopores. In the present material P4 isopores are well

preserved only directly at the peristome (diameter of the muscle attachment area: 700 pm; diameter

of a pore: 330 pm; PI. 3, fig. 4). The area at the peristome in which pore pairs are found is enlarged

and phyllodes are present (PI. 3, fig. 3). This is comparable to the occurrence of phyllodes at

Colobocentrotus, except for the higher density of pore pairs in the latter.
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Rhabdocidaris rhodani. The ambulacral pores of the studied specimen are of the same pore type

over the whole ambulacral field from the periproct to the peristome. They are large, the neural canal

is small and poorly defined. The muscle attachment area is poorly developed and an interporal

furrow is missing. The pores adjacent to the perradial suture are rounded, whereas the pores next

to the adradial suture are elongated. The space between two pores of one pore pair is greatly

enlarged to T8 mm. The average distance between the outer margins of pore pairs is 3-6 mm (PI. 2,

fig. 2). An interporal ridge is developed. Thin section and subsequent examination with a polarizing

microscope reveals that the canals of the pores passing through the test diverge (PI. 2, fig. 1). These

pores can clearly be classified as Cl isopores.

Glypticus hieroglyphicus. On the aboral side of this echinoid P2 isopore pairs (PI. 2, fig. 4) occur

in one row (PI. 1, fig. 4). Orally this echinoid develops transitional forms from P2 isopores to P3

and P4 isopores (diameter of the muscle attachment area : 480 /mi
;
diameter of a pore : 100 pm ; PI. 3,

fig. 6). Again, an increase of pore pairs orally led to the formation of phyllodes (PI. 3, fig. 5).

INTERPRETATION AND DISCUSSION

Functional interpretation and palaeoecology/ecology of Acrocidaris nobilis and Colobocentrotus

atratus

Based on the similarity of general shape and spines Mortensen (1935) and Zbinden (1985)

considered that Acrocidaris lived on surf-washed rocks or corals as does Colobocentrotus today

(cf. Ebert 1971; Clark 1976). The transformation of the aboral spines into a ‘secondary test’

obviously protected the living tissues, pedicellariae and the ambulacral tube feet, and formed a free

space where the tube feet could carry out their respiratory function, even when endangered by wave
action. The function of the curved oral spines is suggested as to enable wedging in crevices (Hess

1975; Zbinden 1985) or ‘to make the whole oral side act as a powerful sucking disc’ (Mortensen

1935). The present study shows that not only the similarity of the shape of the spines, but also the

partial similarity of the tubercles and particularly the type of oral and aboral tube feet of Acrocidaris

nobilis and Colobocentrotus atratus
,
provide further evidence for a very similar life habit for both

species. Particularly, the presence of phyllode-forming oral P3/4 isopores provides a strong

argument for the existence of a large sucker disk, and hence for adaptation to life on hardgrounds

in a high-energy setting, an interpretation which in fossil material could be drawn even if the

morphology of spines were not known. However, in Acrocidaris nobilis the oral phyllode is not as

wide and its tube feet are not as numerous as in Colobocentrotus. Therefore, the Jurassic species was
probably not able to live in very high-energy surf. This interpretation, based on the ambulacral pore

characteristics, is corroborated by the unique preservation of spines in the studied material of

Acrocidaris nobilis. An obvious difference from Colobocentrotus atratus is that the marginal spines

of the latter are club-like and directed downwards, in order to touch the hard substrate and hence

to tighten further the lock on the substrate. Acrocidaris nobilis shows a differentiation of spines too,

but the spines are triangular in cross section and are much more elongate so that they probably did

not achieve such a tight substrate lock.

Despite this, Acrocidaris nobilis seems to have been better adapted to life on surf-washed

substrates than is, for example, the extant Heterocentrotus, which has similar triangular and
elongated spines, but not a complete ‘secondary test’. Heterocentrotus lives in somewhat less

exposed places, particularly on the outer reef edge, where it can attach itself in holes and cavities

by means of its additional long, massive spines, thereby protecting itself against being washed away
by the surf. In terms of constructional morphology, Acrocidaris thus could have occupied an

intermediate stage between Colobocentrotus and Heterocentrotus as regards adaptation to life in an

wave-agitated environment (cf. Mortensen 1935).

The Acrocidaris nobilis material studied is from the Gunsburg/Natica member of early Late

Oxfordian age exposed in the Reuchenette Quarry of northern Switzerland. Only general
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descriptions of the Oxfordian coral facies of northern Switzerland exist (Piimpin 1965; Bolliger and
Burri 1970; Gygi 1986), but the site was examined briefly by us for its faunal and sedimentological

development. Detailed work on the Giinsburg Formation of the Reuchenette Quarry is in progress

(M. Takacz, pers. comm.). At exposure, the transition from the coral facies to the purely marly,

more distal, slope facies of the Effingen Formation is rapid and easily seen. The reefs of the

Giinsburg member were thought to have been positioned on a slope break by Gygi (1986), although

no morphologically sharp break is developed. The reefs are well developed and contain abundant
corals in massive and bushy growth forms which, together with a large number of microbial crusts,

commonly form a rigid framework. The accompanying fauna is rich and includes abundant crinoid

and echinoid fragments, a diverse bivalve fauna (pectinids, limids, oysters), besides gastropods

(including nerineids), terebratulid and rhynchonellid brachiopods, and a rich encrusting fauna of

serpulids, bryozoans, microencrusters, etc. (Text-fig. 1). Reefs, with thicknesses of metres up to

several tens of metres, arose from the sea floor. They contain frequent marl levels indicating tranquil

water conditions. However, abundant debris within and at the lateral reef margins as well as

marginal debris fans and upwards transition into cross-bedded calciclastic sands show that reefs

were regularly affected by high energy conditions. Apart from the dense coral cover, the abundance
of microbial crusts together with the rich encrusting fauna and common lithophagid borings shows
the wide distribution of hard substrates as well as the lack of background sedimentation during the

major episodes of reef formation. Obviously, the functional interpretation of Acrocidaris nobilis as

adapted to hard substrates and very high energy conditions concurs perfectly with the same
interpretation derived independently from the composition and structure of the host reefs.

Functional interpretation and palaeoecology of Rhabdocidaris rhodani

The inclination of the tubercles of Rhabdocidaris rhodani and the distortion of the mamelon to the

adapical edge of the areole are obvious adaptations for supporting spines attached obliquely and
adjusted at a relative close angle to the corona. The tips of the spines are directed downwards. These

spines enabled Rhabdocidaris rhodani to stalk over the sea-floor. Stalking on slender spines is only

possible if sinking into the sediment is prevented either by a generally moderately firm substrate or

by a restriction of the echinoid’s activity to patches of suitable substrate. Also, the areoles form a

much larger portion and the boss a smaller portion of the tubercle when compared with tubercles

from Acrocidaris or Colobocentrotus in which the spines’ primary function is to provide rigidity.

In Recent cidaroids it is reported that they are not able to lift themselves up when the spines are

removed (Lawrence 1976a). The presence exclusively of Cl isopores indicates that its tube feet had
only a respiratory function and did not help in locomotion or other activities such as particle

handling or attachment. Therefore, the only means of locomotion for Rhabdocidaris rhodani, was

EXPLANATION OF PLATE 1

Figs 1, 5-6. Colobocentrotus atratus Linnaeus, 1758. 1, aboral spine, underside, milled ring positioned

marginally; note similarity to aboral spines of Acrocidaris nobilis (fig. 3); x 17. 5, oral spine, oblique basal

termination is similar to that of Acrocidaris nobilis, although size and shape differs; x 8. 6, aboral spine, side

view; note similarity with aboral spines of Acrocidaris nobilis (fig. 8); x 17.

Figs 2-3, 7-8. Acrocidaris nobilis Agassiz, 1840. 2, S762; top view; showing identical mamelons in ambulacras

and interambulacras, ambital mamelon with large crenulated platform
;
note different apical tubercle shapes

;

x 1-4. 3, aboral spine, underside; milled ring positioned marginally; x 14. 7, tip of oral spine; x 10. 8, aboral

spine, side view; milled ring positioned marginally; x 10.

Fig. 4. Glypticus hieroglyphicus Goldfuss, 1826; S760; top view; ambulacral pores are aligned in straight single

rows ; typical for the species is the complete preservation of the periproct
;
note lack of tubercles indicating

lack of aboral spines; x 2-6.
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by using its spines. However, this kind of locomotion is not possible in high energy conditions,

because currents might turn such echinoids upside-down due to their lack of sucker feet. In addition,

the presence of well-developed Cl isopores with an exclusively respiratory function further indicates

that Rhabdocidaris rhodani was probably adapted to life in an environment with occasional partial

oxygen depletion such as a low-energy lagoon or a deeper-water setting, with impoverished water

exchange, so that improvement of the respiratory apparatus was a prerequisite to thrive in such

settings. Together with the obvious lack of protective spines, the occurrence exclusively of Cl
isopores across the entire corona suggests that Rhabdocidaris rhodani could thrive only in protected

caves or in environments with very low to zero sedimentation rate, for it was not able to clean

sediment from its corona with its tube feet or spines
;
pedicellariae were the only tools available for

cleaning it.

This interpretation corresponds perfectly with the data gathered from the sedimentology and the

palaeoecological analysis of the accompanying fauna of the host sediment. The preserved specimen

of Rhabdocidaris rhodani studied in detail here was found in the Oxfordian siliceous sponge

meadows from the Celtiberian zone of eastern Spain. Here, reefal meadows, composed alm ost

exclusively of densely spaced, platy hexactinosan sponges, cover an area of at least 70000 km2
. They

were studied in detail by Krautter (1995). He suggested that the composition of the sponge and
accompanying fauna suggests likely water depths of more than 80 m, below the storm wave zone.

Sponge morphologies, very reduced stratal thicknesses and the abundance of automicritic substrate

indicate almost zero background sedimentation and the prevalence of firm and hard substrates. In

addition, composition and morphology of the sponge species, together with the very reduced

number and diversity of species of filter-feeding organisms, such as bivalves, crinoids, brachiopods

or serpulids, indicate very low nutrient levels, related largely to the lack of influx of organic and
inorganic terrigeneous material together with the lack of water exchange (Krautter 1995). Lack of

water circulation might have caused occasional, partial oxygen depletion of bottom waters, as

suggested by authigenic glauconite, Chondrites horizons, framboidal pyrite as well as the dominance
of faunal elements with a low metabolic activity (hexactinosan sponges, brachiopods) or a

facultatively anaerobic metabolism (serpulids, some bivalves; cf. Leinfelder 1993, 19946).

Rhabdocidaris rhodani indicates a tranquil setting with a stable substrate (no phyllodes, crawling by
an adapted spine/tubercle-system), shows no obvious adaptation to background sedimentation

(lack of aboral P isopores) and was adapted to lowered rates of oxygenation (dominance of Cl
isopores across the entire corona) and hence is completely compatible with the above interpretation.

Automicrite formation, common in the environmental setting of the studied Rhabdocidaris rhodani,

is generally thought to be caused by microbial films and mats (Reitner 1993; Rehfeld-Kiefer 1994;

Reitner et al. 1995) which were the probable food source for the echinoid (Text-fig. 1).

EXPLANATION OF PLATE 2

Figs 1-3. Rhabdocidaris rhodani Cotteau, 1878; S761; 1, cross section through an ambital Cl isopore; pores

are inclined and widely spaced (arrows) ; bioclastic sediment (lower part of figure) infilling echinoid test

;

x 13. 2, Cl isopore; characteristic is the widely spaced and elongated pore pair and the lack of muscle

attachment area; x 35. 3, ambital tubercles; characteristic are oval shape, large muscle attachment area,

assymetrical crenulation and central perforation; x 5.

Fig. 4. Glypticus hieroglyphicus Goldfuss, 1826; S760; aboral P2 isopore; muscle attachment area is poorly

developed in comparison with P4 isopores (PI. 3, fig. 6); x 80.

Figs 5-6. Colobocentrotus atratus Linnaeus, 1758. 5, oral region; from bottom to top: club-like oral spines,

flattened spatula-shaped spines; crowded and large suckered tube feet (associated with non-visible P4
isopores); and jaws; x4. 6, top view; ‘secondary test’ formed by aboral spines; x2-4.
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Functional interpretation and palaeoecology of Glypticus hieroglyphicus

This echinoid shows a phylloidal tube foot configuration which appears to be functionally adapted

to attach the echinoid firmly to the substrate. Very similar holdfast phyllodes exist in, for example

:

Stomopneustes variolaris (Stomechinidae), known from modern high-energy environments (Endean
et al. 1956; Balinsky 1958; Taylor 1968, 1971); Paracentrotus lividus (Echinidae), from semi-

sheltered areas of flat or gently sloping rock ledges (Ebling et al. 1960; Kitching and Ebling 1961

;

Neill and Larkum 1965; Gamble 1967; Crapp 1973; Allain 1975; Crapp and Willis 1975) or

Heterocentrotus mammilatus (Echinometridae) from the outer reef edge and exposed fringing reefs

in high energy environments (Tenison-Woods 1881; James and Pearse 1969; Weber 1969). The
complete loss of interambulacral aboral spines in Glypticus hieroglyphicus, as suggested by the lack

of interambulacral aboral spinal warts, cannot be interpreted unequivocally. It may point to

elevated water energy, making the test flatter and smoother and hence less prone to overturning by
currents or waves. In contrast, it may be interpreted also as an adaptation to an occasionally

elevated sedimentation rate, for aboral spines could act as bafflers of unwanted sediment. A
denuded test can be more easily cleaned of sediment, either by simple wash-off or by the activity of

pedicellariae and, possibly, tube feet. Relict tiny, cilia-type aboral spines might have existed on
ambulacral plates, as indicated by minute interambulacral mamillae (Hess 1975). From examination

of the information available in the literature it appears that the regular echinoids with aboral

suckered tube feet often cover themselves with particles to some degree. But, it seems that the

covering action fulfils different functions, such as camouflage and protection from light and
sediment, in different species (Lawrence 19766). However, considering the existence of an oral

sucking disk, the most likely explanation for the lack of larger aboral spines is that all mentioned

features enabled Glypticus hieroglyphicus to move into small cavities or crawl on to the undersides

of overhangs. Although the existence of spines on the oral side is obvious by the respective tubercle

characteristics, no specimen with attached spines has been found. Mortensen (1935) mentioned that

little is known, of spines which might belong to Glypticus. This statement seems to be valid still

today, although it might be guessed from the tubercle characteristics that Glypticus hieroglyphicus

possessed poorly differentiated spines below the ambitus which probably helped in locomotion,

although their musculature was not very strong and locomotion as well as the holdfast function

must have been maintained largely by the tube feet of the oral P3/4 isopore phyllode.

The studied material of Glypticus hieroglyphicus is derived from the Liesberg Member of Mid
Oxfordian age from Liesberg, central Swiss Jura, and from the Microsolenid Marls of Mid
Oxfordian age from Foug, Lorraine, France. Oxfordian coral localities, including Foug, were

studied by Geister and Lathuiliere (1991), Insalaco (1995) and Laternser (pers. comm.). The
Liesberg Member has been studied by Insalaco (1995) and Takacz (pers. comm.). Both localities

were investigated by us and show astonishingly similar faunal composition, fabric and
sedimentology. The faunas consist largely of corals of the genera Microsolena, Dimorpharaea,

Isastrea and Thamnasteria, which occur in high abundances and form platy mushroom shapes.

Microsolenid corals appear to dominate strongly the association. The corals are densely spaced next

EXPLANATION OF PLATE 3

Figs 1-2. Colobocentrotus atratus Linnaeus, 1758. 1, part of oral phyllode; isopores occur in several rows; x 23.

2, oral P4 isopore; note neural canal, small pore size and broad muscle attachment area; x 75.

Figs 3-4. Acrocidaris nobilis Agassiz, 1840; S762; 3, part of oral phyllode; x 26. 4, oral P4 isopore; pore pair

surrounded by broad muscle attachment area; x 45.

Figs 5-6. Glypticus hieroglyphicus Goldfuss, 1826; S760; 5, phyllode; density of isopores is much lower than

in Colobocentrotus
;
x 36. 6, oral P4 isopore

;
visible is a neural canal, the moderately small pores and a broad

muscle attachment area
;
oral isopores are slightly larger but otherwise strikingly similar to oral isopores of

Colobocentrotus (fig. 2) ;
x 66.
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text-fig. 1 . Life habitats of Acrocidaris nobilis, Glypticus hieroglyphicus and Rhabdocidaris rhodani. Diagnostic

morphological echinoid features are compatible with the general palaeoecological and sedimentological

analyses of the parent association. FWWB = fair weather wave base.

to each other and, particularly on their undersides, are heavily encrusted e.g. by serpulids,

bryozoans and thecideinid brachiopods or crinoids. Often, a true framework is developed (Text-

fig. 1).

Microsolenid corals, particularly flat growth forms, are frequently interpreted as slightly deeper

water corals (Scott 1981; Werner et al. 1994; Nose 1995), partly comparable to the extant deep

water species Leptoseris (Leinfelder 1994a; Insalaco 1995). Consequently, the locations of the

present material of Glypticus hieroglyphicus, i.e. the microsolenid associations from Liesberg and

Foug, were interpreted by Insalaco (1995) as deeper water settings, at the lower limit of coral reef

growth. However, some arguments against such interpretation exist: occasional finds of platy

isastreid corals in life position show corallites on the upper and lower surface (M. Takacz, pers.

comm.). The encrusting foraminifer Lithocodium as well as the problematical form Bacinella, both

generally considered as characteristic shallow-water indicators (Leinfelder et al. 1993; Schmid and

Leinfelder 1995), were recently detected at Foug (Laternser, pers. comm.). Also, the development

of a rigid framework is not known from the modern Leptoseris deep water association (Schlichter

et al. 1985). This might indicate that water depths of the microsolenid coral association from Foug
and Liesberg were shallower than generally thought and that the flat growth shape of the corals was
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either a competitive feature in order to occupy all available space or was due to poor illumination

caused by frequent turbidity rather than by great water depth.

Judging from the sedimentology and palaeoecology of the coral associations as well as the

morphological peculiarities of Glypticus hieroglyphicus, the environmental setting at Foug and

Liesberg was probably characterized by a moderate water depth and moderate currents. In

particular

:

1 . The relative thickness, the irregular reinforcement structures and the flattened shape of the test

of Glypticus hieroglyphicus might indicate occasional wave action, but the prevalence of fine-grained

matrix shows that the setting was not positioned in the constantly wave-agitated zone.

2. The occurrence of phyllodes with Glypticus hieroglyphicus shows that it was necessary for the

animal to attach firmly to a substrate. Since consistently high water-energy can be ruled out by the

criteria mentioned above, phyllodial development might be interpreted as an adaptation to browsing

not only on the upper surfaces but on the undersides of coral plates too. This might be additional

indirect evidence for a moderately shallow setting, because it was probably light-dependent algae

on the undersides of the corals which were rasped off by the echinoid. Another theoretical functional

interpretation of the phyllode, as an organ for sediment feeding similar to that in many irregular

echinoids, can be ruled out by the common occurrence of P3 and P4 isopores within the phyllode,

pointing to the existence of many strong P3 and P4 tube feet with pure holdfast functions and by

the almost exclusive occurrence of coral hardgrounds in the environments. However, modern
sediment-feeding regular echinoids are known from deep water environments (e.g. Phormosoma
placenta Thomson). A species of the Late Jurassic regular echinoid Pseudodiadema exhibits

phyllodes. The tube feet were probably used for transport of food particles, in the same manner as

in modern Strongylocentrotus droebachiensis (Himmelmann and Steele 1971). Pseudodiadema was
found by us near Foug in the Oxfordian Terrain a Chailles, France, underlying the Microsolenid

Marls. The marl sediments represent softground associations composed of rhynchonellid

brachiopods, epifaunal, semi-infaunal and burrowing bivalves (cf. Geister and Lathuiliere 1991)

and the irregular echinoid Collyrites, amongst others. Transportation processes (Nebelsick 1990,

1992) can be largely ruled out by the generally unfragmented preservation (Kidwell and Baumiller

1990) of the fauna. Although the preservation of the specimen does not allow closer inspection of

the phyllodial pore types, we presume that this species of Pseudodiadema might have been a soft-

ground sediment feeder.

3. The predominance of P2 isopores on the aboral side of Glypticus hieroglyphicus, which indicates

the presence of motile, muscle-supported tube feet with a small sucker, together with the lack of

spines would have facilitated biological and physical removal of sediment particles and hence

appear to be an adaptation to sediment smothering. Since aboral spines are lost, this echinoid with

aboral suckered tube feet may also have covered itself with particles for protection to some degree.

Such adaptations on one hand, and the general low sedimentation rate as highlighted by the high

encrustation rate, shows that sedimentation was intermittent rather than continuous.

CONCLUSIONS

The nature of the substratum is the primary factor influencing the local distribution of echinoids.

From echinoid larvae today it is well known that they show a strong substrate preference and can

suppress settlement until a suitable substratum is found. In almost all species, a strong correlation

thus exists between adult distribution and the nature of the sea floor. For regular echinoids this was
demonstrated by, for example, Heatfield (1965), Ernst (1973) or Sheperd (1973). Substrate

characteristics are also dependent directly upon current velocities and the extent of water

turbulence, factors which also determine echinoid distribution. Life in the high energy zone

demands special adaptations. The presence and intensity of the sedimentation also influences

distribution of echinoids, either by directly smothering the organism or by influencing substrate

characteristics. In some cases regular echinoids react more sensitively to suspension in the water

than do other invertebrates, including corals (Moore et al. 1963).
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The reefal settings of the Upper Jurassic comprise different reefal litho- and biofacies due to

differences in water energy, water depth and sedimentation rate (Leinfelder 1993, 1994h). These are

the prime factors leading to differences in substratum characteristics which explains the different

echinoid faunas. As discussed above, nutrient and oxygen levels are other important factors

determining the composition of Late Jurassic reefs and obviously also influenced the distribution

of regular echinoids.

The present study shows that morphological elements of regular echinoids, particularly general

morphology and thickness of the corona, shape, structure and spatial patterns of tubercles,

mamelons and spines, as well as morphology, differentiation and spatial arrangement of ambulacral

pores, are important tools in interpreting the palaeoecology of the extinct animal. However,
comparison with interpretations derived independently from palaeoecological and sedimentological

analyses of the host rock is a prerequisite to test the correctness of the morphological interpretation

as well as to choose the most likely interpretation in cases where analysis of constructional

morphology results in more than one interpretation.

The constructional interpretation of Acrocidaris nobilis as a moderate- to high-energy, hard-

ground dweller is based particularly on the interpretation of an oral phyllode with P3/4
isopores, indicative of a moderately effective, large oral sucking disk, and on the existence of a

‘secondary test’ formed by distally broadened and flattened, short spines whose existence could be,

at least, partially concluded from the structure of the mamillae and tubercles alone. This

interpretation is in perfect accordance with the interpretation of the host reef as a shallow-water,

crust-rich coral reef of moderate to elevated water-energy. Frequent marl intercalations show that

the ‘secondary corona’ of Acrocidaris nobilis might not only have been an adaptation to elevated

water energy, but also a shelter from occasional sedimentation.

The constructional interpretation of Rhabdocidaris rhodani as a quiet-water, firmground species

is based on the complete lack of an oral sucking disk, and the existence of stalking spines. The
existence of the latter can be concluded by the asymmetrical, tilted oral tubercles surrounded by
large areoles. Lack of sedimentation is indicated by the lack of aboral P and C2 isopores which

would indicate the existence of motile, gripping tube feet attaching sheltering particles or

performing direct sediment removal. Occasional oxygen depletion, probably caused by a certain

lack of water exchange, is indicated by the exclusive, but overall presence of Cl isopores serving as

respiratory feet. Again, the analysis of the low-diversity hexactinosan sponge association and
sediment starvation features of the host rock suggests exactly the same interpretation.

The constructional interpretation of Glypticus hieroglyphicus is equivocal. The oral sucking disk

composed of P3 isopores indicates the necessity for strong substrate attachment. The presence of

a fairly compact corona could be interpreted as a high-energy feature. Lack of interambulacral

aboral spines might indicate either a high-energy setting or a high sedimentation regime, but may
also have served to enter narrow cavities. The existence of aboral motile tube feet, as judged from

P2 isopores, can be interpreted as an adaptation towards sedimentation. The analysis of the

extensively developed marly microsolenid platy coral meadows and frameworks helps in interpreting

the function of these features. It indicates that Glypticus hieroglyphicus was adapted to both

hardgrounds and occasional sedimentation. The compact corona indicates adaptation to

occasionally elevated water energy, hence supporting other indicators for a water depth much
shallower than previously thought. However, the richness of fine sediments, together with the

irregular framework of platy, superimposed corals, suggest that the strong sucking disk as well as

the lack of aboral spines must be seen as an adaptation to climbing the irregular, steep to

overhanging walls of the coral framework, and possibly browsing on the undersides of coral plates,

rather than indicating generally high water energy. This set of features rules out an alternative

interpretation of this phyllode as an organ for deposit feeding, similar to phyllodial structures of

irregular echinoids, since the weakly developed oral spines do not show any adaptation to

locomotion on a softground and oral isopores are much larger than those used for feeding purposes.

When examined through a combined analysis, coronal morphology, tubercle and spine

characteristics, and pore characteristics and arrangements are important tools in interpreting life
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habit and environmental demands of ancient regular echinoids. Such analyses may support or refine

palaeoenvironmental conclusions drawn from other data sets. Obviously, Late Jurassic regular

echinoids inhibited a great variety of -palaeoenvironments, and in part developments paralleled

those later perfected by irregular echinoids. Consequently, Late Jurassic regular echinoids not only

thrived on high and moderate energy, low sedimentation firmgrounds (e.g. Acrocidaris nobilis), but

also grew under moderate sedimentation rate (Glypticus hieroglyphicus), and could occupy deeper,

partly oxygen-depleted settings by improving their respirational apparatus (Rhabdocidaris rhodani

)

and might even have developed sediment feeding forms on softgrounds (Pseudodiadema sp.).
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THE DIVERSITY AND PHYLOGENY OF THE
PATERINATE BRACHIOPODS

by ALWYN WILLIAMS, LEONID E. POPOV, LARS E. HOLMER
and MAGGIE CUSACK

Abstract. The chemico-structure and morphology of the shells of the earliest known brachiopods, the

paterinates, have many features consistent with the antiquity of the group and its phylogenetic proximity to

the ancestral stock of the phylum. The organophosphatic shell is typically finely laminated and imprinted

throughout with outwardly convex epithelial casts in the older cryptotretids. The greatest concentration of

amino acids occurs in the shells of Ordovician Dictyonites but the higher level of aspartic acid/asparagine may
not be related exclusively to the post-Cambrian age of the genus as the shell is uniquely ‘perforate’ through

periodic reductions in phosphatic secretion. The quadrilobate larval dorsal valve, the interareas with delthyria

and notothyria variably covered by homeodeltidia (or pseudodeltidia in some cryptotretids) and rarer

homeochilidia suggest rhynchonelliform affinities as do mantle canal impressions and a musculature which
included diductors implanted dorsally on the median plate within the notothyrium. Phylogenetic analysis with

penecontemporaneous linguliforms and rhynchonelliforms as outgroups indicates that the paterinates are a

sister group of the Ungulates and consist of two subclades, Paterinidae and Cryptotretidae. The latter were
short lived but remarkably diverse and may well have evolved directly from the brachiopod stem group.

Paterinate brachiopods have been of abiding interest to students of the phylum since they were
first separated taxonomically from the kutorginids (Beecher 1891, p. 345). The group had already

been recognized as among the oldest metazoans to be represented by biomineralized remains in the

geological record. Beecher (p. 346), however, regarded the semi-elliptical shell of Paterina, allegedly

with all growth lines ‘unvaryingly parallel and concentric, terminating abruptly at the hingeline’

(hemiperipheral) as preserving throughout ontogeny the essential features of the embryonic shell

(protegulum) and, therefore, as fulfilling a prototypic role in brachiopod phylogeny. Paterina was
further characterized as having the simplest type of pedicle opening (Beecher p. 352); it effectively

typified Beecher’s new group, the Atremata.

Beecher’s views on paterinate morphology were soon refuted. Walcott (1912, p. 339), found that

the pedicle opening was restricted by a pseudointerarea (henceforth referred to as ‘interarea’, see

section on
‘

Posterior margins'); while Thomson (1927, p. 50), after concluding that growth of the

ventral valve changed from hemiperipheral to holoperipheral during ontogeny, transferred the

paterinids from the Atremata to the Neotremata. Yet the most intriguing aspect of the group, its

mixture of features generally accepted as mutually exclusive to either inarticulated or articulated

brachiopods, was not explicitly discussed until Bell (1941, p. 213) erected a genus, Icodonta, on the

presence of sockets in the dorsal valve of the type species. This was refuted by Rowell (1965,

p. H295), although he drew attention to the posteriomedial grouping of the muscle scars in the

manner of articulated brachiopods and figured two versions of possible soft tissue relationships

within the posterior part of the shell (p. H90).

Rowell (1980) has since elaborated this theme with the aid of well preserved Dictyonina pannula
(White) from Nevada. He noted that, apart from their organo-phosphatic shells, paterinates are

essentially articulated brachiopods in the taxonomic sense. In particular, he emphasized the strophic

relationships of the interareas but, in the absence of unambiguous diductor scars from both valves,

believed that the shell may not have opened orthodoxly. Rowell (p. 18) was also the first to identify

ventral vascula media. Their presence was confirmed by Laurie (1987) who figured beautifully
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preserved Australian paterinates revealing their orthide-like mantle canal systems and muscle scars.

He contended that the variable disposition of the interareas among paterinates generally was
consistent with an orthodox lever action for the opening of the valves.

The advances made through the studies of American and Australian paterinids were

simultaneously being complemented by the researches of Russian palaeontologists.

The earliest brachiopods yet recorded are Aldanotreta and Cryptotreta (Pelman 1977) from the

Tommotian Stage of north-central Siberia. Only Aldanotreta was confidently identified as a

paterinid but Pelman later (1979) erected Cryptotretidae to include both genera and assigned the

family to the Paterinida. The first ultrastructural studies of the shell (Popov et al. 1982) revealed the

distinctive tuberculate ornamentation of paterinid larval shells. Popov and Ushatinskaya (1987)

published a preliminary report on the paterinate skeletal fabric although all shells at their disposal

had been recrystallized except for that of Cryptotreta which appeared to be composed of stratiform

laminae of close-packed prisms.

These historical uncertainties and contradictions about paterinate affinity greatly handicap

attempts to establish a phylogenetic classification of the Brachiopoda (Williams et al. 1996). The
main contradiction is the organophosphatic composition of a shell that is strophic yet also bears the

imprints of a muscle system like that of early Palaeozoic articulated species. In the wider context,

the composition and morphology of Early Palaeozoic shells are currently being investigated by all

four authors of this paper. It therefore seemed opportune to collaborate in a comprehensive review

of the composition and functional morphology of the paterinate shell in expectation that some of

the past uncertainties would be resolved.

We have concluded that: the paterinid shell consisted of stratiform laminae, probably with a

higher organic content than that of living organophosphatic species
;
the valves articulated on a

periostracal axis along a strophic hinge line; the paterinid larva was probably closer to that of

rhynchonelliforms than linguliforms. The phylogenetic relationships among paterinids, crypto-

tretids and contemporaneous calcitic-shelled brachiopods are still in some doubt.

MATERIALS AND METHODS
Paterinates are ubiquitously represented in Cambrian successions by at least seven genera, four of

which, classified as cryptotretids, are restricted to the Lower Cambrian and include the first

recorded brachiopods within the fossil record. Three genera also occur in the Ordovician with

Kolihium and Lacunites restricted to the Tremadoc and only Dictyonites ranging throughout the

system. Although widely distributed, these brachiopods which were rarely more than a few

millimetres long, were never dominant members of fossil assemblages. Their phosphatic shells,

however, can be dissolved out of carbonate rocks; and the great majority of specimens investigated

by us were recovered from residues etched in an aqueous solution of acetic acid (10 per cent, by

volume).

Materials

Specimens (including type material) of all genera, except Dzunarzina Ushatinskaya, possibly

synonymous with Askepasma and Kolihium Havlicek, were studied for the preparation of the section

on paterinate morphology. However, only small quantities of broken shells were available for

chemico-structural investigations and their identification and provenance are listed below. Taxa
that have been studied and frequently figured ultrastructurally are prefixed by a single asterisk;

those additionally analysed biochemically, by a double asterisk.

Aldanotreta sunnaginensis Pelman; Lower Cambrian, Tommotian, Pestrotsvetnaaja Formation, south side of

Aldan River, Dvortsy, Siberia.

Aldanotreta sp.; Lower Cambrian, Ajax Limestone, Flinders ranges, Australia.

Aldanotreta ? phillipsii (Holl); Lower Cambrian, Comley Series (Hollybush Sandstone), England.
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**Askepasma toddense Laurie; Lower Cambrian, Todd River Dolomite, Deep Well, Northern Territory,

Australia.

*Cryptotreta undosa (Moberg); Lower Cambrian, Upper Tommotian-Lower Atdabanian, Kalmarsund
Sandstone, Kalmarsund, Sweden.

Cryptotreta sp.; Lower Cambrian, Atdabanian, Tjuser Formation (sample NL-2/6), Neleger rivulet, east side

of Lena River, north-central Siberia.

Dictyonina hexagona (Bell); Middle Cambrian, Amgian, Ptychagnostus intermedins Zone (sample 1465),

Kyrshabakty river, Malyi Karatau Range, Kazakhstan.

Dictyonina pannula (White); Middle Cambrian, Burgess Shale, British Columbia.

Dictyonina sp. ; Upper Cambrian, Kety Regional Stage (Sample 5058), Botorchuk River, south of the village

of Sukhona, north-central Siberia.

*Dictyonina! sp.; Middle Cambrian, Unit 10, Frenchman Mountain (Longwell 1-59), Nevada.
Dictyonites fredriki Holmer; middle Ordovician, Furudal Limestone, Dalarna, Sweden.
**Dictyonites perforata Cooper; middle Ordovician, Pratt Ferry Formation, Pratt Ferry, Alabama.
*Dictyonites cf. perforata Cooper; middle Ordovician, Lower Llanvirn, Kurchilik Formation (Sample 145/3),

Sary-Kumy, Kazakhstan.

Discinisca tenuis Jackson; Recent, washed up clusters of dead shell, Swakopmund, Namibia.

Lacunites balashovae Gorjansky; lower Ordovician, Billingen Stage, Oepikodus evae Zone (Sample 6817/7a),

west side of Lava River near village of Vassilkovo, Ingria, north-west Russia.

Lacunites alimbeticus (Andreeva); lower Ordovician, Arenig, Kuragan Formation (sample 800-4), eastern side

of Karakol River near the village of Baitas, South Urals.

*Micromitra sp.; Middle Cambrian, (Paradoxides forchammeri Zone), Raback, Vastergotland.

Micromitra cf. modesta (Lochman); Upper Cambrian, Elvinia Zone (locality no. 872), Nevada.
*Micromitra cf. ornatella (Linnarsson); Middle Cambrian, Sosiuk Formation, Turkey.

**Micromitra pusilla (Linnarsson); Middle Cambrian, Andrarum Limestone, Olea, Bornholm, Denmark and
Andrarum, Scania, Sweden.
**Micromitra! semicircularis Imanaliev and Pelman; Lower Cambrian, Toyonian, Middle Cambrian,
Mayaian, Zhalgyz Formation (Locality 5875), Suuk-Adyr Mountains, Kazakhstan,
**Micromitra sp.; Middle Cambrian, Arthur Creek Formation, south-west Georgina Basin (sample H583),
Australia.

Micromitra sp.; Middle Cambrian, Bathyuriscus-Elrathina Zone, olistolith in the basal Los Sombreros
Formation (sample LS 28), Salta District, Argentina.

Paterina alaica Imanaliev and Pelman; Middle Cambrian, Karagaily Formation (sample 1639), Kastek Range,
North Tien-Shan, Kirgizia.

Paterina labradorica (Billings); Lower Cambrian (locality no. 41k), Labrador.
Paterina sp. ; Lower Cambrian, Comley Series, England.

Paterina sp.; Middle Cambrian, Grove Crick Limestone (locality no. G4), Beartooth Butte, Toll, Upper Park,

USA.
*Paterina! sp.; Lower Cambrian, Wilkawillina Limestone (Sample 19), Wilkawillina Gorge, Flinders Range,
Australia.

Paterinid; Middle Cambrian, Knivinge Quarry, Ostergotland, Sweden.
Salanygolina obliqua Ushatinskaya; Lower Cambrian, Botomian, Khairkhan and Salanygol formations,

Salany-Gol rivulet, Khasagt-Khajran Rainge, Mongolia.
Terebratulide; Recent, intertidal sands, Connemara, Ireland.

Illustrated and discussed material is deposited in the following: Central Scientific Research
Geologic Exploration Museum, St Petersburg (collection numbers CNIGR); Commonwealth
Palaeobiological Collections, Canberra (CPC); Department of Stratigraphy and Historical

Geology, National University Cordoba, Argentina (CEGH-UNC); Institute of Geological Sciences,

Almaty, Kazakhstan (IGSA); Institute of Geology and Geophysics, Novosibirsk (IGIG);
Palaeontological Museum, University of Uppsala (PM); Sedgwick Museum, Cambridge (SM);
South Australian Museum, Adelaide (collection numbers SAM); Swedish Museum of Natural
History, Stockholm (RMB); United States National Museum, Washington (USNM).

Residues of specimens used for chemico-structural investigations (including fragments mounted
on stubs) are deposited in the Hunterian Museum, The University of Glasgow. The appropriate
numbers are prefixed by GLAHM.



224 PALAEONTOLOGY, VOLUME 41

Methods

Chemico-structural investigations. The procedures adopted for preparing paterinate shells for

ultrastructural studies under the SEM, energy dispersive spectrometer (EDS) analysis, and amino
acid analysis, are those previously followed (Cusack and Williams 1996, p. 36). X-ray diffraction

(XRD) determinations were carried out using a Philips PW 1050/35 XRD with a Co energy source

(kal-7902A), Fe filter, vertical coniometer scanning 4°29 to 6O°20 with a step of O-O2°20. Shells were

powdered in acetone and the slurry poured on to a glass slide. For samples of low abundance, the

shell powders were mixed with liquid paraffin and taken up into a glass capillary which was then

inserted into a Debye Scherer camera and the film exposed to X-rays for 4 hours.

In previous chemico-structural studies involving shells of living species, stringent protocols have

been followed to forestall and monitor microbial contamination (Williams et al. 1994, p. 263).

During these analyses it became evident that the same procedures would also have to be adopted
for fossil samples dissolved out of rock. In particular, we advocate that etched residues,

immediately after washing and draining, should be dried in a laminar flow chamber.

Phylogenetic analysis. Ten paterinate genera, defined by 39 unweighted characters, each between

two and five states in variability, have been analysed by the PAUP 3.1.1 program (Swofford and
Begle 1993), supplemented by the MacClade 3.0 program (Maddison and Maddison 1992).

Heuristic search options were undertaken with character transformations following ACCTRAN
optimization. All characters were unordered during analysis, enabling polarity to be determined

exclusively by outgroup methods (Appendix 1).

The choice of outgroups was determined by stratigraphical as well as palaeobiological

considerations (Appendix 2). The paterinates include the geologically oldest brachiopods yet

recorded, the Tommotian cryptotretids. However, other linguliform and rhynchonelliform groups

are represented in slightly younger Cambrian successions and could have included the sister group

of the paterinates.

Palaeobiologically, the choice of outgroups had to take into account the contradictions of the

paterinate shell, its organophosphatic composition and its strophic hinge axis, which are mutually

exclusive synapomorphies of lingulate and rhynchonelliform brachiopods. We have chosen the

Early to Mid Cambrian genera, Eoobolus , Fossuliella and Botsfordia and the Mid Cambrian to early

Ordovician Obolus to represent the full diversity of contemporaneous organophosphatic lingulates.

The earliest recorded rhynchonelliforms, all characterized by strophic hinge axes and organocalcitic

shells, are the Atdabanian chileates, obolellates and kutorginates.

EXPLANATION OF PLATE 1

Fig. 1. Paterina ? sp.; GLAHM 101949; Lower Cambrian; Flinders Range, Australia; fracture section of a

shell fragment showing the cleaved primary layer (pi) overlying a secondary layer (si) of stratified and rubbly

laminae; x 800.

Figs 2-3. Micromitra sp.; Middle Cambrian (Arthur Creek Formation); Australia. 2, GLAHM 101950;

external view of recrystallized primary layer showing the spherular nature of mosaics (me); x 26500. 3,

GLAHM 101951 ; surface view of lithified periostracum and primary layer folded into periclinal folds (fd);

x 1900.

Fig. 4. Dictyoninal sp.; GLAHM 101952; Middle Cambrian; Frenchman Mountain, Nevada; surface detail

of a lithified, finely folded periostracum; x 25 500.

Fig. 5. Cryptotreta undosa (Linnarsson) ; GLAHM 101963; Lower Cambrian (Kalmarsund Sandstone);

Sweden ; external view of mature dorsal valve showing fila (fm) and folds (fd) of the lithified periostracum

and primary layer interrupted by nick points (nk); x 70.

Figs 6-8. Micromitra cf. ornatella (Linnarsson); GLAHM 101953; Middle Cambrian (Sosiuk Formation);

Turkey ; details of ornamentation on a mature dorsal valve with : 6, continuous fila (fm) raised along a radial

costa (rb), immediately beyond the margin of the larval valve, x 250; and (7-8) two views, x 420, x 850, of

depressions (dn) with pitted and folded back walls (bl).
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CHEMICO-STRUCTURE OF SHELL

The paterinates are thin-shelled brachiopods but not disproportionately so relative to their size

when compared with other organophosphatic-shelled species. The thickness of the posteriomedial

parts of mature valves of Micromitra or Paterina seldom exceeds 250 pm while peripheral to the

body platform the shell is normally between 20 and 40 pm thick reducing to less than 10 ^m beneath

deeply indented ornament in Dictyonina or even to perforations in Dictyonites. Despite extensive

recrystallization, enough of the original microfabric is preserved, or pseudomorphously replaced to

indicate that the paterinate shell was secreted by the mantle and its outer marginal lobes in an
orthodox succession of periostracum, primary, and secondary layers. This assumption underlies the

following report on the chemico-structure of the paterinate shell. However, the secondary layer of

the cryptotretids differs from that of the paterinids and is discussed separately.

Structure and inferred periostracum. During brachiopod shell secretion, the periostracum serves as

a substrate for the succeeding primary layer. The oldest periostracum so far recorded is that of the

Late Cretaceous Sellithyris (Gaspard 1982); but occasionally it can be inferred from superficial

microstructures even of Palaeozoic organophosphatic shells, in which the primary layer acted

Theologically and formed nanometric casts of its interface with the periostracum. In this context,

some of the superficial microstructures of paterinate shells have been interpreted as casts of

periostracal features and are best explained after the primary layer has been described.

Primary layer and ornamentation. The primary layer of the paterinate shell is not always clearly

distinguishable as it may grade into the secondary layer without any sharp break. It is, however,

usually identifiable as a homogeneous, compact, vertically cleaved ‘patina’ (PI. 1, fig. 1) and
averaged 5 jum in thickness (range 2-5-10-5 pm) in five paterinid genera and 1-8 pm in Cryptotreta.

The basic biomineral components are spherular aggregates of granular apatite, normally 40-60 nm
in diameter, which are variably aggregated into mosaics, more than 200 nm in diameter, or

recrystallized into plates, a micrometre or so in size (PI. 1, fig. 2).

Well-preserved surfaces of the primary layer are contoured not only by ornamentation but also

by impersistent swarms of periclines up to 10 pm long and normally less than one micrometre in

wavelength (PI. 1, fig. 3). Even finer patterns of anastomosing ridges, 50 to 100 nm in wavelength,

are preserved, albeit rarely (PI. 1, fig. 4). Concentrically disposed swarms of periclines are generated

by changes in the rate of periostracal secretion in living Lingula ; and it is assumed that sets of the

finer ridges are variations in the thickness of the basal layer of the periostracum. The replication of

such features indicates that the paterinate primary layer had a fine enough consistency and plasticity

to form faithful casts of features on a nanometric scale. This is also true of the primary layer of

Lingula (Williams et al. 1994, p. 241), which consists of glycosaminoglycans (GAGs) and scattered

spherular apatite. This then is likely to have been the original composition of the paterinate primary

layer prior to phosphatization.

The basic microtopography of the paterinid primary layer consists of concentric asymmetrical fila

with steep outer faces wrinkled by periclinal folds, 50 or more //m long, parallel with the filar crests.

In Micromitra
, for example, filar crests are 10-20 pm apart with approximately six periclines on the

outer faces. The fila are usually broken by nick points into drapes (Williams and Holmer 1992)

which also deform the fila and shell surface of cryptotretids (PI. 1, fig. 5). Other paterinids are

characterized by more fundamental changes in the basic pattern, especially the development of

regularly occurring depressions (Text-fig. 1).

In Micromitra cf. ornatella about four unbroken, asymmetrical fila surround the larval shell. The
steeper outer face of each filum may be finely striated more-or-less parallel with the long axis ; the

gently inclined inner surface may be up to 20 pm long radially. Narrow, radiating folds (ribs),

initially about 70 /an apart, increasingly interfere with the fila (PI. 1, fig. 6) which progressively

break up into alternate, inner and outer arcs between 70 and 200 pm long. The arcs become
concavely curved outwardly and are usually composed of several tight, concentric folds.
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periostracum

connective tissue

text-fig. 1. Diagrammatic representation of the inferred development of the ornamentation affecting the

primary layer of the shells of the paterinids, Dictyonina, Micromitra and Dictyonites.

primary layer

secondary layer

outer epithelium

anterior
folded back wall
of depression

cumulatively up to 40 pm or so deep. They form back walls to gently inclined floors (PI. 1, figs 7-8).

Both floors and walls are variably indented and together delineate depressions varying in size and
outline from broadly elliptical, about 30 pm and 40 pm in axial dimensions, to lanceolate with

major axes up to approx, c. 120 pm. These depressions occur quite regularly in alternating

concentric rows with anastomosing, tightly folded boundaries.

The microtopography of another species, Micromitra pusilla, is like that of M. cf. ornatella with

elliptical depressions (axes averaging 60 jum and 40 pm) occurring in concentrically alternating sets

and delineated by tightly folded back walls and variably inclined floors (PI. 2, figs 1-3). The floors

of the depressions, however, are not as deeply indented while the shell surface is further folded along

two axial sets subtending an angle of about 120° and disposed orthogonally to the lateral

margins,with wavelengths of about 20 pm and with crests at intervals of about 70 pm.
The shell of Dictyonites (PI. 12, figs 11-13) is ornamentally distinguishable from those of other

paterinids by being perforated (PI. 2, figs 4-5). The sub-circular perforations are large, averaging

about 75 pm and 175 pm respectively in the mid-shell regions of Siberian and American species, and
are arranged in offset radiating rows (Wright 1981, p. 445). Within this regular pattern, deep

depressions occur instead of some perforations and are a clue to the development of this unique

ornamentation (PI. 2, fig. 6).

The depressions are not hemispherical but asymmetrical ‘basins’ with steep back walls and floors

gently inclined towards the shell margin. The back walls are transversely folded into periclines, up
to 6 pm in wavelength, which also wrinkle the surfaces of the intervening walls (PI. 2, fig. 6). The
external surfaces of these depressions are microscopically smooth with compacted granular apatite

variably recrystallized into flat-lying plates. An internal view of the depressions shows them as

relatively smooth ‘domes’, bearing the casts of the periclines of the back walls, which contrast with
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the low-lying roughened internal surfaces of their bounding walls (PI. 2, fig. 7). The shell forming

the ‘ domes ’ is seldom more than 3 pm thick and consists of granular apatite and clay grading into

a recrystallized zone of plates and prisms at the ‘dome’ surfaces (PI. 3, fig. 3) in contrast to the clays

and mosaics of pinacoids on the inner surfaces of the bounding walls (PI. 3, fig. 4).

The surface of the rim of a typical perforation normally bears a ragged break between a finely

folded outer band and a granular inner one (PI. 3, figs 1-2). This suggests that, in life, the

perforations were sealed by a thin, mainly organic layer, now lithified (PI. 3, fig. 1) which would have

formed the external coat of depressions in the imperforate parts of the shell. The surfaces of some
rims, however, bear casts ofgrowth banding and periclines, which appear to be unbroken (PI. 3, fig. 5).

Presumably the protective covers of the patches of outer epithelium underlying such perforations

would have been membranous and attached to the rims of perforations at their junctions with the

valve interior.

The superficial microstructure of the Askepasma shell is different from that of Dictyonina and
Micromitra. It consists of hexagonally close-packed, hemispherical hollows (PI. 3, figs 6-7), c. 7 pm
in diameter and c. 3 pm deep, separated from one another by a network of rounded walls c. 2 pm
thick and composed of compacted apatitic spherules and recrystallized pinacoids (PI. 4, fig. 3). Eight

to thirteen domed bodies, about 1 pm in size and sporadically studded with apatitic spherules, are

frequently found on the floors of the hollows (PI. 4, figs 1-2). A striated layer forming gently convex

covers over the hemispherical hollows is rarely preserved (PI. 3, fig. 7). The network evidently acted

in life as an integral, plastic sheet. Thus, its hexagonal pattern was distorted by changes in the slope

of the shell and it has even been lifted and ruptured by recrystallized protrusions of the primary

layer. The sheet also appears to have been stretched over fila where its network may become
smoothly taut (PI. 3, fig. 6).

The depressions on the shell surfaces of Dictyonina , Micromitra and Dictyonites are homologous
(Text-fig. 1). They form offset radiating arrays indenting the outer, periclinally folded faces of

concentric fila and originated in the angles subtended by two sets of obtusely disposed microscopic

ripples affecting the mantle margins.

Microstructural evidence suggests that the depressions indenting the paterinid shell were occupied

by bodies with sufficient weight or turgidity to flatten periclinal fold systems. Such bodies, however,

would have ranged from 50 pm to more than 200 pm in size
;
and no known secretory system in

living species is capable of incorporating comparable structures within a periostracum. Even setae

in their follicles, at about 25 pm in diameter, are too small to have played the role of bodies

transiently attached to the periostracum at the mantle edge should that have been topologically

possible. We have, therefore, concluded that these depressions signify nothing more than periodic

sags of a crenulated mantle margin along radial vectors offset by cross ripples. Their development

is assumed to have been similar to the hollow ribs (aditicules ofWright 1981) in some orthide groups

as interpreted by Williams and Rowell (1965). Accordingly, the periostracal base which served as

substrate for the primary layer of such paterinates, would have lacked any infrastructure and would

have carried no evidence of a superstructure. Indeed the thin layer, forming the ‘domes’ of

EXPLANATION OF PLATE 2

Figs 1-3. Micromitra sp. ;
GLAHM 101955; Middle Cambrian (P.forchammeri Zone); Sweden. 1, general view

of ornamentation on a shell fragment; x 65. 2-3, details of arcs of depressions (dn) with folded back walls

(bl) raised along costae (rb)
;
x220, x 1000.

Figs 4-7. Dictyonites perforata Cooper; middle Ordovician (Pratt Ferry Formation); Alabama. 4-5, GLAHM
101956; views of internal surfaces of fragments of a mature dorsal valve showing perforations (pn) with the

secondary layer (si) and remnants of lithified periostracum and primary layer (pi) exposed along edges of

perforations; x 120, x480. 6-7, GLAHM 101957; external and internal views of asymmetrical, basin-like

depressions (dn) delineated by lithified periostracum and primary layer (pi) with folded backwalls (bl),

structurally distinguishable from secondary layer (si); xllO, x 160.
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Dictyonites (and the membranes that presumably sealed the perforations), is probably a

phosphatized relict of the periostracum and primary layer (PI. 2, figs 6-7). The internal junction

between the primary and secondary layers is well defined around the bases of the ‘domes’ (PI. 2,

fig. 7) and presumably coincides with the boundaries of patches of outer epithelium which did not

secrete secondary shell but remained attached by hemidesmosomes to a largely organic primary

layer.

The hexagonally packed hollows of Askepasma indent the entire external surface including the

larval shell where they differ only in being less regular as a result of much wrinkling. The umbonal
presence of these depressions is reminiscent of the hemispherical pits indenting acrotretoid larval

shells. These pits are assumed to have been casts of periostracal vesicles exuded during the early

stages of larval shell secretion (Biernat and Williams 1970). They vary from 250 nm to 5 pm in

diameter but are never so uniformally distributed or so large as the hollows of Askepasma. Indeed,

the shape and size of hollows are consistent with their having been moulded on the outer mantle

lobe by vesicular cells that were more cuboidal than those found in living discinoids and linguloids.

According to this interpretation, the hexagonal network of walls represents phosphatized deposits

occupying the sites of intercellular spaces, and the floors of the hollows, with their scattered domes,

the respective sites of apical plasmalemmas with erect extensions, rather like the more, finely tubular

plasmalemmas of living species (Williams et al. 1992).

We conclude that the surface ornamentation of Askepasma is the cast of a complexly moulded
basal layer of a periostracum and has been preserved by phosphatization of a thin primary layer.

Both periostracum and primary layer would have been highly plastic in the living state as both

appear to have been subjected to stretching and flow over fila. The rarely preserved striated covers

to the hollows are tentatively homologized with pellicles secreted by inner epithelium in living

brachiopods (Williams and MacKay 1979, p. 723). No such moulding affected the periostracal basal

layer of paterinids (PI. 1, fig. 4).

Secondary layer. The secondary layer of the cryptotretid shell has been described by Popov and

Ushatinskaya (1987) and Ushatinskaya (1995) as a succession of laminae composed of close-packed

hexagonal columns, 6-8 pm in diameter. The absence of columns from the secondary layers of other

paterinates was attributed to their destruction by recrystallization. Study of the secondary layers of

Cryptotreta undosa and Cryptotreta sp. compared with those of paterinids, however, suggests that

the structures were not columnar and that their widespread absence among paterinids is due to the

prevalence of other kinds of lamination.

The secondary layer of Cryptotreta is essentially a finely stratified succession of horizontally

disposed, phosphatized ‘membranes’, 80-100 nm thick, alternating with apatitic laminae up to

2 pm thick (PI. 4, figs 4, 7).

The lithified membranes are almost invariably indented by low features 5-8 pm in diameter

(PL 4, figs 4—5). The features vary in outline from hexagonal to circular or elliptical domes or

depressions. Domes are typical of surfaces viewed from the exterior (PI. 4, figs 4—5) and depressions

EXPLANATION OF PLATE 3

Figs 1-5. Dictyonites perforata Cooper; GLAHM 101956; middle Ordovician (Pratt Ferry Formation);

Alabama; 1-2, general view and detail of fracture section of shell fragment, showing traces of lithified

periostracum (pe) and the disposition of primary and secondary layers; x 1400, x2000. 3^4, internal

surfaces of the floor of a depression and the bounding wall of secondary shell
;
x 13 300, x 1900. 5, bounding

wall of perforation with growth banding (gh); x 2900.

Figs 6-7. Askepasma toddense Laurie; GLAHM 101959; Lower Cambrian (Todd River Dolomite); Australia;

details of surface ornamentation showing the absence of hemispherical hollows (hi) on a filum (fm) and the

edge of a growth lamella (gh) and traces of a striated lithified overlay (oy); x 680, x 1000.
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of internal surfaces (PI. 5, fig. 4). The domes, which are commonly asymmetrical with the steeper

parts facing outwards, may overlap one another or amalgamate into convex sinuosities. These
features occur throughout shell successions and on all exposed, sub-primary surfaces.

The apatitic laminae vary in thickness. They could originally have been little more than a

monolayer of spherules, 100 nm or so in diameter (PI. 4, figs 6-7) although they are now mostly

recrystallized into acicular prisms of apatite, up to 700 nm long, disposed orthogonally to, or

parallel with, the phosphatized membranes (PI. 5, fig. 2). In the mid-parts of mature shells, apatitic

laminae may pass into lenticular chambers, up to 25 pm high, with walls of orthogonally disposed

acicular apatite enclosing aggregates of clays and apatitic prisms (PI. 5, fig. 3). Successions may also

be recrystallized into spherulites of acicular apatite, 2-3 pm in diameter, retaining only traces of the

original lamination (PI. 5, fig. 5).

The features on the membranes were impressed by cells of mantle epithelium, typically rhombic
or hexagonal in arrangement but deformed into domes and depressions by differential secretion of

apatite onto successive membranous substrates. The overlap and sporadic amalgamation of

asymmetrical domes indicate that the epithelium was mobile relative to the shell. This relationship

is consistent with the absence of the canal system found in other linguliforms. Moreover, the

acicular recrystallization of the cryptotretid shell suggests that the basic unit of apatite, in vivo, was
associated with a more easily degradable organic matrix than in other linguliforms (possibly

including even the paterinids).

A succession of stratified laminae bearing casts of epithelial cells may simulate stacks of

hexagonal columns. The effect can be exaggerated by the presence of sporadically distributed

shallow pits along the crests of fila (PI. 5, fig. 1). Such pits, however, are as likely to be either

diagenetic solution hollows or original depressions initiated by low rates of secretion as in craniid

shells (Williams and Wright 1970). Indeed, depressions are not unique to cryptotretids as they have

been found in an Australian Paterina, (PI. 5, figs 6-7). In this species, shallow hexagonal

depressions, 5-10 pm in diameter are impressed on all exposed internal surfaces of a secondary

layer, up to 250 pm thick, in the posteriomedial region of the shell occupied by paterinate muscle

bases. The hexagonal imprints have the same disposition and dimensions as impressions underlying

the adductor bases of Neocrania (Williams and Wright 1970, p. 26) and Lacazella (Williams 1973,

p. 457) but are only half the size of the casts of mantle epithelium found in the anterior and lateral

parts of the shells of living and fossil lingulids (Curry and Williams 1983, p. 112). Similar imprints

have also been found in Askepasma and Micromitra (PI. 6, fig. 2) but never with the same clarity

or ubiquity as the impressions on cryptotretid secondary shell surfaces. Persistent hexagonal

imprints found in paterinid shells are presumably the casts of epithelium associated with muscle

bases.

The original apatitic constituents of the paterinid secondary layer of other paterinates have been

determined by taking into account the general as well as the specific effects of recrystallization.

Firstly, specimens of Swedish Micromitra, used in this investigation, were etched from the same rock

samples as Acrothele, Linnarssonella and Prototreta, shells with microstructures indistinguishable

EXPLANATION OF PLATE 4

Figs 1-3. Askepasma toddense Laurie; GLAHM 101962; Lower Cambrian (Todd River Dolomite); Australia.

1-2, general view and detail of surface ornamentation of hemispherical hollows containing domed bodies

(dd); x 1250, x 6200. 3, recrystallized structure of inter-hollow walls with spherules (se) and pinacoids (pd);

x 15800.

Figs 4-7. Cryptotreta undosa (Linnarsson)
;
GLAHM 101963; Lower Cambrian (Kalmarsund Sandstone);

Sweden. 4-5, general and detailed views of an external, subperiostracal surface of an undulating lamina with

low domes (dd) and a few relatively depressed areas (dn)
;
x 680, x 2800. 6-7, details of outer surface

interpreted as a lithified membrane (me) and apatitic spherules (se) and of the succession of stratified laminae

underlying the surface shown in fig. 4; x 19000, x 14000.
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text-fig. 2. Diagrammatic representation of the inferred shell structure of cryptotretid paterinates.

from the basic skeletal components of Late Palaeozoic and living Ungulates. As the shells of these

contemporaneous and Recent species are also organophosphatic and of comparable thicknesses, we
have assumed that the skeletal ultrastructure of paterinates, from the same assemblages as

Cambrian acrotretoids and linguloids, would have also retained traces of the original microfabric.

Secondly, degradation of any of the intercrystalline organic matrix of these shells would have

given rise to voids within the skeletal successions, which would have been filled by pseudomorphous
mineral assemblages. Some of these are clays (PI. 5, fig. 3) but the dominant replacements were

variably developed apatitic plates with recognizable spherules of apatite in various stages of

engulfment (PI. 6, fig. 6).

The prime source of minerals, composing such plates and various crystallized bodies within or on
the shells, is believed to have been apatitic granules and spherules, with a size range of 5-50 nm,
originally disseminated throughout the organic matrix as in Recent species. Relicts of spherules are

commonly found in plates, while clusters of hexagonal prisms and pinacoids, 50-200 nm in size

(PI. 6, fig. 3), are interpreted as crystallized pseudomorphs of spherules. In effect, even recrystallized

shells often afford some guidance as to their original ultrastructure. Identification of the paterinate

biomineral as carbonate hydroxylapatite indicates that any authigenic apatite is likely to have the

same chemical composition as the original.

The fine structure of the posteriomedial successions (with hexagonal imprints) of the Australian

Paterina consists of closely packed spheroidal apatite, 40-180 nm in diameter with minor patches

of an apatitic matrix and clays (PI. 5, fig. 8). The succession is poorly cleaved vertically and
segregated into stratiform units, usually about 4 pm thick but ranging between 2 jum and 10 pm.
The ultrastructure of the equally thick posteriomedial shells of the Australian Askepasma (PI. 6,

fig. 1) is similar.

In thinner, more marginal parts of shells, apatitic constituents tend to be more loosely aggregated

and evidence of membranous lamination more obvious. Thus, within 20 ^m of, and more or less

parallel with, the internal margin of one valve of a Swedish Micromitra, a rounded ridge, up to 3 pm
wide, was found (PI. 6, fig. 2). The ridge is composed of spherular aggregates, partly incorporated
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into pinacoidal plates or recrystallized as prisms. It separates an inner, more finely textured, platy

sheet from a more open, outer layer with clays and voids as well as spherular aggregates (PI. 6,

fig. 3). The inner layer is texturally akin to the marginal surface which represents the primary layer.

We have interpreted the Micromitra sequence as follows. The inner layer was a membranous
lamina, the edges of which curled into a ridge on the death of the animal and were phosphatized

during fossilization. This lamina was secreted on a sub-primary lamina originally composed of

apatitic mosaics and spherules in a GAGs matrix. Both laminae together constitute the basic cycle

of secretion in the paterinid shell; while rhomboidal impressions on the inner lamina (PI. 6, fig. 2)

are outlines of infra-marginal, outer epithelial cells. The succession in an oblique marginal section

of another valve of Micromitra supports this interpretation, as one lamina looks like a lithified

wrinkled membrane (PI. 6, fig. 4). In the Turkish Micromitra , spheroids more than 800 nm in

diameter and composed of spherular aggregates less than one-tenth that size, can form clusters

separated by voids in laminae 25 pm thick (PI. 6, fig. 5). Successions in other paterinids also consist

of subhorizontal apatitic plates with intervening layers of spheroids. The perforated shell of the

American Dictyonites is usually more completely recrystallized than those of other paterinates

(PI. 6, fig. 6). However, a microfabric of fine lamination interleaved with apatitic spheroids and

prisms and clays is discernible in successions less than 20 pm thick (PI. 6, fig. 8). The thickened

surrounds of the perforations are characterized by a distinctive rubbly fabric dominated by close

packed spherules or recrystallized replacements (PI. 6, fig. 7).

In summary, the shell structure of cryptotretids originally differed from that of paterinids in the

occurrence of epithelial imprints on the surfaces of membranes throughout the secondary layer

(Text-fig. 2). The successions also differ in the prevalence of stratified and compact to rubbly

lamination in the cryptotretid and paterinid shells respectively although this distinction is less

exclusive. The occurrence of imprints may be due to the continuing secretion of membranous
constituents along intercellular pathways after the start of exocytosis of skeletal constituents

through the apical plasmalemmas of the outer epithelium. Successions of such imprints are not

unique, being characteristic, for example, of contemporaneous Lingulella (Curry and Williams

1983).

The mineral phase of Dictyonites perforata from the Pratt Ferry Formation, Micromitra

semicircularis from Kazakhstan, Askepasma toddense from Australia, Micromitra pusilla from the

Andrarum Limestone and Micromitra sp. from Australia was identified, by XRD methods, as

carbonate hydroxylapatite in all cases (M. semicircularis was also partly silicified).

Amino acids extracted from the apatite of five samples of paterinate shells are listed in Table 1

(p. 240). The simpler neutral amino acids occur as well as the acidic amino acids (D/E) which may
have been protected by interaction with apatite as no basic amino acids were detected. The samples

of Micromitra semicircularis contained the lowest concentration of amino acids; no aspartic

acid/asparagine occurred in these samples. The Dictyonites perforata specimens contained the

highest level of amino acids while their composition differed markedly from those of Askepasma
toddense

,
Micromitra pusilla and Micromitra sp. In these three samples, the level of aspartic

acid/asparagine is far greater than that of glutamic acid/glutamine.

The significance of the difference between the amino acid residues of Dictyonites and the other

paterinates sampled cannot be resolved until current biochemical studies on living and fossil

lingulide and discinide shells have been completed. The difference may reflect the greater geological

age of the three Cambrian samples compared with that of the middle Ordovician Dictyonites. It may
even be linked to inherent biochemical changes, like the periodic reduction in phosphatic secretion

that gave rise to the perforations of the Dictyonites shell.

MORPHOLOGY OF LARVAL SHELLS

The larval shell is a conspicuous feature of the umbones of paterinate valves. It consists of a

protegulum, secreted by embryonic epidermis, and a surrounding band, up to 15 pm wide, secreted

by the vesicular cells of the circumferential, first-formed outer mantle lobe. This band has been
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termed the ‘halo’ by Chuang (1977) who interpreted the feature as marking the change from a

planktotrophic to a sedentary, filter-feeding mode of life. In a fossil, therefore, a halo signals a

fundamental change not only in the mode of shell secretion but also in the former life style of the

specimen under study.

The paterinid larval valves, defined by halos 9-14 pm wide, are roughly semicircular and c.

600 pm wide with the larger ventral valve as much as 700 pm in Dictyonitesfredriki (Holmer 1989),

(PI. 12, figs 1 1-13). The larval shell is also tuberculate (PI. 7, fig. 1) (Popov et al. 1982) except for

those of Dictyonites
,
Lacunites and Askepasma, which are respectively smooth and additionally

covered with a periostracum indented by close packed hollows as in mature shells. The
micromorphology of the larval shell is variably preserved but that of Micromitra appears to be

typical of all paterinates except for that of Dictyonites which has been described as ‘ being somewhat
porcellaneous’ and forming ‘hemiconical’ apices (Cooper 1956, p. 185).

Micromitra larval shell

The umbones of some Micromitra valves from Turkey are sufficiently well preserved to prompt a

reconstruction of the gross anatomy of the larva (PI. 7, figs 1, 4). The tubercles of both larval valves

are hemispherical in the undeformed state, with a diameter of 4-5-6 pm, and were secreted in open
hexagonal arrays. The tubercles tend to fade marginally and become more sporadically distributed

before dying out on the halo. Exfoliation of the larval shell shows that the tubercles have solid cores

(PI. 7, fig. 2) composed of spherules 150-300 nm in size.

The microtopography of the larval surface indicates that the shell must have been very flexible,

presumably reflecting a high organic content. The dorsal valve is inflated into a posteriomedial

mound and an arcuate one immediately within the halo (Text-fig. 3a). The latter is divided into four

inflated lobes by a medial cleft and a pair of anteriolateral fold systems c. 7 pm wide where they

breach the halo (PI. 7, fig. 3). The valve was evidently secreted before inflation took place so that

the tubercles became deformed into strain ellipsoids within fold systems (PI. 7, fig. 3) and along

wrinkles, like those forming transverse creases across the medial mound (PI. 7, fig. 1). There is no
concentric banding within the larval shell apart from the halo which bears traces of subparallel

grooves 8-12 pm apart (PI. 7, fig. 5). These grooves have been interpreted as the casts of intercellular

thickening on the basal layer of the periostracum. Their disposition suggests that they are traces of

the elongate vesicular cells of a newly differentiated outer mantle lobe.

The larval ventral valve of Micromitra is also lobate but the lobes are less well defined and extend

anteriorly for no more than 300 pm, well within the halo (PI. 7, fig. 4; Text-fig. 3b). The lobes are

EXPLANATION OF PLATE 5

Figs 1-5. Cryptotreta undosa (Linnarsson)
;
GLAHM 101963; Lower Cambrian (Kalmarsund Sandstone);

Sweden; 1, external view of subperiostracal, stratified laminae in the middle part of a mature dorsal yalve

with solution hollows (sn); x 500. 2-3, fracture sections showing an external surface with low domes (dd)

underlain by stratified laminae of lithified membranes (me) and spherules (se) and a recrystallized primary

layer (pi) and secondary layer including compact (cl) and rubbly (rl) laminae and voids, presumably filled

with glycosaminoglycans in life, containing mosaics (me) and clays (cy); x2000, x 1000. 4, the internal

surface at the valve margin showing the preponderance of depressions (dn); x 700. 5, detail of a fracture

section at the valve margin showing the recrystallization of apatite in acicular prisms (ar) and mosaics (me)

;

x 11800.

Figs 6-8. Paterina'l sp. ; GLAHM 101949; Lower Cambrian; Flinders Range, Australia. 6-7, detail and

general view of a succession of stratified laminae in the posteriomedian fracture section of a mature dorsal

valve with exposed internal surfaces bearing hexagonal close-packed depressions (dn); x 1600, x 1050.

8, detail of internal surface of a stratified lamina with recrystallized apatite still retaining its original spherular

state; x 23 500.
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not complementary to those of the dorsal valve. They are subordinate to a medial sulcus, about
1 50 pm wide anteriorly, along which the submedial lobes may leave ‘growth’ tracks as curved

grooves forming nick points with a sharp medial groove which may breach a filum or two beyond
the ventral halo. A sub-circular depression, about 100 pm in diameter, may also occur near the apex

of the umbo. The posteriomedial arc of the ventral halo of Micromitra is compressed but still

distinguishable along its junction with the apex of the homeodeltidium.

Dictyonites larval shell

At first sight, the larval shell of Dictyonites (Holmer 1989, fig. 116; PI. 12, figs 11-13), although

comparable in dimensions to that of Micromitra
,
appears to be unique as it lacks tubercles and is

distorted by wrinkles within a rigid, hoop-like halo. In fact, the difference between the larval shells

of Dictyonites and Micromitra is due to the shrivelling of the integument of the former genus, which
must have been almost entirely organic when first secreted. Both valves are underlain by an apatitic

layer which must have been secreted during post-larval growth as an infill of the irregularly shaped,

first-formed cover. This break in the secretion of the umbonal successions may account for the

absence of tubercles which initially may have been secreted, as discrete domes of apatite, by
hexagonally close-packed larval epithelium. Notwithstanding such shrinkage, the medial mound of

the dorsal valve with its transverse creases can be recognized as can the four peripheral lobes

transformed into collapsed hollows with ridges replacing the anteriolateral fold systems. The
submedial lobes separated by a broad sulcus in the larval ventral valve of Micromitra can also be

identified in Dictyonites, with the outer lobes replaced by lateral hollows.

Inferred anatomy ofpaterinid larva

The paterinid larval shell was evidently flexible enough to form a cast of the main anatomical

features of the larva
;
and we have interpreted its microtopography in the following way.

The halos of both valves are complete although compressed along their posteriomedial arcs (PI. 7,

fig. 6). These arcs delineate an elliptical space between the valves without any trace of their having

originated by an equatorial rupture of a circular plate in the manner of the protegulum of living

Lingula (Yatsu 1902, p. 31) or as two independently developed plate-like valves as in discinids

(Chuang 1977, p. 40) and craniids (Nielsen 1991, p. 19). Indeed, the closest analogy is with the larval

shell of articulated brachiopods (Percival 1960, p. 447; Strieker and Reed 1985a, p. 298; 19856,

p. 264).

EXPLANATION OF PLATE 6

Fig. 1. Paterinal sp.
;
GLAHM 101949; Lower Cambrian; Flinders Range, Australia; fracture section showing

part of the secondary layer consisting of alternations of stratified (sd) and rubbly (rl) laminae; x 1100.

Figs 2-3. Micromitra sp.; GLAHM 101967; Middle Cambrian; Knivinge, Sweden. 2, inner surface within the

margin (mn) of a mature dorsal valve with a sinuous ridge, interpreted as a lithified, curled membranous
lamina (me), between a finely textured inner stratified lamina with casts of rhomboidal outer epithelium (oe)

and a more coarsely textured rubbly lamina (rl) with voids, recrystallized spherular apatite and clays as seen

in fig. 3; x 1600, x 26500.

Fig. 4. Paterinid sp.; GLAHM 101955; Middle Cambrian (P. forchammeri Zone); Sweden; internal view of

wrinkled, lithified membrane (me) overlain by recrystallized spherular apatite (se); x 3500.

Fig. 5. Micromitra cf. ornatella (Linnarsson) ;
GLAHM 101954; Middle Cambrian (Sosiuk Formation);

Turkey; fracture section of a rubbly lamina with voids (vd) and recrystallized mosaics (me); x 5500.

Fig 6-8. Dictyonites perforata Cooper; GLAHM 101957; middle Ordovician (Pratt Ferry Formation);

Alabama. 6-7, detailed and general view of a fracture section of a perforation bounding wall composed of

rubbly lamination with recrystallized intergrowths of platy and spherular apatite; x 27000, x 880.

8, fracture section of another bounding wall composed of stratified laminae; x 3000.
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table 1 . Amino acids associated with apatite of fossil paterinates. Amino acid composition expressed as pmole
amino acid/mg shell using the one letter code for amino acids where D/N = aspartic acid/asparagine; E/Q
= glutamic acid/glutamine; S = serine; G = glycine; T = threonine; A = alanine; Y = tyrosine and V =
valine. Values are mean values for duplicate analyses where the maximum error was 6-25 per cent, of mean.

D/N E/Q S G T A Y V Total

Dictyonites perforata 13 45 37 230 29 80 0 30 464

Micromitra semicircularis 0 20 15 100 0 38 41 24 238

Askepasma toddense 119 8 12 93 0 51 4 50 337

Micromitra pusilla 165 14 15 58 0 31 0 23 306

Micromitra sp. (Australia) 166 7 8 52 0 18 26 17 294

On the dorsal valve (Text-fig. 3a), the posteriomedial mound is assumed to have accommodated
much of the digestive system, especially the stomach. The fainter, medially placed lobes of the

ventral valve (Text-fig. 3b) may represent impressions of a ventral digestive diverticulum as they

flank a medial groove which possibly traces the junction of the mesentery with the valve floor. The
site and form of the sub-circular depression sporadically indenting the apex of the ventral valve

(Text-fig. 3b), suggests that it was an attachment base of myofibrils, possibly associated with a

differentiating pedicle.

The bilateral symmetry of the lobes crenulating the halo of the dorsal valve suggests that any
features characterizing them should still have functioned at the mantle margins during the transition

from a planktotrophic to a sedentary mode of life. Moreover, the indentations, effected by fold

systems and median cleft, fade within 60 jum beyond the halo so that any anatomical features giving

rise to them were transitory. Larval setae are obvious candidates for such a role
;
and the symmetry

of the lobes suggests that each lobe could have borne a sac containing a set of setae (Text-fig. 3a).

Such an arrangement would be consistent with the view that the sacs arose not from mesodermal
tissue (Chuang 1977, p. 46) but from thickened ectoderm (Nielsen 1991, p. 9) along the mantle

margin.

In comparing this inferred setal arrangement with those of living brachiopods, a distinction has

to be drawn between the functionally different embryonic (or larval) setae and mantle setae which

appear between the outer and inner mantle lobes. No embryonic setae develop in living lingulids and
only one pair occurs in the dorsal valve of Discinisca (Chuang 1977). In contrast, the larvae of

organocalcitic-shelled craniiforms and rhynchonelliforms are respectively characterized by three

pairs (Nielsen 1991, p. 9) and two pairs (Percival 1960, p. 415; Strieker and Reed 19856, p. 236) of

sacs with larval setae in the dorsal valves. The resultant microtopography in living rhynchonelliform

species bears some peripheral resemblance to the paterinid pattern (Text-fig. 4).

MORPHOLOGY OF MATURE SHELLS

The morphology of the post-larval paterinate shell is quite variable for such a short-lived group. The
functional implications of many of the changes suggest that they were important transformations

in paterinate diversification. Three groups of such characters have been used in our analysis of the

class. They are changes in: shell shape and ornamentation; the disposition and structure of the

posterior margins; markings on valve floors interpreted as imprints of muscle systems, mantle

canals and gonadal sacs.

Shell shape and ornamentation

Most paterinates, including Paterina (PI. 11, figs 4-7), Micromitra (PI. 12, figs 9-10) and Dictyonina,

have a transverse, ventribiconvex, rectimarginate shell. Only the earliest known paterinates are

different; Cryptotreta is also ventribiconvex but is unisulcate with a gently convex dorsal valve,
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while Aldanotreta (PI. 10, figs 1-5) is uniplicate and strongly biconvex. Paterinate shells, although

small, are generally large enough to have enclosed spirolophous lophophores and it is not

unreasonable to assume that basic variations in shell shape reflected differences in the orientation

of spiralia.

The development of strong interareas among paterinates reflected variations in the circumferential

expansion of the valves, contrary to Beecher’s conclusion (1891, p. 346) that growth was typically

hemiperipheral. The shell ofmost paterinates grew mixoperipherally or holoperipherally, dependant

on the attitude of the ventral interarea. Indeed, only the dorsal valves of Cryptotreta and
Salanygolina lack interareas and conform to the hemiperipheral pattern of growth.

Paterinate ornamentation was more conveniently discussed in describing the ultrastructure of the

superficial layers of the shell. Distinctive patterns involving radial as well as concentric features,

however, have been used to characterize most genera and require further comment.
The pitted coat of the Askepasma shell has been interpreted as a lithified periostracum. Traces of

lithified periostracum, found on the interarea of Micromitra and, less certainly, on the shell of

Dictyonina, bear no remnants of superstructures or of a moulded basal layer as in Askepasma.

Apparently all paterinate periostraca, except that of Askepasma, consisted essentially of a sheet-like

basal layer.

Ribs are rarely developed in paterinates. Cryptotreta and Aldanotreta are usually described as

finely capillate and Micromitra is normally regarded as having low, discontinuous costellae. Many
of these ‘capillae’ and ‘costellae’, however, break the concentric ornamentation into drapes (PI. 10,

fig. 8) and are effectively traces of radially successive nick points (Williams and Holmer 1992).

Concentric ornamentation is prevalent among paterinates and, as already shown, evolved into

offset arrays of depressions. Fine, concentric fila are characteristic of cryptotretids, Askepasma and
Paterina. In the latter genus they are commonly broken into drapes by radial sets of nick points

(PI. 14, fig. 4). The close-packed depressions of Micromitra, Dictyonina, Dictyonites and related

genera (PI. 12, figs 7-13), on the other hand, are homologous and originate as off-setting, concave

arcs of asymmetrical fila.

Posterior margins

The posterior margins of paterinate valves are among the most distinctive features of the class.

Laterally they are the commissures of strophic cardinal areas that were contiguous in the living state

(Rowell 1980). These areas have previously been identified as ‘pseudointerareas’ on the assumption

that they were secreted by discrete posterior mantle lobes. As will be shown, however, they are

homologous with the strophic ‘interareas’ of the older rhynchonelliforms. We have, therefore,

identified the paterinate cardinal areas as interareas throughout this paper. Medially, the interareas

define the relatively large openings of the delthyrium and notothyrium (PI. 12, figs 2-3), which may
be variably covered or restricted by a homeodeltidium and homeochilidium. The ultrastructure of

the margins of Askepasma is most easily understood as the pitted periostracum of this genus also

covered the larval shell
;
and its easily recognized boundaries trace the epithelial junctions along the

edges of the interareas and a delthyrium lacking a homodeltidium.

Askepasma posterior margin. In the apical angle of the delthyrium (PI. 8, fig. 1), an arc of

periostracum, delineating the posterior margin of the larval ventral valve of Askepasma, is inwardly

succeeded by ten or more arcuate phosphatized membranes intercalated with recrystallized,

spherular apatitic laminae with some clay (PI. 8, fig. 3). These stratified laminae pass anteriolaterally

into a smooth ledge of shell with a curved face, which underlies the periostracum of the ventral

interarea (PI. 8, figs 1-2, 4).

The relationship between the periostracum of the ventral interarea underlain by apical stratified

laminae and the apatitic ledge is intricate. The interarea consists of a succession of concentric folds,

c. 40 pm in wavelength, parallel with the posteriolateral commissure (PI. 8, fig. 1). The folds are

covered with periostracum deflected as a series of en echelon folds which, together with the shell
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ledge, form the anteriolateral margins of the delthyrium (PI. 8, fig. 2) ;
an arrangement interpreted

as follows. The periostracum, underlain by stratified laminae, traces the junction between the outer

epithelium, responsible for the secretion of periostracum with stratified laminae, and unfossilized

‘pedicle’ epithelium. An exhaustive review of relevant micrographs prepared by Professor H. B.

Whittington (1980) showing the attachment of Dictyonina to the sponge Choia and of impressions

of Dictyonina in the Burgess Shale purporting to show a pedicle, revealed that the holdfast was not

an appendage like those of living brachiopods. It was probably a patch of thickened epithelium

differentiated to secrete an adhesive polymer through ‘rootlets’ and, therefore, cytologically

comparable to the microvillous epithelium at the pedicle tips of living linguloids (MacKay and
Hewitt 1978).

In accordance with processes of integumentary differentiation throughout the phylum, the pedicle

epithelium presumably would have been confined to a sub-circular patch coincident with the

delthyrial and notothyrial margins of the larval shell. The shell ledges of the ventral interarea would
have been secreted by the ventral outer mantle lobe; and the loci, where the ledges on either side

of the delthyrium pass into the posteriomedial arc of stratified laminae, would have marked the

intersection of the trace of this ventral outer mantle lobe with the sub-circular patch of pedicle

epithelium (cf. PI. 8, fig. 4).

The posterior margin of the dorsal valve is also a smooth, rounded ledge of shell, composed of

compacted apatitic spherules (20 nm or so) and facing ventrally from beneath the periostracum-

covered bands of the interarea. Even the best preserved ledge available for study bore no
articulatory devices, only traces of shallow grooves, c. 1-5 pm wide and up to 15 pm apart and
subtended at acute angles towards the lateral margins of the interarea (PI. 8, fig. 5). The ledge,

however, did bear traces of periostracum well below its external edge (PI. 8, fig. 6). A concave plate

at the notothyrial apex (PI. 8, fig. 7) which may have been identified previously as a homeochilidium
is similar to the dorsal ‘muscle platform’ of Micromitra described below.

The pedicle/outer epithelial junction, identified in the ventral valve, has not been found in the

dorsal valve either because it atrophied during ontogeny or because it never impinged upon the

larval dorsal valve. However, the dorsal interarea was secreted by the outer mantle lobe in the same
way as its ventral counterpart. As for their secretion and contiguity, the interareas of Askepasma
would have been similar to the interareas of strophic articulated brachiopods. This assumption is

consistent with the presence of incomplete setal fringes around several shells of Burgess Shale

Dictyonina but not along their posterior margins (Whittington 1980; pers. obs. by LEH and LEP).

Even so, the inferred arrangement of epidermis within the posteriomedial part of the shell, favours

the existence of a posterior body wall like that of all inarticulated brachiopods if only to

accommodate an anus (Text-fig. 5).

Micromitra posterior margin. The inferred differentiation of the epidermis along the posterior

margins of paterinates with homeodeltidia has to be different from that of Askepasma (Text-fig. 5).

EXPLANATION OF PLATE 7

Figs 1-3, 5. Micromitra cf. ornatella (Linnarsson)
;
GLAHM 101952; Middle Cambrian (Sosiuk Formation);

Turkey. 1, tuberculate exterior of larval dorsal valve delineated by lobate halo (ho); x 180. 2-3, 5, details

of exfoliated tubercles (te) with solid cores (cr), an anteriolateral fold system (fd), and grooves (ge) at the

halo interpreted as traces of elongate vesicular cells; x4800, x700, x 1250.

Fig. 4. Micromitra cf. ornatella (Linnarsson); GLAHM 101953; Middle Cambrian (Sosiuk Formation);

Turkey; tuberculate exterior of larval ventral valve with a median and several transverse grooves and

depressions as interpreted in Text-fig. 5 ;
x 90.

Fig. 6. Dictyonites perforata Cooper; GLAHM 101957; middle Ordovician (Pratt Ferry Formation);

Alabama
;
posteriolateral arc of the halo (ho) of the larval ventral valve contiguous with the ventral margin

of the homeodeltidium (hm); x 350.
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text-fig. 3. The inferred dorsal (a) and ventral (b) views of the gross anatomy of the larva of Micromitra,

based on the micromorphology of valves of M. cf. ornatella from Turkey (compare PI. 7, figs 1, 4).
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text-fig. 4. Dorsal views of immature shells, a, ‘young’ terebratulide with anteriolateral folds (fd) affecting

the larval dorsal valve; from intertidal sands, Connemara, Ireland; x 37. b, Discinisca tenuis with an

undeformed halo (ho) defining the larval dorsal valve; from a washed up cluster of shells at high water mark,

Swakopmund, Namibia; x90.

The homeodeltidium of Micromitra is only incipiently developed in young post-larval shells. In

mature valves, however, it can be a large, semi-conical structure, well over 1 mm in diameter at the

dorsal margin (PI. 9, fig. 1). The feature evidently grew as an integral part of the ventral interarea

because, rarely, well preserved bands of lithified periostracum, commonly disposed as en echelon

folds up to 7 pm in wavelength (PI. 9, figs 2—4), can be traced from the interarea on to the

homeodeltidium (PI. 9, fig. 1). In effect, the periostracum and underlying apatitic shell, along the

dorsal ledge of the homeodeltidium, must have been secreted by the medial segment of a continuous

outer mantle lobe controlling the growth of the ventral interarea.

Such realignment could have affected the location of the pedicle base in two ways. Firstly, the

growth of the homeodeltidium may have been in phase with the atrophy of the pedicle. This is

unlikely as specimens of the homeodeltidium-bearing Dictyonina found in the Burgess Shale are

attached to their substrates although not by any discernible appendage. Accordingly, the more

feasible assumption is that attachment was effected by a patch of adhesive pedicle epithelium which

had been differentiated out of the posterior body wall (inner epithelium) as in Lingula and which

had migrated dorsally at the edge of the growing homeodeltidium.

Posterior margins of other paterinates. Genera assigned to the Paterinidae are invariably

characterized by having flattened interareas in both valves divided by widely triangular delthyria

and notothyria.

As in Askepasma, the delthyrium of Paterina is open (PI. 12, figs 2-3) but in other paterinids

homeodeltidia are variably developed intragenerically as well as ontogenetically. In Dictyonina , a

homeodeltidium is present in some species and appeared late in ontogeny. The homeodeltidium of

Micromitra is also formed late, being vestigial in juvenile valves; whereas those of Dictyonites ,

Lacunites and, possibly, Kolihium were present in juvenile valves and developed strongly during

subsequent growth. The development of the homeodeltidium can be correlated with the attitude of

the ventral interarea relative to the commissural plane. Paterinates with an open delthyrium and

vestigial homeodeltidium invariably have an apsacline ventral interarea; while homeodeltidia of

species with procline to slightly catacline interareas are well developed and extend posteriorly to the

commissural plane.
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The development of a homeochilidium over the dorsal notothyrium is rare. Homeochilidia have

been described in some paterinids and even used as a generic diagnostic character. However, only

Askepasma has a true homeochilidium; and the structure so identified in other paterinids is the

thickened outer margin of a median plate. This concave, transverse median plate may overhang the

valve interior as in Micromitra (PI. 11, figs 2, 9-10) or be supported by secondary shell. There is

some evidence to suggest that muscle bases were inserted on the median plate. That of Micromitra

sp. from Argentina bears shallow, hexagonally packed pits, like those found on the valve floor

within an area presumably occupied by muscle bases (PI. 11, figs 1, 3). In well preserved Paterina

from Australia, the median plate is indented by a pair of sub-circular depressions, separated by a

pair of submedial ridges dying out posteriorly and contained anteriorly by an arc of five low

tubercles (PI. 9, figs 5-6). These impressions have been interpreted as the insertion areas of the

dorsal ends of ‘diductor’ muscles.

The posterior margins of cryptotretids are different from those of the paterinids. In Aldanotreta,

the ventral interarea is flat, apsacline, and divided by a triangular delthyrium (PI. 10, fig. 2); the

dorsal interarea forms a high, flat, undivided plate (PI. 10, fig. 5). In Cryptotreta and Salanygolina,

the ventral interarea forms a high, triangular plate divided by a narrow, ridge-like homeodeltidium

completely covering the delthyrium. Illustrations of the ventral valves of these two genera suggest

that the growth of homeodeltidia and interareas were always in phase as there are no deflections of

growth lines along the entire lateral margins of the homeodeltidia. It seems possible, therefore, that

a true delthyrium was not developed in these two genera. The inclination of the ventral interarea

is apsacline in Salanygolina (Ushatinskaya 1987, pi. 7, figs 5, 9), but almost orthocline in Cryptotreta

(Pelman 1977, pi. 21, fig. 3
;
pi. 22, fig. 1). The genera also lack dorsal interareas (Pelman 1977, pi. 21,

fig. 2; Ushatinskaya 1987, pi. 7, figs 8-9); and their wide, straight posterior margins were formed

by hemiperipheral growth. In her original description, Ushatinskaya (1987) identified a vestigial

dorsal interarea and chilidium in Salanygolina
; but published illustrations, and examination of the

type specimens suggest that the shell margin is merely thickened where a slightly raised muscle field

might have been situated. In this respect, Salanygolina is similar to brachiopods of the calcitic-

shelled Chileida (Popov and Tikhonov 1990).

Several features of the paterinate posterior margins still have to be explained in the context

of such a ‘migrating’ pedicle base. A convex biomineralized cover of the delthyrium of living

brachiopods, resembling a homeodeltidium, accommodates the capsule of a differentiated pedicle

(some terebratulides) or a posteriomedial muscle system (thecideidines). As there is no evidence of

a differentiated pedicle, the paterinide pedicle could have been attached to the apex of the ventral

valve by a strip of myofibrils. It is therefore possible that the homeodeltidium (and a postulated

cuticular arch in paterinates with an open delthyrium) covered posteriomedial muscle systems,

especially primitive diductors responsible for the opening of the valves.

The contiguity of the strophic margins of the interareas, as seen in well preserved paterinate shells

(Rowell 1980), has to be reconciled with the absence of posterior setae (as in the Burgess Shale

EXPLANATION OF PLATE 8

Figs 1-8. Askepasma toddense Laurie; Lower Cambrian (Todd River Dolomite); Australia. 1—4, GLAHM
101960. 1-2, part of interarea (ia) and the apical arc of stratified laminae (sd) bounding the delthyrium, with

folds of pitted periostracum indicating the migration vectors of outer and pedicle epithelial junctions in life

;

x 150, x 300. 3-4, details of lithified membranes coated with recrystallized spherules in the apical stratified

laminae and the transgressive relationship of the arc of stratified laminae (si) with the overlying

periostracum-covered lateral margin of the interarea (ia); x 3700, x 1050. 5-8, GLAHM 101965. 5-6, two

views of the ventral margin (shell ledge) of the dorsal interarea showing oblique grooves (ge) and traces of

periostracum (pe) below the posterior margin; x 680, x 620. 7, the concave plate at the notothyrial apex;

x 140. 8, posteriolateral interior of a mature dorsal valve with ‘gonadal’ nodules (dd); x 820.
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text-fig. 5. Diagrammatic representation of the inferred structural relationships between mantle, pedicle and

the ventral and dorsal interareas of a paterinid with a well-developed homeodeltidium.

Dictyonina) and of biomineralized articulatory devices. Among living species, the setal fringe is

complete in disarticulated Ungulates but absent from the posterior margins of articulated

rhynchonelliforms (the cemented inarticulated craniids and articulated thecideidines have no setae).

The absence of setae along the hinge lines of living rhynchonelliforms results from the fusion of the

outer mantle lobes underlying the interareas (Williams 1956). These fused mantle lobes continue to

secrete, from a shared slot defined by lobate cells, thickened periostracal sheets as covers for both

interareas (Williams and Hewitt 1977).
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Despite investigations by Bell (1941) and others, no convincing articulating devices have yet been

found in paterinates. Even microscopic features of an interlocking nature are absent. The oblique

grooves found on the dorsal commissure of Askepasma (PL 8, fig. 5) could conceivably represent

traces of the folding characteristic of the periostracum on interareas (cf. PI. 9, fig. 2). However, they

are too random to represent an organized device.

In the face of these data and assumptions, we conclude that living paterinates functioned as

articulated brachiopods, pivoting on the lateral edges of their interareas (Text-fig. 5). Medially, the

shell was probably held together by a muscle system (including diductors) and an overlying

posterior body wall and pedicle base. The body wall, being exposed, was probably ciliated (unlike

the inner mantle lobes) and partly protected by a glycocalyx of multi-layered pellicles as in living

discinoids. It may also have contained the anal opening had the gut been orientated like that of the

craniids. Lateral of the delthyrium and notothyrium, the shell would have been hinged by the

periostracal covers of both interareas. These periostracal sheets would have been secreted from a

common groove within fused outer mantle lobes and would have been thickened into two sets of

en echelon folds (cf. PI. 9, figs 2, 4; Text-fig. 5) disposed at acute angles to the axis of valve rotation.

Traces of periostracum along the commissures of Askepasma, well below the external edges of both

contiguous interareal margins (PI. 8, fig. 6), support the existence of such a common groove.

Internal impressions

Soft part attachments are difficult to discern in paterinates except for some species of Paterina,

Dictyonina and Micromitra. In these three genera, the small ventral body area occupied the

posteriomedial sector of the valve just in front of the delthyrial opening; the dorsal body area was

larger as it included the anteriorly spreading muscle field.

Muscle systems. There are traces of two paired (posteriomedial and anteriolateral) muscle fields on

the floor of the ventral valve (PI. 11, figs 6-7; Text-fig. 6). They are probably composite scars that

served as attachment areas for several different groups of muscles, although their components are

difficult to recognize. The anterior and lateral boundaries of the posteriomedial muscle fields are a

pair of thick ridges along the delthyrial margins and the attachment areas are invariably extended

on to the inner sides of the homeodeltidium. In Paterina, which has an open delthyrium, the ridges

form a pair of strongly thickened plates converging onto the valve floor. The paired ventral

anteriolateral muscle fields are situated on the thickened parts of the valve floor (PI. 1 1 , figs 6-7),

anteriolateral of the delthyrial margins possibly in association with gonadal ties (Text-fig. 6). They

seem to be composite scars as at least two components can be recognized in well preserved

specimens. In Askepasma and some species of Micromitra, a pair of low submedial ridges bisect the

ventral body area (PI. 11, fig. 11).

The body areas of paterinid dorsal valves are dominated by four large, radially arranged, slightly

raised muscle tracks. (PI. 1 1, figs 2, 9-10; Text-fig. 6). These tracks lie forward of the median plate

within the notothyrium, on either side of a sporadically developed fine medial ridge. The plate is

supported by a pair of submedial ridges which are strongly thickened and raised posteriorly in

some species (PI. 11, figs 9-10). A pair of circular depressions, presumably muscle scars, has been

found on the medial plate of a dorsal valve of the Australian Micromitra (PI. 9, figs 5-6).

Any reconstruction of a paterinid muscle system, consistent with inferred scars of attachment, is

necessarily speculative. Speculation, however, has to be conducted within certain constraints

(Rowell 1980). In particular, posteriomedial impressions, interpreted as muscle bases, and the

contiguity of strophic interareas suggest that the valves operated on a lever system. The simplest one

would have been a first order leverage, as in most articulated brachiopods, about a periostracal

hinge axis as described above. Such a muscle system would have involved diductors and adductors

in the following way. The anteriolateral ventral scars, possibly including gonadal ties (Text-fig. 6),

and the rarely preserved scars on the dorsal plate (or the raised notothyrial platform of Askepasma),
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could have been the respective attachment areas of the ventral and dorsal ends of diductor muscles.

In complement, the two pairs of radial muscle tracks in the dorsal valve and the paired

posteriormedial muscle fields, located on the inner side of the delthyrial ridges and of the

homeodeltidium (and the large umbonal scar of Askepasma), in the ventral valve, could have been

attachment areas for adductor muscles (Text-fig. 6).

The paterinate musculature interpreted in this way is overtly articulate in arrangement. However,
if the paterinates are linguliforms, it is possible that the adductor muscles of paterinates are

homologous with the posterior adductors of the discinoids (Williams and Rowell 1965, fig. H29).

Alternatively, the paterinid diductors could correspond to the posterior adductors of discinoids

(and the umbonal muscles of linguloids); and the paterinid adductor muscles with the anterior

adductors and oblique laterals of discinoids. Finally, a correlation could even be effected with the

muscle system of craniiforms with the paterinid diductors being homologous with the posterior

adductors of craniid and the adductors with the anterior adductors and oblique internal muscles of

Neocrania.

Notwithstanding these various interpretations ofpaterinate musculature, the general arrangement

of adductor scars is rather conservative in all known Early Palaeozoic brachiopods except the

lingulides. Indeed, it is likely that the posterior and anterior adductors of discinids, craniiforms and
rhynchonelliforms are homologous; and that some of the oblique muscle scars in trimerellides,

obolellides and rhynchonellates functioned like diductors (Gorjansky and Popov 1986; Popov
1992). It is, therefore, probable that the adductor scars of paterinates and other contemporaneous

brachiopods are homologous. The paterinate muscle system, identified as ‘diductor’, almost

certainly evolved from some kind of oblique musculature. Their precise homology with various

oblique muscles in lingulates and craniiforms, or with the diductors of rhynchonelliforms, however,

remains uncertain.

Mantle canals. A paterinate mantle canal system was first described by Laurie (1986, 1987) who
identified saccate mantle canals in both valves of Paterina. Saccate mantle canals are also

characteristic of both valves of Dictyonina and Micromitra. Pinnate mantle canals have been

observed in the ventral valve of Askepasma but the dorsal mantle canal system remains unknown.
Traces of pinnate canals have been found in both valves of Aldanotretal phillipsii (Holl) (PI. 10,

fig. 6) from the Lower Cambrian of England.

In all mantle canal systems impressed on paterinate shells, traces of peripheral vascula terminalia

are present and were probably connected with setal follicles in life (PI. 10, figs 6, 10; PI. 11, figs 9-10;

Text-fig. 6). Laurie (1987) speculated that the saccate mantle canals of paterinids may have

accommodated the gonads in proximal sinuses as in rhynchonelliform brachiopods. It is noteworthy

that in the interiors of two mature valves of Askepasma and Micromitra the area supposedly

occupied by a gonadal sinus is finely nodular with low domes up to 15 pm in diameter (PI. 8, fig. 8).

This microtopography is common in areas of the shell floor underlying gonads.

EXPLANATION OF PLATE 9

Figs 1-6. Micromitra sp.; Middle Cambrian (Arthur Creek Formation); Australia. 1^4, GLAHM 101950.

1
,
posterior view of ventral valve showing the interarea (ia) with a convex homeodeltidium (hm) covering the

delthyrium and immediately dorsal of the larval valve with halo (ho); x40. 2, 4, en echelon folds of

periostracum and primary layer along the dorsal margin of the interarea, and the junction of the interarea

with the homeodeltidium to the right; x 800, x 540. 3, en echelon folds developed in lithified periostracum

at the lateral boundary of the interarea; x 240. 5-6, GLAHM 101966; median plate of the notothyrium with

depressions (dn), submedial ridges (sr) and tubercles (te), interpreted as sites of the dorsal bases of a

‘diductor’ muscle system; x220, x 530.
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CONCLUSIONS

The new information on the chemico-structure and morphology of the paterinate shell has been

used in a phylogenetic analysis of the class. The result is a refinement of the classification of

paterinates as a whole and of their phylogenetic relationships with other brachiopods, as presently

understood (Williams et al. 1996).

Classification ofpaterinate brachiopods

A phylogenetic analysis of the paterinates, in which character polarity (Appendix 1) is determined

by outgroup methods, has to take into account stratigraphical and palaeobiological aspects of

brachiopod evolution.

The paterinates include the oldest brachiopods yet recorded, the Tommotian cryptotretids.

However, rhynchonelliform, as well as other linguliform brachiopods, are not significantly younger

and could well have included the sister group of paterinates. It is, therefore, defensible to use

chronostratigraphically appropriate representatives of both subphyla as outgroups for the analysis.

The choice of outgroups has to allow for the fundamental contradictions of the paterinate shell

- its organophosphatic composition and its strophic hinge axis - which are mutually exclusive

synapomorphies of Ungulate and rhynchonelliform brachiopods. The Early to Mid Cambrian
genera, Eoobolus, Fossuliella and Botsfordia and the Mid Cambrian to early Ordovician Obolus

represent the full diversity of penecontemporaneous organophosphatic lingulides. In particular,

they typify the most significant variations in the larval shell, periostracal micro-ornamentation,

skeletal ultrastructure and muscle systems of Early Palaeozoic lingulides.

The earliest recorded rhynchonelliforms, all with strophic hinge axes and organocalcitic shells,

are the Atdabanian chileates, kutorginates, protorthides and obolellates. The chileates (e.g. Chile)

are currently placed close to the base of rhynchonelliform clade. In addition to the strophic hinge

line, Chile resembles Early Cambrian cryptotretids in the hemiperipheral growth of the dorsal valve,

the pinnate ventral mantle canal system; and additionally, like the cryptotretid Salanygolina, in

having a ventral umbonal perforation enlarged by resorption. The kutorginates (Kutorgina) and
protorthides (Glyptoria) are the earliest known rhynchonelliforms with primitive articulatory

structures and diductor muscle scars. They are also similar to early paterinides in the morphology
of their interareas, delthyrial openings, mantle canal systems and the arrangement of the dorsal

adductor scars. The obolellates are the oldest known rhynchonelliforms but are not represented

among the outgroups because the earliest known genera (Obolella ,
Bicia, Alisina, etc.) are

characterized by many apomorphic features indicative of a derived stock.

EXPLANATION OF PLATE 10

Figs 1-5. Aldanotreta sunnaginensis Pelman; Lower Cambrian, Tommotian (Pestrotsvetnaaja Formation),

Siberia. 1, 5, IGIG 492 (6/3-13); dorsal valve; 1, lateral view; 5, exterior; x 3. 2-4, IGIG 492 (7/2-2);

ventral valve; 2, posterior view showing interarea and open delthyrium (dl); 3, oblique lateral view; 4,

ventral valve exterior; x 3.

Fig. 6-7. Aldanotreta ? phillipsii (Holl); Lower Cambrian (Comley Series), England. 6, SM A292; exfoliated

dorsal valve; x 5. 7, BGS 51664; ventral valve exterior; x 6.

Fig. 8. Cryptotreta sp.; PM SiblOO; Lower Cambrian, Atdabanian (Tjuser Formation), north-central

Siberia ; dorsal valve exterior showing the larval shell (ho) and symmetrical concentric fila with parallel-sided

drapes (dr) and nick points (np) on post-larval shell; x 29.

Fig. 9. Askepasma toddense Laurie; CPC 34420; Lower Cambrian (Todd River Dolomite), Australia; oblique

posterior view of ventral interarea and delthyrium ;
x 27.

Fig. 10. Paterina sp.; SM A292; Lower Cambrian (Comley Series), England; exfoliated dorsal valve showing

pinnate mantle canals; x 5.
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In total, seven lingulide and rhynchonelliform genera have been used as outgroups for the

phylogenetic analysis of the paterinates. An analysis of the resultant matrix of 17 genera defined by

39 character states (Appendix 2) gave rise to 30 equally parsimonious trees with a consistency index

of 0-77. The consensus cladogram (Text-fig. 7) confirms linguliform monophyly, characterized by
the synapomorphies of an organophosphatic shell with stratiform lamination and halos delineating

the valves of planktotrophic larvae.

Within the Linguliformea, the Paterinata constitute a sister stock of the Lingulata and can be

distinguished by such apomorphies as a concentric ornamentation of fila, the posteriomedial

locations of ventral muscle fields and radially arranged, dorsal adductor scars. The two families of

the class, Cryptotretidae and Paterinidae, are also monophyletic and form two well-defined

subclades.

The cryptotretids are the oldest group of brachiopods yet recorded and are distinguishable by
such synapomorphies as a periostracum indented by hexagonal pits and a stratiform shell succession

dominated by imprinted membranes. Their radiation probably took place early in the Tommotian,
as Aldanotreta and Cryptotreta occur in Tommotian successions and Askepasma in the Atdabanian.

Although cryptotretids became extinct before the end of the Early Cambrian, they are

remarkably diverse in shell morphology. Synapomorphies include: a folded anterior commissure
(uniplicate in Aldanotreta and unisulcate in Cryptotreta) and a narrow, ridge-like pseudodeltidium

in Cryptotreta and Salanygolina. These features are unknown in other linguliforms, but do occur

in some early rhynchonelliforms. Accordingly, some features, identified as apomorphies, may
represent plesiomorphies that persisted in some cryptotretids, but were lost in all other paterinates.

In particular, the hemiperipheral growth of the dorsal valve and the absence of a dorsal interarea

and notothyrium may not be synapomorphies of Cryptotreta and Salanygolina but plesiomorphies

of all brachiopods. Thus they occur in chileates as does a ventral umbonal perforation enlarged by
resorption, which, in the paterinates, is also uniquely characteristic of Salanygolina.

The paterinids are distinguished in the analysis by many synapomorphies including: the

tuberculate micro-ornamentation and lobation of the larval shell; the acquisition of the dorsal

median plate (with muscle scars) commonly supported by submedial ridges, a baculate ventral

mantle canal system, and strongly thickened inner delthyrial margins. Paterina and Micromitra are

EXPLANATION OF PLATE 1 1

Figs 1-3. Micromitra sp. ; CEGH-UNC 15975; Middle Cambrian (Los Sombreros Formation), Argentina;

dorsal valve. 1, surface of median plate; x 161. 2, interior showing radially arranged posterior and anterior

adductor scars; x21. 3, oblique posterior view of median plate and interarea; x 18.

Fig. 4. Paterina alaica Imanaliev and Pelman; PM Kg6; Middle Cambrian (Karagaily Formation), Kirgizia;

ventral valve interior, oblique anterior view showing strong ridges (rd) developed on lateral sides of

delthyrium; x28.

Fig. 5. Paterina labradorica (Billings); USNM 494533 (collection of Bell and Barnes); Lower Cambrian,

Labrador; ventral valve interior, oblique lateral view showing strong ridges (dr) on lateral sides of open

delthyrium, and position of the posteromedian muscle field (pm); x 18.

Figs 6-7. Paterina sp.; USNM 494539 (collection of Bell and Barnes); Middle Cambrian (Grove Crick

Limestone), United States. 6, ventral valve interior showing position of posteriomedian muscle fields (pm),

thickened anterolateral muscle fields outside of dlthyrial ridges (am); x9. 7, oblique posterior view of

ventral interior; x 12-5.

Figs 8-10. Micromitra sp.; CPC 34421; Lower Cambrian (Todd River Dolomite), Australia; dorsal valve.

8, posterior view showing notothyrium (no), interarea (ia) and larval valve (ho); x 179. 9, interior showing

radially arranged adductor scars; x 14. 10, oblique lateral view showing position of adductor (aa) and

diductor (dd) scars, median ridge (mr) submedian ridges (sr), saccate mantle canals and vascula terminalia

(vt); x 17.

Fig. 11. Askepasma toddense Laurie; CPC34420; Lower Cambrian (Todd River Dolomite), Australia; oblique

posterior view of the ventral valve interior; x 24.
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apparently the oldest known paterinids, making their first appearance sometime in the Atdabanian.

Paterina is possibly closest to the ancestral stock of the family, whereas Micromitra, Dictyonina,

Dictyonites, Lacunites and Kolihium possess such plesiomorphic features as : asymmetrical fila with

wrinkled outer faces, a broad, convex homeodeltidium, and a saccate dorsal mantle canal system.

It is noteworthy that Dictyonina, Dictyonites, Lacunites and Kolihium are confirmed as the most
derived paterinate group by the progressive complexity of their offset depressions in the postlarval

shell. This assumption is supported by their stratigraphical record. Dictyonina makes its first

appearance in the uppermost Toyonian Stage of the Lower Cambrian, Lacunites is known from the

upper Middle Cambrian, whereas Dictyonites and Kolihium are restricted to the Ordovician.

Affinities ofpaterinate brachiopods

Our present perception of paterinate phylogeny is based on data derived exclusively from the shell.

The data, however, allow some inferences to be drawn on the anatomical and ontogenetic

differentiation of the class during the early evolution of the phylum. The initial separation of the

paterinates from the main brachiopod lineage(s) probably took place just after the divergence of the

major clades of organophosphatic linguliforms and calcitic craniiforms and rhynchonelliforms. It

is also possible that paterinates retained many plesiomorphic characters that persisted from the

brachiopod stem group. We assume that such features include: the peripheral bifurcation of the

vascula terminalia; a body wall with vestigial musculature; mantle lobes joined posteriorly by a strip

of inner epithelium (body wall) ; and attachment to the substrate by a chitin-covered outgrowth

(pedicle) of the posterior body wall. These plesiomorphies also persisted in some rhynchonelliform

stocks. Thus, nearly all the characters listed above typify the chileates which feasibly represent the

most primitive rhynchonelliforms (Williams et al. 1996).

The subsequent radiation of organophosphatic brachiopods is presently seen as involving the

emergence of the paterinates and lingulates as sister groups. Yet the earliest paterinates, the

cryptotretids, could have been descendants of a short-lived lineage that evolved directly from the

brachiopod stem group (or the basal linguliform stock). Our analysis also suggests that many so-

called linguliform features are, in reality, apomorphies that arose within the lingulates after their

EXPLANATION OF PLATE 12

Figs 1-3. Paterina alaica Imanaliev and Pelman ; Pm Kg5
;
Middle Cambrian (Karagaily Formation), Kirgizia

;

complete juvenile specimen. 1, ventral view; x 66. 2, posterior view; x 73. 3, oblique lateral view showing

lobate larval shell (ho); x 73.

Fig. 4. Paterina sp.; USNM 494536 (collection of Bell and Barnes); Middle Cambrian (Grove Crick

Limestone), United States; ventral valve surface ornamentation; x 103.

Fig. 5. Micromitra cf. modesta (Lochman); USNM, specimen lost during photography; Upper Cambrian
(Elvinia Zone), Nevada ; ventral valve exterior showing drapes and fine radial ribs formed by nick points

;

x 23.

Figs 6-7. Lacunites alimbeticus (Andreeva); PM url; lower Ordovician, Arenig (Kuragan Formation), South

Urals. 6, umbonal area of ventral valve showing smooth larval valve; x287. 7, lateral view showing

differences in the surface ornament of homeodeltidium (hm) and catacline ventral interarea (ia); x 10.

Fig. 8. Lacunites balashovae Gorjansky; CNIGR 247/9960; lower Ordovician, Arenig (Billington Stage),

north-western Russia; ventral valve exterior of holotype, showing coarsely pitted post-larval shell; x6.

Figs 9-10. Micromitra sp.; CPC 34422; Lower Cambrian (Todd River Dolomite), Australia; ventral valve.

9, lateral view; x 15. 10, posterior view showing interarea and well-developed homeodeltidium (hm); x 15

Figs 11-13. Dictyonites fredriki Holmer; middle Ordovician (Furudal Limestone), Dalarna, Sweden. 11, RM
Brl28493; ventral view; x 23. 12-13, RM Brl28495, holotype. 12, posterior view of dorsal valve. 13, dorsal

view. Both x23.

Fig. 14. Dictyonina hexagona (Bell); IGNA437/410; Middle Cambrian, Amgian, Kazakhstan; dorsal valve,

umbonal area showing drapes and nick points (np) on the periphery of larval valve; x 135.
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A B
text-fig. 6. Generalized schematic illustration of the ventral (a) and dorsal (b) interiors of Micromitra based

on the study of several species from Australia and Kazakhstan.

text-fig. 7. A 50 per cent, majority rule consensus of 30 trees derived in a heuristic search of ten paterinate

and seven other brachiopod taxa superimposed on a chart with the faint lines representing series boundaries

;

the known stratigraphical distribution is indicated by black bars.

separation from the paterinates. These apomorphies include: a muscular body wall used for the

hydraulic opening of the shell, and a highly specialized pedicle developing as a muscular stalk with

a coelomic core.

The origin of many basic features of the brachiopod shell has yet to be determined, especially

valve articulation. The development of living craniids has been interpreted by Nielsen (1991, p. 25)
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as confirming these inarticulated, calcitic-shelled brachiopods as a sister group to living

rhynchonelliforms. On this assumption, inarticulation is polyphyletic with the separation of dorsal

and ventral mantle lobes of adults developing independently in Ungulates and craniates. On the

other hand, genetic evidence has prompted Cohen and Gawthrop (1996, p. 78) to include the

craniids (and Phoronisl ) within an ‘inarticulated’ clade serving as a sister group to living

rhynchonelliforms. This molecular interpretation of brachiopod evolution could endorse the

monophyly of inarticulation, albeit at the expense of a polyphyletic calcitic shell.
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APPENDIX 1

Paterinate characters

The states of 39 characters used in the phylogenetic analysis of ten paterinate genera and seven other

genera representing linguliform and rhynchonelliform brachiopods

:

1. Convexity

2. Anterior commissure

3. Posterior commissure

4. Micro-ornament (larval)

5. Boundary of larval shell

6. Larval spines or tubercles

7. Larval shell lobate

8. Periostracal micro-ornamentation

9. Periostracum

10. Radial ornamentation

11. Concentric ornamentation

12. Pitting of postlarval shell

13. Ventral pseudointerarea

14. Pedicle opening

15. Pedicle groove

16. Delthyrial cover

biconvex (0), dorsibiconvex (1), ventribiconvex to planoconvex (2)

rectimarginate (0), uniplicate (1), sulcate (2)

dissociated (0), strophic (1)

smooth (0), indented with rounded pits (1), indented with hexagonal pits

(2), tuberculate (3), no larval shell (4)

indistinct (0), halo (1), no larval shell (2)

absent (0), present (1)

no (0), yes (1), no larval shell (2)

none (0), pustulose (1), circular pits (2), hexagonal pits (3)

flexible (0), inflexible (1)

absent (0), capillae (1), costellae (2), smooth to costellate peripherally (3)

smooth (with growth banding) (0), symmetrical fila (1), asymmetrical fila

with outer faces (2)

absent (0), as offset depressions (1), as depressions and perforations (2)

pseudointerarea (0), interarea (1)

delthyrial (0), other (1)

absent (0), present (1)

absent (0), pseudodeltidium (1), narrow, ridge-like (2), broad, convex (3)
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17. Shell growth of dorsal valve

18. Dorsal pseudointerarea/interarea

19. Notothyrium
20. Median plate on dorsal valve

21. Ventral mantle canals

22. Ventral posterior muscle fields

23. Inner delthyrial margins

24. Outer deltidial margins

25. Ventral transmedial muscle

26. Umbonal perforation

27. Colleplax

28. Pedicle nerve impression

29. Dorsal anteriolateral muscle scars

30. Dorsal mantle canals

31. Vascula terminalia

32. Dorsal adductor muscle scars

33. Medial ridge

34. Submedial ridges

35. Shell composition

36. Inclination of ventral interarea

(pseudointerarea)

37. Imprinted stratiform lamination

38. Free spondylium

39. Paired teeth at delthyrial margin

hemiperipheral (0), holoperipheral or mixoperipheral (1)

absent (0), pseudointerarea (1), interarea (2)

absent (0), present (1)

no pseudointerarea or interarea (0), no pseudointerarea or interarea

median plate (1), median plate without muscle scars (2), median plate

with muscle scars (3)

baculate (0), pinnate (1), saccate (2)

sited posteriolaterally (0), sited posteriomedially (1), other (2)

not modified (0), strongly thickened (1), supported by short ridges (2), no
delthyrium (3)

no delthyrium (0), delthyrial cover without lateral furrows (1), pseudo-

deltidium with lateral furrows (2), no delthyrial cover (3)

present (0), absent (1) scars

absent (0), present, enlarged anteriorly by resorption (1), small, apical (2)

absent (0), present (1)

absent (0), present (1)

present (0), absent (1)

baculate (0), pinnate (1), saccate (2)

bifurcating peripherally and medially (0), bifurcating peripherally (1)

grouped, radially arranged (0), dispersed (1)

absent (0), short, posteriorly placed (1), short, in anterior part of visceral

area (2), bisecting entire visceral area (3)

absent (0), present (1)

organophosphatic (0), calcitic (1)

apsacline (0), orthocline (1), procline to catacline (2), no interarea

(pseudointerarea) (3)

no lamination (0), no imprints (1), with imprints (2)

absent (0), present (1)

absent (0), present (1)

APPENDIX 2

Matrix of the 39 characters enumerated in Appendix 1 and 17 genera, ten paterinate and seven

representing penecontemporaneous Cambrian lingulate and rhynchonelliform brachiopods.

1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 3 3 3 3

1 2 3 4 5 6 7 8 9 0 I 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9

Chile 2 0 1 4 2 2 2 0 1 2 0 0 1 0 0 1 0 0 0 0 3 0 0 1 1 1 1 0 1 ? 1 0 0 0 1 1 0 0 0

Eoobolus 1 0 0 1 1 0 0 1 0 0 0 0 0 1 1 0 1 1 0 2 0 0 3 0 0 0 0 1 0 0 0 0 3 1 0 4 1 0 0

Botsfordia 2 0 0 1 1 1 0 1 0 0 0 0 0 1 1 0 1 1 0 2 0 0 3 0 0 0 0 1 0 0 0 0 3 1 0 4 1 0 0

Obolus 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 1 0 2 0 0 3 0 0 0 0 1 0 0 0 0 2 0 0 4 1 0 0

Fossuliella 1 0 0 1 0 0 0 2 0 0 0 0 0 1 1 0 1 1 0 2 0 0 3 0 0 0 0 1 0 0 0 0 2 0 0 4 1 0 0

Paterinia 2 0 1 3 1 0 1 0 0 0 1 0 1 0 0 0 1 2 1 3 ? 1 2 3 1 0 0 0 1 1 1 1 0 2 0 0 1 0 0

Micromitra 2 0 1 3 1 0 1 0 0 1 2 0 1 0 0 3 1 2 1 3 2 1 1 2 1 0 0 0 1 2 1 1 1 2 0 0 1 0 0

Askepasma 2 0 1 2 1 0 0 3 0 0 1 0 1 0 0 0 1 2 1 1 1 ? 0 0 1 0 0 0 1 ? 1 1 1 3 0 0 2 0 0

Cryptotreta 0 1 1 ? 1 0 0 ? 0 0 1 0 1 0 0 0 1 2 1 1 1 ? 0 3 1 0 0 0 1 1 1 7 0 0 0 1 2 0 0

Aldanotreta 2 2 1 2 1 0 0 3 0 0 1 0 1 0 0 2 0 0 0 0 ? 7 0 1 1 0 0 0 1 7 7 ? 0 0 0 0 2 0 0

Salanygolina 2 0 1 ? ? 0 0 ? 7 0 1 0 1 0 0 2 0 0 0 0 ? ? 0 1 1 1 0 0 1 7 ? ? 0 0 0 0 ? 0 0

Dictyonina 2 0 1 3 1 0 1 0 0 0 2 1 1 0 0 3 1 2 1 3 2 1 1 1 1 0 0 0 1 2 1 1 0 2 0 3 1 0 0

Dictyonites 2 0 1 0 1 0 1 0 0 0 2 2 1 0 0 3 1 2 1 3 ? 1 1 1 1 0 0 0 1 7 7 ? 0 0 0 2 1 0 0

Lacunites 2 0 1 0 1 0 1 0 0 0 2 1 1 0 0 3 1 2 1 ? ? 1 1 1 1 0 0 0 1 7 ? ? 0 7 0 2 1 0 0

Kolihium 2 0 1 ? 1 0 1 0 0 0 2 1 1 0 0 3 1 2 1 ? ? ? 0 1 1 0 0 0 1 ? ? ? 0 7 0 2 1 0 0

Glyptoria 1 1 1 4 2 2 2 0 1 1 0 0 1 0 0 0 1 2 1 1 1 2 0 3 1 0 0 0 1 1 1 1 1 0 1 0 0 1 1

Kutorgina 2 0 1 4 2 2 2 0 1 0 0 0 1 0 0 1 1 2 1 1 7 2 0 2 1 2 0 0 1 7 7 1 0 0 1 0 0 0 0



MORPHOLOGY AND PHYLOGENY
OF SOME EARLY SILURIAN ‘ DIPLOGRAPTID ’

GENERA FROM CORNWALLIS ISLAND,
ARCTIC CANADA

by MICHAEL J. MELCHIN

Abstract. A diverse assemblage of Llandovery (mainly Aeronian), biserial graptoloids has been recovered

from the Cape Phillips Formation on Cornwallis Island, Arctic Canada. A study of the astogenetic patterns

among these taxa can be used to define phylogenetically meaningful taxa at the generic and suprageneric level.

Using previously defined astogenetic patterns, five families can be defined within the Diplograptoidea
: (1)

Normalograptidae - Pattern H genera including Normalograptus, the root stock of the Monograptoidea; (2)

Petalolithidae - Pattern I genera including Petalolithus and Glyptograptus sensu stricto\ (3) Retiolitidae -

Pattern R, the Silurian ancora-bearing retiolitids; (4) Dimorphograptidae - Pattern J, including the uni-

biserial Dimorphograptus and the fully biserial Akidograptus and Parakidograptus ; (5) Monograptidae - the

uniserial, Pattern M. Of these five families, only the Normalograptidae occur in strata lower than highest

Ashgill. Normalograptus - Akidograptus - Dimorphograptus - Atavograptus is suggested as a likely evol-

utionary sequence for the origin of the monograptids. This is consistent with the observed astogenetic patterns,

requires few astogenetic modifications (apomorphies) at each step, and is not in conflict with the currently

known stratigraphical ranges of these taxa.

In the past several years, a number of attempts have been made by various authors to revise the

generic and suprageneric classification of the graptoloids. Some of these involved only the use of

traditional criteria of generic distinction, such as stipe number and orientation, and thecal

morphology (the latter especially among the ‘diplograptids’ and ‘monograptids’; see, for example,

Rigby 1986). Fortey and Cooper (1986), Legrand (1987) and Mitchell (1987), however, employed

a new approach to graptoloid classification, based primarily on the ontogeny of the sicula and early

astogeny of the rhabdosome, combined with cladisitic methodology to arrive at a classification that

better reflects graptoloid phylogeny. Among the diplograptoideans, which have been studied in

detail by Mitchell (1987), this new approach has shown that thecal morphology is a highly ‘plastic’

feature that is easily duplicated in different lineages and, therefore, can only be applied to taxa

above the specific level as a second-order criterion in relation to astogeny. The early growth stages

and budding patterns appear to have been more conservative features of graptolite evolution and

are, therefore, more reliable criteria for assignment of supraspecific taxa.

Mitchell (1987) recognized nine different proximal development types among the scandent,

biserial graptolites that he designated the letters A to I. Of these, Patterns A to G are confined to

the Ordovician. Pattern H forms occur in both Ordovician and Silurian strata, whereas Pattern I

was considered to be restricted to the Silurian. Although able to distinguish between Pattern H and

I astogenies, Mitchell’s conclusions concerning Silurian diplograptoideans were based on the very

scanty published information about their development. Legrand (1987) recognized a single

developmental pattern among Llandovery biserial graptolites, which he termed ‘keroblastic’. It

corresponds to Mitchell’s patterns H and I. Legrand’s paper, however, was not based on the study

of any new, uncompressed material. Melchin and Mitchell (1991) recognized two new patterns, J

and K. Pattern K was later described in detail (Stewart and Mitchell 1997) and is confined to

[Palaeontology, Vol. 41, Part 2, 1998, pp. 263-315, 7 pls| © The Palaeontological Association
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text-fig. 1 . Map of Cornwallis Island showing sample
locations. 1, Cape Manning (CM), 75° 26-8' N,
94° 20' W. 2, Eleanor Lake (EL), 75° 22-8' N,
94°08 / W. 3, Snowblind Creek (SC), 750 1EN,
94° 02' W. 4, Rookery Creek (RC), 75° 22' N,
95° 46' W. 5, Marshall Peninsula (MP), 75° 24' N,

96° 00' W.

Ordovician taxa. Patterns H, I and J are the patterns recognized among Llandovery biserial and uni-

biserial graptolites. Melchin and Mitchell (1991) also demonstrated the utility of this new
phylogenetic classification in understanding the evolution and extinction patterns among Ashgill

graptolites, as well as the biostratigraphical significance of the newly defined and revised genera.

Loydell (1992) and Storch and Serpagli (1993) used the new data on astogenetic patterns provided

by Mitchell (1987) and Melchin and Mitchell (1991) to further revise the family-level classification

of Silurian graptoloids. Koren’ and Rickards (1996) utilized the classification proposed by Loydell

(1992), with some modification, and recognized a number of new genera based on identification and
clarification of a number of novel thecal and rhabdosomal features.

The purpose of this paper is to describe and illustrate the non-retiolitid, diplograptoidean genera

present in the Aeronian and early Telychian strata of the Cape Phillips Formation, and discuss their

proximal development patterns and systematics in the context of the classifications of Fortey and
Cooper (1986), Legrand (1987), Mitchell (1987), Melchin and Mitchell (1991), Loydell (1992),

Storch and Serpagli (1993) and Koren’ and Rickards (1996).

MATERIAL

An abundant and diverse fauna of isolated, uncompressed diplograptoideans occurs in the

Aeronian portion of the Cape Phillips Formation. The Cape Phillips specimens permit an

examination of the distribution of these growth patterns among some Silurian taxa, illustrate some
of the variations within each pattern, and provide an indication of how the different patterns are

manifest in both early growth stages and in mature rhabdosomes. These observations, in turn,

elucidate the phylogeny of latest Ordovician and Silurian ‘ diplograptids ’ and ‘monograptids’.

Most of the material used in this study has come from a reconnaissance sampling of a small

stream section 10 km west of Cape Manning on north-eastern Cornwallis Island, N.W.T. (CM,
locality 1 ; Text-fig. 1). Additional samples have come from Eleanor Lake (EL, locality 2),
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Snowblind Creek (MSC, locality 3), Rookery Creek (RC, locality 4) and Marshall Peninsula (MP,
locality 5), all on Cornwallis Island. Locality information for each figured specimen is given as the

locality abbreviation, plus metres above the base of that locality. A study of the species-level

taxonomy and morphology of the uncompressed graptolites from these collections, and from more
recent detailed sampling of these and other sections, is now in progress.

The descriptions of the proximal development patterns are based in part on those given by

Mitchell (1987) and partly on observations made by light and scanning electron microscope on the

present specimens. Text-figure 2 presents schematic illustrations of the basic proximal development

patterns and their variations. Koren’ and Rickards (1996) named each of these patterns after typical

species and both the letter and species-name designations are given below.

ASTOGENETIC PATTERNS

Pattern H (normalis Pattern)

The sicula is commonly short and broad (e.g. Text-fig. 3a-b), usually 1 mm or less in Ordovician

species, up to 1-7 mm in Silurian forms, although it is occasionally much longer (e.g. Cystograptus).

Protheca 1
1 has a sinuous downward growth, growing toward the obverse side and then downward

(PI. 1, fig. 5). Two foramina open at its end: one opening downward for the thl
1 metatheca; one

opening to the reverse side for the bud of protheca l
2
(PI. 1, fig. 5; PI. 2, figs 10-11

;
PI. 3, fig. 3).

These foramina are separated by a list or rod (list A) which extends from the edge of the descending

protheca to the sicula at its apertural rim. Metatheca l
1 turns sharply upward just below the sicular

aperture and partly encloses its protheca on the obverse side (PI. 1, fig. 12) and the thl
2 foramen

on the reverse side (PI. 1, fig. 6). In many Pattern H species the reverse wall of metatheca l
1
is free

and not anchored against its protheca or the sicula during its growth except by another list (list B)

which extends from the sicula to the free edge of the thecal wall (e.g. PI. 2, fig. 10; PI. 3, fig. 7). An
interthecal septum forms at some later point and is generally not attached to the sicula. In some
species, however (e.g. Normalograptus nikolayevi (= Glyptograptus tamariscus nikolayevi Obut,

1965)) this wall is anchored against the sicula by an interthecal septum that grows from the point

of differentiation of protheca l
2

(PI. 1, fig. 8). List B forms the point of origin of this septum.

The point at which protheca l
2
differentiates is somewhat variable but appears to be to some

extent governed by the position of list B. In the Ordovician species described by Mitchell, the line

of fusellar unconformity between thl
1 and thl

2 begins at the very base of thl
1

(at the sicular

aperture) and curves to the right and upward, meeting list B, and extending upward to the base of

th2 1
(see Mitchell 1987, text-fig. 3f-g). Theca l

2 begins differentiation as a flange around its foramen
at the base of protheca l

1
. In the Silurian species observed here, and, apparently in ‘ Climacograptus ’

aff. scalaris of Barrass (1954) (= Normalograptus scalaris ferganensis (Obut, 1949)), the line of

fusellar unconformity between the first two thecae extends at a variable angle downward and to the

left from list B. In species of Metaclimacograptus, list B is 0-24 mm from the sicular aperture and the

unconformity extends nearly straight downward from this point, giving an appearance very similar

to that of the Ordovician species (PI. 2, fig. 9; Text-fig. 4a). However, in many other species such

as Normalograptus nikolayevi
, Pseudoglyptograptus barriei Zalasiewicz and Tunnicliff, 1994 and

those of Neodiplograptus, list B may be as much 0-4 mm above the sicular aperture and the line of

unconformity extends downward and to the left at an angle of about 45° (PI. 1, figs 7-8; PI. 3, figs

7, 10; Text-fig. 4b). The result is that the point of differentiation of the two thecae is between 0-2 mm
and 0-4 mm above the sicular aperture. The fusellae below this point are continuous with those of

thl 1 extending in an arcuate path across part or all of the reverse side of the sicula. This results in

an appearance similar to that seen in some Pattern I species. It must be stressed, however, that in

all the Pattern H species, the initial bud of thl
2 emerges from the descending portion of thl

1
at the

sicular aperture and it is only the manifestation of thl
2
in the form of a fusellar differentiation, by

a sharp fusellar unconformity that is delayed in these species (contrast this with the Pattern I species

described below).
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text-fig. 2. Schematic diagram of astogenetic patterns found in Llandovery biserial and uni-biserial

graptolites. The patterns that each represent a single genus with uniserial proximal ends are specifically

identified.

The shift in position of the fusellar unconformity between thl
1 and thl

2 can be seen by comparing
the latest Ordovician and earliest Silurian specimens of Normalograptus angustus (Perner, 1895)

illustrated by Riva (1988). The latest Ordovician specimens (e.g. Riva 1988, fig. 3d) show the line

of differentiation between thl
1 and thl

2
to be at a low angle to the rhabdosomal axis and to meet

the sicula at its aperture as in the other Ordovician species illustrated by Mitchell (1987). The earliest

Silurian specimens of N. angustus (e.g. Riva 1988, fig. 3t) show the line of differentiation of the first

thecal pair to be at c. 45° to the rhabdosomal axis and to meet the sicula 0-25 mm above its aperture,

as in many of the other Silurian species illustrated here.

From the point of differentiation of thl
2

(i.e. the position of list B) the growth of thl 1 always

proceeds ahead of that of thl
2
(PI. 1, fig. 8; PI. 3, fig. 7; Text-figs 3a-b, 4a-b). The initial growth

of thl
2
is diagonally upward and across the remainder of the reverse side of the sicula where it later

turns upward.

Theca 2 1 begins to differentiate very early in most Pattern H species, often at, or just above the

position of list B (PI. 1, figs 3, 9; PI. 2, fig. 1). In some species of Neodiplograptus, however, the

budding of th2 x
is delayed until just below or at the aperture of thl

1 and its differentiation is like

that of th2 2 and of all later thecae (PI. 3, figs 8-9). This slightly modified pattern with only two
primordial thecae is designated Pattern H'.

Pattern H graptolites have a relatively slender, rounded, asymmetrical proximal end and
generally possess a small portion of the sicula exposed below thl

2
. On the obverse side the sicula

is commonly exposed to about the level of the thl
1 aperture where it is enclosed by thl

2
(PI. 1, fig. 12;

PI. 2, fig. 2). Pattern H rhabdosomes usually have a complete median septum although in many
Silurian species its formation is delayed until as late as the ninth thecal pair, a partial median septum

being present before that point. Theca 2
1

is the earliest theca which may be dicalycal. The median
septum may be straight or slightly undulose to angular. A probable exception is Normalograptus ?

indivisus (Davis, 1929) which appears to be entirely aseptate (Waern 1948). As Waern (p. 457)

pointed out, however, and his excellent illustrations clearly show (especially pi. 27, fig. 6), the

interthecal septa of the first three or four thecal pairs extend inward to the centre of the rhabdosome
and those thecae are clearly alternate in origin. The interthecal septa of the following thecae run

parallel to the outer walls and leave a significant central common canal. These more distal thecae

give the distinct impression of having separated into two separately growing stipes at about the

fourth thecal pair, despite the fact that no septum is present separating them.
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Most Pattern H graptolites exhibit climacograptid to glyptograptid thecae, although pseudo-

climacograptid to highly undulose thecae are also found in this group. Orthograptid thecae occur

in the distal end of a few biform species such as Neodiplograptus tcherskyi subsp. nov. In addition,

some of the latest Ashgill and earliest Llandovery ‘orthograptids’ reported from China and

Kazakhstan may be Pattern H species (e.g. ‘ Orthograptus' illustris Koren’ and Mikhailova, in

Koren’ et al. , 1980, ‘ O. ’ lonchoformis Chen and Lin, 1978). Some genera have genicular thickenings

or outgrowths (e.g. Metaclimacograptus , Hirsutograptus and Talacastograptus).

The proximal end is usually unornamented except for the virgella. The virgella can, in some
species, achieve great length (e.g. Normalograptus normalis (Lapworth, 1877) (Text-fig. 3c) and

Neodiplograptus thuringiacus (Kirste, 1919)). It may be distally thickened into a spatulate process

(e.g. Normalograptus wangjiawanensis (Lin and Chen, 1984), Text-fig. 3e), branching at its base (e.g.

Normalograptus trifilis lubricus (Chen and Lin, 1978)) or distally divided (e.g. N. indivisus, N.

radicatus (Chen and Lin, 1978)). Hirsutograptus is the only known Pattern H genus that commonly
possesses spines on the sicular rim (Koren’ and Rickards 1996). Species of this genus also possess

a multiple-branching virgella and genicular spines on each theca. Several other normal Pattern H
species, however, can occasionally be found with anomalous, spinose proximal ends. Normalo-

graptus serratus barbatus (Elies and Wood, 1907) is the best known of these, although in the

present collections spinose variants can also be found of N. rectangularis (M’Coy, 1850), N. serus

(Obut and Sobolevskaya, 1968), N. scalaris ferganensis and N. trifilis lubricus (Text-fig. 3d, f-i).

Pattern I (tamariscus Pattern)

The sicula is commonly long in Petalolithus (1 -4-3-2 mm) but is shorter in Pseudorthograptus and

Glyptograptus (L0-2-4mm), very short (0-4 mm) in Rivagraptusl bellulusl (Tornquist, 1890) and

Rivagraptusl kayi (Churkin and Carter, 1970), (PI. 6, figs 12-13), and reduced to absent in the

retiolitids. Theca l
1 has a short descending segment and only a single foramen at its end, opening

downward and sometimes obliquely to the reverse side (PI. 4, figs 4, 12; PI. 5, figs 3, 10; PI. 6, fig. 7).

The upward turn of th 1
1 begins at or slightly below the sicular aperture and is sharp, with the

obverse wall enclosing all or most of the descending portion (PI. 4, fig. 12; PI. 5, fig. 7). Occasional

specimens can be seen where th 1
1 turns upward above the sicular aperture (e.g. Hutt et al. 1970,

pi. 1, fig. 10). Observations on the present material, however, suggest that this is the exception rather

than the rule. The reverse wall of th 1
1 grows upward and diagonally across the reverse side of the

sicula. After this wall crosses the midline of the sicula, an interthecal septum appears differentiating

the th 1
1 metatheca from protheca l

2
(PI. 4, fig. 6; PI. 5, fig. 7; Text-fig. 4c-d). The initial fusellae

of th 1
2
are conformable with those of th 1

1 from which they emerge although they may be more
condensed, interdigitate or curved at a different angle (PI. 5, fig. 7 ; PI. 6, fig. 8; Text-fig. 4c-d). The
later growth of metatheca l

1 and protheca l
2
are more-or-less synchronous (Text-fig. 3k-m) and the

growth of th 1
2

is strongly upward. The differentiation of th 1
2

is often quite late and it follows a

pattern similar to that of all later thecae. Therefore, th 1
1
is the only primordial theca and no crossing

canal is present.

The proximal end is usually sharply pointed and a variable length of the sicula is exposed below

thl
2

. On the obverse side, all or a considerable portion of the sicula is usually exposed (PI. 4, fig. 1

;

PI. 5, figs 6, 8, 14), except in Rivagraptusl bellulusl and R.l kayi (PI. 6, figs 6, 11-13). These

species of Rivagraptusl differ from other petalolithids in having a very short sicula (0-4-0-5 mm
long). The short, downward-growing portion of thl

1 near the sicular aperture, terminating in a

single foramen, is a feature characteristic of Pattern I. Upward growth of thl
1
crosses both obverse

and reverse side of the sicula at a high angle. The reverse wall almost completely obscures the sicula,

leaving less than 0-1 mm exposed before turning upward and differentiating into theca l
2

. Only

0T-0-2 mm of the sicula is exposed on the obverse side.

Pattern I rhabdosomes may be aseptate or have a narrow partial median septum on the obverse

side (PI. 4, fig. 2). In aseptate forms the virgula may be entirely free and central (PI. 4, fig. 3; PI. 5,
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fig. 12; PI. 6, fig. 9), may be attached at the bases of the interthecal septa (PI. 7, fig. 9) or it may
be incorporated in the obverse wall (PI. 5, figs 4, 6; Text-fig. 4c). However, it is important to note

that none of the species known to possess Pattern I is fully septate or has a dicalycal theca. All show
a single series of alternating thecae throughout the rhabdosome.

All of the known Pattern I species are Silurian with the exception of some reports of

Glyptograptus and
4

Orthograptus' from the persculptus Biozone (e.g. Glyptograptus ex gr. G.

tamariscus from the persculptus Biozone of China (Li 1984); Pseudorthograptus angustidens from the

persculptus Biozone of Arctic Canada (author’s unpublished data)). Thecal forms ranging from
climacograptid and pseudoglyptograptid to petalolithid are found in this group.

The sicular aperture possesses only a virgella, except in Comograptus, which has three or more
spines emerging from the sicular rim normal to the sicular axis (PI. 7, figs 7-8, 10-1 1). Comograptus
comatus (Obut and Sobolevskaya, 1968) and C.? cf. C.? tabukensis also possess numerous spines on
the proximal thecae (Text-fig. 3n, q). The virgella may be greatly elongated (PI. 6, figs 4, 10). The
most elegant form of virgellar division is the ancora seen in the Retiolitidae and species of

Pseudorthograptus and Petalolithus. Koren’ and Rickards (1996) refer to this structure in non-

retiolitid graptolites as a pseudoancora, distinguishing it from the ancora of the retiolitids (although

they acknowledge that they may be homologous structures). However, the ultrastructural (e.g.

text-fig. 3. a-b, Normalograptus cf. nikolayevi (Obut, 1965); CM, 2-5 m. A, GSC104897; x 10. B,

GSC104898; x 10. c, Normalograptus normalis (Lapworth, 1877); ROM45926; Trold Fiord, Ellesmere Island,

NWT, 52-0 m (Melchin 1989); x 5. D, Normalograptus scalaris ferganensis (Obut, 1949); GSC104899; Trold

Fiord, Ellesmere, Island, NWT, 61-0 m (Melchin 1989); note aberrant spine of sicular rim; x 5. E,

Normalograptus wangjiawanensis (Lin and Chen, 1984); NI82790; x 5. F, Normalograptus trifilis lubricus (Chen
and Lin, 1978); ROM45911; Truro Island, NWT, stream section, 52-0 m (Melchin et al. 1991); spinose

variant; x 5. G, Normalograptus serus (Obut and Sobolevskaya, 1968); GSC104900; Truro Island, NWT,
Stream Section, 62-0 m (Melchin et al. 1991); spinose variant; x 5. h-i, Normalograptus rectangularis (M’Coy,

1850); spinose variants; x 5. H, GSC104901 ; Huff Ridge, Ellesmere Island, NWT, 112-0-1 12-5 m (Melchin

1989). i, GSC104902; Trold Fiord, Ellesmere Island, NWT, 54-0 m (Melchin 1989). J, o, Akidograptus

gangjiawanensis Ge; NI53998. J, enlargement of proximal end; x 10. o, x 5. k-m, Glyptograptus tenuis

(Rickards, 1970); Trold Fiord, Ellesmere Island, NWT, 49-0 m (Melchin 1989); x 10. k, GSC104903. l,

GSC 104904. M, GSC 104905. N, Comograptus comatus Obut and Sobolevskaya, 1968; GSC1 04906; Huff Ridge,

Ellesmere Island, NWT, 118-5 m (Melchin 1989); x5. p, Glyptograptus tamariscus tamariscus (Nicholson,

1868); GSC 104907 ; Huff Ridge, Ellesmere Island, NWT, 118-5 m (Melchin 1989); x 10. q, Comograptus ? cf.

tabukensis (Rickards and Koren’, 1974); GSC104908; Trold Fiord, Ellesmere Island, NWT, 60-0 m (Melchin

1989); x 5. R, T, Akidograptus parallelus Li and Jiao; NI54215. R, enlargement of proximal end; x 10. T, x 5.

s, u, Akidograptus ascensus Davies, 1929; Navan Borehole, Ireland, 759-6 m (Lenz and Vaughan 1994); x 10.

s, TCD33912. u, TCD33913. v, Parakidograptus acuminatus (Nicholson, 1867); TCD33914; Navan Borehole,

Ireland, 702-5 m (Lenz and Vaughan 1994); x 10. w,
4

Akidograptus ’ antiquus Li and Ge, 1981 ; NI57678; very

poorly preserved holotype specimen; x 10. x, Parakidograptus primarius Li; NI67279; x 10. y, aa,

Dimorphograptus confertus swanstoni Lapworth, 1876; GSC 104909; Peel River, Yukon, 151-4 m (Lenz 1982).

Y, enlargement of proximal end; x 10. aa, x 5. z, Dimorphograptus ci. minutus (Chen and Lin, 1978); NI82806;
x 10. bb-cc, Dimorphograptus minutus (Chen and Lin, 1978). bb, NI36082a; x 5. cc, GSC104909; Trold
Fiord, Ellesmere Island, NWT, 56-5 m (Melchin 1989); enlargement of proximal end; x 10. dd, hh,

Agetograptus secundus Obut and Sobolevskaya, 1968; Trold Fiord, Ellesmere Island, NWT, 61-0 m (Melchin

1989). dd, ROM45959; x 5. hh, GSC 104910; x 10. ee, Dimorphograptus decussatus partiliter Elies and Wood,
1908; TCD33915; Navan Borehole, Ireland, 668-8 m (Lenz and Vaughan 1994); x 5. ff-gg, Rhaphidograptus
toernquisti (Elies and Wood, 1906); TCD33916; Navan Borehole, Ireland, 666-0 m (Lenz and Vaughan 1994).

ff, x 5. GG, enlargement showing sicular aperture and base of thl 1
;
x20. ii, Dimorphograptus decussatus

decussatus Elies and Wood, 1908; TCD33917; Navan Borehole, Ireland, 668-8 m (Lenz and Vaughan 1994);

x 10. jj-kk, Pseudorthograptus ? physophora alaskensis (Churkin and Carter, 1970). jj, GSC104911; Huff
Ridge, Ellesmere Island, NWT, 1 12-5 m (Melchin 1989); x 10. kk, GSC 10491 2; Trold Fiord, Ellesmere Island,

NWT, 56-5 m (Melchin 1989); x 5. ll-mm, Atavograptus primitivus Li, 1983 {
= Pristiograptus antiquatus Li,

1990); NI67315. ll, x 5. mm, enlargement of proximal end; x 10.



270 PALAEONTOLOGY, VOLUME 41

Bates and Kirk 1992) and phylogenetic evidence (Lenz and Melchin 1997) shows that these are,

indeed, homologous structures, so there is no need for separate terms to distinguish them.

In Pseudorthograptus and Petalolithus the ancora ranges in form from a simple, four-pronged

structure seen in such species as Petalolithus ankyratus (Mu, Li, Ge, Chen, Ni, Lin and Mu, 1974)

(type 1 ancora of Bates and Kirk 1984- see PI. 4, fig. 5), to four prongs with a terminal loop and
subsidiary loops and an internal spiral (type 3) as occurs in Pseudorthograptus inopinatus (Boucek,

1943) (PI. 4, figs 7-8) and four prongs with long double spiral lists extending outward from the

origin (type 2). The last is probably the type seen in Pseudorthograptus obuti (Rickards and Koren’,

1974, figs 7-9; Koren’ and Rickards 1996, text-fig. 15) and Pseudorthograptus ? physophora
alaskensis (Churkin and Carter, 1970) (Text-fig. 3jj), and is also seen in Pseudoretiolites cf.

decurtatus (Lenz and Melchin 1987a, pi. 1, figs 5, 8). Compressed specimens of P. obuti and D.

physophora show that the more complex ancora types can enclose a considerable portion of the

proximal end of the rhabdosome and may bear a sheet of continuous periderm between the ancora

lists (Text-fig. 3kk; Rickards and Koren’ 1974, pi. 1, fig- A; Koren’ and Rickards 1996, text-figs 15j,

18c, 19a, d-e).

Pattern J (ascensus Pattern)

Although Mitchell recognized only nine distinct proximal growth patterns, an examination of the

available literature and well-preserved, compressed dimorphograptids from Yukon, Arctic Canada
and Ireland suggests that the proximal development of Dimorphograptus (sensu stricto),

Akidograptus and Parakidograptus shows significant differences from Pattern H or I. This has been

designated Pattern J by Melchin and Mitchell (1991) (Text-fig. 2). Davies (1929) and Stein (1965)

have illustrated well-preserved, early growth stages of Akidograptus that show a long sicula and a

thl
1 with an exceedingly short downward-growing portion that does not reach the sicular aperture,

followed by a long, straight upward growth. The reverse wall of thl
1 does not grow obliquely across

the sicula at the beginning of the upward growth as in Pattern I species but grows straight upward
for about half of the thecal length before the thl

2 bud begins to diverge. Well-preserved,

uncompressed specimens of Akidograptus examined by Williams (1983) as well as the material

studied by Li and Ge (1981) suggest that the metatheca l
2
is not reduced, as suggested by Bulman

(1970) and others, but that the growth series is of normal diplograptid type. Examination of well-

preserved compressed specimens of several species ofAkidograptus and Parakidograptus from China
and Ireland shows that they all appear to share this early growth pattern (Text-fig. 3j, o, r-v, x).

EXPLANATION OF PLATE 1

Figs 1-3. Normalograptus medius brevicaudatus (Churkin and Carter, 1970). 1, GSC104816; CM, 2-5 m;
x 12. 2, GSC104817; CM, 2-5 m; x 12. 3, GSC104818; CM, 0-2 m; x40.

Figs 4-9. Normalograptus nikolayevi (Obut, 1965); CM, 0-2 m. 4, GSC104819; x 20. 5, GSC104820; apertural

half of sicula with descending portion of thl 1

;
note sinuous downward path and presence of two foramina,

one opening downward for metatheca l
1

, the other opening across the reverse side of the sicula for protheca

l
2

; note also the list (list A) separating the foramina; x 100. 6, GSC104821; sicula and early growth of

metatheca l
1

;
x 40. 7, GSC104822; sicula and growth of metatheca l

1 to point of differentiation of protheca

l
2

;
x 40. 8, GSC104823; sicula and metatheca l

1 with early growth of protheca 1
2

; note complete dorsal wall

of metatheca 1
1 against reverse side of sicula and fusellar unconformity at base of th 1

2
;
x 40. 9, GSC 104824

;

completion of metathecae l
2 and early growth of protheca 21

;
x40.

Figs 10-14. Pseudoglyptograptus barriei Zalasiewicz and Tunnicliff, 1994; note the increasing degree of external

thecal curvature and apertural lip development with increasing rhabdosomal maturity, fig. 14 being the most

mature specimen; note also the more nearly climacograptid appearance of the more distal thecae. 10,

GSC104825; CM, 5-7 m; x 12. 11, GSC104826; CM, 5-7 m; distal end view showing complete median

septum by th2 2
;
x40. 12, same as fig. 11, immature rhabdosome displaying nearly climacograptid thecae

with only very weak apertural lip development; x20. 13, GSC104827; CM, 5-7 m; x 12. 14, GSC104828;
SC, 140 m; x 12.
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text-fig. 4. Drawings of early growth stage specimens showing fusellar growth patterns of the origin of the

early thecae. Note that the Pattern H taxa (a-b) show a fusellar unconformity (U) at the point of origin of thl 2
,

whereas the Pattern I forms (c-d) show conformable fusellae at this point; all x 60. a, Metaclimacograptus

orientalis (Obut and Sobolevskaya, 1966); GSC104912; CM, 0-2 m. B, Normalograptus nikolayevi (Obut,

1965); GSC104823; CM, 0-2 m; note delayed position of thl 2
fusellar unconformity relative to that in M.

orientalis. c, Glyptograptus tamariscus tamariscus (Nicholson, 1868); GSC104914; CM, 5-7 m. d, Agetograptus

spiniferus, Obut and Sobolevskaya, 1968; GSC104915; CM, 5-7 m; fusellar pattern indicative of Pattern I',

showing (1) first theca, (2), reversal of direction of growth of second thecae and (3) origin of the third theca.

Dimorphograptus shares two important features of the proximal development with Akidograptus

:

the downward growth of thl
1

is reduced and it does not reach the sicular aperture (the specimen

identified as Dimorphograptus illustrated by Bulman 1970, fig. 61, is considered here to be a

specimen of Agetograptus - see discussion below) ; the reverse wall of the upward-growing portion

of thl grows straight up, rather than diagonally crossing the reverse side of the sicula (Text-fig. 3y,

aa-cc, ee, n). This is, therefore, named Pattern J' and is considered a modification of Pattern J (Text-

fig. 2).

The generic diagnosis of Dimorphograptus (Elies and Wood 1908; Bulman 1970) states that the

growth of thl is upward from its origin, although no evidence has been presented, based on well-

preserved, early growth stages, to show that this is actually the case. Well-preserved, compressed,

mature rhabdosomes of Dimorphograptus confertus swanstoni Lapworth, 1876 from the collections

of Lenz (1982) from Yukon, Canada (Text-fig. 3y), immature and mature specimens of D. decussatus

decussatus Elies and Wood, 1908 and D. decussatus partiliter Elies and Wood, 1908 from the
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collections of Lenz and Vaughan (1994) from the subsurface of Ireland (Text-fig. 3ee, ii), and D.

minutus (Chen and Lin, 1978) from China and the present collections (Text-fig. 3cc) shows what

appears to be a very short, downward-growing portion pressed through the base of thl. This has

been overgrown subsequently by cortical tissue obscuring the rounded appearance of the base of

this theca. A drawing of an early growth stage of Dimorphograptus cf. longissimus (Kurck, 1882)

illustrated by Elies and Wood (1908, text-fig. 232a) also shows what appears to be a short

downward-growing portion and a distinctly rounded base to thl . More well-preserved specimens of

other species of Dimorphograptus will have to be examined in detail to determine if they do, indeed,

lack a downward growth portion or if it is merely obscured by later cortical material.

The question of number of primordial thecae among the Pattern J genera cannot be satisfactorily

answered until isolated material becomes available. Mitchell (1987) has argued that the fact that

the second theca in Dimorphograptus is redirected means that it is no longer primordial. In

Akidograptus, the late derivation of the l
2 from the upward-growing portion of thl

1 suggests that

it, too, is no longer primordial. The insertion of the median septum between th2 J and th2 2
indicates

that th2 J
is the dicalycal theca rather than thl

2
as suggested by Li and Ge (1981), Storch (1983a)

and Li (1990).

Pattern J rhabdosomes show a wide range of thecal forms, especially in the uniserial portions of

Dimorphograptus
,
including monoclimacid or isolate thecae not found in other biserial graptolites.

Akidograptines have a complete median septum as do all of the dimorphograptids observed by the

author, in the biserial portion of the rhabdosome.

Ancora-like structures have been observed on species of Akidograptus and Parakidograptus but

it is not clear if these are homologous with those of the Petalolithidae and the Retiolitidae or if they

are independently derived, branching virgellae. Their less regular appearance, the variable distance

between the sicular aperture and the first bifurcation and between the first and second bifurcations,

and the fact that these structures grow outward and downward (e.g. Text-fig, 3j, o, r-u; Storch

1983a, fig. 1b, h-i), but not upward toward the sicula, suggests that they may not be homologous.

Furthermore, the akidograptines are confined to the highest Ashgill and lowest Llandovery

persculptus and acuminatus biozones whereas ancora-bearing petalograptines are not known from
strata lower than high in the vesiculosus Zone. Storch (1983a, fig. 1e) also illustrates a specimen of

Parakidograptus acuminatus that appears to show complex spines emerging from around the sicular

aperture.

Although both patterns I and J show a short, downward-growing thl
1 and delayed differentiation

of thl
2
(th2 in Dimorphograptus) there are several important features that distinguish them and

suggest that they may be independently derived from Pattern H. In Pattern J species the first theca

turns upward before reaching the sicular aperture and both the obverse and reverse walls grow
straight upward for a significant distance before the budding the second theca. In addition, all

known Pattern I species are aseptate, lacking a dicalycal theca, whereas Pattern J species are fully

septate.

Other ‘ dimorphograptid' patterns

There are several uni-biserial graptolite taxa that have been placed in the Dimorphograptidae but

do not share many of the astogenetic features noted above.

Agetograptus. The genus Agetograptus Obut and Sobolevskaya, 1968 was erected to encompass
several species with one uniserial theca. These species differ from other dimorphograptines in that

the sicula is very short and not exposed for much of its length and that thl
1
is also very short. They

pointed out very strong overall similarities with Orthograptus bellulus (designated by Koren’ and
Rickards (1996) the type species of Rivagraptus). Observations on the present specimens of

Agetograptus have borne out the suggestions of the distinctness of this genus. As in Rhaphidograptus

(and unlike Dimorphograptus sensu stricto), thl
1 grows down to or slightly below the sicular

aperture and its upward growth is diagonally across the obverse and reverse face of the sicula (PI. 7,

fig, 2; Text-figs 3dd, hh, 4d). Unlike Rhaphidograptus, it is aseptate. Furthermore, the
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downward-growing portion of thl
1 terminates in a single foramen (PI. 7, fig. 5). These features

clearly ally this genus with Pattern I species, particularly Rivagraptus, and this astogenetic pattern

is named F (Text-fig. 2).

Loydell (1991) and Koren’ and Rickards (1996) also recognized the distinctness of Agetograptus

from Dimorphograptus. They suggested, however, that the appearance of a uniserial first theca was
achieved by an elongation of theca l

2 beyond the aperture of thl1 with all subsequent series 2 thecae

having their apertures above those of the succeeding thecae of the first series. Agetograptus,

however, is aseptate and its thecae are alternate in origin throughout the length of the rhabdosome
(PI. 7, fig. 6). The geometry of a budding pattern as described by Loydell (1991) and Koren’ and
Rickards (1996) would, therefore, require that all subsequent series 2 thecae be significantly longer

than their series 1 counterparts in order to keep the apertural levels evenly spaced, which is not seen

in the present specimens. Therefore, the species of this genus must possess a truly uniserial theca 1.

An early growth stage specimen (Text-fig. 4d) shows a series of slightly condensed fusellae at the

point of insertion of the dorsal wall of the first theca (i.e. the first interthecal septum) indicating the

origin of the second theca. After another several fusellae are added to the second theca another

divergence of fusellae occurs marked by lateral interdigitation and a change in angle. This appears

to mark the differentiation of the third theca. In between the latter and thl
1
the fusellae continue,

uncondensed and undistorted, suggesting that it is th.2
1 that has emerged from thl

1
. The uniserial

condition appears to have been achieved by a redirection of the second theca over the top of the

first rather than away from it and the resultant reversal of all subsequent thecae. A similar growth
pattern has been described by Bulman (1970, p. V79, fig. 61) based on the illustration of a specimen

of Agetograptus (identified as Dimorphograptus sp.) also from the Cape Phillips Formation,

although Bulman did not recognize the short, downward growing portion of thl
1

,
which is

completely obscured by that theca’s upward growth (a number of specimens conspecific with the

specimen illustrated by Bulman have been recovered from Cape Phillips Formation concretions that

do show the short, downward-growing segment of thl). It is possible that in these specimens the

uniserial appearance of the first theca is achieved through suppression, rather than redirection of

the second metatheca, although the continuity of width and direction of fusellae seen in these

specimens (not evident in Bulman’s illustration) suggest that it is redirected rather than suppressed.

Rhaphidograptus. The proximal development of Rhaphidograptus toernquisti, has been illustrated

by Hutt et al. (1970) and several well-preserved, compressed specimens from Bornholm and from

EXPLANATION OF PLATE 2

Figs 1-2, 7. Metaclimacograptus orientalis (Obut and Sobolevskaya, 1966); CM, 0-2 m. 1, GSC104829;
immature specimen showing early growth of th2L x 40. 2, GSC 104830; note incipient growth of tlG 1

;

ventral wall proceeds slightly ahead of lateral walls; x40. 7, GSC104831; x20.

Figs 3-5, 9-10. Metaclimacograptus minimus (Paskevicius, 1976); RC, 55-0 m. 3, GSC104832; aperture of th5 2
;

note the unconformable overgrowth of the lateral walls over the hood; x 120. 4, same as fig. 3; x20. 5,

GSC104833
;
note the ventral wall of th3 2 which forms an umbrella-hood over th2 2 aperture well in advance

of the lateral thecal walls; x 40. 4, x 20. 9, GSC104834; broken early growth stage; x 40. 10, same as fig.

9, oblique distal view showing base of interthecal septum, list B (centre) and silhouette of list A (right)

;

x 120.

Figs 6, 11-12, 15. Neodicellograptus siluricus (Mu, Li, Ge, Chen, Ni, Lin and Mu, 1974); CM, 13 5 m. 6,

GSC 104835 ;
x 40. 1 1, GSC 104836; oblique distal view of proximal end broken open showing internal view

of descending protheca l
1 with list A separating thl 1 and thl

2 foramina; x 125. 12, GSC104837; x40. 15,

GSC104838; x 30.

Fig. 8. Metaclimacograptus sculptus (Chen and Lin, 1978); GSC104839; CM, 5-7 m; x 20.

Figs 13-14. Metaclimacograptus undulatus (Kurck, 1882); SC, 140 m. 13, GSC104840; note less pronounced

hood development than on more mature specimen in fig. 14; x 20. 14, GSC104841 ;
note angular median

septum and somewhat more pronounced hoods proximally than distally ;
x 20.
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the subsurface of Ireland have been examined by the author. It differs from other dimorphograptids

in the following respects: thl
1 grows down to or below the sicular aperture before turning upward;

the base of thl
1 appears to show the rims of two foramina separated by a thickened list at the end

of protheca 1\ pressed through the metatheca l
1
that has grown over it (Text-fig. 3gg); the reverse

wall of metatheca l
1 shows some tendency to grow diagonally across the reverse and obverse face

of the sicula as it grows upward (although this occurs at a low angle and may be within the range

of variation of true dimorphograptid growth)
;
and, the uniserial portion, as described by Hutt et

al. (1970), is formed by growth ofprotheca l
2 but suppression of the metatheca. Koren’ and Rickards

(1996) re-examined the evidence for suppression of thl
2 but were unable to substantiate that this

was the mode production of the unserial thl, suggesting that the other alternative was an unusually

elongate thl
2

. Although the same problems may apply for this proposed mode of development as

suggested for Agetograptus above, the presence of dicalycal th2 x make this suggestion at least

possible for Rhaphidograptus. In either case, it is unlikely that this is the mode of formation of the

unserial portion in true dimorphograptids, which usually have more than one uniserial theca and
whose lateral thecal walls do not cross the midline of the sicula or enclose the virgula in the uniserial

portion. Rather, their uniserial portion is most probably formed by late differentiation and
redirection of growth of the early thecae. If the uniserial portion of Rhaphidograptus is generated

by suppression or elongation ofmetatheca 1
2 then it is most likely to have been derived independently

of the true dimorphograptids, because the metatheca of the second theca is redirected rather than

suppressed or elongated in Pattern T. Furthermore, since thl
1 grows down to the sicular aperture

in Rhaphidograptus the development of that genus from a true dimorphograptid ancestor would
require a reversal of the trend toward upward growth above the sicular aperture seen in earlier

dimorphograptids. On the other hand, derivation of Rhaphidograptus directly from a Pattern H
ancestor would have required only suppression or elongation of metatheca l

2 without any other

major modifications. In fact, the proximal development of R. toernquisti bears a strong resemblance

to that of Neodiplograptus with a delayed differentiation of thl
2
as well as a delayed thl1 (Hutt et

al. 1970, pi. 1, fig. 22). Although the delay of the first unconformity is slightly later than any

observed here, the fusellar unconformity is more pronounced than is seen in Pattern I species and
the rhabdosome shows other features that indicate associations with the other Pattern H species,

especially a complete median septum distally and the presence of small genicular hoods, none of

which has yet been found on any Pattern I species. The most compelling piece of evidence in favour

of a Pattern H development in Rhaphidograptus
,
however, would be confirmation, in isolated

specimens, of the presence of two terminal foramina on protheca l
1

,
as apparently seen pressed

EXPLANATION OF PLATE 3

Figs 1-3, 10, 12. Neodiplograptus tcherskyi tcherskyi (Obut and Sobolevskaya, 1967). 1, GSC104842; CM,
0-2 m; x 20. 2, same as fig. 1 ; distal end view showing partial median septum at fourth thecal pair; x 40.

3, GSC 104843; CM, 0-2 m; oblique internal view of proximal end broken open showing descending

protheca l
1 with list A and thl 1 and thl 2 foramina; x 135. 10, GSC104844; CM, 5-7 m; proximal end of

early growth specimen showing fusellae of thl 1

,
unconformity and closely packed fusellae at base ofprotheca

l
2

,
and formation of list B; x 120. 12, GSC104845; CM, 2-5 m; mature specimen with small, aberrant ridge

on thl
1

;
x 12.

Figs 4-9, 13. Neodiplograptus sinuatus sinuatus (Nicholson, 1869). 4, GSC104846; CM, 2-5 m; x 12. 5,

GSC104847; RC, 55-0 m; sicula and early growth of thl 1
;
x 40. 6, GSC104848; RC, 55-0 m; distal end view

showing formation of partial median septum below apex of sicula; x 80. 7, GSC104849; RC, 55-0 m; growth

of metatheca l
1 and protheca l

2
;
x 40. 8, GSC104850; RC, 55-0 m early growth stage with first thecal pair,

note late differentiation of th21
;
x 40. 9, GSC104851 ; RC, 55-0 m; immature rhabdosome showing growth

of second thecal pair; x 40. 13, GSC104852; CM, 5-7 m; gerontic specimen showing aberrant hood growth

over proximal thecae
;
x 20.

Fig. 11. Neodiplograptus tcherskyi subsp. nov.; GSC104853; CM, 2-5 m; x 12.
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through here, a feature that clearly differentiates Pattern H from either I or J, in which the

differentiation of the second theca occurs on the upward-growing portion of the first theca.
‘ Dimorphograptus ’ physophora physophora (Nicholson, 1868) and ‘ D.

'
physophora alaskensis

Churkin and Carter, 1970 appear to resemble species of Pseudorthograptus such as P. obuti

(Rickards and Koren’, 1974) in all respects of rhabdosomal and thecal form as well as possessing

a large ancora (apparently type 2; Text-fig. 3jj-kk) that suspends a continuous membrane. Unlike

other species of Dimorphograptus, thl grows down to the sicular aperture (Text-fig. 3jj). Although
no other astogenetic details can be discerned from the presently available material, this species has

most probably developed directly from Pseudorthograptus, either by redirection or suppression of

metatheca l
2

. Koren’ and Rickards (1996) have also recognized the distinctness of ‘Dd physophora

ssp. from Dimorphograptus and their close relationship with Pseudorthograptus and assigned this

species to the subgenus Pseudorthograptus (Dimorphograptoides). Dimorphograptoides is here raised

to the genus level because it is as distinctive in its rhabdosomal form from Pseudorthograptus as

Agetograptus is from Rivagraptus.

It may be, therefore, that the ‘ dimorphograptid condition ’ of a uniserial proximal end may have

been achieved in four different lineages (possibly more) as suggested by Rickards et al. (1977) and
Li (1987), rather than one as suggested by Mitchell (1987). To derive the later occurring

Agetograptus, Rhaphidograptus and Pseudorthograptus ? physophora from Dimorphograptus would
have required a reversal of the trends that resulted in the Pattern J proximal end as described above,

and this seems highly unlikely. Confirmation of this hypothesis will require the study of isolated

specimens of Rhaphidograptus, Dimorphograptus sensu stricto and Dimorphograptoides.

Pattern M (ceryx Pattern)

The astogeny of the uniserial monograptids, Pattern M, has been fully described by Walker (1953),

Bulman (1970) and reviewed by Mitchell (1987). The unique astogeny of some of the earliest

monograptids has been described by Lukasik and Melchin (1994, 1997).

Pattern R (new)

The lack of complete sclerotization in most retiolitids makes recognition of the astogenetic patterns

difficult, although Lenz (1994) has described specimens of Agastograptus robustus Obut and

Zaslavskaya, 1983 with fully sclerotized thecae and sicula. These specimens demonstrate that the

thecal astogeny is essentially identical to Pattern I. However, the most distinguishing feature of all

of the Silurian retiolitids is that they possess an ancora that is incorporated into the framework of

the first thecal pair, and this is designated as Pattern R. This differentiates this group from any of

the Ordovician ‘ archiretiolitids ’ (Mitchell 1987 ;
Bates and Kirk 1991) or any of the ancora-bearing

petalolithids.

EXPLANATION OF PLATE 4

Figs 1-2, 4. Petalolithus ankyratus (Mu, Li, Ge, Chen, Ni, Lin and Mu, 1974); CM, 5-7 m. 1, GSC104854;
x 20. 2, same as fig. 1, oblique distal view, virgula and partial median septum; x 160. 4, GSC104855; sicula

and early growth of thl 1
;
x25.

Figs 3, 9-10. Parapetalolithus sp. ; SC, 320 m. 3, GSC104862; distal end view; note lack of virgula, indicating

that it was free and central; x20. 9, GSC104861; immature rhabdosome; x40. 10, same as fig. 3; x20.

Fig. 5. Petalolithus intermedius (Boucek and Pribyl, 1941a)?; GSC104856; RC, 55-0 m; sicula with descending

portion of protheca l
1

, showing single terminal foramen; x40.

Figs 6-8, 11-12. Pseudorthograptus inopinatus (Boucek, 1943); CM, 2-5 m. 6, GSC1048857; immature

specimen showing growth of first thecal pair; x 40. 7, GSC 104858; sicula with ancora and early growth of

thl 1
;
x40. 8, GSC104859; immature rhabdosome; x40. 11, GSC104860, distal fragment; x 20. 12, same

as fig. 7; distal view of descending protheca l
1 and single, terminal foramen; x 160.
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SYSTEMATIC PALAEONTOLOGY
Figured specimens in Plates 1-7 and Text-figure 4 are housed at the Geological Survey of Canada
(GSC). Specimens illustrated in Text-figures 3 and 6 are housed at the GSC, the Royal Ontario

Museum (ROM), the Nanjing Institute of Geology and Palaeontology (NIGP) and Trinity College,

Dublin (TCD). Locality information for each figured specimen from Cornwallis Island is given as

a locality abbreviation (see Text fig. 1), plus metres above the base of that locality section, or depth

within in the borehole. Locality information for illustrated flattened specimens (Text-figs 3, 6) from
other localities are given in captions, together with reference to the paper where the localities are

described in detail. Locality details are not available for the Chinese specimens.

Order graptoloidea Lapworth, 1875

Suborder virgellina Fortey and Cooper, 1986

Superfamily diplograptoidea Lapworth, 1880, emend.

Remarks. Mitchell (1987) proposed that all Virgellina, with the exception of the stem group
Phyllograptidae, be grouped into the superfamily Diplograptoidea, and included all the Pattern H
and I taxa, as well as the Silurian retiolitids and the uniserial monograptids, in the family

Monograptidae. Aside from the aesthetic arguments against these family-level assignments (e.g.

there are biserial Monograptidae), this has also posed practical problems for further subdivisions

within the Monograptidae, and Loydell (1992) and Storch and Serpagli (1993) made a convincing

case for making family-level subdivisions among Silurian graptoloids.

Despite the strong cladistic argument provided by Mitchell (1987) for inclusion of the uniserial

‘monograptids’ within the same clade as the Silurian biserial forms, Loydell (1992) and Koren’ and
Rickards (1996) retained a separate superfamily Monograptoidea for the uniserial forms. Loydell

cited the profound change in astogenetic pattern between the ‘ diplograptids ’ and ‘monograptids’

as the main reason for keeping the monograptids in a distinct superfamily. These changes, as

described by Mitchell (1987), involved modifications in both sicular (e.g. the primary porus) and
early thecal ontogeny. However, subsequently, Lukasik and Melchin (1994, 1997) demonstrated

that the earliest monograptids differ only slightly from their biserial and uni-biserial ancestors in

early astogeny, and that the significant changes in sicular ontogeny leading to development of the

primary porus occurred during later monograptid evolution. On the other hand, Koren’ and

explanation of plate 5

Figs 1-5. Glyptograptus tamariscus tamariscus (Nicholson, 1868). 1, GSC104863; CM, 2-5 m; mature

rhabdosome with proximal end broken open; x 20. 2, GSC104864; CM, 2-5 m; mature, partly compressed

rhabdosome; x 20. 3, same as fig. 1, aperture of sicula and short descending protheca l
1 with single terminal

foramen; x 160. 4, GSC 104865; CM, 5-7 m; distal end view showing laterally embedded virgula; note

strong distal curvature of fusellae of obverse wall where they meet the virgula; x 60. 5, same as fig. 4; distal

fragment with long virgula; x20.

Figs 6, 9. Glyptograptus tamariscus acutus Packham, 1962; RC, 55-0 m. 6, GSC104866; note complete exposure

of sicula and curvature of fusellae on obverse wall at virgula; x 40. 9, GSC104867 ;
immature rhabdosome;

x 40.

Figs 7-8, 1 1-12, 14. Glyptograptus cf.fastigatus Haberfelner, 1931 ; MP (loose). 7, GSC104868; proximal half

of early growth stage showing fusellar differentiation of protheca l
2 and metatheca l

1

;
x 80. 8, GSC104869;

immature specimen in obverse view showing enclosure of sicula; x40. 11, same as fig. 8; distal end view;

x 80. 12, GSC104870; same as fig. 14; distal end view, showing free, central virgula; x 80. 14, GSC104871

;

immature specimen; x40.

Figs 10, 13. Glyptograptus elegans subsp. nov.; MP (loose). 10, GSC104872; early growth stage specimen

showing aperture of sicula and descending portion of protheca l
1

; note single foramen; x 120. 18,

GSC104873; immature rhabdosome; x40.
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Rickards (1996) cited biostratigraphical and nomenclatural practicality as the main reasons for

complete separation of the monograptoideans from the diplograptoideans. Whereas the practical

need to distinguish several families with the Silurian graptoloids, including a distinct, fully uniserial

Monograptidae, is clear, the necessity for distinction of the ‘ monograptids ’ at the superfamily level

is not, particularly in relation to the subdivision of the rest of the Graptoloidea. Although Loydell

(1992) and Koren’ and Rickards (1996) employed the phylogenetic classification of Fortey and
Cooper (1986) and Mitchell (1987) at the level of suborder, they departed from the cladistically

derived classification at the level of superfamily and below, resulting in a classification hierarchy of

Silurian graptoloids that is inconsistent with that of the rest of the Graptoloidea. Further changes

in superfamily-level classification of the graptoloids should await a more comprehensive

phylogenetic restudy of both the Ordovician and Silurian clades, in light of all of the new data that

have come to light since 1987. For this paper, all of the Silurian graptoloid taxa are included within

the Diplograptoidea, as proposed by Mitchell (1987), but are subdivided into several families as

described below.

Fortey and Cooper (1986) published the name Glyptograptidae (citing Mitchell, then in press, as

the author although Mitchell did not, in his 1987 paper use this taxon at the family level) to

encompass the Pattern B, H and I genera. This name was based on Mitchell’s (1987) work which
suggested that Glyptograptus was a Pattern H genus. Accordingly, a subfamily, namely
Glyptograptinae, was erected to encompass the Pattern H species. Recognizing that the type species

of Glyptograptus, G. tamariscus (Nicholson, 1868), exhibits a Pattern I proximal structure, Melchin

and Mitchell (1991) placed the Pattern H-bearing species with climacograptid to glyptograptid

thecae within Normalograptus Legrand, 1987. Mitchell placed the Pattern I species with the
‘ retiolitids ’ in the Retiolitinae.

Loydell (1991) employed the subfamilies Glyptograptinae, Retiolitinae, and Monograptinae, all

within the family Glyptograptidae. Loydell (1992) raised the three subfamilies to the level of family:

Glyptograptidae, Retiolitidae, and Monograptidae, the latter being assigned to the superfamily

Monograptoidea, as noted above. Loydell (1992) included all Pattern H and continuous-periderm

Pattern I taxa within the Glyptograptidae, although Petalolithidae (originally erected as the

subfamily Petalograptinae Bulman, 1955) is the family-group name that has priority for this taxon,

since it includes Petalolithus (the senior synonym of Petalograptus (see Loydell 1992)).

Storch and Serpagli (1993) also recognized the need for more family-level taxa and distinguished

four families among Silurian graptoloids: Normalograptidae (Pattern FI taxa), Retiolitidae

(Pattern I taxa, with subfamilies Petalograptinae and Retiolitinae), Dimorphograptidae (Pattern

J taxa, with subfamilies Akidograptinae and Dimorphograptinae), and Monograptidae (uniserial

taxa). They did not explicitly assign these families to any higher-level taxa.

Koren’ and Rickards (1996) noted that the differences between the astogenetic patterns of

Silurian diplograptoideans are small compared with those of Ordovician taxa. As a result, they

EXPLANATION OF PLATE 6

Figs 1-3. Glyptograptus elegans subsp. nov. 1, GSC104874; SC, 260 m; mature rhabdosome that broke into

three fragments; x 20. 2, same as fig. 1; distal end view of the proximal fragment; note lack of virgula,

indicating that it was free and central; x40. 3, GSC104875; MP (loose); x40.

Figs 4-9, 13. Rivagraptusl bellulusl (Tornquist, 1890). 4, GSC104876; CM, 2-5 m; note decreasing degree of

spine development distally
;
x 20. 5, GSC 104877 ; CM, 5-7 m; obverse view; note rapid enclosure of sicula;

x20. 6, GSC104878; CM, 5-7 m; x20. 7, GSC104879; CM, 2-5 m; view inside broken proximal end

showing very sort descending protheca l
1 with single terminal foramen; x 160. 8, GSC104880; CM, 5-7 m;

immature rhabdosome; x 40. 9, same as fig. 13; distal end view showing interthecal septa and free, central

virgula; x40. 13, GSC104881 ; CM, 2-5 m; broken proximal fragment showing very short sicula; x 60.

Figs 10-12. Rivagraptus'l.kayi (Churkin and Carter, 1970); CM, 5-7 m. 5, GSC104882; x 12. 11, GSC104883;
broken proximal end of immature specimen, showing very short sicula; x 60. 12, GSC104884; obverse view

showing rapid enclosure of sicula; x 30.
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followed Loydell (1992) and included most of the Pattern H (normalis Pattern) and Pattern I

(tamariscus Pattern) genera within the Glyptograptidae. Of the Pattern H and I genera, only

Metaclimacograptus was removed from the Glyptograptidae and assigned to its own family,

Metaclimacograptidae, citing ‘ spectacular morphological changes ’ that had taken place within this

lineage. Whereas the thecal and rhabdosomal style are, indeed, distinctive for Metadimacograptus,

they seem to be no less differentiated from their Normalograptus roots than, for example,

Petalolithus , Cephalograptus, Pseudorthograptus or Agetograptus, which show significant changes in

both thecal and developmental style from Normalograptus. Although it is true that the range of

variability in astogenetic patterns is not as great in Silurian taxa as in Ordovician forms (Koren’ and
Rickards 1996), the fact remains that, based on present evidence, the Pattern I development appears

to have arisen only once, in which case all of the taxa bearing this pattern represent a monophyletic

group. Therefore, it provides a consistent means of establishing the phylogenetic relationships

among the Silurian biserial genera and grouping them at the family level in a way that is consistent

with the classification of other diplograptoideans.

A cladogram illustrating the proposed relationships between the Silurian graptoloid families is

shown in Text-figure 5, including the synapomorphies that characterize each branching event.

Although it is based to a large extent on text-figures 13a and 16 of Mitchell (1987) it incorporates

the observations and modifications discussed above and in the following descriptions. Table 1

summarizes the classification employed.

Family normalograptidae Storch and Serpagli, 1993

Diagnosis. Pattern H (normalis) primordial astogeny. Thecae glyptograptid, climacograptid,

pseudoclimacograptid or sinuous. Median septum complete distally, and straight or undulose.

Stipes rarely diverge distally.

Genera included. Normalograptus Legrand, 1987, Clinoclimacograptus Bulman and Rickards, 1968, Cysto-

graptus Hundt, 1942, Hirstuograptus Koren’ and Rickards, 1996, Metaclimacograptus Bulman and Rickards,

1968, Neodicellograptus Mu and Wang, 1977, Neodiplograptus Legrand, 1987,
‘

Neodiplograptus ’ ex gr. ‘A.’

modestus, Persculptograptus Koren’ and Rickards, 1996, Pseudoglyptograptus Bulman and Rickards, 1968,

Rhaphidograptus Bulman, 1936, Talacastograptus Cuerda, Rickards and Cingolani, 1988 and possibly

Paraclimacograptus Prfbyl, 1947.

Remarks. Although the details of proximal development of Normalograptus normalis (the type

species of Normalograptus) are not known from uncompressed, isolated specimens, the very close

EXPLANATION OF PLATE 7

Figs 1-3, 5-6. Agetograptus spiniferus Obut and Sobolevskaya, 1968. 1, GSC104885; CM, 2-5 m; x 12. 2,

GSC104886; CM, 2-5 m; x 20. 3, GSC104887 ; CM, 2-5 m; obverse view showing enclosure of sicula; x 20.

5, GSC 104888; CM, 2-5 m; view inside of proximal end of broken specimen showing very short descending

protheca l
1 with single terminal foramen; x 120. 6, GSC 104889; SC, 140m; distal fragment showing

internal arrangement of interthecal septa; x 12.

Fig. 4. Agetograptus ? hubeiensis (Ni, 1978); GSC104890; RC, 80-105 m; reverse view of immature

rhabdosome; x40.

Figs 7-13. Comograptus gorbiachinensis Obut and Sennikov, 1980; CM, 0-2 m. 7, GSC104891; mature

rhabdosome; x20. 8, GSC104892; immature rhabdosome; x20. 9, GSC104893-; distal end view showing

virgula attached to base of interthecal septum; x60. 10, GSC 104894; proximal end view of immature

specimen showing three sicular apertural spines and virgella; x 80. 11, GSC 104895; immature rhabdosome

showing differentiation of th2x
;
x 40. 12, same as fig. 10; sicula and thl 1 to point of differentiation of thl 2

;

x 40. 12, GSC104896; sicula and early growth of thl 1
;
note short descending protheca l

1 and that spines on

either side of virgella are not yet formed ;
x 40.
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Normalo- Petalo- Retio- Dimorpho-
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text-fig. 5. Cladogram illustrating proposed relationships within the Silurian Diplograptoidea. Terminal

branches are identified according to astogenetic pattern, except for Rhaphidol, which represents the possible

astogeny for Rhaphidograptus toernquisti (Elies and Wood, 1906). Numbered synapomorphies are as follows:

(1) origin of th 1
2 delayed until downward end of protheca l

1

; (2) thl
2 begins growth upward and outward,

unconformably on thl 1

; (3) protheca l
1 partly enclosed by metatheca l

1

; (4) delay in differentiation of th2x

- no longer primordial; (5) metatheca l
2 suppressed giving a uniserial appearance to thl

1

; (6) short descending

protheca l
1 with only one terminal foramen - thl 2 no longer primordial; (7) potential for ancora production;

(8) loss of dicalycal theca and complete median septum; (9) thl 2 reoriented to grow over thl 1 giving a uniserial

proximal end; (10) reduction or complete desclerotization of the sicula; (11) reduction of thecal periderm to

thecal framework and reticulum; (12) integration of ancora with framework of first thecal pair; (12) downward
growth of protheca l

1 reduced leaving sicula exposed for its full circumference near its aperture; (14) reverse

wall of first theca grows straight upward for much of its length before budding second theca
;
(1 5) reorientation

of one or more thecae above thl producing a uniserial proximal end; (16) thl grows outward and upward from
its origin (may no longer be primordial); (17) rhabdosome uniserial throughout its length.

similarities in both thecal and rhabdosomal morphology with other, better known species of

Normalograptus (e.g. N. aff. N. scalaris, Barrass 1954, here assigned to N. scalaris ferganensis ; N.

medius brevicaudatus, this study) strongly suggests that their proximal development pattern is also

the same.

Based on presently available information, it is not possible to determine whether species of the

genus Paraclimacograptus possess a Pattern H or I astogeny. If they have Pattern I development,

this genus should be included within the Petalolithidae. Mitchell (1987) and Storch and Serpagli

(1993) suggested a Pattern H astogeny. However, the uncompressed specimen of P. innotatus

innotatus illustrated by Crowther (1981) has only a partial median septum at the fourth thecal pair

(Crowther, pers. comm. 1986), and a complete median septum is not visible distally in any of the

compressed specimens studies by the author (e.g. Text-fig. 6a). The relatively acicular proximal end

is within the range of variation of both Pattern H and I forms.

Riva (1988) illustrated a topotype specimen of P. innotatus innotatus that shows what appears to

be an antivirgellar spine. Accordingly, he grouped several other mid Ashgill species with genicular

hoods and antivirgellar spines within Paraclimacograptus. Judging from other topotype material as

well as the numerous other observations of this species from around the world, including the

uncompressed specimen illustrated by Crowther (1981), all of which lack any proximal spines
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table 1. Proposed classification for the Silurian Diplograptoidea.

Order graptoloidea
Suborder virgellina Fortey and Cooper, 1986

Superfamily diplograptoidea Lapworth, 1873 (sensu Mitchell, 1987)

Family normalograptidae Storch and Serpagli, 1993: Pattern H
Genus normalograptus Legrand, 1987

Genus pseudoglyptograptus Bulman and Rickards, 1968

Genus metaclimacograptus Bulman and Rickards, 1968

Genus clinoclimacograptus Bulman and Rickards, 1968

Genus talacastograptus Cuerda, Rickards and Cingolani, 1988

Genus hirsutograptus Koren’ and Rickards, 1996

Genus neodicellograptus Mu and Wang, 1977

Genus neodiplograptus Legrand, 1987
‘ Neodiplograptus ’ modestus Lapworth species group

Genus cystograptus Hundt, 1942

?Genus rhaphidograptus Bulman, 1936

Family petalolithidae Bulman, 1955 (emend.): Pattern 1

Genus petalolithus Suess, 1851

Genus parapetalolithus Koren’ and Rickards, 1996

Genus cephalograptus Hopkinson, 1869

Genus sudburigraptus Koren’ and Rickards, 1996

Genus pseudorthograptus Legrand, 1987

Genus dimorphograptoides Koren’ and Rickards, 1996

Genus rivagraptus Koren’ and Rickards, 1996

Genus agetograptus Obut and Sobolevskaya, 1968

Genus glyptograptus Lapworth, 1873

Genus comograptus Obut and Sobolevskaya, 1968
'

?Genus paraclimacograptus Pribyl, 1947

?Genus victorograptus Koren’ and Rickards, 1996

?Genus corbograptus Koren’ and Rickards, 1996

Family retiolitidae Lapworth, 1873: Pattern R
Subfamily retiolitinae Lapworth, 1873

Subfamily plectograptinae Boucek and Miinch, 1952

Family dimorphograptidae Elies and Wood, 1908: Pattern J

Subfamily akidograptinae Li and Ge, 1981

Genus akidograptus Davies, 1929

Genus parakidograptus Li and Ge, 1981

Subfamily dimorphograptinae Elies and Wood, 1908

Genus dimorphograptus Lapworth, 1876

Family monograptidae Lapworth, 1873: all scandent, uniserial forms.

except the virgella, this one specimen that appears to possess an antivirgellar spine is either an

artefact of preservation or an anomalous specimen. Spinose variants have been reported among
other Pattern H species (e.g. Normalograptus serratus barbatus, N. medius (Elies and Wood 1906,

p. 189), N. rectangularis and N. scalaris ferganensis from the study material; Text-fig. 3e, h-i). As
noted above, species of Hirsutograptus possess spines on the sicular margin but their variable

number and distribution suggests that these are not homologous with the true antivirgellar spines

seen in patterns F, G and K (Mitchell 1987; Melchin and Mitchell 1991).

Among the other species grouped by Riva (1988) in Paraclimacograptus are ‘P. ’ decipiens Riva,

1988 and ‘P. ’ manitoulinensis (Caley, 1936). Specimens of ‘P. ’ manitoulinensis from the type

locality on Manitoulin Island, Ontario have been examined by the author and these clearly possess

a Pattern G primordial astogeny (Text-fig. 6b-c) and, as a result, are more closely allied with

Amplexograptus (sensu Mitchell 1987) than with Paraclimacograptus. The specimens of ‘P.
’
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text-fig. 6 For caption see opposite.
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decipiens illustrated by Riva (1988, fig. 2o-s) have been examined by the author; they possess a

Pattern K (Melchin and Mitchell 1991) astogeny.

The taxon originally described as Climacograptus innotatus nevadensis Carter, 1972 was
considered by Riva (1988) to be more closely allied with Climacograptus tubuliferus Lapworth than

with Paraclimacograptus and was questionably placed as a distinct species in the genus

Normalograptus by Riva and Ketner (1989). As noted below, C. tubuliferus and C. nevadensis are

here regarded as more probably belonging to the genus Climacograptus sensu Mitchell (1987) or

Ensigraptus Riva, in Riva and Ketner, 1989.

Genus normalograptus Legrand, 1987, emend.

Type species. Normalograptus normalis Lapworth, 1877.

Diagnosis. Pattern H species with (usually) unornamented climacograptid to glyptograptid thecae.

Proximal end relatively narrow, rounded and asymmetrical with strongly alternating thecae.

Median septum straight and complete, with th2 J or some later theca dicalycal.

Species included. Among the species assigned to this genus typical forms include Normalograptus normalis

(Lapworth, 1877) (Text-fig. 3d), N. medius brevicaudatus (Churkin and Carter, 1970) (PI. 1, figs 1-3), N. brevis

(Elies and Wood, 1906) (see e.g. Finney 1986), N. extraordinarius (Sobolevskaya, 1974) (see e.g. Williams 1983),

N. trifilis lubricus (Chen and Lin, 1978), N. euglyphus (Lapworth) (see e.g. Finney 1986), and N. nikolayevi

(Obut, 1965) (PI. 1, figs 4-9).

Remarks. As noted by Melchin and Mitchell (1991) there seems to be a morphological continuum
between species with climacograptid thecae and those with glyptograptid thecae within both the

Ordovician and Silurian lineages of this subfamily. This especially seems to be true in the

Ordovician-Silurian boundary species of the N. ojsuensis-N. extraordinarius group. Until much
more information is available concerning the boundary-interval species and many of the older Early

Llandovery Pattern H species with glyptograptid thecae, it seems prudent to include both here

within an expanded Normalograptus.

Melchin and Mitchell (1991) also assigned to Normalograptus several species previously assigned

to Diplograptus
,
in particular the ‘ D. ’ modestus group. They argued that these species were distinct

text-fig. 6. A, Paraclimacograptus innotatus innotatus (Nicholson, 1869); GSC104916; Huff Ridge, Ellesmere

Island, NWT, 1 12-5 m (Melchin 1989); x 10. B-c , Amplexograptus manitoulinensis (Caley, 1936); type locality,

Manitoulin Island (Caley 1936); x 10. b, GSC104917. c, GSC104918. d-e,
‘

Neodiplograptus' modestus
modestus (Lapworth, 1876); ROM45921; Trold Fiord, Ellesmere Island, NWT, 52-0 m (Melchin 1989). d,

enlargement of proximal end; x 10. e, x 5. f, k, Neodiplograptus ? elongatus (Churkin and Carter, 1970);

Twilight Creek, Bathurst Island, NWT, 13-5 m (Melchin 1989). f, GSC104919; x 10. k, ROM45941
;
x 5. g-i,

‘ Glyptograptus bohemicus ’ Marek, 1 955 ( = Normalograptus cf. N. ojsuensis (Koren’ and Mikhaylova, in Koren’
et al., 1980)). g, GSC104815, Truro Island, NWT, borehole, 42-8 m (Melchin et al. 1991); x 5. H, same
specimen as G, enlargement of proximal end; x 10. I, NI82229, x 5. J, N, Neodiplograptus ? cf. elongatus

(Churkin and Carter, 1970); Trold Fiord, Ellesmere Island, NWT, 63-0 m (Melchin 1989); x 5. j, GSC104920.
N, GSC 10492 1 . l-m, o, Cystograptus vesiculosus (Nicholson, 1868); Navan Borehole, Ireland, 620-5 m (Lenz and
Vaughan 1994); early growth stages; x 10. l, TCD33918. m, TCD33919. o, TCD33920. p, r-s,

Neodiplograptus ? sp. nov.; Twilight Creek, Bathurst Island, NWT, 13-5 m (Melchin 1989). p, ROM45942. R,

GSC 104922; enlargement of proximal end; x 10. s, GSC 104923; distal end; x 5. q, t, Neodiplograptus sinuatus

sinuatus (Nicholson, 1869). Q, NI35904a; x 5. T, NI35909a; x 10. u, Dischodograptus mirabilis (Mu, Li, Ge,
Chen, Ni, Lin and Mu, 1974); NI21427 ;

x 5. v, ‘ Glyptograptus persculptus-sinuatus transient’ (sensu Chen and
Lin 1978); NI35911a; x 5.
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at a generic level from true Neodiplograptus Legrand, 1987, the type species of which is N. magnus
Lapworth, 1990, but difficult to separate from other Normalograptus species. Further work by the

author (unpublished data) with some latest Ordovician and Early Silurian taxa with biform thecae

has shown, however, that these are relatively distinct from Normalograptus. Accordingly, species of

the ‘£>. ’ magnus group are here assigned to Neodiplograptus , whilst those of the
1

D. ’ modestus group
are tentatively assigned to

‘

Neodiplograptus ’ as discussed below.

Riva (1988, in Riva and Ketner 1989) considered Climacograptus tubuliferus and some allied

species to belong to Normalograptus. Several partial relief specimens illustrated by Williams and
Bruton (1983, fig. 15a, n), however, clearly show that thl

2 has an initial downward direction in its

growth, a feature not seen in Pattern H taxa. The specimen illustrated by Riva (1988, fig. 2j) shows
a particularly wide descending protheca l

1
. This morphology is typical of Pattern D species of

Climacograptus (sensu Mitchell 1987), especially C. caudatus, a species designated as the type species

of Ensigraptus by Riva (in Riva and Ketner 1989). From these illustrations, and from material

acquired by Mitchell (pers. comm., 1992) it seems most likely that C. tubuliferus and its allies such

as C. putillus (Hall, 1865) and C. nevadensis Carter, 1972 are not species of Normalograptus , but

rather species of Climacograptus (e.g. Mitchell 1987) or Ensigraptus. All of the above species show
a more rounded profile in the proximal end and less exposure of the sicula below thl

1 than is typical

of Normalograptus.

Genus pseudoglyptograptus Bulman and Rickards, 1968, emend.

Type species. Glyptograptus (Pseudoglyptograptus) vas Bulman and Rickards, 1968.

Emended diagnosis. Pattern H species similar to Normalograptus but with gently sigmoidal thecae,

apertural margins commonly undulate.

Species included. Pseudoglyptograptus vas Bulman and Rickards, 1968, P. cf. vas (Melchin 1989), P. barriei

Zalasiewicz and Tunnicliff, 1994 (= P. n. sp. Melchin 1989; P. spp. 1, 2 Rickards 1972; and P. sp. Bjerreskov

1981) (PI. 1, figs 10-14) and possibly P. rigidus Chen and Lin, 1978.

Remarks. Examination of the Canadian Arctic material has added several insights to the

understanding of this genus. First, the fact that it possesses a Pattern H rather than Pattern I

astogeny (Koren’ and Rickards 1996) allies it with Normalograptus rather than Glyptograptus, the

latter being a Pattern I genus.

Second, the strong affinities of this genus with Normalograptus are seen in the immature
specimens of Pseudoglyptograptus barriei, which show almost climacograptid thecae (PI. 1, figs 10,

12). With increasing maturity of the rhabdosome the degree of sinuosity of the thecal profile and
degree of development of the apertural lip increases, giving a more typical pseudoglyptograptid

profile (PI. 1, figs 13-14). This range of variation in the thecal form, also illustrated by Zalasiewicz

and Tunnicliff (1994), as well as the wide range of dimensions seen in Pseudoglyptograptus barriei,

indicates that Pseudoglyptograptus spp. 1, 2 of Rickards (1972) and P. sp. of Bjerreskov (1981) are

all within the range of variation of this single species.

Third, two species previously assigned to Pseudoglyptograptus, P. rhayaderensis Rickards and
Koren’, 1974 and possibly P. tabukensis Rickards and Koren’, 1974 are here assigned to

Comograptus based on the presence of numerous spines on the sicular rim, as well as an extensively

exposed sicula and the complete lack of a median septum, both indicating a Pattern I astogeny (see

discussion of the genus Comograptus below).

Genus metaclimacograptus Bulman and Rickards, 1968, emend.

Type species. Diplograptus hughesi Nicholson, 1869.
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Emended diagnosis. Biserial rhabdosome, circular to ovate in cross section. Thecae strongly

geniculate with convex to straight supragenicular walls, introverted to straight apertures and deep,

short excavations. Geniculum marked by a hood or, less commonly, a thickening which may partly

obscure the thecal apertures. Median septum complete, beginning between the second pair of thecae

and showing distinct, rounded or angular undulations. Pattern H proximal development type.

Proximal end profile is rounded with sicula exposed only slightly below th 1
2 and for about half its

length on the obverse side. Proximal ornamentation, other than a short virgella, is lacking.

Species included. Among the species included are Metaclimacograptus hughesi (Nicholson, 1869) (e.g. Bulman
and Rickards 1968), M.fidus Koren’ and Mikhailova, in Koren’ et al., 1980, M. minimus (Paskevicius, 1976)

(PI. 2, figs 3-5, 9-10), M. orientalis (Obut and Sobolevskaya, 1966) (PI. 2, figs 1-2, 7; Text-fig. 4a), M. pictus

Koren’ and Mikhailova, in Koren’ et al., 1980, M. sculptus (Chen and Lin, 1978) (PI. 2, fig. 8) and M. undulatus

(Kurck, 1882) (PI. 2, figs 13-14).

Remarks. The characteristic sinuous median septum and convex supragenicular walls are features

shared by both the Ordovician and Silurian ‘ pseudoclimacograptids ’ and have long been considered

evidence for their close relationship. The proximal development types, however, are distinctly

different. The early growth stages of Metaclimacograptus very closely resemble those of other

Silurian normalograptids and are much simpler than those of Pseudoclimacograptus scharenbergi

(Lapworth, 18766) as illustrated by Bulman (1947) and Mitchell (1987). As a result, the Silurian

forms are considered as a separate genus, having arisen from a separate stock, probably among the

earliest Silurian normalograptids such as N. angustus or N. mirnyensis (Obut and Sobolevskaya,

1967).

Metaclimacograptus orientalis was assigned by Rickards et al. (1977) to P. (Pseudoclimacograptus)

since it lacks genicular hoods. However, their illustration (fig. 36) shows a slight thickening of the

genicular rim and this can be clearly seen in the present material (PI. 2, figs 2, 7). In addition, the

present specimens clearly show that the proximal development is of the same type as the more
typical M. undulatus.

Based on the above considerations, Metaclimacograptus is raised to the genus level as suggested

by Paskevicius (1976), Mitchell (1987), Loydell (1991) and Koren’ and Rickards (1996). In

compressed material, the Silurian species can be reasonably distinguished from their Ordovician

counterparts in that the former lack any proximal ornamentation other than a virgella and the

sicula is always at least slightly exposed below thl
2

. Based on this, several new species of
‘ Pseudoclimacograptus ’ described by Chen and Lin (1978), including P. sculptus ,

can be reassigned

to Metaclimacograptus.

The present collections have also yielded an abundance of
‘

Lithuanograptus' minimus Paskevicius,

1976 and a detailed comparison can be made between this species and the uncompressed specimens

of the similar Metaclimacograptus undulatus. The only appreciable differences occur in the

development of the genicular hood. In M. undulatus the hood of theca x is first formed only as the

flat infragenicular wall of theca x 4-
1 ,

with a thickened rim, which grows well in advance of the

fusellae of the lateral walls of theca x + 1 (PI. 2, fig. 14). The overhanging hood is later grown by
the accretion of material onto the thickened rim. In ‘ L. ’ minimus the infragenicular wall of theca

x+ 1 grows at once as a concave upward surface, its edges overhanging the aperture of theca x (PI. 2,

figs 4-5). It also grows in advance of the fusellae of the lateral walls, apparently by about the same
amount as in M. undulatus. The hood is later unconformably overgrown by the lateral thecal walls

(PI. 2, fig. 3) but it appeared as an overhanging structure from its inception. The main distinction

between these ‘ genera ’ then is only a matter of timing and degree of hood development, but the

basic hood-forming structure (the infragenicular wall) and the timing of its development are

the same. From a practical point of view, the distinction of these genera relies on knowledge of the

details of hood development, information rarely available in compressed specimens and often not

even discernible from uncompressed material. It is doubtful that these two genera could be

distinguished in any but the most well-preserved, uncompressed specimens unless the specimens
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could first be assigned to a species known to belong to one or the other genus. I consider that these

criteria do not merit distinction of a separate genus, and that Lithuanograptus is a junior synonym
of Metaclimacograptus, a conclusion drawn also by Loydell (1992, p. 55).

Talacastograptus Cuerda, Rickards and Cingolani, 1988 may represent an extreme development
of the metaclimacograptid thecal form, with rounded supragenicular walls, introverted thecae, and
very pronounced genicular hoods, that impart a hooked appearance to the thecae when fully

developed. The gently undulose median septum also points to metaclimacograptid affinities.

Genus neodicellograptus Mu and Wang, 1977, emend.

Type species. Neodicellograptus dicranograptoides Mu and Wang, 1977.

Emended diagnosis. Pattern H species with distally diverging stipes. Thecae ‘ pseudoclimacograptid
’

with introverted apertures and undulose dorsal stipe walls.

Species included. Neodicellograptus dicranograptoides Mu and Wang, 1977 (e.g. Chen and Lin 1978), N.

siluricus Mu, Li, Ge, Chen, Ni, Lin and Mu, 1974 (PI. 2, figs 6, 1 1-12, 15) and N. superstes Chen and Lin, 1978.

Remarks. This genus, placed in Dicranograptidae by Mu and Wang (1977) and Chen and Lin

(1978), was considered by Melchin and Mitchell (1991) to possess a Pattern H astogeny, based on
well-preserved, flattened specimens (Melchin and Mitchell 1991, fig. 7a-c). Uncompressed
specimens (PI. 2, figs 6, 11-12, 15) clearly show that N. siluricus does, indeed, possess a Pattern H
astogeny rather then the Pattern A' seen among the Dicranograptidae (Mitchell 1987). This genus

appears to have arisen by secondary distal stipe divergence of a Pattern H diplograptid.

Metaclimacograptus is the most likely ancestor based on the similarities in both astogenetic pattern

and thecal form.

The apex of the sicula is exposed in some specimens, but is enveloped within the first thecal series

in most specimens (PI. 2, fig. 12), rarely the second in others. The nema is usually free but short.

A case could be made for the inclusion of Neodicellograptus species in Metaclimacograptus since

the thecal form is the same. Rare examples of some otherwise normal biserial species show distal

stipe divergence (e.g. Normalograptus normalis, Williams 1983, text-fig. 3b; Normalograptus cf.

ojsuensis (Koren’ and Mikhailova) (Text-fig. 6i). In these cases, however, the virgula divides and
follows the dorsal walls of both stipes. Neodicellograptus differs from Metaclimacograptus not only

in that both stipes grow out of contact with the virgula, but also in that the dorsal walls of the stipes

are undulose across their width rather than being straight in the centre where they contact the

virgula and undulose along the lateral margins.

Of the four species previously assigned to this genus, three (N. dicranograptoides, N. siluricus and
N. superstes) appear to differ only slightly in thecal form, dimensions and in the timing and angle

of stipe divergence. The present collections of compressed and uncompressed specimens, however,

show a considerable range of variation in timing and angle of stipe divergence. In some specimens

the stipes diverge at the base of the second thecal pair (PI. 2, figs 12, 15; Melchin and Mitchell 1991,

fig. 7a) whereas in others this takes place at the third (PI. 2, fig. 6; Melchin and Mitchell 1991, fig.

7c) or fourth thecal pair (Melchin and Mitchell 1991, fig. 7b). This evidence suggests that these three

species may be synonymous. The other species, Neodicellograptus sp. (Chen and Lin 1978),

possesses a much more blunt proximal end with mesial spines on all of the thecae. It is Ordovician

in age and appears to be a true dicranograptid.

Genus neodiplograptus Legrand, 1987, emend.

Type species. Diplograptus magnus H. Lapworth, 1900.
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Emended diagnosis. Modified Pattern H species, most with only two primordial thecae, a delayed

th.2
1

, and weakly to strongly biform thecae. Proximal thecae normally climacograptid, less

commonly glyptograptid or possibly pseudoclimacograptid, with an abrupt geniculum, parallel

supragenicular walls and relatively close spacing. Proximal end relatively narrow and widens rather

abruptly as thecae become more gently sigmoidal to almost straight distally. Partial median septum
in the proximal end becomes complete at or slightly beyond the point of thecal change, between the

fourth and ninth thecal pair, except in a few possible ‘ ancestral ’ forms where the median septum
is complete from the second thecal pair.

Species included. Neodiplograptus magnus (H. Lapworth, 1900) (see e.g. Rickards et al. 1977), Neodiplograptus

tcherskyi tcherskyi (Obut and Sobolevskaya, 1967) (PI. 3, figs 1-3, 10, 12), Neodiplograptus tcherskyi subsp.

nov. (PI. 3, fig. 1 1) and Neodiplograptus sinuatus sinuatus (Nicholson, 1869) (PI. 3, figs 4—9) have been observed

in the present material to share the attributes noted above. The following taxa appear to have similar thecal

and rhabdosomal characteristics and are, therefore, included in this group : Neodiplograptus tcherskyi sectilis

(Chen and Lin, 1978); TV. tcherskyi variatus (Chen, 1984); TV. thuringiacus (Kirste, 1919) (see e.g. Bjerreskov

1975); TV. mucroterminatus (Churkin and Carter, 1970); and Neodiplograptus sinuatus crateriformis (Rickards,

1970). Neodiplograptus ? elongatus (Churkin and Carter, 1970) (Text-fig. 6k), TV.? cf. elongatus (Melchin 1989;

Text-fig. 6j, n) and TV.? sp. nov. (Melchin 1989; Text-fig. 6p, r-s) may also be assigned to this group.

Remarks. Among Pattern H graptolites, there are at least two distinct groups of species with biform

to polyform thecae (Storch 19836). There are those with a robust, rapidly widening proximal

end and generally ‘ amplexograptid ’ thecae proximally, which will hereafter be referred to as
1

Neodiplograptus ’ (e.g.
‘

Neodiplograptus ’ modestus and its allies). The second group defined by
Storch possesses a more tapering proximal end with ‘climacograptid’ thecae, including

‘D .

’

elongatus and ‘ZX’ thuringiacus, here assigned to Neodiplograptus. Storch considered that ‘ D. ’

tcherskyi and possibly ‘ZX’ magnus belong to the ‘TV.’ modestus group, although examination of the

illustrations of ‘ZX’ magnus of Elies and Wood (1907) and Rickards et al. (1977) and those of ‘ZX’

tcherskyi in Obut and Sobolevskaya (1967) and in the present collections suggests that these two
taxa are much more similar to TV. thuringiacus than to ‘TV. ’ modestus. Storch showed that these two
species groups represented two different, independent lineages and, as discussed below, they may
have arisen from two or more separate Normalograptus ancestors.

Two of the taxa assigned to Neodiplograptus that have been found in uncompressed form here

are TV. tcherskyi tcherskyi and TV. tcherskyi subsp. nov. These differ from normal Pattern H species

in that theca 2 1
is derived from near the aperture of thl

2
in a manner like that of all subsequent

thecae and is, therefore, not a primordial theca as defined by Mitchell (1987). In addition, the

fusellae of thl
2 are differentiated rather late from thl

1

,
although thl

2
still emerges from the foramen

in protheca l
1
as in all other Pattern H species. The result is a very slender first thecal pair. Other

characteristic features of these two taxa that are shared with other TV. tcherskyi subspecies, TV.

thuringiacus, TV. mucroterminatus and TV. magnus are the relatively strongly tapered proximal end,

the fact that the change in thecal form is abrupt and coincides with a change in rate of widening
and with the insertion of the complete median septum (the septum is partial in the proximal end).

Whether or not these other named species share the delayed thi 1
is not known. This suite of features

is not shared with other Pattern H ‘

Neodiplograptus ’ species such as ‘TV.’ modestus.
‘

Glyptograptus' sinuatus sinuatus has also been found in uncompressed form in the present

collections and shares all of the above noted features, including the delayed differentiation of th2\
The only way in which this species differs from TV. tcherskyi is that the proximal thecae are not
sharply geniculate but change from strongly sigmoidal to very weakly sigmoidal (see also Hutt 1974,

pi. 4, figs 1^1, 10; Loydell 1991, pi. 1, fig. 2). This species, therefore, is included in Neodiplograptus.

A problem arises when attempting to assess the relationship between Neodiplograptus and
Normalograptus, and the systematic position of Neodiplograptus ? elongatus

,

which does not exhibit

all of the above features. It does not show an abrupt change in either thecal form or rate of
widening. It does, however, show a rather slender, tapering proximal end and climacograptid
proximal thecae (Text-fig. 6k). Several compressed specimens assigned to Neodiplograptus ? cf.
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elongatus were found in the present collections that appear to be transitional between N.l elongatus

and N. thuringiacus in that there are fewer climacograptid thecae, the thecae change more abruptly

and the rhabdosome widens more rapidly (Text-fig. 6j, n). It is possible, that N.l elongatus and N.l

cf. elongatus represent the transition from Normalograptus to Neodiplograptus. The first step in this

transition would be distal introduction of weakly sigmoidal thecae on to a long, gently tapering

rhabdosome with climacograptid thecae, such as that of Normalograptus rectangularis or N.

normalis. The next step would be accelerating and increasing the abruptness of the thecal change

and the rate of widening. Delaying the insertion of the median septum allows the proximal end to

become more slender relative to the distal regions. The delay of the origin of th2 x allows the first

thecal pair to be even more compact.

A third species closely related to N.l elongatus found in the Canadian Arctic is Neodiplograptus ?

sp. nov. (Text-fig. 6p, r-s). This new species is similar to N.l elongatus in rhabdosomal form and
dimensions, but the first five thecae are pseudoclimacograptid with convex supragenicular walls,

slightly introverted apertures and a wavy median septum. The following five thecae are

climacograptid and thereafter they change gradually through glyptograptid to fully orthograptid

distally. This species appears to be unique in that four different thecal morphologies are represented

in a single rhabdosome and it illustrates the intergradational and transitional nature of these various

thecal styles.

Whereas Neodiplograptus ? elongatus represents one line along which Neodiplograptus may have

arisen directly from Normalograptus, another possible ancestral line is the
‘

Glyptograptus'

persculptus-sinuatus transient forms described by Chen and Lin (1978) (Text-fig. 6v). If these forms

are indeed transitional between these two taxa as suggested by Chen and Lin, and if ‘ G. ’ sinuatus

does indeed belong in Neodiplograptus as suggested here, then this may represent the line of origin

for this species group. In fact, some of the specimen assigned by Chen and Lin to N. sinuatus are

preserved in partial relief and appear to show an early origin for th2
J
(Text-fig. 6q, t), so there may

be some variability in this feature within this species. Neodiplograptus sinuatus appears to be the

earliest reported member of this genus.

A third possibility is that some or all of the Neodiplograptus species arose directly from species

such as ‘ N. ’ modestus, by aquiring a narrower, more tapering proximal end and delaying the origin

of th2h Only further work on well-preserved Early Llandovery material will allow resolution of

these problems.

Genus ‘neodiplograptus’ Legrand, 1987

Diagnosis. Pattern H species with biform thecae that widen rapidly from a relatively blunt proximal

end. Proximal thecae normally amplexograptid, less commonly climacograptid, becoming

glyptograptid to orthograptid distally. Median septum complete, normally inserting at or slightly

beyond the second thecal pair. Rhabdosome usually broad, sometimes foliate in profile.

Species included. Among the species included are ‘ Neodiplograptus ’ modestus (Lapworth, 1876ft) (Text-fig.

6d-e), ‘TV.’ africanus (Legrand, 1970),
l

N. ’ diminutus (Elies and Wood, 1907),
‘N ’ fezzanensis (Desio, 1940)

(see e.g. Storch 1983ft), ‘ N. ’ lanceolatus Storch and Serpagli, 1993, ‘ N. ’ parajanus (Storch, 1983ft), and possibly
‘N.' merzlyaslovi (Obut and Sobolevskaya, 1968) and

‘N.' orientalis (Ye, 1978).

Remarks. Species of
‘

Neodiplograptus ’ tend to have a proximal end that is relatively blunt in

comparison with other normalograptids, although the sicula is still exposed below thl
2

. Usually, the

maximum width is achieved rapidly, the proximal thecae are amplexograptid rather than

climacograptid (i.e. with inclined supragenicular walls), and the change in thecal form is gradual,

in some species almost imperceptible, to gently sigmoidal or straight distally, and does not coincide

with a change in rate of widening as it does in Neodiplograptus. The complete median septum is

commonly evident, even in completely flattened specimens, and appears to arise at or near the

second thecal pair in species where it can be seen.
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The proximal end appears to possess a normal Pattern H development, thl 1
originates at the base

of thl 2
(Text-fig. 6d) as in Normalograptus species, as opposed to the delayed origin of th2 x seen in

many species of Neodiplograptus.

All these features taken together suggest that this group may, indeed, be distinct at the generic

level from Neodiplograptus, although the range of variation within each group and the lines of

distinction between them are still unclear. The origin of
‘

Neodiplograptus ’ was clearly from a

Normalograptus ancestor, such as N. normalis, within the latest Ashgill.

Genus cystograptus Hundt, 1942

Type species, Diplograptus vesiculosus Nicholson, 1868.

Species included. Cystograptus vesiculosus (Nicholson) (Text-fig. 6l-m, o), C. penna (Hopkinson, 1869) (see

Jones and Rickards 1967) and possibly C.? ancestralis Storch, 1985.

Remarks. This genus has yet to be found in Arctic Canada but well-preserved, compressed

specimens of C. vesiculosus from Ireland examined by the author (Text-fig. 6l-m, o) show that,

despite the very long sicula and downward-growing portion of thl
1

, the latter still terminates in two
foramina, and thl

2 grows across the reverse side of the sicular and upward as in all other Pattern

H species.

Storch (1985) has suggested a likely origin for Cystograptus. The oldest species, C.? ancestralis,

from the ascensus and acuminatus biozones, possesses a relatively short sicular (2-5-3 0 mm long)

and less strongly sinuous thecae than C. vesiculosus or C. penna, and most arose from a

Persculptograptus or Neodiplograptus species with sinuous thecae (e.g. Persculptograptus persculptus

or
‘

Neodiplograptus ’ ex gr. ‘NT modestus).

Family petalolithidae Bulman, 1955, emend.

Emended diagnosis. Biserial graptolites with Pattern I primordial astogeny and continuous thecal

periderm. Thecae commonly glyptograptid to petalolithid, less commonly climacograptid or

(possibly) pseudoglyptograptid. Proximal end commonly acicular or slender and rounded.

Rhabdosome aseptate or with a partial median septum (obverse side); no dicalycal theca is present.

Ancora may be present but is not integrated with the proximal thecal framework.

Genera included. Petalolithus Suess, 1851, Agetograptus Obut and Sobolevskaya, 1968, Cephalograptus

Hopkinson, 1869, Comograptus Obut and Sobolevskaya, 1968, Dimorphograptoides Koren’ and Rickards,

1996, Dischidograptus Ni, 1978, Dittograptus Obut and Sobolevskaya, 1968, Glyptograptus Lapworth, 1873,

Parapetalolithus Koren’ and Rickards, 1996, Pseudorthograptus Legrand, 1987, Rivagraptus Koren’ and
Rickards, 1996, Sudburigraptus Koren’ and Rickards, 1996 and possibly Paraclimacograptus Pribyl, 1947,

Victorograptus Koren’ and Rickards, 1996 and Corbograptus Koren’ and Rickards, 1996.

Remarks. Description of the Pattern I development type and comparisons with other subfamilies

are discussed in preceding sections. Some unique modifications of the petalograptine rhabdosome,
however, should be pointed out here. Unlike most of the Silurian Diplograptoidea, which possess

an unornamented proximal end (apart from the virgella and its modifications), Comograptus is

characterized by spines on the sicular rim. These spines are not considered homologous with the

antivirgellar spines of the Pattern F and G forms (within the Orthograptidae
;
see Mitchell 1987) but

are secondarily derived within this group.

Another apparent anomaly within this subfamily is Dischidograptus Ni, 1978 (type species, D.

mirabilis (Mu, Li, Ge, Chen, Ni, Lin and Mu, 1974)) in which the stipes give the appearance of
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diverging at the distal end. Close examination of the type specimens of D. mirabilis, however (Text-

fig. 6u), shows that stipe divergence does not take place, but that the distalmost thecae arose

alternately, but are long and slender and no periderm is preserved between the last two thecae. The
virgula appears to split in two and then distally ramify into numerous fine strands. Ni (1978)

considered that Petalolithus ovatus scopaecularis Schauer, 1971 (a junior synonym of P. regius

(Hundt, 1957); see Loydell 1992, pp. 51-52) also belongs in this genus as it shows a similar distal

‘divergence’ of stipes and virgula.

Koren’ and Rickards (1996) described an array of styles of virgellar and thecal apertural

modification seen in petalolithid genera. They also erected a number of new genera within this

group, based on groups of taxa that share these features.

One aspect of the rhabdosomal structure that has received very little attention from the point of

view of its possible phylogenetic significance in Silurian diplograptoideans is the position of the

virgula and presence or absence of a partial or complete median septum. This aspect of the internal

structure can often be deduced from well-preserved, flattened and pyritized specimens. As noted

previously, all the Pattern H species studied to date are fully septate distally, and therefore possess

a dicalycal theca that divides the rhabdosome into two, separately growing series of thecae, whereas

all the Pattern I species are either aseptate or partly septate and the thecae orginate by alternate

budding of a single growth series throughout the rhabdosome. However, within the Pattern I forms

the position and mode (or lack) of attachment of the virgula is variable and these features may have

significance at the specific and generic level.

The possible inclusion of Paraclimacograptus in this family is discussed in the remarks for

the Normalograptidae, above. The possible astogenetic development patterns for the genera

Victorograptus and Corbograptus are discussed by Koren’ and Rickards (1996).

Genus petalolithtus Suess, 1851

Type species. Prionotus folium Hisinger, 1837.

Diagnosis (after Koren’ and Rickards 1996). Pattern I species with ventrally concave proximal

thecae and concave to straight distal thecae, disposed at moderate to high angles to the rhabdosome
producing a foliate profile. Apertures usually everted. Rhabdosome ovate to tabular in cross

section. Proximal end bears an ancora.

Species included. Among the species included are Petalolithusfolium (Hisinger, 1837) (see e.g. Lenz 1982), P.

ankyratus Mu, Li, Ge, Chen, Ni, Lin and Mu, 1974 (PI. 4, figs 1-2, 5), P. intermedius (Boucek and Pribyl, 1941a)

(e.g. Lenz 1982), P. minor (Elies, 1897), P. ovatus (Barrande, 1850) (see e.g. Boucek and Pribyl 19416).

Remarks. Loydell (1992) established that the name Petalolithus has priority over Petalograptus.

The definition of this genus was expanded by Mitchell to include Silurian species of Orthograptus

(assigned by Legrand 1987 to Pseudorthograptus) with the Pattern I proximal end. The line of

distinction between the Silurian ‘ orthograptids ’ and ‘ petalograptids ’ had been rather ill-defined in

the past, with some Petalolithus species (e.g. P. tenuis (Barrande, 1850)) having straight thecae and

a rhabdosome which is not particularly foliate and some Orthograptus species (e.g. O. mutabilis)

with a relatively protracted proximal end and strongly upward-growing early thecae. In addition,

Loydell (1992) noted that the presence or absence of an ancora may be of phylogenetic significance

among these species. Koren’ and Rickards (1996) restricted the definition of this genus to include

only those species with ventrally curved thecae (at least proximally) and an ancora. Their analysis

of the evolutionary relationships among these species indicates that they do, indeed, represent a

monophyletic group. The limited data available suggest that these taxa also share a partial median

septum (PI. 4, fig. 2).
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Genus parapetalolithus Koren’ and Rickards, 1996

Type species. Parapetalolithus dignus Koren’ and Rickards, 1996.

Diagnosis (after Koren’ and Rickards 1996). Pattern I species with straight (‘orthograptid’) thecae,

with everted, unornamented apertures. Proximal thecae are protracted and strongly upward-

growing. Proximal end bears only a simple, undivided virgella.

Species included. Typical species include Parapetalolithus dignus Koren’ and Rickards, 1996, P. kurcki

(Rickards, 1970), P. palmeus (Barrande, 1850) and P. sp. (PI. 4, figs 3, 9-10).

Remarks. Koren’ and Rickards (1996) erected this genus to include those taxa previously included

in Petalolithus that lack an ancora, and typically possess straight rather than conspicuously

ventrally curved proximal thecae and a less foliate rhabdosome. They also suggested a distinct

evolutionary origin for these taxa, from Sudburigraptus Koren’ and Rickards, 1996, rather than

Pseudorthograptus. The differences between Sudburigraptus and Parapetalolithus are subtle, the

former possessing a less protracted proximal end, and species of the latter being generally larger and

more robust (Koren’ and Rickards 1996). P. sp. is aseptate with a free, central virgula (PI. 4, fig. 3),

but the internal structure of other species of this genus is unknown.

Genus pseudorthograptus Legrand, 1987

Type species. Diplograptus insectiformis Nicholson, 1869.

Diagnosis (after Koren’ and Rickards 1996). Pattern I species with straight (‘orthograptid’) thecae,

with spinose apertures. Proximal end bears an ancora that may be very large and supports a

continuous membrane.

Species included. Typical species include: Pseudorthograptus insectiformis (Nicholson, 1869), P. inopinatus

(Boucek, 1943) (PI. 4, figs 6-8, 1 1-12), P. mutabilis (Elies and Wood, 1907), and P. obuti (Rickards and Koren’,

1974).

Remarks. Koren’ and Rickards (1996) restricted the definition of this genus to include only those

taxa with spinose apertures and an ancora. It may be also be noted that P. inopinatus is aseptate,

and this condition may characterize the genus and serve to distinguish it further from Petalolithus,

at least some species of which possess a thin, partial median septum.

Genus sudburigraptus Koren’ and Rickards, 1996

Type species. Orthograptus eberleini Churkin and Carter, 1970.

Remarks. Koren’ and Rickards, 1996 erected this genus to include species with Pattern H or I

development, unornamented orthograptid thecae and an unornamented, relatively unprotracted

proximal end. The type species, S. eberleini, appears to be aseptate (Churkin and Carter 1970, pi. 3,

fig. 2) and most probably possesses a Pattern I astogeny, although the internal and astogenetic

details of none of the taxa assignable to this genus (Koren’ and Rickards 1996) are known for

certain. Assuming that the Pattern I astogeny arose only once in the latest Ashgill or earliest
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Llandovery (see Llandovery graptoloid phylogeny below) then a genus encompassing both Pattern

H and I ‘ orthograptids ’ would probably include two independently evolving groups of species,

although further taxonomic revisions of these forms must await analysis of new, better preserved

material.

Genus rivagraptus Koren’ and Rickards, 1996

Type species. Diplograptus bellulus Tornquist, 1890.

Remarks. Koren’ and Rickards (1996) erected this genus, with Rivagraptus bellulus as its type

species. However, their description of R. bellulus indicates the presence of a sicula at least 1 mm
long and a full median septum distally, whereas the specimens described by Bjerreskov (1975) are

aseptate and show a much shorter sicula. The present specimens match well with those of Bjerreskov

in all respects, accounting for the differences in width that would accompany compression. The
author has not had the opportunity to examine the original material of Tornquist (1890), so the

question of the real nature of the proximal and internal structure of this species must await re-

examination of the type specimens. If the present specimens match Tornquist’s material (i.e. if

R. bellulus is aseptate with an exceptionally short sicula), then the generic diagnosis should be

revised to reflect this unique development and structure, and the scope of the genus revised to

encompass those species that share those features (e.g. Rivagraptus ? kayi (Churkin and Carter,

1970)). Those other species assigned by Koren’ and Rickards (1996) to this genus (e.g. R. cyperoides

(Tornquist, 1897) and some new species erected by Koren’ and Rickards) that possess a much longer

sicula, should be assigned to another genus (e.g. Sudburigraptus).

The species that are here questionably assigned to this genus show the key Pattern I

characteristics : only one primordial theca and normal differentiation of all subsequent thecae ; and

a short, downward-growing portion of thl
1 with a single terminal foramen at the sicular aperture

(PI. 7, fig. 7). They have, however, acquired a proximal appearance quite unlike other petalolithids

with their extremely short, obscured sicula and blunt proximal end (PI. 7, figs 4-6, 8, 11-13). Even
in compressed form, the short, obscured sicula and blunt, rounded proximal end are evident (e.g.

Tornquist 1890, pi. 1, figs 27, 29) differentiating species of this genus from other Llandovery genera.

Genus glyptograptus Lapworth, 1873, emend.

Type species. Diplograptus tamariscus Nicholson, 1868.

Emended diagnosis. Pattern I species with glyptograptid to climacograptid thecae. Proximal end

rather slender, unornamented and tapering. Rhabdosome circular to ovate in cross section,

aseptate, virgula central and free or attached to bases of interthecal septa, or lateral and embedded
in obverse wall.

Species included. Glyptograptus tamariscus (Nicholson) (PI. 5, figs 1-6, 9) (except G. tamariscus magnus

Churkin and Carter, 1970), Glyptograptus alternis (Packham, 1962), G. elegans Packham, 1962 (PI. 5, figs 10,

13; PI. 6, figs 1-3), G. enodis Packham, 1962, G. tamariscoides (Packham, 1962).

Remarks. There has long been difficulty in distinguishing species of Glyptograptus from

Climacograptus in Llandovery collections and arbitrary criteria have been variously employed (e.g.

Packham 1962). This has resulted in what many authors have considered a phylogenetically

unrealistic classification, even from the point of view of thecal morphology and rhabdosomal form

alone (Rickards et al. 1977). Mitchell (1987) suggested that all the Llandovery glyptograptids and
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climacograptids possess the same proximal development pattern (Pattern H) and he decided to

include both within an expanded Glyptograptus until further information was available to

distinguish more phylogenetically consistent subgroups. The present material has clearly shown,

however, that some of the Llandovery glyptograptids are of the Pattern I type, including G.

tamariscus, the type species, whilst others (e.g. G. nikolayevi) possess the Pattern H proximal growth

form and are here grouped with the Pattern H climacograptids in the genus Normalograptus

(Melchin and Mitchell 1991). Likewise, some Pattern I species such as ‘ Climacograptus'

tamariscoides and ‘C.’ alternis possess climacograptid thecae and, despite the fact that they were

considered by Packham (1962) to have evolved directly from the Glyptograptus tamariscus group,

they were still placed in the genus Climacograptus on the basis of their thecal morphology. These

forms clearly possess the same astogenetic pattern and rhabdosomal structure as Glyptograptus

sensu stricto and are, therefore, placed in that genus. Koren’ and Rickards (1996) generally used the

concept of Glyptograptus of Melchin and Mitchell (1991), that includes only Pattern I taxa,

although several of the species that they assigned to this genus are septate with a rather blunt

proximal end (resulting from early derivation of thl
2

) and are most probably Pattern H species

assignable to Normalograptus (e.g. G. bulbus Koren’ and Rickards, 1996, G. incertus Elies

and Wood, 1907, G. cf. serratus Elies and Wood, 1907 and G. tamariscus nikolayevi Obut, 1965

(= Normalograptus nikolayevi ; PI. 1, figs 4-9).

Genus comograptus Obut and Sobolevskaya, 1968, emend.

Type species. Comograptus comatus Obut and Sobolevskaya, 1968.

Emended diagnosis. Pattern I species with at least three spines (often many) projecting outward
from the sicular rim. Thecae climacograptid to pseudoglyptograptid, possibly glyptograptid, and
may bear mesial and/or genicular spines, especially proximally. Rhabdosome aseptate with central

virgula.

Species included. Comograptus comatus Obut and Sobolevskaya, 1968 (Text-fig. 3n), C. gorbiachinensis Obut
and Sennikov, 1980 (PI. 7, figs 7-13), Comograptus rhayaderensis (Rickards and Koren’, 1974) and possibly
‘ Pseudoglyptograptus ’ tabukensis Rickards and Koren’, 1974 (cf. Text-fig. 3q).

Remarks. This genus remains largely unchanged from the definition of Obut and Sobolevskaya

(1968), except that it has been found here to include only Pattern I species (probably not

Normalograptusl serratus barbatus which appears to be a spinose variant of an otherwise normal
Pattern H species). The proximal development, as seen clearly in present isolated specimens of

C. gorbiachinensis and C. comatus, is typical of the petalolithids and this type of proximal end can
also be seen in the uncompressed specimen of ''Pseudoglyptograptus' rhayaderensis illustrated by
Rickards and Koren’ (1974, fig. 17). The long sicula exposed for a considerable length on the

obverse side and the absence of a median septum, even on the obverse side, are characteristic of

Pattern I species. The presence of spines on the sicular rim is also indicative of this genus.
‘ Pseudoglyptograptus ' tabukensis is less well preserved but also shows the sicular spines and in

other ways is similar to C. rhayaderensis. It is, therefore, included questionably in Comograptus.

Koren’ and Rickards (1996) recognized that the type species bears a Pattern I astogneny, but

restricted the definition of the genus to include only those taxa bearing spines on the sicula and
proximal thecae. This definition excludes those taxa listed above that do not bear thecal spines,

including C. gorbiachinensis, which was assigned to this genus by Obut and Sennikov (1980).

Observations on the present material suggest that the degree of thecal spine development varies

between as well as within species depending on the growth stage, whereas the spines on the sicular

rim formed at the time of completion of growth of the metasicula, and combined with the Pattern
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I astogeny and thecal form, provide a more reliable guide for phylogenetic grouping of these taxa.

It appears that C. comatus represents the extreme end-member of this group of Pattern I species with

varying degrees of proximal spinosity.

Genus agetograptus Obut and Sobolevskaya, 1968, emend.

Type species. Agetograptus secundus Obut and Sobolevskaya, 1968.

Emended diagnosis. Pattern I species in which a dimorphograptid appearance has been achieved

either by redirection of thl 2 above thl
1 or suppression of the thl

2 metatheca, and all the following

thecae are in a normal biserial pattern. Thecae orthograptid to glyptograptid, possibly

climacograptid and may bear apertural spines. Sicula relatively short, often with a long virgella.

Rhabdosome aseptate.

Species included. Agetograptus secundus Obut and Sobolevskaya, 1968 (Text-fig. 3dd, hh), A. primus Obut and
Sobolevskaya, 1968, A. spiniferus Obut and Sobolevskaya, 1968 (PI. 7, figs 1-3, 5-6), A. tenuilongissimus Obut
and Sobolevskaya, 1968, and A. zintchenkoae Obut and Sobolevskaya, 1968. In addition, Dimorphograptus

anhuiensis Li, 1987, D. brevis Li, 1987, and D. hubeiensis Ni, 1978 (PI. 7, fig. 4) may be referable to this genus.

Remarks. Obut and Sobolevskaya (1968) recognized that the difference between Agetograptus

species and Dimorphograptus was the short sicula, not fully exposed below thl
1 and the short first

theca, and recognized the similarities with other Pattern I species such as Rivagraptus bellulus (see

remarks of Rivagraptus above). The distinctness of Agetograptus was also recognized by Loydell

(1991) and Koren’ and Rickards (1996). The genus is expanded here to include all Rivagraptus- to

Glyptograptus-like Pattern I species with relatively short siculae in which there is a uniserial portion

consisting of only one theca.

Many of the ‘dimorphograptid’ species described from China in which the uniserial portion

consists of only one theca are questionably included in this genus, such as A.? hubeiensis and A .

?

cf. A.? sichuanensis (Ye, 1978), which have been found in the present collections and A.? anhuiensis

and A. 1 brevis, both illustrated by Li (1987). Although Li (1987) suggested diverse origins for several

of these species, his conclusions were based on thecal form and overall rhabdosomal profile. More
information is necessary regarding the details of the proximal end and internal structure before the

mono- or polyphyletic origin of this genus can be determined.

Family retiolitidae Lapworth, 1873, emend.

Emended diagnosis. Sicula reduced to absent. Thecae represented by thecal framework and/or

reticulum that may show some development of continuous periderm. Ancora always present and

incorporated in framework of first thecal pair.

Remarks. This family comprises the groups assigned to the Retiolitinae and the Plectograptinae,

which include, as far as presently known, all the Silurian ‘retiolitids’. The Ordovician forms (the

‘ archiretiolitids ’) previously included in the Retiolitidae (sensu Bulman 1970), and the order

Retiolitida of Obut and Zaslavskaya (1986), have a different proximal development pattern not

involving an incora and have been included by Mitchell (1987) within the Orthograptidae (see also

Bates 1990).

Mitchell (1987) discussed some of the profound differences between the normal diplograptid peri-

derm and the retiolitid thecal framework and reticulum, but chose to include both within the same
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subfamily (Retiolitinae). However, recent work on the skeletal architecture ofmany retiolitid genera

by Bates and Kirk (1978, 1984, 1992), Crowther (1981), Obut and Zaslavskaya (1986), Lenz and

Melchin (1987a, 19876) and Lenz (1993, 1994) as well as many observations made by myself on both

retiolitids and ancora-bearing petalolithids shows that several profound differences exist both in the

early growth stages and distal architecture between these two groups. The first is the partial to total

desclerotization of the sicula, considered by Fortey and Cooper (1986) and Mitchell (1987) to be the

most phylogenetically conservative feature of the graptolite rhabdosome. Although some specimens

of Pseudoretiolites preserve a portion of the metasicula, no retiolitids have yet been found in which

a resorption foramen or initial bud of thl 1
is preserved, except for the unusually sclerotized

specimens of Agastograptus described by Lenz (1994), which show the foramen but not the

downward growing portion of thl
1

. A second feature is the integration of the ancora with the basic

thecal framework of the first thecal pair, which contrasts sharply with any of the known ancora-

bearing petalolithids in which the ancora is not involved in the construction of the first thecae. In

addition. Bates and Kirk (1992) have pointed out some ultrastructural differences between

petalolithid and retiolitid ancorae. The third (and most obvious) distinction is the total apparent

replacement of preservable, primary thecal periderm with the open mesh of the thecal framework

and/or reticulum. Lenz (1994) has shown that, even within Late Wenlock plectograptines, the

sicular and thecal astogeny is identical to that of the petalograptines (Pattern I), and that the thecal

framework and reticulum are almost entirely external to the thecae themselves. Therefore, Bates’

(1990) suggestion that since the key attributes of the retiolitids arise early in astogeny, this group

ought to be given subordinal status, is not supported by Lenz’s observation regarding retiolitid

thecal astogeny.

Lenz and Melchin (1997) have completed a phylogenetic analysis of the Silurian retiolitids and,

from the point of view of their overall classification, came to two major conclusions. The first is the

fact that all share the several derived characteristics (e.g. synapomorphies 10-12 on Text-fig. 5), as

described above, which suggests that they represent a monophyletic clade. Ultrastructural studies

on the nature of the ancora (Bates and Kirk 1992) suggest that, although this structure may have

some ultrastructural differences among the Llandovery biserial graptolites, the ultrastructure is

consistent within the retiolitids. The second major conclusion of Lenz and Melchin (1997) was that

the Retiolitidae can be divided into two main subclades. The first includes those genera traditionally

included within the Retiolitinae: e.g. Pseudoplegmatograptus, Pribyl, 1948a Retiolites Barrande,

1850 and Stomatograptus Tullberg, 1883 {Pseudoretiolites Boucek and Munch, 1944 was identified

as the stem-group for both subclades). The second includes those genera assigned to the

Plectograptinae (sensu Lenz 1993) as well as Rotaretiolites Bates and Kirk, 1992 and a new taxon

that shares attributes of Rotaretiolites and Paraplectograptus , which may belong to the genus

Eorograptus Sennikov, 1984.

Family dimorphograptidae Elies and Wood, 1908, emend.

Emended diagnosis. Pattern J graptolites which may be uni-biserial or fully biserial. Sicula long

(usually 1 -7—2-0 mm), fully exposed on its dorsal side. Downward growing portion of thl
1 strongly

reduced and does not reach down to sicular aperture, leaving a portion of sicula exposed for its full

circumference. Obverse and reverse walls of thl
1 both growth straight upward for all or much of

their length. Rhabdosome fully or partly septate. Thecae commonly orthograptid to climacograptid

but may be isolate or slightly hooked, especially in uniserial portions.

Genera included. Dimorphograptus Lapworth (= Bulmanograptus Pribyl, 19486, Metadimorphograptus Pribyl,

19486), Akidograptus Davies, 1929 and Parakidograptus Li and Ge, 1981.

Remarks. The descriptions of the Pattern J astogeny, and the distinction of the ‘true’

dimorphograptids from Rhaphidograptus Bulman, 1936 and Agetograptus, are discussed above in
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the description of proximal development patterns and below in the discussion of their recognition

in non-isolated graptolites.

Several authors have recognized that Akidograptus and Parakidograptus do not possess a

uniserial first theca (e.g. Williams 1983; Li and Ge 1981) and this led them to include these genera

within Diplograptidae rather than Dimorphograptidae. Despite the fact that they have a fully

biserial rhabdosome, the early astogeny (Pattern J), particularly the early upward growth of thl
1

,

is more like that of the dimorphograptids (Pattern J') than the other diplograptid groups and they

ar^ therefore, included within Dimorphograptidae here (see cladogram, Text-fig. 5).

Storch and Serpagli (1993) recognized the distinction between the uniserial and the uni-biserial

genera within this family at the subfamily level and that distinction is recognized here. Koren’ and
Rickards (1996) distinguished Akidograptidae and Dimorphograptidae as separate families. The
classification of Storch and Serpagli (1993) is preferred for these taxa because it recognizes the

strong astogenetic similarities and close phylogenetic relationship between these two groups.

Subfamily akidograptinae Li and Ge, 1981, emend.

Emended diagnosis. Pattern J graptolites which are fully uniserial. Thecae climacograptid to

orthograptid. Proximal end protracted, often bearing an ‘ancora’. Dicalycal theca 21
,
fully septate

rhabdosome.

Genera included. Akidograptus Davies, 1929 and Parakidograptus Li and Ge, 1981.

Genus akidograptus Davies, 1929

Type species. Akidograptus ascensus Davies, 1929.

Diagnosis. Biserial rhabdosome with protracted proximal end and early upward growth of first two
thecae (Pattern J). Thecae strongly geniculate (climacograptid).

Species included. Akidograptus ascensus Davies, 1929, A. anhuiensis Ge, A. cultus Mikhailova, A.

gangjiawuensis Ge, A. giganteus Yang, A. macilentus Chen and Lin, 1978, A. parallelus Li and Jiao, A. priscus

Hsii and A. shannanensis Yu et al.

Remarks. No attempt has been made here to assess the status of the various species assigned to this

genus with respect to synonymy. It is clear, however, that considerably more variability exists within

both this genus and Parakidograptus in China than in other parts of the world.

Akidograptus antiquus Li and Ge, 1981 is the only reported member of this family from pre-

persculptus Zone strata. The holotype, and apparently only known specimen of this species, has

been examined by the author (Text-fig. 3w) and is too poorly preserved to be confidently assigned

to this genus. Both Akidograptus and Parakidograptus, therefore, appear to be confined to the

persculptus, acuminatus and basal vesiculosus biozones.

Genus parakidograptus Li and Ge, 1981

Type species. Diplograptus acuminatus Nicholson, 1867.

Diagnosis. Rhabdosome with protracted proximal development (Pattern J). Thecae straight to

weakly geniculate.
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Species included. Parakidograptus acuminatus (Nicholson, 1867), P. aculeatus Yu et al., P. xixiangensis Yu et

al., P. angustitubis Li, P. helixiensis Li, P. huloensis Li and P. primarius Li.

Remarks. Distinction of this genus from Parakidograptus is made on the basis of thecal form.

Akidograptus possesses strongly geniculate thecae whereas Parakidograptus weakly geniculate to,

more commonly, straight (orthograptid) thecae.

Subfamily dimorphograptinae Elies and Wood, 1908, emend.

Emended diagnosis. Pattern J species with a uni-biserial rhabdosome (Pattern Y ). Uniserial portion

consisting of one or several thecae, apparently achieved by redirection of theca(e) following thl.

Thecae orthograptid to climacograptid, although they may be isolate or slightly hooked, especially

in the uniserial portion. Biserial portion appears to be fully septate.

Genus included. Dimorphograptus Lapworth, 1 876 ( = Bulmanograptus Prfbyl, 1 9486 and Metadimorphograptus

Pfibyl, 19486).

Genus dimorphograptus Lapworth, 1876, emend.

Type species. Dimorphograptus elongatus Lapworth, 1876.

Emended diagnosis. Pattern J species with a uni-biserial rhabdosome (Pattern J' ). Uniserial portion,

consisting of one or several thecae, apparently achieved by redirection of theca(e) following th 1

.

Thecae orthograptid to climacograptid although they may be isolate or slightly hooked, especially

in the uniserial portion. Biserial portion appears to be fully septate.

Species included. Typical species include Dimorphograptus elongatus Lapworth, 1876, D. confertus Nicholson,

1868, D. decussatus Elies and Wood, 1908, D. erectus Elies and Wood, 1908, and D. extenuatus (Elies and

Wood, 1908).

Remarks. This genus, as employed here, includes all Pattern J species with a uniserial proximal

portion. Other genera have been introduced to subdivide this group according to thecal shape (e.g.

Bulmanograptus
,
Metadimorphograptus), but many authors have not accepted them because their

morphological or phylogenetic basis was considered questionable. A great deal more work needs to

be done, especially to define the details of thecal form of some of the dimorphograptids, which

appear to be rather complex in many species.

Family monograptidae Lapworth, 1873

Diagnosis. Scandent, uniserial rhabdosomes with Pattern M astogeny.

Remarks. The various cladia-bearing genera of the Monograptidae are not considered by many
workers to be a monophyletic group (Rickards et al. 1977) and as many as four or more separately

derived lineages may be involved. For this reason, the cyrtograptids are not separated at the

subfamily level here until more is known about the relationships within and between the various

cladia-bearing groups.

Bulman (1970) and Fortey and Cooper (1986), as well as many other authors, have considered

that the origin of thl from a sinus rather than via a resorption foramen was a distinctive and
universal feature among the monograptids. Mitchell (1987) cautioned that this feature had not been

observed in any of the earliest monograptids but hypothesized that its appearance was coincident
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with the achievement of the early upward growth of thl and the uniserial rhabdosome. Isolated,

compressed specimens of several Early and Mid Llandovery monograptids clearly show that thl

emerges from a resorption foramen (Lukasik and Melchin 1994, 1997). It can also been seen that

thl grows outward, then upward, with no downward growth component. Lukasik and Melchin

(1997) designated this primitive monograptid pattern, with a resorption porus as Pattern M
r ,
and

the more advanced development with a primary porus as Pattern M
p

. The timing or mode of origin

of Pattern M
p
from M

r
is currently unknown.

LLANDOVERY GRAPTOLOID PHYLOGENY
As a result of the late Ordovician extinction event, only one of the then extant graptoloid families,

Normalograptidae, survived from the end of the pacificus Zone into the Early Llandovery (Melchin

and Mitchell 1991). The only graptoloid species known to cross the extinction boundary (i.e. the

pacficus-extraordinarius zonal boundary) are Normalograptus normalis, N. angustus, N. ojsuensis

Koren’ and Mikhaylova, in Koren’ et al., 1980 and N. extraordinarius. ‘ Diplograptus bohemicus
’

Marek, 1955 has been reported from several localities in China, occurring with both pre-extinction

and post-extinction faunas (Mu 1988; Melchin et al. 1991). However, Storch and Loydell (1996)

have demonstrated that Diplograptus bohemicus is a junior synonym of Persculptograptuspersculptus

(Elies and Wood, 1907). Most of the Chinese specimens previously assigned to D. bohemicus are not

P. persculptus, however, and are here assigned tentatively to Normalograptus cf. ojsuensis.

The only Akidograptus species reported from pre-persculptus Zone strata is A. antiquus Li and Ge,

1981 from the typicus Zone (= middle pacificus Zone) in China. As noted above, the holotype (and

apparently only specimen) of this species (Text-fig. 3w) is too poorly preserved to be confidently

assigned to this genus. The earliest reliable report of Akidograptus is that of A. parallelus from the

lowermost persculptus Zone of Shaanxi, China (Yu et al. 1988), where it predates the first occurrence

of A. ascensus or Parakidograptus acuminatus. None of the pre,-extraordinarius Zone taxa that have

been previously assigned to Paraclimacograptus or as subspecies of P. innotatus are considered here

to belong to that genus.

It thus appears, from both the currently available biostratigraphical evidence and, more
importantly, from the astogenetic evidence (Text-fig. 5), that the Normalograptidae were ancestral

to all of the Silurian graptoloids. Text-figure 7 depicts a suggested phylogeny for the Llandovery

biserial graptolites.

The origin of the first species of Glyptograptus (the earliest species with a Pattern I astogeny) from
a Pattern H-bearing Normalograptus species primarily involved a delay in the budding of thl

2 from

thl
1

. In addition, the style of budding of thl
2
is as in all subsequent thecae, suggesting that only thl 1

is primordial. Among Normalograptus species, thl
2 emerged from the foramen at the downward end

of protheca 1 k In Glyptograptus tamariscus and related species, thl
2 appears to have emerged from

the upward-growing portion of thl
1 and developed without a pronounced fusellar unconformity as

in all later thecae. Based on the present evidence, this transition appears to have been accompanied

by a loss of the dicalycal theca, thereby producing an aseptate (or partly septate) rhabdosome. The
majority of species previously assigned to Glyptograptus from the extraordinarius Zone ( = upper

‘ bohemicus ’ Zone) have broad proximal ends, are fully septate, and, therefore, are assigned here

to Normalograptus (e.g. ‘G.’ elegantulus Mu and Ni, 1983, ‘G.’ asthenus Mu and Ni, 1983, ‘G.’

daedalus Mu and Ni, 1983). Glyptograptus praetamariscus Li, 1984, from the uppermost ‘ bohemicus
’

Zone of Jingxian, Anhui, China, strongly resembles G. tamariscus in its rhabdosomal form and may
be an example of one of the earliest of the Petalolithidae. Species of what appear to be Glyptograptus

sensu stricto are better documented from the persculptus Zone, including several reports of G.

tamariscus (e.g. Li 1984). Sudburigraptusl angustifolius (Chen and Lin, 1978), which also appears

to be a Pattern I species, is found in the persculptus Zone in Arctic Canada (author’s unpublished

data). Derivation of other petalolithid genera from Glyptograptus involves only changes in thecal

form or proximal and thecal ornamentation. Koren’ and Rickards (1996) discussed the evolutionary

relationships among those taxa here included in Petalolithidae, and most of their conclusions
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text-fig. 7. Proposed phylogeny for the Llandovery Diplograptoidea and approximate generic ranges. Dashed
lines indicate possible alternative line of origin. Genera of uncertain family affinites (e.g. Paraclimacograptus,

Victorograptus and Corbograptus) are not shown.

are consistent with the data presented here. However, they regarded the evolutionary origin of
Pseudorthograptus as unknown, and raised the possibility that Suburigraptus was derived from an
Ordovician species of Rectograptus. They noted that this would involve a loss of the proximal spines

typical of Rectograptus but it would also require a reorganization of the early growth patterns of
the first three thecae, from the Pattern G astogeny (Mitchell 1987). On the other hand, the early

species of Glyptograptus and Sudburigraptus have the same astogentic development and differ only
slightly in thecal form, and it is proposed that the latter genus was derived from the former. From
Sudburigraptus, the derivation of Pseudorthograptus, Parapetalolithus and Rivagraptus requires only
minor changes in degree of protraction of the (still Pattern I) proximal end and, in some cases, the

addition of apertural spines (Pseudorthograptus and Rivagraptus) and/or an ancora (Pseudortho-

graptus and Petalolithus).

The close morphological similarity between the ancorae seen in some species of Pseudorthograptus
(e.g. P. inopinatus and P. obuti) and those of the Retiolitinae strongly suggests that the earliest

retiolitid (Pseudretiolites) evolved from either a Pseudorthograptus or possibly Petalolithus ancestor.
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This suggestion has been questioned by Bates (1990), based on some observed ultrastructural

differences in the ancorae. It is supported, however, by the thecal form of the fully sclerotized

retiolitid described by Lenz (1994).

As in the Petalolithidae, the evolution of different genera within the Normalograptidae involves

only modification in thecal form, or, in the case of Hirsutograptus, addition of proximal and thecal

spines (Koren’ and Rickards 1996). The origins of Neodicellograptus and Cystograptus are discussed

in the remarks for those genera. Rhaphidograptus is discussed in the section on proximal

development patterns.

The oldest reliable record of the Dimorphograptidae is Akidograptus parallelus from the base of

the persculptus Zone in China (Yu et al. 1988). Li and Ge (1981) and Li (1990) have discussed the

origin of the akidograptines from an ancestor that would here be placed within the

Normalograptidae (e.g. Normalograptus). This involves the development of a longer sicula, the

emergence of thl
1 from a point on the metasicula farther from the aperture, the early upward

growth of thl
1

,
and the delayed budding of thl

2
(see also discussion of Pattern J astogeny). The

delayed budding of thl
2

is an apomorphic feature shared with the Petalolithidae (Pattern I). The
presence of a complete median septum and dicalycal th2\ however, is a plesiomorphic feature

retained from the Normalograptidae (Pattern H), not observed in any known Pattern I species.

Although the possibility exists that the earliest species of Akidograptus and Glyptograptus achieved

the delayed (non-primordial) thl
2 independently, a more parsimonious solution is that Pattern J

was derived from an unknown, septate Pattern I ancestor within the persculptus Zone. In this case,

the petalolithid ancora and the ancora-like structures seen in some akidograptines may be

homologous. In either case, both groups share ancestry among the latest Ordovician normalo-

graptids. More work on isolated material from this critical stratigraphical interval is required to

clarify these relationships.

Since Rickards and Hutt (1970) discovered Atavograptus ceryx in the persculptus Biozone it has

been widely considered that Atavograptus
,
the earliest monograptid genus, evolved directly from a

septate species of ‘ Glyptograptus ’ (here assigned to Normalograptus). The akidograptines and
Dimorphograptus were cited by Rickards (1988) as an example of ‘echoic evolution’ because their

uniserial proximal end (not present in Akidograptus or Parakidograptus) was considered a later ‘pale

echo’ of the uniserial stipe of Atavograptus (Rickards 1988, p. 223).

Bulman (1970) noted that the elimination of thl
2 from the astogenetic sequence has been a

difficulty in understanding the origin of the monograptids. This question has been discussed by

Mitchell (1987) and Li (1990), both of whom suggested an ancestor for Atavograptus among the

akidograptines (or possibly the Petalolithidae). In fact, the transition from a Pattern H ancestor to

a monograptid (Pattern M) rhabdosome requires three separate astogenetic changes to occur: the

immediate outward-upward growth of the first theca; the redirection of the second theca so that

it is no longer alternate; and the loss of the second thecal series distally (loss of the dicalycal theca).

All these changes also involve a transition from two or three primordial thecae as seen in Pattern

H to one or none in Pattern M
r

.

Li (1990) has correctly noted that the early upward growth of thl
1 among the akidograptines is

more similar to monograptid astogeny and that a derivation of Atavograptus from among the

akidograptines requires less drastic astogenetic reorganization than from a Normalograptus

ancestor. Li also noted strong similarities in thecal form between several akidograptine and earliest

monograptid species. He considered, however, that four of the reported earliest mongraptids

(Atavograptus ceryx, A. primitivus (Li, 1983),
‘

Pristiograptus' antiquatus Li, 1990 and
‘ MonograptusT sp. Bjerreskov 1975) were derived from four separate akidograptid ancestors with

similar thecal forms, thus implying a polyphyletic origin for the Monograptidae. (Based on its

strongly climacograptid thecal form and relatively great width in comparison with other earliest

monograptids it seems likely that the single fragment assigned to Monograptusl sp. reported by

Bjerreskov (1975, text-fig. 17f) is a distal fragment of a single stipe of a Normalograptus species such

as N. normalis. As noted above and by a number of previous workers (e.g. Mu and Ni 1983;

Williams 1983) single stipes of such species can grow to considerable lengths either as a result of
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J
1 M

text-fig. 8. Schematic diagram of astogenetic pattern in the evolutionary origin of Atavograptus from a

normalograptid ancestor. Note that the Pattern J species may have been derived from Pattern H through an
intermediate, septate Pattern I species. See text for explanation.

stipe divergence or termination of growth of one stipe.) Atavograptus primitivus and ‘ Pristiograptus'

antiquatus have been shown to be synonymous (Lukasik and Melchin 1994), and this species (Text-

fig. 3ll-mm) differs only slightly in thecal form from A. ceryx. Based on presently available data,

there is no evidence to support a polyphyletic origin for the Monograptidae.
In the transition from Pattern H to Pattern J, possibly with a septate Pattern I intermediate step,

the early upward growth of thl
1 was achieved, and th2 J and probably thl

2
are no longer primordial.

The transition from Pattern J to J' involves only redirection of the second theca (and usually one
or more subsequent thecae) above thl. Thus, two of the conditions necessary for the transition from
a normalograptid ancestor to Atavograptus were achieved in Dimorphograptus. The only changes
necessary to evolve from Dimorphograptus to Atavograptus are the loss of the short downward-
growing portion of thl and the loss of the second thecal series distally. From the information
currently available, it is not clear if the second thecal series in the Dimorphograptus species is

produced directly from a dicalycal theca or if any of the thecae in the biserial portion of the

rhabdosome are alternate in origin. If the second thecal series arose directly from a dicalcyal theca

then suppression of the dicalycal theca results in a fully uniserial rhabdosome.
Since Rickards and Hutt (1970) described Atavograptus ceryx, the principal objection to a

dimorphograptid ancestor for Atavograptus has been that the earliest known species of
Dimorphograptus occurs almost two zones later than the origin of Atavograptus : in the atavus Zone
for the former and upper persculptus Zone for the latter (Rickards et al. 1977). However, Li (1987)
lists three Dimorphograptus species from the acuminatus Zone. Lin and Chen (1984) have reported
‘ Rhaphidograptus ’ minutus (here assigned as Dimorphograptus ? cf. minutus) from the middle of the

persculptus Biozone, below the first occurrence of Akidograptus ascensus or Parakidograptus
acuminatus. Their illustrated specimen has been examined by the author and although it is rather

poorly preserved (Text-fig. 3z), it may be a true Dimorphograptus, although the sicula is much wider
than is typical of this species in higher samples or of coeval akidograptines. It is too poorly preserved

to see if it possesses an initial downward growing portion of thl. Its occurrence in persculptus Zone
strata, however, is significant because it demonstrates the possible presence of this genus in strata

coeval with or slightly earlier than the first Atavograptus.

A suggested evolutionary sequence for the origin of Atavograptus is as follows (Text-fig. 8).
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1 . A Pattern H ancestor (e.g. Normalograptus) gave rise to Pattern J (e.g. Akidograptus) by early

upward growth of thl
1

, the late derivation of thl
2 from the upward-growing portion of thl

1

,
and

general protraction of the proximal end (this may have involved a septate Pattern I intermediate

step as discussed above);

2. Pattern J' (Dimorphograptus) developed from Pattern J by redirection of the second theca above
thl and the second thecal series arises by some later dicalycal theca;

3. Pattern M (Atavograptus) arose from Pattern J' by loss of the downward growth of thl and loss

of the second thecal series distally. The sinus and lacuna stage development of the thl porus

apparently developed at some later stage in monograptid evolution.

By comparison with the suggestions of Rickards and Hutt (1970), that Atavograptus be derived

directly from a Pattern H ancestor, or Li (1990), that it be derived from Parakidograptus and
Akidograptus along several different individual individual lineages, this phylogenetic sequence is the

most parsimonious. It involves the the fewest number of synapomorphies at each step and the fewest

number of parallelisms in the astogenetic development. Furthermore, with the discovery of

Dimorphograptus! cf. minutus in the persculptus Biozone in China, this sequence may no longer be

in conflict with the known stratigraphical ranges of the taxa involved. If Dimorphograptusl cf.

minutus is not a true dimorphograptine and that genus does not arise until the overlying zone, then

it may be that Atavograptus was derived directly from Akidograptus as suggested by Li (1990), and
the uniserial proximal end of Dimorphograptus must have arisen independently from that of

Atavograptus, also from an akidograptine ancestor.

RECOGNIZING SUPRASPECIFIC TAXA IN NON-ISOLATED GRAPTOLITES

Mitchell (1987) recognized that his new classification scheme, based on early astogeny, would be

difficult to work with in the short term until more well preserved material was studied in detail and
more species could be definitely assigned within this new scheme. He pointed out that, although the

study of isolated material was necessary to define the proximal growth patterns, it is not essential

to place a species within the classification once established. Another important point he noted was
that, even if a species cannot be assigned with certainty to a genus within the new system, it does

not diminish its utility. The species is the prime entity in biostratigraphical studies and this new
classification scheme will not affect the stability of the species, only supraspecific taxa. In fact, the

application of this new classification greatly enhances the usefulness of the generic and higher taxa

since many have a much more limited range than the previously defined, thecal form-genera.

In his tables 1 and 2, Mitchell (1987) listed the species that could definitely be placed within his

new classification and pointed out some diagnostic features, recognizable in well-preserved, non-

isolated specimens, that could be used to distinguish the astogenetic patterns. I emphasize some of

those points here, particularly with respect to Llandovery faunas, and add some new points of

distinction between the Silurian genera based on the present findings.

Melchin and Mitchell (1991) have re-examined graptolite generic distributions in the Ashgill and
Lower Llandovery. They have outlined criteria for distinction of the lower Ashgill, ‘pre-extinction’

faunas dominated by Pattern D-G and K genera, from the uppermost Ashgill-lowermost

Llandovery, ‘post-extinction’ faunas dominated by Pattern H-J and M genera. They have also

demonstrated the great utility of this new generic classification in revealing the precise level and the

magnitude of the late Ordovician extinction event.

Distinction between Pattern H, I and J species can be a more difficult matter since it was
discovered as part of this work (Melchin and Mitchell 1991) that Glyptograptus sensu stricto

(including a few species with climacograptid thecae) have a Pattern I proximal development.

However, even these Pattern I species tend to have a more pointed proximal end and the early

growth of thl
2

is usually slightly delayed and more strongly upward than outward in comparison

with a Pattern H proximal development. In specimens preserved in partial relief, a change in surface

topography can often be seen at the origins of thl
2 and th2 x

in Pattern H species but is not seen in
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Pattern I. If the primordial origin of th2
x can be established (this can often be seen in compressed

or partial relief specimens - e.g. Text-fig. 6d,h) then the species is Pattern H, although not all

Pattern H species show this. In the early growth stages, Pattern H species show th 1
1 growing ahead

of thl
2

(Text-fig. 3a-b), whereas in Pattern I the two grow synchronously (Text-fig. 3k-m). In

addition, in some rare cases, the two foramina at the base of protheca 1
1
in Pattern H species and

the list separating them can be seen pressed through the periderm of methatheca l
1
in flattened

specimens (Text-figs 3gg, 7m).

In most compressed specimens, however, the proximal details are not clear enough for positive

assignment. The principal criterion employed here, and one which is applicable to reasonably well-

preserved, flattened specimens, is the presence or absence of a median septum. As noted above, as

far as can be determined from the present material and by comparison with previous reports, there

are no known Pattern I species with a complete median septum, although some possess a small

partial median septum (always on the obverse side). Partly septate Pattern I species are mostly, if

not exclusively, Petalolithus species with the typical petalolithid rhabdosomal form. Pattern H
species, on the other hand, appear usually to have a complete median septum, although in many
species it appears only distally. It is on this basis that I have separated Glyptograptus from
Normalograptus in compressed specimens where proximal details are unclear. This method of
distinction is one which can be employed on a variety of preservational types including

uncompressed specimens embedded in rock (especially internal moulds) or in compressed specimens
where the septum can be seen pressed through (Text-figs 3c, 6j, n, p). In specimens where the distal

end is complete, the median septum can sometimes be seen projecting beyond the distal thecae

(Text-fig. 6p, s). If, at the distal end, one stipe grows beyond the other, then a median septum must
be present (PI. 5, fig. 9; Text-figs 3e, 6g), because in the aseptate Pattern I species the two rows of
thecae must grow synchronously. In those Pattern I species in which the virgula is embedded in the

obverse wall, such as Glyptograptus tamariscus ssp., the position of the virgula will be close to the

edge of those compressed specimen preserved in subscalariform view (Text-fig. 3p) and the fuselli

on the distal end may be seen to extend out on onto the virgula. In those species where the virgula

is central and unattached, the virgula may be seen to ‘wander’ laterally along the length of the

rhabdosome (Text-fig. 3dd). It must be admitted that still only a relatively small proportion of the

Llandovery biserial fauna has been studied in enough detail and further work, especially with
Ashgill and Early Llandovery species, may reveal fully septate petalolithids or aseptate

normalograptids. The distinction based on internal structure, however, seems reasonable if one
assumes that rhabdosomal architecture is, at least to some extent, a product of early astogeny.

Distinction of Pattern J species from patterns H and I in non-isolated specimens is accomplished
in most cases by recognition of a fully exposed sicula below thl

1
. In addition, there are, as yet, no

known Pattern H or I species with more than one uniserial theca, whereas most Dimorphograptus
species have at least two uniserial thecae. It is important to note that in many Dimorphograptus
species, the space between the downward end of thl and the sicular aperture is often overgrown with
later cortical deposits, although the original downward position can often be seen ‘ pressed-through

’

in compressed specimens (Text-fig. 3y). Although in a few Pattern I species thl
1 does not grow down

to the sicula, this does not occur, to my knowledge, in any Agetograptus or Rhaphidograptus species.

The growth of the reverse wall of metatheca 1
1
straight upward can easily be seen in well preserved

akidograptines, even when compressed (Text-fig. 3j, o, r-s, u, x). On the other hand, its growth
across the reverse face of the sicula is difficult to see in slender species tentatively assigned to

Agetograptus such as A.l hubeiensis (Ni, 1978), although it can clearly be seen in uncompressed
examples (PI. 7, fig. 4). Distinction between Rhaphidograptus and some slender Agetograptusl
species is more difficult unless the fuselli can be seen over the first three thecae. For compressed
material, the presence or absence of a median septum, or genicular hoods must be employed for

their distinction.
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TEREBELLID POLYCHAETE BURROWS FROM THE
LOWER PALAEOZOIC

by a. t. thomas and m. p. smith

Abstract. Trachyderma, as established by Phillips for specimens from the Upper Silurian of the Welsh

Borderland, was triply preoccupied. Chapman described supposedly congeneric material from the Silurian of

Victoria, but that material is generically distinct and Keilorites Allan was erected to accommodate it.

Oikobesalon nom. nov. is erected as a replacement name for Trachyderma Phillips, which has been regarded

variously as either a body fossil or a trace fossil. Based on its distinctive structure, it is interpreted here as the

thin organic lining of a terebellid polychaete dwelling burrow. New illustrations and descriptions are given both

of Phillips’ original specimens and of O. citrimorion from England and Canada. Chapman’s material of

Keilorites is also redescribed to include burrows with a thick sediment wall. Putative gill plumes of Keilorites

described by Chapman in a later paper are reinterpreted as ichnofossils comparable with certain Zoophycos.

Unlike typical modern terebellids, the agent responsible for Oikobesalon may have been able to produce a new
burrow after exhumation, or when required during growth. This capacity explains the morphological contrasts

between Oikobesalon and previously described terebellid burrows.

The Much Wenlock Limestone Formation of Wren’s Nest (Dudley, West Midlands) is well known
for its diverse and well-preserved body fossil biota. The best, articulated, material comes from

obrution deposits which occur at certain levels, particularly towards the top of the Nodular Beds

Member (see Doming (1983) for formalization of Butler’s (1939) lithostratigraphy). Trace fossils

also occur in the formation, but these have been studied less, and none has been formally described.

Mr R. Foxall originally brought the Dudley specimen of Oikobesalon citrimorion (PI. 1, figs 2-3) to

us for identification, but it remained undetermined until Dr A. W. A. Rushton suggested that it

might have affinities with Keilorites or Trachyderma (= Oikobesalon nom. nov.): the latter

suggestion proved to be correct. However, study of the type specimens and the related literature

revealed a number of problems concerning the interpretation of the material and matters of

nomenclature.

The taxa dealt with here have been variously interpreted by previous authors: some have

considered body fossils to be represented, others traces. In first describing specimens now referred

to Oikobesalon, Phillips (1848, p. 331) erected two species of Trachyderma to include annelid

remains differing from those of serpulids in having a large, long and flexible free external tube or

covering which is membraneous or ‘ coriaceous ’ ( = leathery) rather than calcareous : clearly,

Phillips considered his specimens to be ichnofossils. By contrast, Williams (1916, p. 17) thought that

he recognized a small head in T. coriacea, interpreting that species as a small, but more complete,

form of T. squamosa, and the latter as an adult lacking the head and tail. Chapman (1910, p. 103)

considered his Australian material to be congeneric with Phillips’, and interpreted it as the

parchment-like tube of a polychaete. It was for this material that the name Keilorites Allan, 1927

was erected. Chapman (1919) later reinforced his interpretation by describing what he considered

to be the ‘gill plumes’ of the same animal. Howell (1962, p. W155) dealt with Keilorites

( Trachyderma was not recognized as an independent taxon), and Keiloritidae Allan, 1927, in the

section of the Treatise dealing with worms, diagnosing those taxa to include worms producing

perpendicular or diagonal burrows lined with membraneous material. It is therefore not clear

whether Howell regarded Keilorites as a body fossil or as a trace. Neither Trachyderma nor

Keilorites was mentioned in the second edition of the Treatise dealing with trace fossils (Hantzschel

[Palaeontology, Vol. 41, Part 2, 1998, pp. 317-333, 3 pis) © The Palaeontological Association
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1975), presumably because they were believed to be body fossils. Brood (1980, p. 279) considered

Keilorites to represent the mucous tube of a sedentary annelid. Study of the type material of both

taxa, and its re-interpretation in the context of comparable Pleistocene and Recent specimens,

demonstates unequivocally that they are ichnofossils.

TERMINOLOGY
For convenience, the term ‘lining’ is used here in a restricted sense to refer to the layer of organic

material forming the burrow wall in Oikobesalon. ‘Wall’ is used to refer to the construct of sediment

externally bounding Keilorites burrows. Simple excavated burrows, where no construction has

occurred at burrow boundaries, are termed ‘unwalled’. See Keighley and Pickerill (1994, p. 306) for

a general discussion of burrow terminology.

SYSTEMATIC PALAEONTOLOGY
Ichnogenus oikobesalon nom. nov. \pro trachyderma Phillips, 1848]

«o«1829 Trachyderma Latreille, p. 7 [a coleopteran],

«onl829 Trachyderma Gravenhorst, p. 283 [a hymenopteran].

«o«1829 Trachyderma Wiegmann, p. 421 [a reptile].

Derivation of name. From the Greek ‘oikos', house and ‘besalon', brick; alluding to the inferred method of

burrow formation. Neuter gender.

Remarks. Phillips (1848, p. 331) proposed the genus Trachyderma for T. coriacea and T. squamosa
from the Ludlow of the Welsh Borderland. Chapman (1910, p. 102) described supposedly

congeneric material from the Silurian of Victoria, Australia, assigning his material to the new
species T. crassituba and to T. cf. squamosa. Allan (1927, p. 240) noted that the name Trachyderma

was a junior homonym on three counts: the senior homonym (see also Wiegmann (1834, pp. 7, 23);

Sherborn (1932, p. 6554)) was used by Latreille (1829) for a genus of Coleoptera. Allan (1927)

considered Phillips’ and Chapman’s specimens to be congeneric and this has been followed by most
subsequent authors (e.g. Howell 1962, p. W155; Brood 1980, p. 279). Re-examination of Phillips’

and Chapman’s types, however, indicates that they are not.

Both of Phillips’ species comprise elongate tubes, at least partly sediment-filled, but with a thin

black lining of carbonized organic material preserved locally (e.g. PI. 2, fig. 3). The outer surfaces

of the specimens show transversely fusiform wrinkles. On relatively unweathered specimens, fine,

sometimes bifurcating extensions of the organic layer extend outwards into the sediment. These

extensions are orientated at right angles to the tube axis (PI. 2, fig. 3). By contrast, Chapman’s
specimens have a thick sediment wall (PI. 2, figs 1-2, 8) and, although some are transversely

corrugated externally, they lack an organic lining with fusiform markings, and there is no trace of

fine lateral projections into the surrounding sediment. These differences are here regarded as

sufficient to justify separate ichnogenera.

Ichnopecies included. O. coriaceum Phillips, 1848; O. citrimorion sp. nov.; O. liljevalli (Brood, 1980); O.

squamosum Phillips, 1848; O. cf. squamosum Phillips (of Brood 1980).

‘ Type ’ ichnospecies. The Code of the ICZN states that genus-group ichnotaxa do not require a type species and

that any type designation should be disregarded [Articles 42(b), 67(m); Ride et al. (1985)]. This has not been

followed universally [e.g. Keighley and Pickerell (1994)], however, because ichnologists can find the concept of

a type species just as useful as those who study body fossils. The following notes concerning the ‘type’ species

of Oikobesalon are included should the relevant articles be changed in the future.
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Following Allan’s (1927, p. 240) erection of Keilorites for Trachyderma sensu Chapman, Bather (1927, p.

286) nominated T. squamosa as the type species of Trachyderma Phillips. However, Williams (1916, p. 17) had
implicitly selected Trachyderma coriacea as the type species of the genus (ICZN Article 69a iv), a selection

overlooked by subsequent authors.

Diagnosis. Burrow (up to 30 mm across in compressed specimens studied) with thin organic lining.

Locally, lining is linearly thickened to define transverse fusiform bands. Marginally, branched
extensions of organic material extend outwards into the sediment from the thickened zones.

Remarks. It is the structure of the lining that is particularly characteristic of Oikobesalon. No other

ichnogenus possesses an organic lining of fusiform construction, while lacking a differentiated

sedimentary wall. On the basis of Gotland material, Brood (1980, fig. 3, p. 281) reconstructed

Oikobesalon as blind-ended and J-shaped. None of our specimens is complete, so we do not know
if that shape is characteristic of the ichnogenus. We regard the lining structure as more significant

than overall shape, however, because burrows thought to have been produced by similar means vary

considerably in gross morphology. Like Brood’s material, none of our specimens shows any
indication of branching, so we are satisfied that an unbranched morphology is typical of
Oikobesalon.

In his reconstruction of the burrow, Brood (fig. 3, p. 281) did not show the characteristic fine

extensions of the organic layer into the surrounding sediment, though these are very clear in his

photographs (figs 1a, e, 2a-b). Brood also argued that the lining of O. liljevalli was vesicular close

to its blind end. The absence of such structures from our specimens could be due to their

fragmentary condition.

The morphology of the organic lining, and its likely mechanism of formation, are discussed

separately below.

Distribution. Lower Cambrian, Oxfordshire; Wenlock and Ludlow series of the Welsh Borderland, Gotland
and Ontario.

On the assumption of the synonymy of Trachyderma Phillips and Keilorites , Oikobesalon has been widely
reported from sedimentary rocks ranging from Cambrian to Silurian in age : few published records seemingly
refer to material closely resembling Phillips’ species, however. In an early detailed discussion of Trachyderma ,

Williams (1916, pp. 17-18) noted the organic lining and fusiform bands of T. coriacea and indicated their

absence from many species referred by him to the genus. We have not attempted a monographic revision of
the ichnogenus, but faunal lists (e.g. Holland et al. 1963, p. 156) suggest that it is widely distributed in the

regressive Ludfordian facies of the Welsh Borderland. The only non-Silurian specimen we have studied which
is certainly referable to Oikobesalon is BGS BDF9523 (PI. 1, fig. 5), from the Lower Cambrian of the

Withycombe Farm Borehole, Oxfordshire.

Oikobesalon coriaceum Phillips, 1848

Plate 1, figures 1, 4; Text-figure 1a-c

1839 Serpulites longissimus Sowerby, in Murchison, p. 608, pi. 5, fig. 1.

v*.1848 Trachyderma coriacea Phillips, pp. 230, 331, pi. 4, figs 1-2.

1888 Trachyderma coriacea Phill. ; Etheridge, p. 37 [list],

1910 T. coriacea Phillips; Chapman, p. 316.

1916 Trachyderma coriacea Phillips; Williams, p. 17.

v.1938 Trachyderma coriacea Phillips; Stubblefield, p. 30 [referred to Keiloritesl].

Type material. T. coriacea is based on two figured syntypes, both from the ‘ Upper Ludlow ’ ( = Whitcliffe Beds)
of Hillside Farm, Woodbury Hill, Abberley district, Hereford and Worcester. BGS GSM38370 (PI. 1, fig. 1

;

Text-fig. 1b) compares quite closely with the original illustrations (Phillips 1848, pi. 4, fig. 2-2a), and this

specimen is here selected as lectotype. Stubblefield identified BGS GSM38369 as the second figured syntype.

That specimen is a slab with numerous fragmentary specimens, none of which resembles Phillips’ plate 4, figure

1, although the lithology suggests that the provenance is correct. Mr S. P. Tunnicliff informs us that the
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specimen can be traced back to the 1 865 BGS catalogue, where it bears a tablet number adjacent to that for

GSM38370. This is good circumstantial evidence that GSM38369 was available to Phillips, and may well have

formed part of the type series, but we doubt that the slab includes the figured syntype. The paralectotype status

of the material is therefore subject to some doubt. Phillips’ collection includes additional specimens (BGS
GSM 105335-105337) from the type locality. These may also be paralectotypes but, again, none matches his

plate 4, figure 1

.

Other material. BGS GSM661, block with numerous specimens, ‘Upper Ludlow (Downton Passage Beds)’

(presumably = Whitcliffe Beds/Downton Castle Sandstone transition), north of Chances Pitch, Malvern area.

BGS GSM 105333; Whitcliffe Beds, Whitcliffe, Ludlow.

Description. Specimens 2-8-4-9 mm wide, and preserved as internal and external moulds in brown weathering,

decalcified siltstone. All lie parallel to bedding and are interpreted as exhumed fragments. Most are straight

or only gently curved, but occasional specimens are flexed more strongly. The specimens are crossed

transversely by fine lines delimiting fusiform bands. These lines occur as sharp negative impressions on external

moulds, and as slightly more round-topped positive features on internal ones. Hence they apparently represent

places where the original organic lining, now largely weathered away, was thicker. Counting along the

longitudinal mid-line, 20-24 bands occur in 10 mm. Disruption of the bands in strongly flexed specimens (Text-

fig. 1a, c) implies breakage. The maximum sagittal length of the bands remains essentially constant across the

size range of material studied. Locally, at specimen margins, branched extensions of organic material extend

outwards into the sediment from the thickened zones (Text-fig. lc). There, the extensions are seen in section:

in three dimensions, they would form transversely orientated flanges.

Remarks. The exhumed nature of the specimens implies that the Oikobesalon tube was quite robust

when fresh. Breakage of the strongly flexed specimens suggests significant rigidity. See below for

comparisons with other species.

Oikobesalon squamosum Phillips, 1848

Plate 2, figures 3-4

v*.1848

non 1888

v non 1910

1927

v.1938

non 1979

Trachyderma squamosa Phillips, pp. 230, 332, pi. 4, figs 3^4.

Trachyderma (squamosae Phill. aff.); Lindstrom, p. 6 [
= O. liljevalli\.

Trachyderma cf. squamosa Phillips; Chapman, p. 104, pi. 27, fig. 5 [burrow possesses neither an

organic lining nor a thick sediment one].

T. squamosa Phillips; Allan, p. 286.

Trachyderma squamosa Phillips; Stubblefield, p. 32 [referred to Keiloritesl].

K. squamosus Phillips; Brood, p. 252 [
= O. liljevalli].

Type material. Bather (1927, p. 286) selected BGS GSM38371 (figured Phillips 1848, pi. 4, fig. 3), from the

Upper Ludlow (presumably Whitcliffe Beds) of Gorstley (common north-east of Linton), Hereford and

EXPLANATION OF PLATE 1

Figs 1, 4. Oikobesalon coriaceum Phillips, 1848; Whitcliffe Beds, Hillside Farm, Woodbury Hill, Abberley

district, Hereford and Worcester. 1, lectotype, BGS GSM38370. 4, possible paralectotype, BGS GSM 105335.

Both x 2.

Figs 2-3, 6. Oikobesalon citrimorion sp. nov. 2-3, holotype, DUDMG G14076; loose block from Nodular Beds

Member of Much Wenlock Limestone Formation (Wenlock, Homerian), Wren’s Nest Inlier, Dudley, West

Midlands; x 1-5 and x 3 6, paratype, NHM P6938; Niagara Group (Wenlock), Ontario, Canada; x 1-5.

Fig. 5. Oikobesalon sp. indet.; BGS BDF9523; Lower Cambrian, Withycombe Farm Borehole, Oxfordshire;

x 4.

Specimens shown in figs 1 and 4 whitened with ammonium chloride sublimate ; other specimens photographed

under alcohol.
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text-fig. 1. Camera lucida drawings of Oikobesalon coriaceum Phillips, 1848. A, c, two probable paralectotype

specimens on BGS GSM661; note the disrupted banding on the right side of a, suggesting breakage of the tube

during flexure, and the lateral extensions of the organic layer preserved locally in c. The spinose structure at

the left of c is at a slightly higher level in the sediment and probably represents a fortuitously superimposed

fragment, b, portion of lectotype (BGS GSM38370) to show fusiform banding. Scale bars represent 5 mm;
stippling indicates sediment cover.

Worcester, as lectotype of T. squamosa. BGS GSM38372 (figured Phillips 1848, pi. 4, fig. 4), from the Upper
Ludlow, Hillside Farm, Woodbury Hill, Abberley district, Hereford and Worcester, is thus the paralectotype.

Description. The following is based on the lectotype, and focuses on comparisons with O. coriaceum. The
specimen is much less strongly compressed, having an oval (c. 4 x 10 mm) cross section, reflecting preservation

in a more competent calcareous siltstone [uncompressed specimens of an Oikobesalon species (PI. 3, fig. 4), from

the Ludlow of Ireland, show that the burrow was originally circular in cross section]. Transverse fusiform

annulations are apparent, but are difficult to measure. Along the mid-line, and parallel to the tube axis, band

width ranges between c. 0-5—1 -0 mm. Phillips (1848, pi. 4, fig. 3) reconstructed the lectotype as comprising a

single burrow shaped like a shepherd’s crook. It is, however, just as likely that two separate specimens are
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represented on the slab (PI. 2, figs 3-4). The carbonized lining is more extensively preserved, and lateral

extensions into the sediment are seen locally (see arrowed area on PI. 2, fig. 3). The paralectotype shows a thin

carbonized lining, with fine transverse wrinkles on the external mould (PI. 2, fig. 7), but these are finer, much
more closely spaced than in the lectotype, and are not clearly fusiform in shape.

Remarks. Because of the contrasts described, we consider it unlikely that the lectotype and
paralectotype are congeneric, and therefore base our conception of the ichnotaxon on the former

specimen.

O. squamosum differs from coriaceum in its greater tube width and coarser-scale transverse

banding. It is possible that only a single ichnospecies is represented, and that these contrasts simply

reflect differences in the size of the producing organism. Because of the preservational contrasts and
the nomenclatural confusion which has surrounded these taxa in the past, we think it prudent to

defer the question of possible synonymy until more material of squamosum becomes available.

O. liljevalli, from the Wenlock (Hogklint Formation and Slite Group) of Gotland, is known from
better, and more completely preserved, material. It resembles squamosum in overall dimensions.

Brood (1980, p. 280) distinguished liljevalli by its thicker lining and by the presence of large

sediment-filled vesicles posteriorly. Both these contrasts could be due to differences in quality and
completeness of preservation, however. Those specimens recorded as Keilorites cf. squamosus
(Brood p. 281, figs 1 a, 4), from the Ludlow (Hemse Group) of Gotland, more closely resemble the

lectotype of squamosum in preservation. The transverse extensions of the organic lining are longer

in the Gotland specimens but, again, this could be attributed to more complete preservation.

Oikobesalon citrimorion sp. nov.

Plate 1, figures 2-3, 6; Text-figure 3d

Derivation of name. From the Latin
‘

citrinus ’, of citron, and Greek ‘

morion', piece or portion; fancied

resemblance between the holotype (PI. I, fig. 2) and a grapefruit or orange segment. Noun in apposition.

Material. Holotype, DUDMG G14076; loose block from Nodular Beds Member ofMuch Wenlock Limestone
Formation, Wren’s Nest Inlier, Dudley, West Midlands. Paratype, NHM P6938; Niagara Group (Wenlock),

Ontario, Canada.

Description. The British specimen (PI. 1, figs 2-3) is approximately 20 mm wide. This is likely to approximate
to the original tube diameter (Briggs and Williams 1981). Large-scale fusiform bands occur; these have a

maximum length of 1-6-1 -7 mm measured parallel to the tube axis. Each of these larger bands includes smaller-

scale components, also transversely fusiform in shape and typically 5-8 mm wide. The Canadian specimen is

slightly more weathered, but is similar in all essential respects. Its maximum width is c. 30 mm, with larger-

scale fusiform bands 1 -6-3-2 mm long. Again, these contain traces of finer-scale banding within.

Remarks. These specimens are substantially bigger than any of those assigned to previously

described Oikobesalon ichnospecies : this probably accounts for the larger scale banding. However,
specimens of O. citrimorion are distinguished by having the larger bands made up of smaller-scale

subunits.

Ichnogenus keilorites Allan, 1927

Remarks. Allan (1927, p. 240) erecte i the genus Keilorites , with Trachyderma crassituba Chapman
as type, and included it within his family Keiloritidae. Bather (1927, p. 286) questioned whether
Keilorites was intended for the Australian material alone or for all specimens previously referred to

Trachyderma Phillips. However, a straightforward reading of Allan’s (1927) note indicates that he

based his taxon on the Australian species and not the English specimens. The main purpose of this

paper is to clarify the morphology and nomenclature of Oikobesalon. We therefore redescribe and
diagnose Keilorites on the basis of the original material, without attempting a comprehensive
revision of the ichnogenus.
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Diagnosis. Unbranched, J-shaped burrow, with thick sediment wall. Transverse rugations present

externally.

Keilorites crassitubus (Chapman, 1910)

Plate 2, figures 1-2, 8-9

v*p.l910 Trachyderma crassituba Chapman, p. 103, pi. 27, figs la-b, 2-3, non pi. 29, fig. 1 [
= unwalled

burrow],

1927 Trachyderma crassituba Chapman; Allan, p. 240 [referred to Keilorites].

1927 T. crassituba Chapman; Bather, p. 286.

Type material. Holotype specimen broken into two portions (PI. 2, figs 8-9), NMV P10330-P10331 (figured

Chapman 1910, pi. 27, fig. la-b); Yarra improvement works, South Yarra. Paratypes: NMV P10333 (PI. 2,

fig. 2), between Hoyte’s Paddock and Punt Road, South Yarra; P10332 (PI. 2, fig. 1), P10343 (PI. 2, fig. 10),

type locality; respectively figured Chapman (1910, pi. 27, figs 2-4; pi. 29, fig. 1). All from Melbourne
Formation (Lower Ludlow, nilssoni graptolite Biozone), excavations along Yarra River, South Yarra, 2-3 km
east of Melbourne city centre, Victoria.

Description. The holotype is shaped overall like a reclining J, with a short vertical tube and a longer horizontal

one. The tube is circular in cross section, with a maximum diameter of about 17 mm. The holotype and two
paratypes show a distinct sediment wall, < 5 mm thick in the holotype (PI. 2, figs 1-2, 8). Another paratype

differs in being unlined (PI. 2, fig. 10). Externally, the tube surface bears coarse and irregular transverse

rugations (PI. 2, fig. 9).

Remarks. The lack of a sediment wall suggests that one paratype belongs to a different ichnospecies

from the remainder of the type series. Material compared by Chapman (1919, p. 317) with K.

crassitubus and by Chapman (1910, p. 104) with O. squamosum (PI. 2, figs 5-6, 11) similarly shows

neither sediment wall nor organic lining, and we would not assign these specimens to either

ichnogenus. Chapman (1910, p. 104) noted the absence of a wall in some of his specimens,

attributing this to dissolution of a tube wall that he regarded as originally membraneous and
compressible. When present, the burrow wall is clearly composed of sediment, so this explanation

is incorrect.

EXPLANATION OF PLATE 2

Figs 1-2, 8-9. Keilorites crassitubus (Chapman, 1910); Melbourne Formation (Lower Ludlow, nilssoni

graptolite Biozone), excavations along Yarra River, South Yarra, 2-3 km east of Melbourne city centre,

Victoria. 1, paratype, NMV P10332; Yarra improvements, South Yarra; x2. 2, paratype NMV P10333;

between Hoyte’s Paddock and Punt Road, South Yarra; x2. 8-9, holotype (broken into two portions)

NMV P10330-P10331
;
locality as fig. 1. 8, dorsal view of the vertical portion of the burrow and the proximal

part of the horizontal portion. 9, ventral view of the horizontal portion of the tube; triangular section of wall

at top left corresponds with triangular exfoliated section at bottom right of fig. 8. Both x 1-5.

Figs 3-4. Oikobesalon squamosum Phillips, 1848; lectotype, BGS GSM38371; Upper Ludlow, Gorstley

(common north-east of Linton), Hereford and Worcester; x 1. Arrow in fig. 3 points to lateral extensions

of organic lining.

Figs 5-6, 10-11. Unassigned unwalled burrows. 5-6, NMV P10334 (Trachyderma cf. squamosa of Chapman
1910, pi. 27, fig. 5); Humevale Formation (Lower Devonian), junction of Woori Yallock Creek and Yarra

River, c. 50 km east of Melbourne city centre; x 1-5. 10, NMV P10343 (paratype of T. crassituba Chapman);
Melbourne Formation (Lower Ludlow, nilssoni graptolite Biozone), Yarra improvements, South Yarra,

excavations along Yarra River, 2-3 km east of Melbourne city centre, Victoria; x F5. 11, NMV P10335 (T

.

cf. crassituba of Chapman 1910, pi. 27, fig. 4); locality as fig. 10; x2.

Fig. 7. Unassigned burrow with carbonized lining; BGS GSM38372 (paralectotype of O. squamosum)-. Upper
Ludlow, Hillside Farm, Woodbury Hill, Abberley district, Hereford and Worcester; x 2.

Specimen shown in fig. 3 photographed under alcohol
; other specimens whitened with ammonium chloride

sublimate.
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K. crassitubus differs from O. coriaceum in lacking an organic lining of fusiform construction and
in possessing a thick sediment wall.

Genus zoophycos Massalongo, 1855?

Zoophycos! sp.

Plate 3, figures 1-3, 5-7

v.pl919 Trachyderma, sp. cf. crassituba, Chapm., et alii specierum Chapman, p. 317, pi. 13, figs 1-3, pi.

14, figs 6-12, non fig. 5 [tubular burrow].

Material. NMV P140079; Springfield Formation (Llandovery, turriculatus-crispus graptolite biozones), north

of eastern end of old Keilor township reserve, Maribyrnong River, Keilor district. NMV P 1 3 1 1 8—P 13119,

respectively figured Chapman (1919, pi. 14, figs 6, 10), P13120 (Chapman 1919, pi. 13, fig. 2; pi. 14, fig. 7),

PI 3 121 (Chapman 1919, pi. 13, fig. 1; pi. 14, fig. 11); Deep Creek Siltstone (Llandovery), Jackson’s Creek, 4

miles (6-4 km) north-west of Keilor (probably James’s worm impression locality; see James 1920, p. 330, pi.

32). NMV P58214, P140076; same section, c. 2 km downstream (east south-east) of Organ Pipes (James’s worm
impression locality), Sydenham. NMV P13135, figured Chapman (1919, pi. 14, fig. 5); Anderson Creek

Formation (Silurian), near Scotchman’s Creek, Mulgrave. NMV P140081; Anderson’s Creek or Melbourne
formations (Upper Wenlock-Lower Ludlow), Plenty Gorge, south of Morang. GSV (Geological Survey of

Victoria, housed at NMV) 38945; probably lower part of Dargile Formation (Wenlock-Ludlow), Parish of

Redcastle, Heathcote district, central Victoria, mine dumps c. 1 mile (c. 1-6 km) north-east of township.

Melbourne Formation (Lower Ludlow, nilssoni graptolite Biozone), excavations along Yarra River, South

Yarra, 2-3 km east of Melbourne city centre: NMV P58217-P58218, P58229-P58230, (103 feet (31 m) below

surface, Domain Road sewer); P13122-P13123, figured Chapman (1919, pi. 14, figs 9, 8), (Domain Road sewer,

South Yarra Sewerage Works); P13117, figured Chapman (1919, pi. 13, fig. 3; pi. 14, fig. 12), P58242,

(Hawthorn main drain); P140082, (Yarra improvements); P140080, P58237, (Melbourne district). Silurian

(exact age uncertain): P140077 (Russell’s Orchard, If miles (2 km) north-north-east of Langwarrin (railway)

Station, Keilor district); PI 40078 (Russell’s Ground, pipetrack 1| miles (2-4 km) north-north-east of

Langwarrin Station).

Remarks. Chapman (1919, p. 315) described putative gill plumes (cephalic prostomial appendages),

possible eyes, and other soft-part structures, attributed to Keilorites. In most specimens that we have

studied, the fossils appear darker than the matrix (e.g. PI. 3, figs 1-2, 5). They are not carbonized,

however, but rather consist of darker, finer grained, sediment, which contrasts with the paler host

material. Other specimens occur in bleached sediment, and these are paler than the background

instead of darker. Most of the material is more-or-less completely flattened, but relief is preserved

in some and this facilitates reinterpretation of the specimens as ichnofossils.

EXPLANATION OF PLATE 3

Figs 1-3, 5-7. Zoophycos ? sp. indet. 1, P58242; Melbourne Formation (Lower Ludlow, nilssoni graptolite

Biozone), excavations along Yarra River (Hawthorn main drain), South Yarra, 2-3 km east of Melbourne
city centre; x2. 2, NMV140081; Anderson’s Creek or Melbourne formation (Upper Wenlock-Lower
Ludlow), Plenty Gorge, south of Morang; x 1. 3, 7, NMV PI 40076; Deep Creek Siltstone (Llandovery),

Jackson’s Creek, c. 2 km downstrean (east-north-east) of Organ Pipes (James’s worm impression locality),

Sydenham; the main burrow is interpreted as a hypichnial ridge; x 1-25. 5, NMV P13117; locality and

horizon as fig. 1 ; x 1-5. 6, NMV P140079; Springfield Sandstone (Llandovery), north of eastern end of old

Keilor township reserve, Maribyrnong River, Keilor district ; the grooves are interpreted as natural moulds

of hypichnial ridges ;
x2.

Fig. 4. Oikobesalon sp. indet.; BGS GSM105334; Upper Ludlow, Croagh Martin, Doonquin, Dingle, western

Ireland; x2.

Specimens shown in figs 1-2, 5 and 7 photographed under alcohol; other specimens whitened with ammonium
chloride sublimate.
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text-fig. 2. Diagrammatic sketch of the Zoophycos-

like trace fossil producing the ‘ gill plumes ’ previously

attributed to Keilorites. The sinuous main burrow is

essentially horizontal. Major lamellae extend left-

wards and dip gently in the same direction. Secondary

(minor) lamellae arise from these and are also

obliquely inclined. The fine stippled area indicates the

shape produced by the intersection of a horizontal

surface on this complex geometry of dipping planes.

The ‘ plumes ’ are typically gently curved, having a simple margin on one side, and on the other

bearing branches which have one feathered margin (PI. 3, figs 1-2). Occasionally specimens occur

back-to-back, with the two branched margins facing away from a central axis (PI. 3, fig. 5).

Specimens which preserve relief show that the simple margin or axis marks the position of a

horizontal burrow (compare PI. 3, figs 3 and 7). From this, a succession of gently inclined planes

(major lamellae) arises laterally. The specimen illustrated in Plate 3, figure 6 shows that each major
lamella bears a pattern of fine ridges and grooves orientated obliquely to its margins : these are taken

to indicate the positions of secondary (minor) lamellae. It is the intersection of this complex surface

with essentially flat bedding planes, combined with the contrast between the host sediment and the

fill, that results in the frond-like appearance. In summary: the ‘plume’ axis represents the main
burrow, the proximal parts of the major lamellae form the lateral branches, and the minor lamellae

give rise to the one finely feathered margin on each branch. The plume-like appearance is especially

marked when only the proximal parts of the major lamellae are preserved. Specimens that occur

back-to-back could represent fortuitous associations or the successive reworking of sediment by the

same animal on either side of the main burrow.

The structure described is matched in certain types of Zoophycos, an ichnofossil in which lateral

growth takes place by successive branching probings along nearly parallel lines (Simpson 1970).

Arcuate forms (often termed ‘Z. cauda galli') most resemble the present material (Simpson 1970,

p. 508, fig. lb), but these are thought to represent incomplete specimens which originally belonged

to larger and more complex structures. In our material, the secondary laminae point obliquely

backwards towards the main burrow in plan view, whereas in Simpson’s reconstruction of ‘ cauda

galli' many of the secondary laminae are inclined obliquely outwards and backwards. Whilst we do
not see why this should reflect any significant behavioural contrast, it seems prudent to assign our

specimens to Zoophycos with question.
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CONSTRUCTION OF THE OIKOBESALON BURROW
We have been able to match the essential features of Oikobesalon only in burrows produced by
members of the Terebellidae, a family of rather large, strongly cephalized, sedentary polychaetes.

Recent terebellids mostly live in blind-ended tubes (Nara 1995, p. 176), and are suspension or

detritus feeders, taking diatoms and other unicellular algae, and small invertebrates (see Grasse

(1959) and Fauchald and Jumars (1979) for overview of morphology and biology). The similarities

in tube morphology are such that we do not doubt that Oikobesalon was produced by a terebellid.

Nevertheless, contrasts exist which suggest significant differences between the Oikobesalon animal

and the agents responsible for producing previously described terebellid burrows. In this section, we
discuss published accounts of Recent and Pleistocene terebellid burrows, the structure of the

organic lining of Oikobesalon, and then make comparisons between them.

Previously described terebellid burrows

Aller and Yingst (1978) studied the tube dwellings of the extant sedentary terebellid polychaete

Amphitrite ornata from the Cape Cod area of Massachusetts. Specimens of A. ornata commonly
range from 80 to 200 mm long, and occur in intertidal sands and sandy muds. They usually

construct U-shaped tubes with an internal diameter of 5-10 mm (Aller and Yingst 1978, p. 203). The
burrow wall generally consists of four or more thin (1-5—2 mm) concentric cylinders or elongated

cones each of which is lined on its inner side with an organic sheet about 5 pm thick (Aller and
Yingst 1978, p. 211, fig. 3). The tube wall is formed by the successive packing of fusiform, brick-

like structures, made of mucus-bound sediment, which separate from each other when the burrow
is dried. The bricks vary in size, commonly being 2-\ mm transversely and 0-2-0-7 mm long (parallel

to the tube axis), and may extend partly or wholly through the c. 2 mm thick external sediment

cylinder. Extensions of the inner, organic, burrow lining occasionally extend outwards between the

bricks (Aller and Yingst 1978, p. 213).

Aller and Yingst (1978, p. 231) inferred the mechanism of burrow formation using direct

observation, published descriptions, and analogy with other terebellids. Sediment particles are

collected by the tentacles and coated with mucus. They are then taken between the unusually pliable

and muscular (Fauchald and Jumars 1979, p. 252) outer lips, worked into a small parcel with

additional mucus, and packed and shaped by the lower lip onto the accreting end of the tube. The
animal subsequently rotates slightly in its tube and repeats the procedure. Each of the small parcels

represents one of the fusiform bricks. By this means, A. ornata can extend its tube at a rate of c.

10 mm/hour. However, the animal cannot reburrow if completely exhumed.
An almost identical method of tube construction (involving the collection of mud, kneading with

mucus, and shaping before construction) is known for Neoamphitrite figulus, a terebellid known
from North Sea tidal flats and down to depths of 60 m (Schafer 1972, p. 345). As well as using

shaped bricks, however, N.figulus may incorporate foreign fragments and mud pebbles into its tube.

A tube composed of fusiform bricks is known also for N. cirrosa (Schafer 1972, fig. 204, p. 346).

Schafer (1972, p. 364) briefly described a broadly similar mechanism of burrow formation in the

sabellid Sabella pavonina, but in this species components are added as complete rings and so lack

the distinctive fusiform shape.

The multiple layered construction of the A. ornata tube reflects several episodes of tube

construction: only the innermost tube and its lining represent the primary dwelling structure. The
outer layers result either from slight lateral or vertical movement, or may reflect the walls of older,

smaller tubes mechanically split by the animal as it grew. The latter seems particularly likely in those

cases where the arc length of the outer layers in radial cross section is smaller than the next inner

one (Aller and Yingst 1978, p. 232). Although the burrow of A. ornata is U-shaped, it is used much
of the time as two separate vertical burrows (Aller and Yingst 1978, p. 233). The U-morphology may
increase the animal’s options for escape, for switching feeding areas, or for changing its respiratory

position. Other terebellids may construct U-shaped, multibranched or vertical tubes.
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text-fig. 3. a, portion of Amphitrite ornata burrow and enlarged view of burrow wall (modified after Aller and
Yingst 1979, fig. 3c-d, p. 211). B, portion of Neoamphitrite cirrosa burrow (from Schafer 1956, text-fig. 13, p.

211; scale from Schafer 1972, fig. 204, p. 346). c, portion of Rosselia socialis burrow and enlarged view of inner

surface (modified after Nara 1995, fig. 7b, p. 177; partly from observations by Kikuchi). d, Oikobesalon

citrimorion sp. nov.; DUDMG G14076; tracing of part of holotype. Scale bars represent 5 mm.

The ichnospecies Rosselia socialis was originally described from the Lower Devonian of

Germany, and subsequently has been recorded widely in strata ranging from Early Cambrian to

Pleistocene in age. It was redescribed and interpreted by Nara (1995), based on well preserved

material from the Middle Pleistocene of the Boso Peninsula, central Japan. There, R. socialis is

abundant in shoreface to offshore deposits of the Kongochi Formation.

R. socialis burrows are walled, with a central diameter of 3-1 1 mm and an outer diameter of

8-16 mm (Nara 1995, p. 172). The wall is concentrically laminated and consists mainly of mud
(specimens associated with an ash layer contain ash in the burrow lining, suggesting that sediment

particles were collected at the surface; Nara 1995, p. 173, fig. 6b). The burrows are often c. 0-2 m
long (more rarely < 1 m) and may be vertical or inclined at angles up to 60°. Reworked specimens

occur, which may be broken into blocks. The concentric lamination of the burrow wall reflects an

internal variation in grain size, attributed by Nara (1995, fig. 5, p. 175) to changes in the grain size

of surface sediments (from which particles were collected) caused by alternating low and high energy

conditions in the environment. Each lamina in the wall consists of a hollow spindle or cone. The
overall shape of the burrow is spindle- or funnel-shaped: the funnel-shaped forms occur below

erosion surfaces and formed as a result of truncation.
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Nara did not observe the brick-like wall structures described by Aller and Yingst or Schafer

(1972, p. 346). However, he noted that they were recorded by Kikuchi, in structures reassigned by

Nara to R. socialis from the younger Narita Formation (Middle Pleistocene) of the Boso Peninsula

(Nara 1995, p. 177, fig. 7b). Nara’s drawing represents an area less than 10 mm square, and some

of the fusiform bands are incomplete. However, they range from rare examples only c. 1 mm in

maximum dimension to others apparently more than 10 mm across.

The supposed terebellid remains from the Ordovician of Bohemia described by Prantl (1950)

consist of small shelly fossils arranged in narrow zones in the sediment. These may represent some

kind of agglutinated tube, but they do not closely resemble the material dealt with here.

The organic lining of Oikobesalon

The existence of exhumed and broken specimens indicates that, when fresh, the lining of

Oikobesalon possessed significant mechanical strength and rigidity. Because of weathering, it is not

possible to estimate the original thickness of the lining in our material. However, from O. liljevalli

specimens. Brood (1980) argued that the organic lining was collapsed in the fossil state, and

estimated its original thickness from the thickness of spar-filled cavities left after shrinkage of the

tube. The complex but regular shape of the outer surface (now preserved as a sediment mould) he

figured certainly suggests that that surface was biogenically produced (Brood 1980, p. 280, fig. 2).

The organic lining appears as a very thin film largely separated from the surrounding sediment by

carbonate spar. In places, the surrounding spar is absent, yet the organic layer is equally thin:

presumably this reflects local compaction prior to precipitation of the cement. Brood (1980, p. 279)

estimated the lining thickness of liljevalli at 1 mm for a tube about 100 mm long and 10 mm wide.

The organic layer in specimens of Oikobesalon is highly carbonized, and its original composition

unknown. Aller and Yingst (1978, p. 233) suggested that the organic layer of A. ornata might consist

principally of sulphated or phosphate-rich mucopolysaccharides. They noted that such burrow

linings sometimes contain enzymes which help to inhibit colonization by other organisms.

Comparisons between Oikobesalon and described terebellid burrows

The distinctive fusiform banding of the organic lining of Oikobesalon and the brick-like structures

found in terebellid tubes are similar in both size and shape. Characteristic of the ichnogenus are the

projections of the organic layer into the sediment. These we interpret as defining brick boundaries

similar to those of the modern A. ornata. As in Oikobesalon , the organic linings described from

Recent material occur principally on inner surfaces and sometimes between adjacent bricks.

Exhumed specimens of Oikobesalon have no sediment wall preserved in association with the lining

:

this may be because the sediment separated as easily from the organic layer as Aller and Yingst

described for A. ornata tubes. The absence of an identifiable sediment wall from in situ specimens

is more surprising, although it would be difficult to recognize if the animal was indiscriminate in its

choice of grain size, and if the amount of mucus used to bind the sediment was small. It is notable

that Brood’s (1980) estimate of 1 mm for the lining thickness in O. liljevalli greatly exceeds the 5 pm
recorded for A. ornata. We propose that the Oikobesalon animal relied more on the thickened

organic lining to maintain the integrity of its burrow, and that the surrounding sediment layer was
more loosely consolidated.

The mode of growth of Oikobesalon must have differed from that of Rosselia socialis and A.

ornata tubes. If the agent responsible for forming Oikobesalon had lived permanently in its burrow,

either a concentric pattern of organic/sediment laminae would be expected due to burrow

enlargement during growth, or disruption of the organic lining would be seen where it was split to

allow new packages of mucus-bound sediment to be inserted. We propose that the Oikobesalon-

producing organism did not inhabit one burrow throughout life. Rather it may have been able to

construct a new burrow after exhumation, or when required during growth. Although the literature

sometimes reports terebellids as being entirely sessile, Fauchald and Jumars (1979, pp. 252-253)

noted that some may leave their tubes when necessary, and may swim or move on the substrate by
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peristaltic crawling or by using their tentacles. Evidently terebellids have the potential for

locomotion, but few use this capacity regularly, preferring a sessile or discretely motile existence.
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A REVIEW OF THE CYCLOSTOMICERATID
NAUTILOIDS, INCLUDING NEW TAXA FROM THE

LOWER ORDOVICIAN OF OLAND, SWEDEN

by ANDREW H. KING

Abstract. Cyclostomiceratidae is a distinct family of early Ordovician, small, gomphoceroid to breviconic

ellesmerocerid nautiloids which possess an adorally contracting aperture. The family ranges in age from Arenig

to early Llanvirn and is recorded from the USA, northern Argentina, east China and Baltoscandia. This paper

reviews the family’s status, origin, stratigraphical occurrence and systematics. Three new taxa are described

from the lower Kundan Stage of northern Oland, Sweden: Pictetoceras oliviae sp. nov., Parcyclostomiceras

paucitumidum sp. nov. and Microstomiceras holmi gen. et sp. nov. These cyclostomiceratids are extremely well

preserved and extend our knowledge of the morphology, biostratigraphy and palaeogeographical distribution

of the family. Microstomiceras gen. nov. is one of the smallest nautiloids described from the Lower Palaeozoic.

Ellesmerocerid nautiloids are some of the oldest Lower Palaeozoic cephalopods. They evolved

from the ancestral plectronocerid nautiloids in China (Anhui and Shaanxi provinces) during the late

Cambrian and range into the upper Ordovician where the group is represented by a single family

in the Ashgill (Rawtheyan Stage) of Cincinnati (King 1993). Following a brief ‘evolutionary

explosion’ in the late Cambrian when these early cephalopods spread across northern and eastern

China, Kazakhstan and central Texas, they underwent a dramatic and sharp decline in terms of

both taxonomic diversity and abundance. Three of the four nautiloid orders present in the late

Cambrian became extinct before the end of the period, and only a few ellesmerocerid genera

survived into the early Ordovician. From these forms, there developed a rich and diverse early

Ordovician ellesmerocerid fauna which has been described extensively by Ulrich et al. (1943, 1944)

and Flower (1964).

When compared with other nautiloid orders, the ellesmerocerids are relatively limited in the form

of morphological structures that they developed within their conchs to aid buoyancy regulation.

Typically, they exhibit small, narrowly camerate shells with short septal necks and thickened,

layered connecting rings. The apical portions of siphuncles ofmany taxa contain numerous apically

directed siphonal diaphragms, although this feature is not exclusive to the group. Diversity amongst

the lower Ordovician ellesmerocerids is represented mainly by variations in shell form which are

sufficient to provide the basis for systematic classification at family and lower taxonomic levels.

The family Cyclostomiceratidae is a distinctive group of Arenig to lower Llanvirn nautiloids

which exhibit typical ellesmerocerid features: they possess small, narrowly camerate conchs with

achoanitic to orthochoanitic septal necks and adorally contracting apertures. Siphonal diaphragms

have been recorded from at least one taxon (Mutvei and Stumbur 1971). Although the

Cyclostomiceratidae has had a varied taxonomic history, the genera currently assigned to the family

appear to represent a natural grouping and, following Flower (1964), are presently retained within

the order Ellesmerocerida. This assignment is provisional as the cyclostomiceratid muscle scars are

of general ventromyarian form (Mutvei and Stumbur 1971 ;
Text-fig. 4a here) which is very different

from the dorsomyarian condition known to occur in some other ellesmerocerids (Dewitz 1880).

Future classifications may regard this difference as being of high taxonomic significance and,

consequently, the order Ellesmerocerida may be divided further.

The study of collections of early Llanvirn cephalopods from the lower Kundan Stage of Oland

[Palaeontology, Vol. 41, Part 2, 1998, pp. 335-347] © The Palaeontological Association
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text-fig. 1. a. Geographical location of the island of Oland off south-eastern Sweden, b, Northern Oland and

the Ordovician bedrock geology at Halludden shore and Enerum ; the strata are limestones of Latorpian and

Volkhovian (dark grey), Kundan (pale grey) and post-Kundan (no ornament) age.

SWEDEN (Oland) SWEDEN (Oland) GREAT BRITAIN GREAT BRITAIN NORTH AMERICA

STAGES LIMESTONE
FORMATIONS

SERIES GRAPTOLITE
BIOZONE

STAGES

LASNAMAGIAN

Folkeslunda (part)

LLANVIRN
murchisoni

WHITEROCKIAN

Seby

Skarlov

ASERIAN Segerstad

KUNDAN Holen artus

ARENIG

hirundo VALHALLAN
VOLKHOVIAN Lanna

gibberulus

CASSINIAN
LATORPIAN Latorp

nitidus

deflexus

(approximate) JEFFERSONIAN

text-fig. 2. Lithostratigraphical and chronostratigraphical nomenclature in Sweden (Oland), compared with

British and North American chronostratigraphy and biostratigraphical correlation in relation to graptolite

biozones.

(held in the Swedish Museum of Natural History, Naturhistoriska Riksmuseet, Stockholm and the

Swedish Geological Survey, Sveriges Geologiska Undersokning, Uppsala) has revealed three new
taxa of cyclostomiceratid nautiloids. The specimens, collected by Gerhard and Olivia Holm between

1895 and 1909, come from the lower Holen Limestone Formation (often referred to by Gerhard

Holm as the ‘gra vaginatumkalk ’ or grey vaginatum limestone) of Halludden shore and Enerum,
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northern Oland where the formation is superbly exposed in the low-lying cliffs and foreshore (Text-

fig. 1). Across this island, strata dip slightly to the east and, with appropriate collecting techniques

using distinctive discontinuity surfaces, a high degree of stratigraphical control can be obtained.

Further details of the stratigraphy (summarized in Text-fig. 2) are given by Jaanusson and Mutvei

(1982).

The Swedish specimens are extremely well preserved and extend our knowledge of the

morphology, biostratigraphy and palaeogeographical distribution of the family Cyclostomicera-

tidae, which has not been recorded from Sweden previously. It is there represented by Pictetoceras

oliviae sp. nov., Paracyclostomiceras paucitumidum sp. nov. and Microstomiceras holmi gen. et sp.

nov. The only other records of Cyclostomiceratidae from Baltoscandia are provided by de Verneuil

(1845) and Mutvei and Stumbur (1971) who described Pictetoceras eichwaldi (de Verneuil, 1845)

from the upper Kundan Stage of Estonia. The Swedish representatives of the family are slightly

older.

HISTORICAL REVIEW OF THE FAMILY CYCLOSTOMICERATIDAE

Foerste (1925) originally proposed Cyclostomiceratidae for the genera Cyclostomiceras Hyatt,

in Zittel, 1900 and Eremoceras Hyatt, 1884, believing that their siphuncle wall was characteristically

holochoanitic, although no material was apparently sectioned to confirm this feature. Ulrich and
Foerste (1936) added their new genus Amphoroceras

,
based upon Cyclostomiceras minimum

(Whitfield, 1886). Later, Ulrich et al. (1943) regarded Amphoroceras as a junior synonym of

Cyclostomiceras and added their new genera Buehleoceras and Bridgeoceras to the family. They also

figured thin sections of the siphonal wall of Cyclostomiceras indicating that this genus actually

possessed very short septal necks and thick, layered connecting rings. Ulrich et al. (1944) later added
Dresseroceras to the Cyclostomiceratidae; the holotype of its type species, and the only known
specimen of this monospecific genus, is represented by the internal mould of a body-chamber which
bears prominent but irregularly spaced transverse annulations. The structure of the siphuncle wall

remains unknown.
Cecioni (1953) described the new cyclostomiceratid Paracyclostomiceras from the Llanvirn of

Serrania de Zapla, northern Argentina and illustrated the detail of the siphuncle wall. In their

description of nautiloids from the lower Ordovician of Virginia, Unklesbay and Young (1956)

included Woosteroceras Ulrich, Foerste, Miller and Unklesbay, 1944 within the Cyclostomiceratidae,

and later Balashov (1962, p. 74, pi. 5, fig. 13) included Pictetoceras Foerste, 1926, demonstrating

that the connecting rings of this latter genus were of thickened ellesmerocerid type.

Furnish and Glenister (1964) placed Cyclostomiceratidae in synonymy with Ellesmeroceratidae

Kobayashi, 1934. This procedure united a large number of taxa with comparable siphuncular

features: short achoanitic to orthochoanitic septal necks, thick-layered connecting rings and
siphonal diaphragms (where known). However, the synonymy adopted by Furnish and Glenister

(1964) also incorporated taxa exhibiting a wide variety of conch forms within the single family

Ellesmeroceratidae and this approach is now regarded as obscuring a number of distinct lineages.

The same authors regarded Dresseroceras as a synonym of the protocycloceratid genus

Protocycloceras Hyatt, in Zittel, 1900, although the former genus also bears a strong morphological

resemblance to other annulate protocycloceratids such as Catoraphiceras Ulrich and Foerste, 1936

and Walcottoceras Ulrich and Foerste, 1936.

Flower (1964) recognized a varied series of morphotypes within the Ellesmeroceratidae ranging

from orthocones and simple cyrtocones to specialized forms with contracted or ‘crested’ apertures.

He used these morphotypes for descriptive purposes but his morphogroups were not intended to

represent independent lineages within the family. However, he acknowledged that the diversity of

taxa then assigned to the Ellesmeroceratidae was unrealistic and re-introduced a number of

previously used family names including Cyclostomiceratidae Foerste, 1925 for the genera

Cyclostomiceras, Paracyclostomiceras and Pictetoceras. Mainly on the basis of conch form, he

retained Eremoceras, Buehleroceras and Woosteroceras within a still highly diverse family

Ellesmeroceratidae, and regarded Bridgeoceras as an ellesmerocerid of uncertain affinities. He also
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regarded Dresseroceras as a synonym of Bridgeoceras which itself was an ‘ ellesmeroceroid of

uncertain position’.

Mutvei and Stumbur (1971) provided a comprehensive study of Pictetoceras from the Llanvirn

(Kundan; Aluojan Substage) of Estonia, and noted the presence of siphonal diaphragms and
muscle-scar impressions in the type species P. eichwaldi (de Verneuil, 1845). Chen Jun-yuan (in Qi

et al. 1983) described the new genus Eocyclostomiceras from the lower Ordovician of northern

Jiangxi Province, east China, but assigned the taxon to the Ellesmeroceratidae. This latter genus is

poorly known but available morphological and stratigraphical evidence tentatively supports

assignment to the Cyclostomiceratidae.

Dzik (1984) recognized that the Ellesmeroceratidae contained a diverse range of conch forms and
lineages, and introduced the family Oneotoceratidae for relatively short, compressed, endo-

gastrically curved shells including Buehleroceras. He also distinguished the Cyclostomiceratidae as

a small group of late Arenig to early Llanvirn inflated orthoconic nautiloids but synonymized both

Pictetoceras and Paracyclostomiceras within Cyclostomiceras. For reasons described below, I regard

these three genera as distinct.

ORIGIN OF THE FAMILY CYCLOSTOMICERATIDAE

Flower (1964, pp. 123-124) regarded the Cyclostomiceratidae as being derived from the

ellesmerocerid family Baltoceratidae Kobayashi, 1935 during the late Canadian (Cassinian). He
noted, in particular, that the Cassinian genus Metabaltoceras Flower, 1964 was intermediate

between the two families in its overall form but departed from the generalized pattern in its

relatively large ventral siphuncle and sutural lobes. The fusiform shell and achoanitic septal necks

in Metabaltoceras offer some support for this possible relationship.

The conch cross section of taxa assigned to the Cyclostomiceratidae is usually sub-circular to

compressed, and is more reminiscent of the Bassleroceratidae than the Baltoceratidae in which it

tends to be slightly depressed. Bassleroceratidae had a widespread distribution in the mid to late

Canadian and several genera (Avaoceras, Diaphoroceras and Lawrenceoceras Ulrich, Foerste, Miller

and Unklesbay, 1944) show features reminiscent of the Cyclostomiceratidae, namely contraction of

the body-chamber near the aperture and very short septal necks with thick connecting rings (Flower

1964, p. 152; Furnish and Glenister 1964, p. K148). However, the Bassleroceratidae are represented

mainly by longicones and consequently, despite superficial similarities, an origin for the

Cyclostomiceratidae from a bassleroceratid ancestor is thought to be unlikely.

Cyclostomiceratids also bear a close external resemblance to some bathmoceratid genera

described from the upper Canadian of Argentina and Bolivia by Cecioni and Flower (1985).

Bathmoceratidae is a group of ellesmerocerid nautiloids characterized by inflated and greatly

thickened connecting rings which project adorally or laterally towards the siphuncle; these

connecting rings are commonly associated with numerous diaphragms. However, the structure of

the bathmoceratid siphuncle wall is wholly unlike siphonal features known within the Cyclostomi-

ceratidae. In addition, the body-chambers belonging to the bathmoceratids described by Cecioni

and Flower (1985) do not appear to contract adorad which is a characteristic feature of

cyclostomiceratid taxa. Consequently, there appears to be no clear evidence to link the origins of

the Cyclostomiceratidae and the Bathmoceratidae, and any similarity in external conch form is

regarded here to be essentially homeomorphy.
A possible origin for the Cyclostomiceratidae from within the Oneotoceratidae (Dzik 1984) does,

however, require serious consideration. Dzik’s (1984) interpretation of the latter family included

stout breviconic or near-gomphoceroid endogastric forms in addition to distinctive, strongly

cyrtoconic brevicones. The oneotoceratids appear to exhibit very short septal necks with thickened,

layered connecting rings which are highly comparable to those of the Cyclostomiceratidae, although

the former family generally possesses a slightly narrower siphuncle. Further evidence for deriving

the Cyclostomiceratidae from the Oneotoceratidae is provided here by Microstomiceras gen. nov.

which indicates that the former family may also be endogastric.



KING: ORDOVICIAN NAUTILOIDS 339

Current evidence would therefore indicate that the Cyclostomiceratidae developed in the late

Canadian (Cassinian) from either the Baltoceratidae (via Metabaltoceras) or more likely from
gomphoceroid-breviconic forms assigned to the Oneotoceratidae.

SYSTEMATIC PALAEONTOLOGY
The terminology used here follows that of Flower (1964) and Furnish and Glenister (1964). The
type material of newly described species is held in collections at the Swedish Museum of Natural

History (Naturhistoriska Riksmuseet, RM), Stockholm and the Swedish Geological Survey

(Sveriges Geologiska Undersokning, SGU), Uppsala.

Class cephalopoda Cuvier, 1797

Order ellesmerocerida Flower, in Flower and Kummel, 1950

Family cyclostomiceratidae Foerste, 1925

Diagnosis. Gomphoceroid to vasiform brevicones, shell straight or with faint endogastric or

exogastric curvature. Conch section sub-circular to slightly compressed or depressed, rapidly

expanding over the phragmocone; aperture typically contracted but never markedly constricted.

Sutures transverse or with dorsal and ventral saddles and corresponding lateral lobes. Siphuncle

(sub)ventral, with achoanitic to suborthochoanitic or orthochoanitic septal necks; segments
concave and outlined by thick, layered connecting rings. Siphonal diaphragms known in some
genera.

Remarks. Conch form within the Cyclostomiceratidae varies: Cyclostomiceras and Paracyclo-

stomiceras are essentially straight brevicones (Ulrich et al. 1943, pis 31-34; Cecioni 1953, pi. 3)

whilst Microstomiceras gen. nov. is clearly endogastric. Mutvei and Stumbur’s (1971) reconstruction

of Pictetoceras eichwaldi (de Verneuil, 1945) proposes a straight, breviconic shell with a very large

protoconch, although available evidence (based on Cyclostomiceras cassinense and C. depressum in

Ulrich et al. 1943 and Microstomiceras holmi gen. et sp. nov.) indicates that the protoconch of
cyclostomiceratids was, in fact, relatively small. This is consistent with Dzik’s (1984, p. 22)
suggestion that the apical parts of ellesmerocerids may represent nautiloids with a small planktonic
larval stage.

Genera assigned. Cyclostomiceratidae is regarded here as a distinct family of breviconic ellesmerocerids

containing the following taxa: Cyclostomiceras Hyatt, in Zittel, 1900; Pictetoceras Foerste, 1926; Para-
cyclostomiceras Cecioni, 1953; Eocyclostomiceras Chen, in Qi et al., 1983 and Microstomiceras gen. nov.

Occurrence. Arenig (upper Canadian, Cassinian) to lower Llanvirn of the USA, Baltoscandia, northern
Argentina and east China.

Genus cyclostomiceras Hyatt, in Zittel, 1900

(= Amphoroceras Ulrich and Foerste, 1936)

Type species. Gomphoceras cassinense Whitfield, 1886; by original designation (Hyatt, in Zittel 1900, p. 611).

Diagnosis. Gomphoceroid, breviconic orthocones with circular to depressed section; phragmocone
expanding forward fairly rapidly, anterior half ofmature body-chamber slightly contracted. Sutures
and growth lines straight and directly transverse. Siphuncle small, about 15 per cent, of conch
diameter, ventral in position but not marginal. Septal necks orthochoanitic, connecting rings thick

and layered.

Remarks. Apart from the type species C. cassinense (Whitfield), the following taxa are also assigned

to the genus: C. minimum (Whitfield, 1886), C. depressum Ulrich, Foerste and Miller, 1943 and
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text-fig. 3. a-d, Pictetoceras oliviae sp. nov. ; lower Holen Limestone Formation, Halludden, northern Oland.

a-b, ventral and left lateral views of holotype, RM Mol 58460a; x L75. c-d, ventral and left lateral views of

paratype, RM Mol58441; x 2-7. e-h, Paracyclostomiceras paucitumidum sp. nov.; lower Holen Limestone

Formation, northern Oland. e-f, ventral and left lateral views of holotype, SGU CeOOl, from Enerum; x 1-25.

G-H, ventral and left lateral views of paratype, SGU Ce002, from Halludden; x 1-75. I-L, Microstomiceras

holmi gen. et sp. nov. ;
lower Holen Limestone Formation, Halludden, northern Oland. i, right lateral view of

holotype, RM Mol58700; x3-3. J-L, ventral, right lateral and dorsal views of paratype, RM Mol58698;

x 3-75.
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C. depressius Cecioni, 1953. Cyclostomicerasl vasiforme (Dwight, 1884) is of uncertain status;

according to Flower (1964, p. 124), the weathered section of a Bassleroceras would produce a form
analogous to the type specimen. The expansion rate and conch form of the specimen tends to

confirm that its assignment to the Cyclostomiceratidae is incorrect.

Occurrence. Cecioni (1953) reported C. depressius from the Arenig of Quebrada de Coquena, Purmamarca,
Chile; C.? vasiforme is recorded from the Mid Canadian Rochdale Limestone of southern New York. All the

remaining taxa occur in the Fort Cassin Limestone of the Champlain Valley, Addison County, Vermont or the

Smithville Formation of Lawrence County, Arkansas (both occurrences are of Arenig age).

Genus pictetoceras Foerste, 1926

Type species. Gomphoceras eichwaldi de Verneuil, 1845, p. 357; by original designation (Foerste 1926, p. 327).

Diagnosis. Conch gomphoceroid, enlarging as far as anterior part of the phragmocone then

contracting adorally. Shell section compressed; sutures inclined forward over the venter. External

conch surface ornamented with weak, indistinct growth lines. Body-chamber relatively long,

apertural margin with a distinct, unpaired dorsal sinus and weaker ventral sinus
;
camerae narrow,

10-15 per cent, of the dorso-ventral diameter. Siphuncle circular in section, in contact with ventral

wall, 20-25 per cent, of conch diameter. Septal necks orthochoanitic
;
connecting rings three to four

times thicker than septa and layered. Apical portions of siphuncle traversed by numerous, adorally

arching calcareous diaphragms.

Remarks. Pictetoceras was reviewed by Mutvei and Stumbur (1971) who regarded the genus as

monospecific and described the type species, P. eichwaldi, from the upper Kundan Stage (Aluojan
Substage) of the St Petersburg district and Estonia. A slightly older species, P. oliviae sp. nov., is

described here from the lower Kundan of Oland. This new species is much smaller than P. eichwaldi

(based on the assumption that contraction of the aperture with septal approximation is indicative

of maturity in individual specimens). The type material of P. oliviae sp. nov. does not exhibit

siphonal diaphragms, although it is likely that no material sufficiently apicad to contain such
structures has been sectioned.

Occurrence. Kundan Stage (uppermost Arenig to lower Llanvirn) of Oland, Sweden, Estonia and the St

Petersburg district.

Pictetoceras oliviae sp. nov.

Text-figures 3a-d, 4, 6a

Derivation ofname. For Olivia Holm, the daughter of Gerhard Holm, who collected the holotype specimen in

1896.

Material. The holotype (RM Mo 158460a) is an unsectioned conch with a complete body-chamber and several

adoral camerae. Three paratypes (Mo 158441, 158457, 158460b-d) consist of incomplete sectioned

phragmocones and/or body-chambers. All the type material was collected by Olivia and Gerhard Holm in

1890 and 1896, from the lower Holen Limestone Formation (lower Kundan Stage) at Halludden, northern
Oland.

Diagnosis. Small, slender Pictetoceras with sub-circular section and elongate body-chamber which
gradually contracts adorad.

Description. Conch small and slender, vasiform-breviconic with sub-circular section. Holotype is most
complete specimen examined; length 24-2 mm, adoral 14-2 mm representing body-chamber. Latter relatively

long (estimated 40 per cent, of total conch length) and contracting slowly towards aperture; contraction
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text-fig. 4. Pictetoceras oliviae sp. nov.; RM Mol58441, paratype; lower Holen Limestone Formation
Halludden, northern Oland, a, ventral view of base of body-chamber showing annular retractor muscle scar

(ms) with indistinct lobes concentrated ventrally; x 4-6. b, shell cross section, venter and siphuncle uppermost;

x 5.

greater on ventral side, dorsal side only slightly concave. External shell surface smooth with very faint growth
lines which trace out feeble dorsal and ventral sinuses. Maximum conch width in holotype near top of

phragmocone where dorsoventral diameter is 1 2-4 mm; at apical end, dorso-ventral diameter is 10-3 mm with

lateral width 9-4 mm. Body-chamber bears faint muscle-scars consisting of annular retractor scar with

indistinct lobes concentrated ventrally (Text-fig. 4a). Sutures laterally transverse, becoming very weakly

inclined over venter and dorsum. Average cameral height I T mm, septal concavity shallow. At base of body-

chamber, siphuncle represents 26 per cent, of conch diameter, reducing to 15 per cent, at apical end. Septal

necks orthochoanitic, extending apicad 0-2 camerae. Connecting rings thick and layered; inner layer (adjacent

to siphuncle) dark and comparable in thickness to septa, outer layer (adjacent to camerae) paler and three to

four times septal thickness (Text-fig. 6a).

Remarks. P. oliviae sp. nov. differs from the type species, P. eichwaldi, in its smaller size and
relatively long body-chamber. The ventromyarian muscle scars observed at the base of the body-

chamber in P. oliviae sp. nov. are similar in form to those described for the type species of

Pictetoceras by Mutvei and Stumbur (1971, p. 120).

Occurrence. The species is known only from the lower Holen Limestone Formation (lower Kundan Stage) at

Halludden, northern Oland. The specimens collected in the last century were obtained from either the

Hunderumian or Valastean substages, or both. Several other specimens collected recently from Halludden are

also likely to belong to this species but require further study to confirm this assignment. These specimens come
from the lowermost part of the Valastean Substage (Jaanusson and Mutvei 1982, p. 16), between 0-0-05 m and
0- 1 5 m below the main discontinuity surface.

Genus paracyclostomiceras Cecioni, 1953

Types species. Paracyclostomiceras floweri Cecioni, 1953; by original designation (Cecioni 1953, p. 98).

Diagnosis. Similar to Cyclostomiceras but sutures undulatory with well-developed dorsal and ventral

saddles and corresponding lateral lobes.

Remarks. This genus is similar in overall conch form to Cyclostomiceras but is readily identified

by the form of its sutures. Cecioni (1953) noted that the apertural contraction rate of

Paracyclostomiceras was smaller than that known for Cyclostomiceras
,
and that the siphuncle was

in contact with the ventral wall of the conch (according to Cecioni, the siphuncle is slightly removed
from the venter in Cyclostomiceras). Apart from the type species, he also described P. depressum
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text-fig. 5. Polished dorso-ventral sections of conchs, all from the lower Holen Limestone Formation of

northern Oland. A, Paracyclostomiceras paucitumidum sp. nov.; SGU CeOOl, holotype; Enerum. B-c.

Microstomiceras holmi gen. et sp. nov. ; RM Mol 58700, holotype
;
Halludden. b, x 3-75. c, detail of same ;

x 7.

which (as its name implies) has a more depressed conch section than P.floweri. The Swedish species,

P. paucitumidum sp. nov., has a less inflated conch form and is distinctly compressed in section.

Occurrence. The genus has been recorded only from the Llanvirn of Argentina and Sweden. The South
American specimens were collected from Rio Las Capillas and Garrapatal, Serrania de Zapla, northern

Argentina from a horizon with Hoekaspis schlagintweiti Harrington and Leanza. Associated trilobite

(Hoekaspis-Famatinolithus) and graptolite (Didymograptus bifidus-D. climacograptoides group) faunas support

an early Llanvirn age (Acenolaza 1976). P. paucitumidum sp. nov. is known from the lower Kundan Stage

(uppermost Arenig or lower Llanvirn) of northern Oland.

Paracyclostomiceras paucitumidum sp. nov.

Text-figures 3e-h, 5a, 6b

Derivation ofname. From Latin paucus meaning little and tumidus meaning swollen, referring to the relatively

slender conch form of this species.

Material. The holotype (SGU CeOOl) and paratype (SGU Ce002) consist of incomplete dorso-ventrally

sectioned phragmocones with portions of the body-chamber remaining. Both specimens were collected by
Gerhard Holm in 1895 from the lower Holen Limestone Formation (lower Kundan Stage) of northern Oland;
the holotype is from Enerum, the paratype from Halludden.

Diagnosis. Relatively slender Paracyclostomiceras with compressed section.

Description. Conch slender, vasiform-breviconic with conspicuously compressed section. Body-chamber in

both holotype and paratype incomplete but gradually contracting adorad.

Holotype 41-9 mm long, adoral 20-5 mm representing body-chamber. Remainder of phragmocone consisting

of nine camerae, each c. 2-0 mm high except for adoral camerae where septa approximated and 0-7 mm apart.

Lateral compression of conch evident at apical end where dorso-ventral diameter 14-9 mm and lateral width
12-1 mm. Sutures undulatory, forming broad and conspicuous apically directed lobes; septa shallowly concave.

Siphuncle ventral, sub-circular, 25 per cent, of conch diameter. Septal ridges distinct, comprising sharp,

adorally directed raised lines 2-2 mm apart on venter. Septal necks orthochoanitic, extending apicad 0-25 to 0-3

camerae. Connecting rings thick and layered (Text-fig. 6b), with inner dark layer (adjacent to siphuncle) and



344 PALAEONTOLOGY, VOLUME 41
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text-fig. 6. Camera lucida drawings of the structure of the siphuncle wall; solid shading indicates septa,

stippling represents layered connecting rings, A, Pictetoceras oliviae sp. nov.; RM Mol58460b, paratype.

B, Paracyclostomiceraspaucitumidum sp. nov.
;
SGU CeOOl, holotype. c, Microstomiceras holmi gen. et sp. nov.

;

RM Mo 158700, holotype. Scale bar represents 0-5 mm (a), 1 mm (b) and 0-25 mm (c).

outer, paler thicker layer (adjacent to camerae). Fragments of external shell confirm conch surface to be

virtually smooth with inconspicuous feeble growth lines.

Paratype similar to holotype but smaller; 31-4 mm long, adoral 12-7 mm representing body-chamber;
remaining 18-7 mm of phragmocone consisting of ten camerae varying in height from 1-5 mm to 1-9 mm.

Remarks. Paracyclostomiceras paucitumidum sp. nov. is readily distinguished from other species

assigned to the genus by its laterally compressed conch section.

Occurrence. Lower Holen Limestone Formation (lower Kundan Stage; Hunderumian and/or Valastean

substages) of Enerum and Halludden, northern Oland.

Genus eocyclostomiceras Chen, in Qi et al., 1983

Type species. Eocyclostomiceras ventrum Chen, in Qi et al. 1983; by original designation (Chen, in Qi et al.,

1983, p. 305).

Remarks. Eocyclostomiceras is a poorly known genus described from incomplete, sectioned (but

apparently gomphoceroid) phragmocones with the apical portion of a body-chamber preserved in

the holotype of the type species. The siphuncle is relatively narrow, accounting for c. 10-15 per cent,

of the conch diameter; septal necks short, probably orthochoanitic, connecting rings thick and
layered. The sub-circular shell section and structure of the siphuncle wall tentatively support

assignment of the genus to the Cyclostomiceratidae, although the overall conch form is unknown
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and more detailed comparison with other genera is not possible. Further study may prove the genus

to be synonymous with Cyclostomiceras. Apart from the type species, Chen Jun-yuan (in Qi et al.

1983) also described E. subventrum (with subventral siphuncle) and E. clinoseptatum (with steeply

inclined septa).

Occurrence. All three species of Eocyclostomiceras are reported from the lower Ordovician (Dawan Formation

or equivalent) of northern Jiangxi Province, east China. Associated cephalopods, including Hemichoanella

canning

i

Teichert and Glenister, indicated a late Canadian (Arenig) age.

Genus microstomiceras gen. nov.

Type species. Microstomiceras holmi sp. nov.

Derivation of name. From Greek mikro meaning little and stoma meaning mouth, referring to the small,

contracted aperture of this taxon and its small conch size.

Diagnosis. Very small, slightly endogastric gomphoceroid brevicone with moderate expansion rate

enlarging to base of body-chamber and then contracting adorally; body-chamber 30-35 per cent,

of total length. Shell surface ornamented with weak, indistinct growth lines. Conch section sub-

circular to slightly compressed, sutures nearly transverse with faint inclination forward over

dorsum. Camerae narrow, comprising 9 per cent, of dorsoventral diameter, siphuncle slightly

removed from ventral shell wall, representing approximately 10 per cent, of conch width adorally

increasing to 18 per cent, apically. Septal necks very short, suborthochoanitic to achoanitic;

connecting rings thick and layered.

Remarks. This monospecific genus is readily distinguished from all other cyclostomiceratids by its

small size and slight endogastric curvature. Microstomiceras gen. nov. is one of the smallest

nautiloids yet described from the Lower Palaeozoic.

Occurrence. Lower Kundan Stage (uppermost Arenig to lower Llanvirn) of northern Oland, Sweden.

Microstomiceras holmi sp. nov.

Text-figures 3i-l, 5b-c, 6c

Derivation of name. In honour of the eminent Swedish palaeontologist Gerhard Holm (1853-1926) who
collected the type material.

Material. The holotype (RM Mo 158700) is a nearly complete specimen which has been dorso-ventrally

sectioned. Three paratypes are also designated: Mol 58697 is a thin section through a portion of a

phragmocone and body-chamber; paratypes Mo 158698-1 58699 are sub-complete, unsectioned phragmocones
with body-chamber. None of these specimens retain the apicadmost tip of the conch. All the material was
collected by Gerhard Holm (in 1895 and 1909) from the ‘grey vaginatum limestone’ (lower Holen Limestone

Formation) at Halludden, northern Oland.

Description. Very small, slightly endogastric gomphoceroid brevicones less than 14 mm long. Holotype 11-5

mm long with maximum width 5-5 mm; body-chamber 3-9 mm long, approximately 34 per cent, of total conch
length. Conch expansion rate moderate, maximum width attained at base of body-chamber. Body-chamber
contracts adorally by similar amounts on dorsal and ventral sides, aperture 55-60 per cent, of maximum conch
width. Conch section sub-circular, becoming slightly compressed apically. Shell surface smooth, ornamented
with indistinct growth lines only. Sutures nearly transverse with slight adorally directed, broad saddle over

dorsum. Siphuncle slightly removed from venter, nearly 10 per cent, of conch diameter adorad and 18 per cent,

apicad. Septa shallow, average cameral height 0-5 mm; in holotype, last-formed septum approximated. Septal

necks very short, achoanitic to suborthochoanitic; connecting rings thick and layered but tapering and
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thinning slightly in apical region of camerae (Text-fig. 6c). Diaphragms not visible but apicadmost tips lacking

from all conchs examined.

Remarks. No specimens of Microstomiceras holmi sp. nov. examined exceed 14 mm in total length;

this figure allows for the apicadmost tips of the conchs which are missing. The adoral contraction

of the body-chamber and approximation of the last-secreted septa are regarded here as being

reliable indicators of maturity. Consequently M. holmi sp. nov. is the smallest cyclostomiceratid

known and the first member of the family known to possess a definite endogastric shell.

Occurrence. Lower Holen Limestone Formation (lower Kundan Stage, Hunderumian to lower Valastean

substages) at Halludden, northern Oland.

CONCLUSIONS

Cyclostomiceratidae is a family of short breviconic to gomphoceroid nautiloids recorded from the

Arenig and Llanvirn (lower Ordovician) of the USA, Baltoscandia, northern Argentina and east

China (Jiangxi Province). It is distinguished from all other ellesmerocerids by its combination of

shell form, with contracted apertures and achoanitic to orthochoanitic septal necks outlined by
thick connecting rings.

As is common with many other Lower Palaeozoic nautiloids, the new Swedish taxa described in

this paper are based on only a few specimens. Current knowledge indicates that although

Cyclostomiceratidae possessed a wide palaeogeographical range, they were not common elements

of early Ordovician nautiloid faunas. Consequently, it is not possible on present evidence to gauge

the amount of intraspecific variation that these nautiloids may exhibit. However, the combination

of distinct morphological features, excellent preservation and stratigraphical position, provides

ample evidence for regarding the cyclostomiceratids from Oland as representing new and distinct

taxa. In particular, Microstomiceras gen. nov. is one of the smallest nautiloids yet described from

the Lower Palaeozoic.
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GINKGO FOLIAGE FROM THE JURASSIC OF THE
CARPATHIAN BASIN

by ZOLTAN CZIER

Abstract. Mesophytic Ginkgo foliage from the Carpathian Basin (Romania and Hungary) is revised using a

new statistical method for identification. The genera Ginkgoites and Baiera are suppressed in favour of Ginkgo.

New combinations G. marginata and G. skottsbergii are studied for the first time using scanning electron

microscopy. G. baieraeformis banaticus subsp. nov. is an Indo-European member of the Dictyophyllum-

Clathropteris Flora. G. marginata banatica subsp. nov. is characteristic of the Clathropteris meniscioides

Biozone (Hettangian-Sinemurian) of the European Province. G. polymorpha is of western origin, later

spreading out into Siberia. G. skottsbergii europeica subsp. nov. possibly belongs to the Dictyophyllum-

Clathropteris Flora that originated in the Late Triassic in eastern South-east Asia, spread to Europe in the

Early Jurassic and to South America in the Mid Jurassic, where it persisted until the Early Cretaceous.

The Carpathian Basin yields one of the richest Liassic floras in Europe (Czier 1990, 19946, 1996a,

in press b). However, the only detailed records of Ginkgo leaves have been from the lower Liassic

of the Transylvanian part of Romania and the Transdanubian part of Hungary (Text-fig. 1). The
earliest illustration is of a leaf from Anina figured by Hantken (1878) as Baiera taeniata Braun. This

locality, now in Romania, was part of Hungary before the First World War and known as Stajerlak

or Steierdorf. Other specimens from Anina were described by Humml (1969) as Ginkgoites taeniata

(Braun) Harris, and by Givulescu (1991) as Baiera polymorpha Sarnylina. Significantly, both papers
included details of the cuticles. Mateescu (1958) described specimens from Svinecea Mare as

B. taeniata but without cuticles. Nagy (1961) described specimens from Komlo and Pecsbanyatelep
(Hungary) as Ginkgoites marginatus (Nathorst) Florin, as well as associated fructifications similar

to those of living Ginkgo biloba Linnaeus.

Other records of Mesophytic Ginkgo-type leaves from Romania are in species lists without
descriptions or illustrations (Semaka 1961, 1962a, 19626, 1963, 1965, 1968, 1970; Oarcea and
Semaka 1962; Humml 1963; Semaka et al. 1972). They are based mainly on specimens stored in the

Institute of Geology and Geophysics in Bucharest, but a request to study these specimens was
refused and so nothing is known of their cuticles. As cuticle information is critical, these records are

of little value and are not referred to in the rest of this paper.

This paper completely revises all well-documented Liassic Ginkgo-like leaves from the Carpathian
Basin, including new material from Anina and §uncuiu§, and may be regarded as a synthesis of
Mesophytic Ginkgo foliage from this part of Europe. Scanning electron microscopy was used for the

first time with such foliage from here, and has yielded results significant for both Carpathian
palaeobotany and a wider understanding of the group.

IMPORTANCE OF CUTICLE STUDIES IN THE GENUS GINKGO

Cuticles are essential for the identification of Ginkgo-type leaves, because biological species show so

much morphological variation, as is clearly seen in the extant Ginkgo biloba. The limits of this

variation are subject to genetic control but climate also has a strong effect. Kimura {in Zhao et al.

1993, p. 80) demonstrated experimentally that low levels of water supply or natural light would
cause seedlings to sprout leaves in May, but they remained abnormally small until leaf-fall in the

[Palaeontology, Vol. 41, Part 2, 1998, pp. 349-381, 4 pis] The Palaeontological Association



350 PALAEONTOLOGY, VOLUME 41

"Pecsbany

0 100km

1

i

text-fig. 1. Localities yielding Ginkgo foliage in the lower Liassic of the Carpathian Basin.

autumn. If such miniature leaves, or the rare outgrowth leaves with multidivided laminae, were

preserved as fossil impressions, palaeobotanists would probably recognize them as separate Ginkgo

species. Significantly, however, the cuticles remained the same.

The wide morphological variation in Mesophytic Ginkgo-like leaves, particularly in the early

Liassic, was almost certainly influenced largely by climate. Epidermal structure is therefore the only

reliable means of distinguishing between Ginkgo species. This conclusion has at least four practical

implications.

1. Leaf gross morphology must be treated with the greatest caution in Ginkgo taxonomy.

Macroscopic characters alone cannot define or be used to distinguish fossil species of Ginkgo.

2. New species of Ginkgo should only be established for fossil leaves where cuticles are known.
3. Fossil Ginkgo leaves lacking cuticles should only be assigned with an ‘aff. ’ to a species for which

cuticles have been described. If no such comparable species can be found, they should be determined

simply as Ginkgo sp.

4. It is vital to obtain epidermal evidence for any species of fossil Ginkgo leaf diagnosed only

on macroscopic characters. If no cuticles are available from the original types, that species should

be rejected. No attempt should be made to establish cuticle-bearing neotypes for such species.

The cuticular characters of some of the better studied Ginkgo leaves are summarized in the

Appendix. However, not all of these characters are of the same taxonomic value. For instance,

because the non-stomatal bands correspond mainly to the veins, their width tends to be of very

low taxonomic significance. The distinction between the costal and intercostal fields probably

depends mainly on the fineness of the venation, and so is again of rather low taxonomic importance.

The dimensions, shape and arrangement of the epidermal cells are generally highly variable in a

species, sometimes even in the same specimen, and often overlap with the variation in other species.

More important are the shape of the cell walls, whether the lamina is hypostomatic or

amphistomatic, and the arrangement and orientation of the stomata. The cell ornamentation

(papillae and trichomes) and stomatal density and index are also of great taxonomic importance,

as well as providing information about the palaeoclimate (Chaloner and Creber 1990). The most

important characters are, however, those of the stomatal structure, including the shape and size of
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the guard cells, the shape, size, number and ornamentation of the subsidiary cells, and the shape of

the stomatal pit.

Because of their different taxonomic importance, each character is assigned a Factor of

Importance (F), ranging from 1 (least important) to 10 (most important). The Factor of Importance

for each of the characters studied is given in the Appendix.

Not all of these cuticular characters are easily observed using light microscopy; details of the

stomata can be particularly difficult (e.g. ornamentation, walls and mutual relationships between

the guard and subsidiary cells). As such characters are among the most important for Ginkgo leaf

taxonomy, light microscopy must be supplemented by scanning electron microscopy (SEM). The
value of SEM has been clearly demonstrated in the studies of Ginkgo insolita Samylina from the

Middle Jurassic of western Siberia (Samylina and Markovich 1991) and of G. manchurica from

the upper Jurassic or lower Cretaceous of Inner Mongolia (Zhao et al. 1993).

IDENTIFICATION OF FOSSIL GINKGO LEAVES

The following is a new statistical approach to the perennial problem of identifying fragmentary

plant fossils. It is used here for Ginkgo foliage but could be adapted to any group of plant fossils.

The first step is to list all characters on which the identification is to be based and to assign a Factor

of Importance (F) to each. Then, for each well-documented species which might be comparable,

assign one of four letters to each character : T, if that species is identical to the new material in that

character; N, if that species is totally different from the new material in that character; P, if that

species partly agrees with the new material in that character; and U, if that character is not known
in either that species or the new material. Each occurrence of T, N, P and U is then multiplied by

its corresponding Factor of Importance, and then summed over the entire species. This results in

four parameters, EFT, EFN, EFP and EFU, from which an Affinity Index (A) is calculated.

(EFT —EFN) + (EFP + EFU)
A =

fp
xl0°-

The resulting two values for A reflect the extreme cases whereby all of the P and U values have the

same influence as T (i.e. the Highest Affinity Index - AH ) or they all have the opposite influence as

T (i.e. the Lowest Affinity Index - AL).

The next stage depends on whether cuticles are preserved in the new material. If they are, then

the following decision tree should be followed through.

1 . If EFN =)= 0 for all species, go to 2

If EFN = 0 for one or more species, go to 3

2. Recalculate EFN for cuticular characters only (EFNC)

If EFNC =f= 0 for all species, go to 2.1

If EFNC = 0 for one species, go to 3 ; if necessary, emend diagnosis to account for apparent

discrepancy in gross morphology
If £FN

C = 0 for several species, go to 3 ; where AL > 0 in no species, the assignments should be

with ‘ex group’ rather than ‘cf.’

2.1 If EFN < 15 in one species, assign to that species and emend diagnosis; go to 2.1.1

If EFN < 15 in several species, select species with lowest EFN, assign to that species and
emend diagnosis; go to 2.1.1

If EFN < 15 in no species, select that species with the lowest EFN; go to 2.1.2

2.1.1 If new material is from a quite different geographical area and/or stratigraphical level

from the types, create new subspecies

If new material is from a clearly different population, but the geographical and/or
stratigraphical separation is only partly distinct, create new variety
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2.1.2 If Al > 0, assign to that species with ‘aff.
’

If Al < 0, either continue comparisons with other species or, if all reasonable

comparisons have been made, create new species

3. If AL > 0 in no species, assign with ‘cf. ’ to the species with highest AL ;
if several species have

an equally high AL , assign with ‘ cf. ’ to species with highest AH
If AL > 0 in only one species, then assign to that species

If AL > 0 in several species, select that species with the highest AL ;
if several species have an

equally high AL , assign to species with highest AH

The limiting value at node 2. 1 will vary in different groups of fossils, and reflects those characters

which are of low taxonomic value. In the case of Ginkgo
,
it has been given as 1 5, due to the low F

values of the 1 1 macroscopic characters and of the widths of the stomatal and non-stomatal bands.

If the new material does not have cuticles, the same four parameters EFT, EFN, EFP and EFU,
and the Affinity Index (A) are calculated on the macroscopic characters alone. A simplified decision

tree is then used.

1. If EFN = 0 in no species, refer it to Ginkgo sp. or Ginkgo ? sp.

If EFN = 0 in one or more species, go to 2.

2. Select species with highest EFT values; if only one species has that value, assign there with ‘aff. ’.

If several species have highest EFT value, assign it with ‘aff.’ to that species which is

geographically and/or stratigraphically nearest

MATERIAL AND METHODS
The material described in this paper consists of five hand specimens, three slides and two SEM
stubs. Two hand specimens were collected by the author in 1987 and 1988, from the lower Liassic

of §uncuiu§, and are now in the Palaeobotanical Collection of the Jarii Cri§urilor Museum -

Natural Sciences (TCMO-NS. 15364/1 and 16623/4). The other three hand specimens were

collected in 1937 from the lower Liassic of Anina (other data not known) and are kept in the

Palaeobotanical Collection of the Hungarian Natural History Museum, Budapest (MTM-
BP.602241 A-C). The slides (Z.C. 12-14) and SEM stubs (Z.C. 1 1 SEM, 12 SEM) are currently kept

in the Bihor County Museum, Oradea, but are to be deposited in the Hungarian Natural History

Museum, Budapest.

Cuticles were prepared by macerating the fossil in Schulze’s reagent (HN0 3 plus KC103) and
neutralizing with KOH. The cuticles were mounted in glycerin-jelly for light microscopy, and on a

transparent film for SEM study.

SYSTEMATIC PALAEONTOLOGY
Phylum GINKGOPHYTA
Order ginkgoales

Family ginkgoaceae

Genus ginkgo Linnaeus, 1771

Type species. Ginkgo biloba Linnaeus, 1771.

Remarks. It has been argued (e.g. Petrescu and Dragastan 1981) that the Ginkgoales belong to the

Cordaitopsida (Gymnospermatophyta). However, I follow authors such as Boersma and van

Konijnenburg-van Cittert (1991) and use the phylum name Ginkgophyta. I also follow Zhou (1991)

in the use of the family name Ginkgoaceae.

Ginkgo was introduced by Linnaeus (1771) for the extant maidenhair tree. Although it has also

been used for fossil foliage (e.g. Heer 1876), many palaeobotanists have tended to assign such fossils
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to Ginkgoites Seward, 1919 and Baiera Braun, 1843 emend. Florin, 1936. As pointed out by Harris

and Millington (1974, p. 4), however, the name Ginkgoites has been used in three different ways.

1. Seward (1919) originally proposed it for Ginkgo-like fossil leaves for which reproductive organs

were unknown; in this sense, Ginkgoites has no morphological distinction from Ginkgo.

2. Florin (1936) rejected Seward’s convention and used Ginkgoites for two groups of fossils. Firstly,

he used it for species judged to be too different from Ginkgo to be included in that genus. This usage

is thus based on morphological distinctions, albeit undefined. Secondly, he used it for inadequately

known species, especially where cuticles are unknown. Florin’s second usage is thus a pure

convention, albeit not the same as Seward’s.

3. Tralau (1968) gave a clear morphological distinction: Ginkgo (and Ginkgodium Yokoyama) had

leaves ‘ divided into two or more lobes by shallow notches which never reach the basal part of the

lamina’; Ginkgoites (and Baiera) had leaves ‘deeply and symmetrically divided into narrow

segments’.

Harris and Millington argued that although the Tralau usage was morphological, it was

inapplicable in practice. For instance, at its type locality, the leaves of Ginkgo huttonii (Sternberg)

Heer were either deeply divided (i.e. Ginkgoites-like sensu Tralau) or shallowly divided (i.e. Ginkgo-

like sensu Tralau). Even some G. biloba trees bear leaves of both morphological type. Harris and

Millington therefore proposed to suppress Ginkgoites, and I agree. Consequently, all species that

have been placed in Ginkgoites must be transferred to Ginkgo.

I have the same opinion about Baiera as it is difficult to distinguish from Ginkgo using cuticles

(Zhao et al. 1993). Harris and Millington (1974) distinguished them on just one macroscopic

character, i.e. the segments of Baiera have no more than four veins. In my view, this distinction is

purely conventional without any scientific logic
;
it could equally be another number of veins, such

as six.

Fossil Ginkgo-like foliage is usually fragmentary and represented by only a few specimens, from

which the full range ofmorphological variation cannot be determined. G. biloba foliage is by contrast

well-known, and the limits of variation can be established on entire populations. This makes Ginkgo

a much more robust genus than both Ginkgoites and Baiera. As there is no essential difference

between the characters of the fossil and living leaves, and Ginkgo has nomenclatural priority, there

seems no reason why the name should not also be used for the fossil leaves. Ginkgoites and Baiera

should therefore be suppressed in favour of Ginkgo.

Ginkgo baieraeformis (Klipper) Czier comb. nov.

1971 Ginkgoites baieraeformis Klipper, p. 92, text-fig. 3; pi. 25, fig. 3; pi. 28, figs 4-6.

Holotype. Specimen JK 702 (hand specimen and microscope slide), Ruhrland Museum, Essen, Germany
(Klipper 1971, pi. 25, fig. 3; pi. 28, figs 4-6). Isotype JK 707 (Klipper 1971, text-fig. 3). Origin: Zirab, northern

Iran; middle Liassic Shemshak Formation (Assereto 1966; Vozenin-Serra and Taugourdeau-Lantz 1985).

Emended diagnosis. Leaf petiole > 20 mm long, 1-2 mm wide. Basal angle c. 60-70°. Lamina
divided in to c. six or seven segments, c. 50-70 mm long. Central division very deep, reaching the

top of the petiole. Ultimate segments linear to slightly oblanceolate, their free portion c. 30-40 mm
long and c. 2-9 mm wide. Number of veins in widest part of segments four to fifteen. Leaf

hypoamphistomatic. Distinctness of costal and intercostal fields of adaxial epidermis highly

variable. Intercostal cells polygonal to slightly elongate, costal cells elongate to polygonal, both of

them 20-40 pm in size. Each cell has a faint papilla. Abaxial epidermis with numerous stomata,

c. 80 per mm 2
. Stomatal bands c. 200-215 wide. Stomata mainly longitudinally oriented,

irregularly or more or less regularly arranged, forming even rows. Epidermal cells mainly polygonal,

isodiametric to slightly elongate, c. 15-20 /zm x 7-15 pm in size, with straight to slightly sinuous
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table 1. Statistical analysis of material from Anina figured by Humml (1969) as Ginkgoites taeniata.

Species EFT EFN EFNC EFP EFU al Ah

G. australis 18 23 23 69 80 -81 + 76

G. baieraeformis 26 10 10 31 123 -73 + 89

G. cuneifolius 19 19 18 47 105 -80 + 80

G. digitata 52 16 14 16 106 -45 + 83

G. insolita 46 36 35 36 72 -52 + 62

G. iranicus 7 17 17 34 132 -93 + 82

G. longifolius 26 14 14 56 94 -73 + 85

G. marginata 66 21 21 31 72 -31 + 78

G. parasingularis 21 14 14 60 95 -78 + 85

G. skottsbergii 47 42 42 29 72 -51 + 56

G. taochuanensis 36 28 26 35 91 -62 + 71

G. troedssonii 15 51 51 52 72 -84 + 46

G. waarrensis 30 24 24 59 77 -68 + 75

G. whitbiensis 13 18 17 61 98 -86 + 81

walls. Non-stomatal bands c. 50-70 pm wide, with cells arranged in longitudinal rows, and with

elongate, straight to finely sinuous walls. Papillae present, trichomes absent. Stomatal apparatus

cyclocytic, with five to eight subsidiary cells, and guard cells c. 40 /im long and c. 20 pm wide.

Stomatal pit oval, elongate.

Remarks. This diagnosis is partly based on the description given by Klipper (1971), with additional

information derived from the specimen described by Humml (1969) as Ginkgoites taeniata.

Humml’s is the only known Mesophytic specimen from the Carpathians that can be assigned to this

species. It was subjected to a statistical analysis, as outlined in the earlier part of this paper (Table 1).

The parameters EFN and EFNC were not zero for any of the species compared, but were less than

15 for G. baieraeformis. It is therefore assigned to the latter species, but as a separate subspecies.

The nearest species appear to be G. digitata, G. longifolius and G. parasingularis. Both G. digitata

and G. parasingularis have a wider basal angle and shorter segments. G. digitata also has much wider

segments, more veins per segment, and a hypostomatic lamina with trichomes but not papillae
;
while

G. parasingularis has stomata with usually fewer subsidiary cells, and wider non-stomatal bands on
the lower cuticle. G. longifolius has a longer petiole with few stomata on the abaxial surface and a

lower stomatal density on the adaxial surface, much wider stomatal and non-stomatal bands, and
an often distinctively stellate stomatal pit.

Ginkgo baieraeformis (Klipper) Czier, comb, nov., subsp. baieraeformis

Holotype. As for species.

Diagnosis. Maximum width of free portion of segments no more than 5 mm; no more than six veins

in widest part of segment
;
epidermal cells polygonal ; adaxial epidermis with costal and intercostal

fields not distinct; abaxial epidermis with irregularly arranged stomata, with no more than seven

subsidiary cells.

Distribution. Iran: Zirab, middle Liassic (Klipper 1971).
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text-fig. 2. Ginkgo baieraeformis subsp. banaticus

Czier subsp. nov.; Palaeobotanical Institute, Uni-

versity of Graz; holotype; Anina; lower Liassic

(Hettangian-Sinemurian). a, leaf silhouette; scale bar

represents 10 mm. b, details of venation; scale bar

represents 5 mm. Both based on Humml (1969, pi. 10,

fig. 23; text-fig. 9).

355

Ginkgo baieraeformis subsp. banaticus Czier subsp. nov.

Text-figure 2

1969 Ginkgoites taeniata (Braun) Harris; Humml (non Braun), p. 401, text-fig. 9; pi. 10, fig. 23; pi.

11, figs 24—25.

Derivation of name. From Banat, the type region.

Holotype. Hand specimen and slides (Humml 1969, text-fig. 9; pi. 10, fig. 23; pi. 11, figs 24-25) stored at the

Palaeobotanical Institute, University of Graz, Austria. Origin: Anina, Banat region, Romania; Anina Coal

Formation, Clathropteris meniscioides Biozone (sensu Czier in press a), lower Liassic (Hettangian-Sinemurian).

Diagnosis. Maximum width of free portion of segments at least 4 mm; adaxial epidermis with

distinct costal and intercostal fields; costal cells mainly elongate; on abaxial epidermis, stomata

arranged in rows and with at least six subsidiary cells.

Remarks. Humml identified this specimen as Ginkgoites taeniata {Ginkgo taeniata sensu Sikstel et

al. 1971), but the nomenclature of this species is very confused and it should probably be rejected.

It was first published as a nomen nudum (as Baiera taeniata) by Braun (1843). The first macroscopic

description (Schenk 1867) was based on Early Jurassic material from Germany, but this may not

have been conspecific with Braun’s original species concept. Antevs (1919) figured cuticles under

this name, but Harris (1935) later transferred them to Ginkgoites hermelinii, which in turn has been

regarded as a synonym of Ginkgo marginata (Lundblad 1959). All published records of this species

to date are equivocal and there is no firm basis on which to build a coherent taxonomic concept.

Schenk (1867) assigned a specimen from Anina, recorded by Andrae (1855) as Cyclopteris digitata

(now Ginkgo digitata), to Baiera taeniata. However, Andrae’s specimen has never been described or

illustrated and cannot be judged.

Humml (1969, p. 402) stated that his specimen differs from Schenk’s (1867) illustrations and so

it is difficult to see why he assigned them to G. taeniata. The analysis shown in Table 1 indicates that

the specimen should rather be assigned to a new geographical subspecies of G. baieraeformis, subsp.

banaticus.

Distribution. Romania: Anina, lower Liassic (Hettangian-Sinemurian, Clathropteris meniscioides Zone).

Ginkgo marginata (Nathorst) Czier comb. nov.

1878 Baiera marginata Nathorst, p. 51, pi. 8, figs 12(7), 13-14.

1959 Ginkgoites marginatus (Nathorst) Florin; Lundblad, p. 10, text-figs 1—4; pi. 1, figs 1-12; pi. 2,

figs 1-13.
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Holotype. Hand specimen (Nathorst 1878, pi. 8, fig. 13) and cuticles derived from it figured by Lundblad (1959,

text-figs 1a, 2a-b; pi. 1, figs 1-8), are stored at the Geological Survey of Sweden, Stockholm. Origin:

Halsingborg, Sweden; lower Liassic.

Emended diagnosis. Leaf fan-shaped. Petiole incompletely known, at least 10 mm long (probably

reaching at least 30 mm) and c. 3-5 mm wide. Basal angle c. 40-145°. Segments 20-80 mm long.

Four to eight (typically eight) entire-margined ultimate segments, approximately parallel in middle

part of lamina, but converging towards apex and base. Leaf apices rounded to almost obtuse or

truncate; free portion of segments up to c. 35-40 mm long and l-5-7-0mm wide. Veins

dichotomous; four to eight veins in widest portion of segments. Distance between veins 0-3-1 -8 mm.
Leaf hypoamphistomatic; on lower surface, stomatal density c. 33-50 per mm2

,
stomatal index

c. 2-7. Upper epidermis consists ofbands ofcells that are elongated parallel to veins, separating bands

of isodiametric, polygonal cells; cell outlines finely sinuous. Cell ornamentation consists of a central

thickening, sometimes forming papilla. Lower epidermis consists of alternating stomatal and non-

stomatal bands. Non-stomatal bands c. 100-150 pm wide, consisting of more or less conspicuous

rows of longitudinally oriented, almost smooth-walled, elongated epidermal cells, 25-1 14 ^m long

and 13-30 pm wide. Stomatal bands c. 300-1800 pm wide, with polygonal to irregularly shaped

cells, c. 30-48 pm long and c. 27-33 pm wide, whose walls are sinuous to almost straight. Stomata
uniformly scattered through stomatal bands, irregularly to longitudinally oriented, and not forming

distinct rows. Cyclocytic (monocyclic or incompletely amphicyclic) stomatal apparatus. Stomata
sunken, oval in shape, with guard cells 36-72 pm long (mean c. 54 pm) and c. 10-20 pm wide. Each
apparatus has three to eight polygonal subsidiary cells with well-developed, distinct to confluent

papillae, which may conceal guard cells; stomatal pit oval or variable in shape. Trichomes, if

present, exceedingly rare.

Remarks. This diagnosis combines macroscopic details given by Nathorst (1878), and macroscopic

and cuticular details given by Lundblad (1959). It also incorporates evidence obtained in the present

study, especially from SEM, which had not hitherto been used with this species.

Lundblad (1959, p. 17) showed that a number of the features mentioned in the diagnosis are

variable : the size of the leaves
;
the degree of cutinization of the epidermis ; the stomatal density on

the upper epidermis
;
the development of the central cutinized thickenings of the epidermal cells

;

and the degree of exposure of the guard-cells between the subsidiary cells. The sinuosity of the cell-

walls is subject to little variation, but straight-walled cells have been observed in places. Distinct

papillae are generally present on each subsidiary cell, but ‘atypical’ stomata with confluent

cutinized thickenings are occasionally present. I agree with all these observations, except that in the

Anina material, the thickenings and papillae on subsidiary cells are as a rule confluent and are not

‘atypical’.

The nearest comparison is with G. longifolius, but this has a narrower petiole, ultimate segments

that are sometimes incised, an adaxial epidermis with very few stomata, costal and intercostal fields

that are poorly distinct, and wider non-stomatal bands on the abaxial epidermis. G. digitata has a

EXPLANATION OF PLATE 1

Fig. 1. Ginkgo marginata (Nathorst) Czier banatica subsp. nov.; MTM-BP.602241C (holotype); Anina, Banat

region, Romania; Anina Coal Formation, lower Liassic (Hettangian-Sinemurian)
;
x2.

Figs 2-3. Ginkgo skottsbergii (Lundblad) Czier europeica subsp. nov.; Anina, Banat region, Romania; Anina

Coal Formation, lower Liassic (Hettangian-Sinemurian). 2, MTM-BP.602241A (holotype); x 1-5. 3, MTM-
BP.60224 IB (paratype); x 1-8.

Fig. 4. Ginkgo sp. B.; TCMO-NS. 15364/1
;
§uncuiu§, Romania; $uncuiu§ Fireclay Formation, lower Liassic

(Hettangian-lower Sinemurian)
;
x 2-4.
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much wider basal angle than G. marginata, deeply incised ultimate segments, much shorter free

portions of the segments, and more veins per segment. It also has an hypostomatic lamina, no
papillae, and an elongated stomatal pit. G. skottsbergii differs in the narrower petiole, segments that

are occasionally incised and have a longer free portion, its lower stomatal density and index, the

wider non-stomatal bands, the absence of papillae in ordinary epidermal cells, and the rhomboidal

to polygonal shape of the stomatal pit. G. whitbiensis differs in the narrower petiole, shorter

segments, fewer ultimate segments, higher stomatal density, the scarcely recognizable stomatal and
non-stomatal bands, the more or less isodiametric, polygonal to rectangular epidermal cells, and the

presence of few papillae, restricted to the margins of the stomatal pit.

Based on the analysis in Table 2, one specimen from Anina has been assigned to this species, but

as a separate subspecies.

Ginkgo marginata (Nathorst) Czier comb. nov. subsp. marginata

1878 Baiera marginata Nathorst, p. 51, pi. 8, figs 12(7), 13-14.

1896 Ginkgo (Baiera) Hermelini Hartz, p. 240, pi. 19, fig. 1.

1919 Baiera taeniata Braun; Antevs, p. 44, pi. 5, figs 20-24; pi. 6, fig. 43.

1919 Cf. Ginkgo Geinitzi\ Antevs, p. 43, pi. 5, fig. 18.

1922 Ginkgo cf. sibirica\ Johansson, p. 43, pi. 3, fig. 5; pi. 6, fig. 26; pi. 8, figs 7-9.

1922 Ginkgo sp. Johansson, p. 44, pi. 3, fig. 6; pi. 8, fig. 5.

1922 Baiera taeniata Braun; Johansson, p. 46, pi. 4, figs 7-8; pi. 8, fig. 12.

1922 Baiera cf. longifolia', Johansson, p. 45, pi. 3, figs 7-1 1 ;
pi. 8, figs 3-4.

1922 Baiera sp. Johansson, p. 49, pi. 3, fig. 12.

1924 Ginkgo Hermelini
; Chow, p. 8, pi. 1, figs 13-15.

1924 Ginkgo or Baiera sp. Chow, p. 9, pi. 1, fig. 20; pi. 2, fig. 7.

1924 Baiera taeniata ; Chow, p. 9, pi. 1, figs 16-18.

1924 Baeira cf. spectabilis
;
Chow, p. 11, pi. 1, fig. 19.

1935 Ginkgoites hermelini (Hartz) Harris, p. 13, text-figs 6-8; pi. 1, figs 8, 10; pi. 2, figs 5-6.

1959 Ginkgoites marginatus (Nathorst) Florin; Lundblad, p. 10, text-figs 1-4; pi. 1, figs 1-12; pi. 2,

figs 1-13.

non 1961 Ginkgoites marginatus (Nathorst) Florin; Nagy, p. 629, pi. 16, fig. 2; pi. 17.

? 1970 Ginkgoites marginatus (Nathorst) Florin; Semaka, p. 69 [only in list],

? 1993 Ginkgoites marginatus (Nathorst) Florin; Zhao et al., p. 89 [cited after lists of Chinese authors].

Holotype. As for species.

Diagnosis. Ultimate segments lanceolate with rounded to almost obtuse apex, and no more than

seven veins in widest part of segment. On abaxial epidermis, stomatal density c. 33 per mm2
,

stomatal index c. 7, and stomatal bands at least 400 pm wide. Stomata have no more than six

subsidiary cells with mainly distinct papillae. Trichomes, if present, exceedingly rare.

Distribution. Sweden: Halsingborg (Nathorst 1878; Lundblad 1959), Stabbarp and Skromberga (Johansson

1922), Hoor (Antevs 1919), Sofiero and Dompang (Chow 1924), Billesholm (Lundblad 1959). East Greenland:

Scoresby Sound (Hartz 1896; Harris 1935).

EXPLANATION OF PLATE 2

Figs 1-4. Ginkgo skottsbergii (Lundblad) Czier europaeica subsp. nov. ; lower cuticles photographed from outer

side, with phase contrast; Anina, Banat region, Romania; Anina Coal Formation, lower Liassic

(Hettangian-Sinemurian). 1-2, MTM-BP.602241A (holotype), slide no. Z.C.14. 1, portions of stomatal and

non-stomatal bands, the former with polygonal cells and stoma oriented parallel to venation; x270.

2, stomatal apparatus, with rhomboidal stomatal pit; x650. 3^4, MTM-BP.602241B (paratype), slide no.

Z.C.13; stomata with polygonal stomatal pit, and more or less overlying subsidiary cells; x 650.
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text-fig. 3. A, Ginkgo marginata subsp. banatica

Czier subsp. nov. ; MTM-BP.60224 1C, holotype;

Anina; lower Liassic (Hettangian-Sinemurian).

B, G. aff. marginata subsp. banatica Czier, subsp. nov.

;

Institute of Geology and Geophysics, Bucharest;

based on Mateescu (1958, pi. 3, fig. 2; pi. 9, fig. 1);

Svinecea Mare; lower Liassic (Hettangian-Sinem-

urian). Scale bar represents 10 mm.

table 2. Statistical analysis of specimen from Anina assigned here to Ginkgo marginata banatica.

Species EFT EFN EFNC EFP EFU al Ah

G. australis 23 33 29 51 83 -76 + 65

G. baieraeformis 63 32 30 22 73 -34 + 66

G. cuneifolius 23 28 24 23 116 -76 + 71

G. digitata 56 21 16 21 92 -41 + 78

G. insolita 39 61 57 45 45 -59 + 36

G. iranicus 13 37 34 18 122 -86 + 61

G. longifolius 33 17 16 61 79 -65 + 82

G. marginata 91 14 12 40 45 -4 + 85

G. parasingularis 27 27 23 47 89 -72 + 72

G. skottsbergii 78 23 22 44 45 -18 + 76

G. taochuanensis 35 37 31 29 89 -63 + 61

G. troedssonii 63 45 45 37 45 -34 + 53

G. waarrensis 30 39 35 54 67 -68 + 59

G. whitbiensis 24 22 18 60 84 -75 + 77

Ginkgo marginata subsp. banatica Czier subsp. nov.

Plate 1, figure 1; Plate 3, figures 1-3; Plate 4, figure 1; Text-figure 3a

Derivation of name. From Banat, the type region.

Holotype. Botanical Department, Hungarian Natural History Museum, Budapest; hand specimen MTM-BP-
602241 C (PI. 1, fig. 1), microscope slide Z.C. 12, SEM stub Z.C. 12 SEM (PI. 3, figs 1-3; PI. 4, fig. 1). Origin:

Anina, Banat region, Romania; Anina Coal Formation, Clathropteris meniscioides Biozone (sensu Czier in

press a), lower Liassic (Hettangian-Sinemurian).

Diagnosis. Ultimate segments oblanceolate with truncate apex, with at least six veins in widest part

of segment. Abaxial epidermis with at least 40 stomata per mm 2
,
Stomatal Index c. 2, and stomatal

bands no more than 400 pm wide. Stomata with at least six subsidiary cells, which have confluent

papillae. Trichomes absent.

Description ofnew material. The Anina specimen has a lamina with a decurrent base, a basal angle of 90°, and
eight segments per leaf. The central two segments are undivided, apparently oblanceolate in shape, 45 mm long

and up to 7 mm wide, with margins entire; the apex is truncate (PI. 1, fig. 1). Other segments are once forked

at varying distances (up to 10 mm) from the base. The venation consists of longitudinal veins, forking

dichotomously at different positions along leaf. There are six to eight veins in the widest part of each segment.

The upper cuticle is poorly preserved and only very small fragments could be prepared, which showed little

detail other than stomata (PI. 4, fig. 1). The lower cuticle shows alternating stomatal and non-stomatal bands,

the latter corresponding to the vein courses. The stomatal bands are 300-400 pm wide, with uniformly

scattered stomata. The stomata are longitudinally to irregularly oriented and do not form rows. The normal
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table 3. Statistical analysis of material published by Mateescu (1958) as Baiera taeniata.

Species SFT EFN Species SFT IFN

G. australis 5 0 G. marginata 5 0

G. baieraeformis 0 1 G. parasingularis 4 3

G. cuneifolius 0 1 G. skottsbergii 4 0

G. digitata 3 1 G. taochuanensis 0 1

G. insolita 4 1 G. troedssonii 3 0

G. iranicus 3 1 G. waarrensis 2 2

G. longifolius 4 0 G. whitbiensis 0 1

text-fig. 4. Ginkgo polymorpha (Samy-

lina) Czier comb. nov. Botanical

Museum, ‘ Babe§ - Bolyai ’ University,

Cluj-Napoca; based on Givulescu (1991,

text-figs 1-2); Anina; lower Liassic

(Hettangian-Sinemurian). Scale bar

represents 10 mm.

epidermal cells of the stomatal bands are irregularly shaped and arranged, have slightly sinuous walls, and are

about 30 pm in size (PI. 3, fig. 1). The non-stomatal bands are c. 100 pm wide, and consist of more or less

conspicuous rows of smooth-walled, elongated epidermal cells, longitudinally oriented and arranged in more
or less clear rows; the cells of the non-stomatal bands are 25-100 pm long and 13-20 pm wide. The stomatal

density on the lower cuticle is 40-50 per mm2
,
with a stomatal index of c. 2. The stomatal apparatus is

cyclocytic (monocyclic or incompletely amphicyclic) with six to eight polygonal subsidiary cells surrounding
each stoma (PI. 3, fig. 1). Well developed, mainly confluent cutinized thickenings and papillae overarch the

stomata. The stomata are sunken (PI. 3, fig. 2) and oval in shape (PI. 3, fig. 3), with guard cells c. 50 pm long

and 20 pm wide
; the stomatal pit is usually oval, 25-30 pm long.

Remarks. The table of affinities (Table 2) show very low EFN and ZFNC values for G. marginata
and clearly points to its affinities lying there. However, in view of the geographical separation of

Anina from Scandinavia, the specimen has been interpreted as a geographical subspecies.

Distribution. Romania: Anina, lower Liassic (Hettangian-Sinemurian, Clathropteris meniscioides Zone).

Ginkgo affi marginata subsp. banatica Czier

Text-figure 3b

1958 Baiera taeniata Braun; Mateescu, p. 12, pi. 3, fig. 2; pi. 9, fig. 1.
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Remarks. Mateescu’s specimen has not yielded cuticles and so cannot be unequivocally placed in

any taxon. The table of affinities worked out for the macroscopic characters (Table 3) suggests that

it is best identified as G. affi marginata banatica.

Distribution. Romania: Svinecea Mare, lower Liassic (Hettangian-Sinemurian, Clathropteris meniscioides

Zone).

Ginkgo polymorpha (Samylina) Czier comb. nov.

Text-figure 4

1956 Baiera polymorpha Samylina, p. 1523, pi. 1, figs 1-7.

1963 Baiera polymorpha Samylina, p. 95, pi. 23, figs 1-3; pi. 24, fig. 1; pi. 25, figs 2-6.

1967 Baiera polymorpha Samylina, p. 142, pi. 1, figs 1-2.

1991 Baiera polymorpha Samylina; Givulescu, p. 12, text-figs 1-2; pi. 1, figs 1-3.

Holotype. Hand specimen 70-34 (also microscope slides), Palaeobotanical Collection, Botanical Institute of

Russia. Origin: lower course of the Aldan River, Siberia; Lower Cretaceous (Samylina 1956).

Remarks. The presence of this species in the Carpathian Mesophytic is based on Givulescu (1991).

The Siberian specimens came from the Upper Jurassic and Lower Cretaceous, and are thus

significantly younger than Givulescu’s material. As pointed out by Givulescu (1991, p. 12), however,

the Anina specimens have identical characters to the types from the Aldan River. His determination

is therefore fully accepted here and the creation of a geographical subspecies is regarded as

unnecessary. G. polymorpha may thus be regarded as a long-ranging species (Early Jurassic-Early

Cretaceous) and is further evidence that Ginkgoales was (and still is) a slowly evolving group.

Distribution. Siberia: Aldan River, Lower Cretaceous (Samylina 1956, 1963); Kolima region, Upper Jurassic

(Samylina 1967). Romania: Anina, Lower Liassic (Hettangian-Sinemurian, Clathropteris meniscioides Zone).

Ginkgo skottsbergii (Lundblad) Czier comb. nov.

1913 Baiera cf. australis McCoy; Halle, p. 37, pi. 4, figs 23-30; pi. 5, figs 1-6.

1971 Ginkgoites skottsbergii Lundblad, p. 237, text-figs 1-11, pi. 1, figs 1-12; pi. 2, figs 1-6.

Holotype. Hand specimen (Halle 1913, pi. 5, fig. 1) and cuticles (Lundblad 1971, text-figs 8-1
1 ;

pi. 2, figs 1-6)

in the Section for Palaeobotany, Swedish Museum of Natural History, Stockholm. Origin: Locality c at Rio

Fosiles, near Lago San Martin (Santa Cruz), Argentina; Lower Cretaceous, base of division 6, or possibly the

transition between divisions 5 and 6, in the section east of Bahia de la Lancha.

Emended diagnosis. Leaf cuneate to fan-shaped, bipartite and deeply digitate. Petiole up to at least

13 mm long and 0-8-2-0 mm wide. Basal angle 60-220°. Segments 10-60 mm long. Lamina usually

divided by repeated dichotomies into six to twelve segments of lanceolate-linear to slightly

oblanceolate shape, with rounded to obtuse apices (occasionally irregularly notched). Maximum
size of free portion of segments widely variable (10-50 mm long, 2-2-6-0 mm wide). Petiole with two

EXPLANATION OF PLATE 3

Figs 1-3. Ginkgo marginata (Nathorst) Czier banatica subsp. nov.; SEM views of cuticles; MTM-BP.602241C
(holotype), SEM stub no. Z.C.12. 1, inner side of cuticles showing portion of stomatal band between two

non-stomatal bands; x 300. 2, stomatal apparatus viewed from outer side; x 1000. 3, stomatal apparatus

viewed from inner surface; x 1000.

Fig. 4. Ginkgo skottsbergii (Lundblad) Czier europeica subsp. nov.; MTM-BP.602241A (holotype), slide no.

Z.C.l 1 ; SEM view of stomatal apparatus viewed from inner side; x 600.

All from Anina, Banat region, Romania; Anina Coal Formation, lower Liassic (Hettangian-Sinemurian).
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table 4. Statistical analysis of specimens from Anina assigned here to Ginkgo skottsbergii europeica.

Species EFT EFN EFNC EFP EFU al Ah

G. australis 24 47 45 52 67 -75 + 51

G. baieraeformis 58 35 35 33 64 -39 + 63

G. cuneifolius 27 21 18 29 113 -72 + 78

G. digitata 34 39 33 33 84 -64 + 59

G. insolita 41 73 70 40 36 -57 + 23

G. iranicus 11 28 25 38 113 -88 + 71

G. longifolius 29 8 8 83 70 -69 + 92

G. marginata 76 25 24 53 36 -20 + 74

G. parasingularis 22 37 33 59 72 -77 + 61

G. skottsbergii 84 2 0 51 53 -12 + 98

G. taochuanensis 48 42 38 20 80 -49 + 56

G. troedssonii 50 46 46 58 36 -47 + 52

G. waarrensis 23 52 50 55 60 -76 + 45

G. whitbiensis 35 48 44 32 75 -63 + 49

veins that radiate into the segments, and repeatedly dichotomize at all levels
;
number of veins in

widest portion of segments four to nine. Leaf hypoamphistomatic. Upper cuticle slightly thicker

than lower one, showing costal zones with cells elongated parallel to the veins, separated by zones

of more or less isodiametric, polygonal cells. Costal zones less sharply demarcated in the upper

cuticle than the lower one. Lower cuticle with low stomatal density (c. 12-26 per mm2
) and stomatal

index (c . 1-2). Stomatal bands c. 400-460 pm wide, with irregularly scattered, mainly longitudinally

(but sometimes almost transversely) oriented stomata, and mainly isodiametric, polygonal

epidermal cells, 20-60 pm long and 20-40 pm wide. Non-stomatal bands c. 150-180 pm wide,

consisting of rows of longitudinally oriented, straight to finely sinuous-walled, elongate-rectangular

cells, 20-158 pm long and 10-45 /un wide. Papillae absent from ordinary epidermal cells. Resin and
trichomes only sporadically present and usually absent. Cyclocytic (mostly incompletely dicyclic)

stomatal apparatuses. Stomata sunken, oval in shape, with guard cells 46-66 pm long and 15-

20 pm wide. Stomatal slit 22-36 pm long. Subsidiary cells partly overarching the stomata, very vari-

able in shape. The number of subsidiary cells in the inner ring varies between six to eight. Stomatal

pits rhomboidal to polygonal, 24-53 pm long and 1 0-24 pm wide, in upper cuticle mostly surrounded

by an irregular cutinized rim (rarely with distinct papillae), whilst in lower cuticle the thickenings

may carry papillae. Cuticle on petiole with elongated to rectangular cells
;
stomata present on both

sides.

Remarks. This diagnosis is based on Halle’s (1913) macroscopic description of what he called

Baiera cf. australis, combined with macroscopic and microscopic data given by Lundblad (1971)

following her re-study of Halle’s material, and the new SEM data presented in this paper. Lundblad
recognized that it represents a new species, which she named after the late Professor Carl

Skottsberg, leader of the 1907-1909 Swedish Expedition to South America on which the material

had been collected. Although the table of affinities (Table 4) shows the Anina material to be very

similar to the South American types, there are sufficient differences to warrant the establishment of

a separate geographical subspecies.

G. skottsbergii is very similar to G. marginata, but the latter has a usually longer petiole, segments

with an irregularly forked to sub-acute apex, usually wider stomatal bands, and papillae on both

surfaces.

Ginkgo skottsbergii (Lundblad) Czier comb. nov. subsp. skottsbergii

Holotype. As for species.
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Diagnosis. Ultimate segments lanceolate-linear, with rounded apex occasionally incised
;
maximum

length of free portion of segment 20 mm. Abaxial epidermis with isodiametric, mainly trapeziform

subsidiary cells. Stomatal pit polygonal in shape.

Distribution. Argentina: Lago San Martin, Lower Cretaceous (Lundblad 1971).

Ginkgo skottsbergii subsp. europeica Czier, subsp. nov.

Plate 1, figures 2-3; Plate 2, figures 1-4; Plate 3, figure 4; Plate 4, figures 1-3; Text-figure 5a-b

Derivation of name. After Europe, where this subspecies occurs.

Holotype. Botanical Department, Hungarian Natural History Museum, Budapest, hand specimen MTM-BP-
602241 A (PI. 1, fig. 2), microscope slide Z.C. 14 (PI. 2, figs 1-2), SEM stub Z.C. 1 1 SEM (PI. 3, fig. 4). Origin:

Anina, Banat region, Romania; Anina Coal Formation, Clathropteris meniscioides Biozone {sensu Czier in

press a), lower Liassic (Hettangian-Sinemurian).

Paratype. Hand specimen MTM-BP-602241 B (PI. 1, fig. 3), microscope slide Z.C. 13 (PI. 2, figs 3-4).

Diagnosis. Petiole width 2 mm, length of segments at least 50 mm. No more than nine ultimate

segments with non-incised apex
;
free portion of segment at least 20 mm long and 4 mm wide

;
at

least seven veins in widest portion of segment. Abaxial epidermis with straight-walled cells.

Subsidiary cells elongated to rounded or polygonal. Trichomes absent.

Description of new material. The Anina material consists of two leaves, with partly preserved petioles. The
petioles are 2 mm wide and c. 10 mm long (the basal part is missing) and expand distally to form a lamina with

a cuneate base (PI. 1, fig. 2). The basal angle is c. 80°. The lamina has straight lateral margins, and is deeply

divided usually by three divisions into six to nine, 50-60 mm long segments. The first (central) division is deeper

than the others, reaching down to the petiole. The secondary divisions are up to one-sixth of the leaf length,

the tertiary divisions up to half the length. Ultimate segments lanceolate-linear to slightly oblanceolate,

4-6 mm wide, with entire margins, and rounded to obtuse apices (PI. 1, figs 2-3). Tertiary divisions may some-
times be missing (PI. 1, fig. 3). The petiole has two longitudinal veins that radiate into the segments, and
then repeatedly dichotomize at all levels. In the widest portion of the segments, there are seven to nine veins,

with c. 15 veins per 10 mm.
The upper cuticle is poorly preserved and very fragmentary, showing only a few stomata (PI. 4, figs 1-3).

The lower cuticle is much better preserved, and consists of alternating c. 400 pm wide stomatal bands and
c. 150 pm wide non-stomatal bands. The latter correspond to the costal zones, and are composed of elon-

gated rectangular cells, 20-150 pm long and 10-45 pm wide, arranged in longitudinal rows. The cell walls are

straight and thick (up to c. 5 /mi). Cells of the stomatal bands are 20-60 pm long and 20-40 pm wide, not

arranged in rows, isodiametric-polygonal in shape, with smooth walls of the same thickenings as in the non-
stomatal bands (PI. 2, fig. 1). Stomata are irregularly scattered and mainly longitudinally oriented. Stomatal
density rather low, 12-26 per mm2

, and the stomatal index is c. 1-2. The stomatal apparatuses are cyclocytic,

mostly incompletely dicyclic (PI. 3, fig. 4). The stomata are oval, 48-60 pm long and 30-40 pm wide. The guard
cells are sunken. The subsidiary cells vary in shape from elongated to rounded or polygonal. An inner ring of
six to eight (most often seven) subsidiary cells surround and may partly overarch the stomata. The stomatal
pit is rhomboidal (PI. 2, fig. 2) to polygonal in shape (PI. 2, figs 3-4), 24-53 pm long and 10-19 pm wide.

Trichomes are absent, but papillae are occasionally present on the inner ring of subsidiary cells.

Remarks. The table of affinities for this newly described Anina material (Table 4) shows it to belong
to G. skottsbergii, but its stratigraphical and geographical separation from the type material means
that it should be regarded as a geographical subspecies.

Distribution. Romania: Anina, lower Liassic (Hettangian-Sinemurian, Clathropteris meniscioides Zone).
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Ginkgo aff. skottsbergii subsp. europeica Czier

Text-figures 5c-e, 6

1961 Ginkgoites marginatus (Nathorst) Florin; Nagy (non Nathorst), p. 629, pi. 16, fig. 2; pi. 17.

1990 Ginkgoites ex gr. lepidus Heer; Givulescu and Czier, p. 13, pi. 2, fig. 1; tab. 2.

1993 Ginkgoites sp. ex gr. lepida Czier, p. 174; tab. 1.

1994a Ginkgo ex gr. lepida Heer; Czier, p. 354, tab. 2.

1995 Ginkgo ex gr. lepida Heer; Czier, p. 50, tab. 1.

Description of new material. The single specimen (TCMO-NS. 16623/4) is an almost entirely preserved

impression, without cuticles. The petiole is 1 mm wide, 20 mm long, and apparently complete. The basal angle

is 1 50° and the segments are c. 40 mm long. The lamina is symmetrical, being divided into linear-shaped

segments. The first-order (i.e. central) division is the deepest, reaching to the petiole. The resulting two primary

segments are subdivided into three secondary segments. The middle of these secondary segments is entire, but

the outer two are further subdivided into two. There are thus ten ultimate segments of the lamina. The free part

of the segments has a maximum length of c. 26 mm and a maximum width of c. 2-8 mm. The apices of the

segments, where preserved complete, show an incision in the middle. The venation is rather poorly preserved,

but just shows that there are four to seven longitudinal, sometimes dichotomously forked veins in each ultimate

segment.

Remarks. Two groups of material are included here. There are firstly the specimens from Hungary
described by Nagy (1961). Secondly, there are specimens that I collected from §uncuiu§ in

Romania. The latter have previously been figured by Givulescu and Czier (1990) but the above is

the first published description. They were initially identified as Ginkgoites ex gr. lepida. However,
the epidermal structure is unknown in Heer’s species and thus needs to be revised before it can be

regarded as a useful taxon.

The statistical method for determining affinities was used for both groups of specimens (Table 5).

In both groups, IFN was zero for G. skottsbergii. For the Romanian specimens, it was the only

species. For the Hungarian material, 2FN was also zero for G. longifolius , but the EFT value was
much lower. Consequently, both groups were assigned to the local subspecies G. skottsbergii

europeica, with an ‘aff.’.

Distribution. Hungary: Komlo and Pecsbanyatelep, lower Liassic (Hettangian, Clathropteris meniscioides

Zone) (Nagy 1961). Romania: §uncuiu§, lower Liassic (Hettangian-Lower Sinemurian, C. meniscioides Zone)

(this paper).

Ginkgo sp. A
Text-figure 7a

1878 Baiera taeniata Braun; Hantken, p. 63, text-fig. 9.

Remarks. Hantken’s (1878) specimen originated from the lower Liassic of Anina. It has already

been shown in this paper that Ginkgo taeniata (Braun) is in need of revision. The analysis of the

taxonomic position of this specimen (Table 6) shows that no species gave a zero EFN value, and

so it is referred to as Ginkgo sp. A.

EXPLANATION OF PLATE 4

Figs 1-3. Ginkgo skottsbergii (Lundblad) Czier europeica subsp. nov. MTM-BP.602241B (paratype), slide no.

Z.C.13. 1, epidermal cells with only a few stomata; x 270. 2-3, stomata with polygonal stomata! pits; x 650.

Fig. 4. Ginkgo marginata (Nathorst) Czier banatica subsp. nov. ; MTM-BP.602241C (holotype), slide Z.C.12;

stomatal apparatus; x650.

All show upper cuticles photographed from outer side with phase contrast ; Anina, Banat region, Romania

;

Anina Coal Formation, lower Liassic (Hettangian-Sinemurian).
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text-fig. 5. A-B, Ginkgo skottsbergii subsp. europeica Czier subsp. nov. ; leaf silhouettes ;
Anina ; lower Liassic

(Hettangian-Sinemurian). A, MTM-BP.602241A (holotype). B, MTM-BP.60224 IB (paratype). C-E, G. aff.

skottsbergii subsp. europeica Czier subsp. nov.; leaf silhouettes. C-D, drawings based on Nagy (1961, pi. 16,

fig. 2; pi. 17); Komlo or Pecsbanyatelep ; Hettangian. E, TCMO-NS. 16623/4; §uncuiu§ Fireclay Formation,

lower Liassic. Scale bar represents 10 mm.
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table 5. Statistical analysis of material described by Nagy (1961) as Ginkgoites marginatus, and of material

figured by Givulescu and Czier (1990) as Ginkgoites ex gr. lepidus.

Species

Nagy (1961)

Givulescu and Czier

(1990)

EFT EFN EFT EFN

G. australis 2 1 3 3

G. baieraeformis 5 1 4 3

G. cuneifolius 3 5 3 5

G. digitata 2 3 4 4

G. insolita 5 2 3 2

G. iranicus 2 2 4 3

G. longifolius 7 0 4 2

G. marginata 7 2 4 4

G. parasingularis 2 5 4 6

G. skottsbergii 10 0 7 0

G. taochuanensis 0 4 0 5

G. troedssonii 6 1 4 2

G. waarrensis 1 2 1 2

G. whitbiensis 1 5 2 5

table 6. Statistical analysis of material described by Hantken (1878) as Baiera taeniata, and of material

figured by Givulescu and Czier (1990) as Baeira muensteriana.

Species

Hantken (1878)

Givulescu and Czier

(1990)

EFT EFN EFT EFN

G. australis 1 1 1 3

G. baieraeformis 4 1 1 2
G. cuneifolius 1 5 0 3

G. digitata 0 5 0 5
'

G. insolita 2 3 4 1

G. iranicus 2 3 1 3

G. longifolius 4 1 3 2

G. marginata 3 2 3 2

G. parasingularis 1 3 1 5

G. skottsbergii 3 2 1 2

G. taochuanensis 1 3 0 5

G. troedssonii 3 1 2 2

G. waarrensis 0 2 0 3

G. whitbiensis 2 3 2 3
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text-fig. 7. A, Ginkgo sp. A; based on Hantken
(1878, text-fig. 9); Anina; lower Liassic (Hettan-

gian-Sinemurian). B, Ginkgo sp. B; TCMO-
NS. 15364/1; §uncuiu§ Fireclay Formation, lower

Liassic. Scale bar represents 10 mm.

Ginkgo sp. B

Plate 1, figure 4; Text-figure 7b

1988 Baiera sp. Czier and Popescu, p. 609, tab. 1.

1990 Baiera muensteriana (Presl in Sternberg) Saporta; Givulescu and Czier, p. 13, tab. 2.

Description. Hand specimen TCMO-NS. 15364/1 is from fossiliferous horizon number 2 of the §uncuiu§

Fireclay Formation (Czier 19946), which is Hettangian to lower Sinemurian (Clathropteris meniscioides Zone).

It shows seven fragmentary leaves without petioles (PI. 1, fig. 4). The basal angle is very acute, c. 20°. The
segments are > 40 mm long, but their apices are all missing so must have been longer. There appear to be two
oblanceolate ultimate segments. Their free portion is up to 25 mm long and 5 mm wide. The venation consists

of well-preserved, longitudinal, sometimes dichotomous veins
;
in the widest part of the segment are three to

six veins. No cuticles are preserved.

Remarks. This specimen has been previously identified as Baeira muensteriana but this is the first

published description. However, a statistical analysis of its taxonomic position (Table 6) indicates

that at best it can be referred to simply as Ginkgo sp. B.

DISCUSSION

Czier (in press a) has found that the traditional plant biozonation cannot be used in the Carpathian

Basin, and instead classified the terrestrial Liassic there into two plant zones: the Clathropteris

meniscioides Zone in the lower Liassic (Hettangian and Sinemurian) and the Carpolithes liasinus

Zone in the middle and upper Liassic (Pliensbachian and Toarcian). All of the Mesophytic Ginkgo

foliage described to date from the Carpathian Basin came from the lower of these zones.

Plant fossils in the lower Liassic of the Carpathians can be classified floristically into three main
groups, plus a fourth group for taxa of uncertain floristic affinities (Czier 19966). The Ginkgo foliage

can be assigned to these groups as follows.

Species only known from the European autochthon

Included here is Selenocarpus muensterianus (Presl) Schenk, which I have described in detail in a

previous paper (Czier 1994a). Of the Ginkgo leaves, both subspecies of G. marginata belong to this

group, having only been reported from the lower Liassic (Hettangian-Sinemurian) of Greenland,

Sweden and the Carpathians.

Species of eastern origin

This corresponds essentially to the Dictyophyllum-Clathropteris Flora, originally recognized in the

uppermost Triassic of China (Sze 1956; Sze and Zhou 1962), and includes species or subspecies

mainly characteristic of warm and wet conditions (Text-fig. 8). I have previously argued that it first
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text-fig. 8. Palaeogeographical, palaeofloristic and palaeoclimatic context of the Carpathian Basin in the

Early Jurassic. 1, palaeocontinental margins (Smith and Briden 1977). 2, boundary between Indo-European
and Siberian floral provinces (Vakhrameev 1964). 3, boundary between warm and temperate regions (Krassilov

1981). 4-6, palaeoclimatic belts (Hallam 1985, 1993); 4, wet; 5, dry; 6, seasonally wet. C, approximate position

of Carpathian Basin. Continuous arrowed lines show suggested migration routes for eastern floristic elements,

indicating warm, wet palaeoclimate. Dashed arrowed line shows suggested migration route for western floristic

elements, indicating temperate, seasonally wet palaeoclimate.

arose in the Late Triassic of eastern South-east Asia (Kimura 1984) and later spread to Europe via

the northern margins of the Tethys (Taugourdeau-Lantz and Vozenin-Serra 1987) during the latest

Triassic and Liassic. It then migrated further west, spreading to South America by the Mid Jurassic,

where it persisted until the Early Cretaceous (Czier 19946). This explains the presence of the same
species in the Lower Jurassic of Europe and the Lower Cretaceous of South America.

The two subspecies of G. baieraeformis are interpreted as taxa of eastern origin (i.e. members of

the Dictyophyllum-Clathropteris Flora). This is supported by the fact that both subspecies occur in

association with abundant Clathropteris meniscioides. G. skottsbergii also probably belongs here.

Although not yet reported from the Far East, its migration from Europe in the Early Jurassic to

South America in the Early Cretaceous seems to support this view.

Species of western origin

This consists of elements mainly characteristic of temperate and seasonally wet environments (Text-

fig. 8). They appear first in the Triassic of North America and spread to Europe during the Early

Jurassic. They then migrated further north-east, reaching Siberia by the Late Jurassic and Early

Cretaceous (Czier 1994a). This explains the presence of the same species in the Lower Jurassic of

the European palaeofloristic region and the Upper Jurassic and Lower Cretaceous of the Siberia

palaeofloristic region.
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Ginkgo polymorpha has previously been regarded as characteristic of the Upper Jurassic-Lower

Cretaceous of the Siberia palaeofloristic region. However, its presence also in the Lower Jurassic of

Europe (this paper) suggests that it was of western origin and only subsequently migrated eastwards

to Siberia.
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APPENDIX

To help with comparing and determining the specimens described in this paper, the key foliar characters of

certain Ginkgo species have been summarized in Tables 7 and 8. This is not a comprehensive analysis, but

concentrates on those species for which cuticular features are well known. The systematic position of the

species not described in detail in this paper and the key references are as follows.

Ginkgo australis (McCoy, in Stirling) Czier, comb. nov.

Basionym: Baiera australis McCoy, in Stirling, 1892, p. 12, pi. 1, fig. 2.

Selected reference: Douglas (1965).

Ginkgo cuneifolius (Zhou) Czier, comb. nov.

Basionym Ginkgoites cuneifolius Zhou, 1984, p. 41, pi. 12, fig. 3; pi. 23, fig. 5, 5a; pi. 24, figs 1-3.

Ginkgo digitata (Brongniart) Heer, 1876

Basionym: Cyclopteris digitata Brongniart, 1830, p. 219, pi. 61 bis, figs 2-3.

Selected reference: Harris and Millington (1974).

Ginkgo insolita Samylina, in Samylina and Markovich, 1991, p. 326, text-figs a-iu; pi. 1, figs 1-7
;
pi. 3, figs 7-9;

pi. 4, figs 5-7.

Ginkgo iranicus (Kilpper) Czier, comb. nov.

Basionym: Ginkgoites iranicus Kilpper, 1971, p. 93, text-figs 5-6; pi. 25, fig. 4; pi. 28, figs 1-3.

Ginkgo longifolius (Phillips) Harris, in Harris and Millington, 1974

Basionym: Sphenopteris longifolia Phillips, 1829, p. 148, pi. 7, fig. 17.

Ginkgo parasingularis Kilpper, 1971, p. 90, text-figs 1-2; pi. 25, figs 1-2; pi. 27, figs 2-4.

Ginkgo taochuanensis (Zhou) Czier, comb. nov.

Basionym: Ginkgoites taochuanensis Zhou, 1984, p. 42, text-fig. 9; pi. 25, figs 1-5; pi. 34, fig. 6.

Ginkgo troedssonii (Lundblad) Czier, comb. nov.

Basionym: Ginkgoites troedssonii Lundblad, 1959, p. 20, text-figs 5-6, 7a-e, 8a-b; pi. 3, figs 4-12; pi. 4, figs

1-7; pi. 6, figs 6-7.

Ginkgo waarrensis (Douglas) Czier, comb. nov.

Basionym: Ginkgoites waarrensis Douglas, 1965, p. 23, figs 1-2, 4, 6, 9-10.

Ginkgo whitbiensis Harris, 1951, p. 927, text-figs 3a-k, 4c-g.

Selected reference: Harris and Millington (1974).
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FURTHER OBSERVATIONS ON THE UPPER
CARBONIFEROUS PTERIDOSPERM FROND
MACRONEUROPTERIS MACROPHYLLA

by C. J. CLEAL, J.-P. LAVEINE and C. H. SHUTE

Abstract. A large specimen of Macroneuropteris macrophylla clearly shows the overtopped branching of

the primary rachis branches in the upper part of the frond. This is the first unequivocal evidence of the

distal architecture of this species to be published and confirms the reconstruction proposed by us in an

earlier paper.

In an earlier paper published in this journal (Cleal et al. 1996) we proposed a reconstruction of the

Upper Carboniferous pteridosperm frond Macroneuropteris macrophylla (Brongniart) Cleal, Shute

and Zodrow, 1990. This was based on some large specimens in the Department of Palaeontology,

The Natural History Museum, London, which clearly showed the proximal and middle parts of this

frond. However, the distal part of the frond was represented only by two relatively poor specimens,

one of which had suffered considerable taphonomic distortion (our previous pi. 2, fig. 1); the other

was broken just above what we interpreted as the main overtopped branch and was poorly

preserved (pi. 3, fig. 2). Our proposed reconstruction of this part of the frond thus had to be

speculative, based partly on this inadequate material and partly on some poorly illustrated

specimens figured by previous authors.

As stated in an endnote to our previous paper, while working on a totally unrelated project at the

Sedgwick Museum, one of us (CJC) discovered a large, well preserved specimen, clearly showing the

distal portions of two primary pinna branches, which probably represents the apical part of a single

frond of this species. This is the first specimen to show unequivocally the architecture of this distal

part of the frond of M. macrophylla , and allows us to complete the reconstruction of this important

species.

MATERIALS AND METHODS

The specimen is stored in the Sedgwick Museum, University of Cambridge, UK, under catalogue

number M.1449. It was collected in 1905 by the then curator, E. A. N. Arber, and is recorded as

having originated from the Radstock ‘Series’ (i.e. Formation) at Camerton in Somerset. It is thus

late Westphalian D in age.

The specimen had some large chisel marks on the surface, presumably resulting from earlier

attempts to prepare the specimen. Whilst not directly affecting the frond fragments themselves, they

were ugly distractions to the final photograph. Fortunately, the Palaeontology Conservation Unit

of The Natural History Museum were able to obscure these marks, prior to photography by the

museum’s Photographic Studio. The photograph was taken under cross-polar illumination.

The descriptive terminology used in this paper is the same as that used in Cleal and Shute (1995)

and Cleal et al. (1996). In order that the specimen could be illustrated whole with the least reduction

in size, it is shown in Plate 1 rotated clockwise by 90°. However, in the description below, the

specimen will be assumed to be in its more usual orientation, and right-hand and left-hand will be

represented in Plate 1 by lower and upper.

[Palaeontology, Vol. 41, Part 3, 1998, pp. 383-386, 1 pi.] © The Palaeontological Association
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DESCRIPTION

The specimen shows the near-terminal portions of two bipinnate pinna fragments, the left-hand one (as shown

in PI. 1) 163 mm long, the right-hand one 180 mm long. From their relative positions we interpret these

fragments as parts of the two primary pinna branches of a single bipinnate frond.

In the left-hand fragment, the primary rachis branch is c. 3 mm wide in its most proximal part. This branch

produces two secondary pinnae, one on either side. The right-hand (inward-facing) secondary pinna is

preserved for a length of 112 mm, the left-hand pinna for 65 mm, but both are incomplete. The angles of

attachment are 40° and 50°, respectively, and the secondary rachis offset is 26 mm
;
where each secondary pinna

is attached, the primary rachis branch is kinked. At 53 mm above the right-hand secondary pinna, the primary

rachis branch divides as an asymmetrical dichotomy at an angle of 65°. The right-hand branch of this

asymmetrical dichotomy is 103 mm long and complete; the left-hand branch 70 mm long and incomplete.

The right-hand pinna fragment also has an asymmetrical dichotomy, but shows less of the frond above this

dichotomy but more below it than the left-hand fragment. The primary rachis branch is 133 mm long below

the dichotomy and is 5 mm wide in its most proximal part. Three secondary pinnae are attached to the right-

hand (outwards facing) side of the primary rachis branch, two to the left-hand side; none is completely

preserved and so their length cannot be determined. On both sides of the primary rachis branch, the secondary

rachis spacing is 45 mm. The secondary rachis offset (sensu Cleal et al. 1996, table 1) is 22-26 mm. Where the

more proximal of the two pinnae is attached, the line of the primary rachis branch is only slightly deflected,

but at the next three attachment points there is a much greater deflection. The most proximal secondary rachis

is attached at 65° to the primary rachis branch, the next three at 57°, and the fifth at 45°. The primary rachis

branch eventually divides at about 95° in an asymmetrical dichotomy.

The lateral pinnules are linguaeform, sub-falcate or sub-triangular in shape. Those attached to the secondary

pinnae are up to 27 mm long and 7 mm wide, and spaced at about 7 mm intervals. Four or five pinnules are

intercalated between adjacent secondary rachises along the primary rachis branches
;
they vary from 7 mm long

and 7 mm wide, to 36 mm long and 1 1 mm wide.

Only one apical pinnule is preserved, which is lanceolate, 20 mm long and 10 mm wide.

DISCUSSION

This specimen confirms that the primary rachis branches in the distal part of Macroneuropteris

fronds show a gradual transition from laterally attached to overtopped branches, culminating in an

asymmetrical dichotomy. This confirms the reconstruction of the Macroneuropteris frond proposed

by Cleal et al. (1996), but for which the then available specimens showing the distal part of the frond

were equivocal on the architecture.

Our original paper estimated the length of most fronds to be c. 0-8 metres between the main

dichotomy of the primary rachis and the apex (the DAD dimension). However, we noted that two

of the specimens (V.63416(a) and V.3073) seemed to have been parts ofmuch smaller fronds, whose

DAD was estimated to be nearer 0-4 metres. The main dimensions of the Sedgwick Museum
specimen (primary rachis branch width 3-5 mm, secondary rachis spacing 45 mm, secondary rachis

offset 22-26 mm, maximum pinnule length 27 mm) are very close to those of V.634 16(a), suggesting

that it came from a frond of similar DAD. Assuming that the two pinna branches in the Sedgwick

Museum specimen were from the same frond and are more-or-less in place, it is possible to use their

relative positions to get another estimate of the frond length, by extrapolating the primary rachis

branches back to where they would have met (with an adjustment for the slight curvature of these

rachis branches just above the dichotomy as proposed in the Cleal et al. 1996 model). This produces

a frond with a DAD of about 0-4 m, which fully agrees with the estimate obtained from secondary

rachis spacing and pinnule size.

EXPLANATION OF PLATE 1

Macroneuropteris macrophylla (Brongniart) Cleal, Shute and Zodrow, 1990; Sedgwick Museum, M.1449; two

pinna fragments, probably representing the apical part of a single frond; Camerton, Somerset; Radstock

Formation (upper Westphalian D); x 0-6.
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The M. macrophylla specimens that we have studied to date therefore seem to have originated

from fronds varying in size, with DADs of 0-8 m and 04 m. The smaller examples might have been

the young leaves that had not fully expanded, although they do not seem to differ in texture from

the fragments of larger fronds, which might have been expected if they were juveniles. Alternatively,

they could be sun-leaves, a suggestion which could be tested by looking at their stomatal density

compared with the larger leaves; cuticles are not preserved in Radstock fossils, but they are known
for this species from the Sydney Coalfield in Cape Breton (Cleal and Zodrow 1989).

Combined with the evidence described in our earlier paper, we can confirm that the

Macroneuropteris frond fits with the bifurcate semi-pinnate type of architecture described by

Laveine (1997) that occurred in many trigonocarpalean fronds, including Neuropteris

(Brongniart) Sternberg (e.g. Zodrow and Cleal 1988) and Laveineopteris Cleal, Shute and Zodrow
(e.g. Laveine 1967). It points to the close relationship between these genera, although the evidence

of the cuticles (e.g. Cleal and Zodrow 1989) still points to them being kept taxonomically separate.
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LATE TRIASSIC ECOSYSTEMS OF THE
MOLTENO/LOWER ELLIOT BIOME OF SOUTHERN

AFRICA

by JOHN M. ANDERSON, HEIDI M. ANDERSON
and ARTHUR R. I. CRUICKSHANK

Abstract. A first attempt is made to integrate the plant, insect and tetrapod elements of the Late Triassic

(Carnian) intracontinental, braidplain ecosystems of the Karoo Basin, South Africa. These are probably the

richest known for this pivotal early Mesozoic interval when the dinosaurs, mammals, some insect orders and
possibly the birds and flowering plants made their earliest appearance. Intensive sampling of 100 Molteno
Formation taphocoenoses has yielded 56 genera with 206 species of plant (vegetative taxa) and 117 genera with

335 species of insect. Seven major habitats are identified and described, ranging from two types of riparian

forest through open woodland to coniferous thicket, horsetail marsh and fern meadow. Each shows a

distinctive plant/insect co-association. The tetrapod-vertebrate component of these associations is based on
the Lower Elliot Formation, the assumed distal facies and time equivalent of the upper four members of the

Molteno Formation. This is a sparse (seven taxa) early dinosaur fauna including both body fossils and track-

ways. The Upper Elliot Formation has a richer tetrapod fauna and may, in future, be used to model possible

missing elements of the Lower Elliot Formation. Comparison of the Molteno insect fauna with that of two
other Carnian deposits, in Australia (Ipswich Basin) and North America (Newark Basin), reveals marked
provinciality reflecting temperate and tropical latitudes.

It is becoming increasingly evident that the Late Triassic comprises an extraordinary interval in

terrestrial evolutionary history (Anderson and Anderson 1993a, 19936, 1995, in press; Benton

19936; Rogers et al. 1993; Fraser et al. 1996). We appear to be witness to the heyday of the

gymnosperms in a period of explosive diversification with biodiversities suggestive of those today

(Anderson et al. 1996). In these rich ecosystems midwifing the extant world, appeared the earliest

dinosaurs, mammals, several insect orders and possibly also the ancestral lineages of the birds and
flowering plants.

The Molteno Formation offers a rare opportunity to examine rich co-associations of Upper
Triassic (Carnian) plants and insects. Together with the tetrapod fauna of the largely coeval Lower
Elliot Formation, we present for the first time a palaeoecological synthesis of these three major
terrestrial components in the Late Triassic Karoo Basin of South Africa. The intracontinental

Molteno/Lower Elliot floodplain biome is the canvas of our investigation.

The plants, insects and tetrapods differ widely in abundance and have been variously sampled and
described, but the available sum of data is now sufficient to allow assembly of a preliminary

composite picture. The plants are by far the most commonly preserved, comprehensively sampled
and fully studied. The insects follow in abundance and level of sampling and, whilst only a small

proportion have been formally described, the full collection is curated to species level following a

provisional taxonomy. The coeval tetrapods are rarest, with considerable preparation and
description of the material remaining.

As background we provide a brief review of Molteno/Elliot tectonics, depositional environment,

lithostratigraphy, biostratigraphy, correlation, climate, preservation potential and biodiversity

drawn from widely scattered sources. A summary account of the Molteno flora is given whilst the

insects and tetrapods are discussed in more depth as the relevant information is mostly unavailable

(Palaeontology, Vol. 41, Part 3, 1998, pp. 387-421, 2 pis) © The Palaeontological Association
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text-fig. 1 . For caption see opposite.
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or is difficult to access in the literature. The text is accompanied by a series of tables presenting a

succinct account of the flora and fauna of the Molteno and Elliot formations. Following from these

basic data we delineate and systematically describe - in the form of annotated figures - seven

primary habitats (ecozones) recognized within the floodplain biome. The flora and fauna of each

are characterized and defined.

The Molteno plant and insect collection, on which this study is based, has been made by two of

us (JMA and HMA) over the past 30 years and is all currently housed at the National Botanical

Institute (NBI), Pretoria. The material collected before 1977 is on long-term loan from the Bernard

Price Institute for Palaeontological Research (BPI), Johannesburg. Other collections are relatively

minor, widely scattered and mostly from sites that have been resampled.

The Elliott tetrapod data are drawn very largely from two review articles : Kitching and Raath

(1984) and Olsen and Galton (1984) on body fossils and trackways respectively. A good proportion

of the skeletal material derives from four intensive collecting trips made from 1978 to 1982 by
Kitching and colleagues. This material is housed at the Bernard Price Institute. Little to affect this

study has been accumulated since.

The system adopted in naming Molteno collecting sites and assemblages was introduced and
outlined in Anderson and Anderson (1983, pp. 3-4). The cryptic Umk 111 Die 2spp, for instance,

provides both geographical and assemblage data : Umk 1 1 1 refers to the first recorded collecting site

(of an area of less than 100 m diameter) in the Umkomaas Valley; Die 2spp indicates that two
species of the foliage genus Dicroidium are dominant in the assemblage. For the full site names and
map locations, see Anderson and Anderson (1983, 1989) and Cairncross et al. (1995). The term

taphocoenosis or phytotaphocoenosis (for plant assemblage) is abbreviated to TC. The plant and
insect specimens illustrated on Plates 1-2 and Text-figure 3 are catalogued with the prefixes: BP/2/
- Bernard Price Institute/fossil plants; or PRE/F/ - Pretoria (National Botanical Institute)/fossils.

The plant and insect sections in this paper are essentially the work of Anderson and Anderson,

the tetrapod compilations and their role in the ecosystems that of Cruickshank.

GEOLOGICAL AND PALAEONTOLOGICAL BACKGROUND
Tectonics

The Molteno Formation and its supposed distal, fine-grained, red-bed facies equivalent, the Lower
Elliot Formation, were laid down on a northerly prograding floodplain in an extensive land-locked

foreland basin (Text-fig. 1). This was positioned towards the southern periphery of the Pangaean
supercontinent and now forms a part of the Karoo Basin (Turner 1975, 1980, 1983, 1986; Visser

1984; Smith et al. 1993). To the south, the basin was bounded by a range of substantial mountains,

the result of earlier destructive plate-margin activity, rising to at least 4000 m above sea level. These

are thought to have supported permanent ice-fields. Tensional stresses, brought on by the

commencement of the break-up of Pangaea, resulted in pulses of sedimentation accompanied by

scarp retreat (Turner 1975). The major episodes of fault-controlled uplift of the largely quartzitic

sediment source are reflected in the six cycles of upward-fining, sandstone-shale-coal sequences of

the Molteno Formation (Text-fig. lc). Early in the period of deposition of the Molteno Formation
(Bamboesberg Member, cycle 1) the source area lay to the south of the basin; subsequently (from

the Indwe Sandstone Member, cycle 2 upwards) the source area shifted to the south-east (Turner

text-fig. 1. Outcrop, lithostratigraphy and tectonics of the Molteno Formation, a, outcrop area of the

Molteno Formation in Southern Africa, b, plan view of the Molteno basin showing areal extent of the six

individual depositional cycles; only cycle 2 (the Indwe Sandstone) persists from south to north, thinning

considerably, c, generalized stratigraphical column of the Molteno Formation, showing six major cycles of

sedimentation, d, section through the Stormberg Basin, along line A-B marked on map (b), showing
relationship of the Molteno Formation to the distal-facies-equivalent Elliot Formation; note that the Lower
Elliot Formation is regarded as the time equivalent of at least the upper four cycles of the Molteno, and that

the Middle and Upper Elliot Formation overlies them, b-d modified from Turner (1983), Kitching and Raath

(1984) and Cairncross et al. (1995).
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text-fig. 2. Regional palaeoenvironmental reconstruction of the Molteno Biome, showing the seven habitat

types or ecozones (1-7) described in Text-figures 5-11.
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1975; Smith et al. 1993). Later sedimentary cycles (3-6) seem to have had their northern limits

controlled by incipient crustal upwarping about half way out into the basin, but this may also have

been due to the degree and rate of scarp retreat. The formation reaches a maximum thickness of c.

600 m and the erosional remnant, largely overlain by younger Karoo strata, extends over an area

roughly 400 km north to south and 200 km west to east.

Depositional environment

Bedload (braided) fluvial systems deposited the bulk of the Molteno sediments (Text-fig. 2a). A wide

range of lithologies, from boulder conglomerates through a variety of sandstones to siltstones,

mudstones and coals, occurs. Three primary facies are encountered: upward-fining, coarse-grained,

channel-fill deposits
;
upward-coarsening crevasse-splay and sheet-flood sequences, and rhythmically

laminated lacustrine and marsh shales deposited in the floodplain (Cairncross et al. 1995). The high

source-area relief, low winter temperatures at high palaeolatitude, strong orographic precipitation,

and sparsely vegetated interfluves in the proximal, upper reaches of the mountain valleys

contributed to rapid erosion and heavily loaded stream beds (Turner 1980; Smith et al. 1993). The

upper levels of the Molteno Formation appear to grade distally into the Lower Elliot Formation,

a fine-grained, red-bed facies laid down by meandering river systems. There may also have been

intervals of low-sinuosity, meandering-river activity during deposition of the Molteno Formation

at the waning of each cycle (Text-fig. 2b) when the source area was inactive and the basin was of

low relief. One such case may have been towards the close of Bamboesberg Member sedimentation

and before the deposition of the Indwe Sandstone Member (Turner 1975, Cairncross et al. 1995).

Lithostratigraphy

The lower contact of the Molteno Formation with the Burghersdorp Formation is diachronous

across the basin and has proved difficult to define. It is generally taken that this contact is marked

by the first occurrence of typical Molteno pebble beds or coarse-grained sandstones of characteristic

bedload geometry (P. J. Hancox, pers. comm.). This is largely allied with the change in sediment

colour from red/purple to grey/buff. The break marks a shift from a floodplain with ephemeral

streams to a braided-river complex, and is defined by an unconformity which may be more than

regional in nature (Charig 1963; Drysdall and Kitching 1963; Keyser 1973; Cruickshank 1986; Cox

1991 ;
Hancox and Rubidge 1996). The upper boundary of the Molteno Formation apparently has

an interdigitating relationship with the lower part of the Elliot Formation (Turner 1983; Visser

1984; Cairncross et al. 1995, fig. 2a) as indicated earlier. This, in turn, is separated from the Middle

Elliot Formation by a distinct palaeosol horizon (Kitching and Raath 1984). The middle and upper

components of the Elliot Formation are bracketed together and constitute a flood-basin facies of

still finer-grained sediments than the Lower Elliot Formation. These retrograde southwards

towards the eroded remnants of the ‘ Molteno ’ mountains.

Biostratigraphy

The 100 Molteno phytotaphocoenoses (TCs) or plant assemblages can be ordered, with reasonable

confidence, in stratigraphical sequence. All but the last of the six cycles of the formation are fairly

well represented, yet no marked biozonation is evident. A few well-defined gymnosperm taxa,

Dicroidium zuberi, Gontriglossa verticillata, Pseudoctenis fissa, P. harringtoniana and Moltenia spp.

are, however, confined to the Indwe Member (cycle 2). These occur fairly frequently and commonly

within the member, but this may well be of more palaeoecological than biostratigraphical

significance: the Indwe Member is the most prominent, arenaceous, and widespread of the Molteno

members and is the only one to extend the full south-north extent of the formation (Text-fig. 1b, d).
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The Molteno insect faunas have not, as yet, been tabulated in such a way as to assess how far

they show biostratigraphical significance. Plant fossils are apparently extremely rare and
fragmentary in the Elliot Formation (C. E. Gow, pers. comm.); but, based on Ellenberger (1972),

there seems to be a broad correlation of a characteristically Triassic Dicroidium flora with the Lower
Elliot Formation (= Lower ‘Red Beds’) and of a Jurassic-like flora with the Middle and Upper
Elliot Formation ( = Upper ‘ Red Beds ’) (Ellenberger 1972, pp. 346-348

;
Kitching and Raath 1984).

The Elliot Formation is divided into two biostratigraphical units, each with a distinctive tetrapod

fauna. The lower division coincides with the Lower Elliot Formation and has been ascribed to the

Euskelosaurus Range Zone (Kitching and Raath 1984). This fauna has a distinctly Triassic imprint,

comprising temnospondyl amphibians, a possible chelonian, a gomphodont cynodont, a

dicynodont, a thecondont and a large, primitive, sauropodomorph dinosaur. The presence of a

primitive sauropod in the Lower Elliot Formation helps confirm its Carnian age (Benton 1993a;

Padian and May 1993). The lower fauna contrasts with that of the Middle to Upper Elliot

Formation, which is ascribed to the Massospondylus Range Zone. This younger zone contains a

more diverse fauna, of Jurassic aspect, including advanced cynodonts, crocodiles, ornithischian

dinosaurs and primitive mammals (Kitching and Raath 1984). We have incorporated a faunal

summary of the Massospondylus Range Zone to provide some indication of what forms of animal

life might possibly be missing from the seemingly incomplete Lower Elliot fauna.

Global correlation

The correlation of exclusively terrestrial Gondwana deposits against the international standard-

reference sections based on northern marine sequences is always difficult. The quoted age of any
particular tetrapod or plant-bearing formation is often based more on tradition than any secure

framework of correlation. The ages of the Molteno and Elliot formations are by no means fixed.

On the basis of earlier comprehensive systematic efforts to correlate the Karoo strata globally (e.g.

Anderson and Anderson 1970, 1983; Anderson and Cruickshank 1978; Anderson 1981), we settled

on a Early Carnian age for the Molteno Formation and a Late Norian/Rhaetian age for the Elliot

Formation. The putative interfingering, coeval nature of the upper members of the Molteno and the

Lower Elliot Formations, as accepted in this paper, was not accounted for in the earlier papers.

The Burghersdorp Formation, which is separated from the Molteno Formation by an
unconformity (Turner 1972; Cruickshank 1986; Hancox and Rubidge 1996), is taken to extend

from the upper Lower Triassic (Spathian) to within the Anisian, whereas the Molteno Formation
(and its distal equivalent, the Lower Elliot Formation) is considered to be Carnian (e.g. Gauffre

1993). A post-Anisian sedimentary break is widespread throughout southern Africa at least. It

indicates a halt to basin formation, followed by uplift and erosion, and is thus likely to coincide with

tensional stresses presaging the break-up of Pangaea.

Although there are recently published alternative ‘dates’ (Aigner and Bachmann 1993; Retallack

et al. 1993; Rogers et al. 1993; Lucas 19946) for the various stages within the Triassic, we take the

period to have had a duration of c. 40 million years (within limits of a few million years) from 247

to 204 Ma (Menning 1991). The lower boundaries of the intervening stages are placed at 240 Ma
for the Anisian, 234 Ma for the Ladinian, 229 Ma for the Carnian and 222 Ma for the base of the

Norian. A time gap of at least 5 million years representing the post-Anisian unconformity can be

recognized. If the Molteno/Lower Elliot Formations occupy the whole of the Carnian, then this

depositional event would represent a slice of history of some 7 million years duration, but we have

generally considered the Molteno Formation to have been laid down over a shorter period of time

(e.g. Anderson 1981).

If the Upper Elliot Formation is placed in the lowest Jurassic, as is traditional, then the

unconformity recognized between the Lower and Upper Elliot Formations (Kitching and Raath

1984) would represent the whole of the Norian and Rhaetian (18 My). This gap might be very much
reduced if the Upper Elliot Formation were to extend down into the Upper Triassic and Lower
Elliot Formation up into the Norian.
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table 1 . The Molteno flora; plant form and preferred habitat are of necessity first approximations.

CLASS
SUBCLASS
Genera _»PR

abund-
ance plant form preferred habitat

BRYOPHYTA
Musettes

HEPATOPHYTA
Marchantites

INCERTAE SEDIS
Thallttes (+2 gen.)

LYCOPHYTA
Cylomeia (+1 gen.)

SPHENOPHYTA (horsetails)

Phyllotheca

Schizoneura

2 genera

Equisetum . ..........

FILICOPHYTA (ferns)

Drepanozamttes
1 1 genera

Dictyophyllum

Asplenttes

miscell. (4 gen.)

mosses & liverworts .... damp/shady undergrowth

v. rare 1 herbaceous
j

floodplain wetlands

occasional] i

common l
i horsetails; reed-l

"
I

;

low to high

dominant J

rare ] j

occasional I

v. rare
f

ferns

occasional

v. rare J

riverine and floodplain

wetlands

riverine forest

|

(varied)

wide spectrum

riverine forest

I
(varied)

PINOPHYTA
PINOPSIDA (conifers)

Heidiphyllum

Pagiophyllum

.

CYCADOPSIDA
Pseudoctenis

.

Ctenis .

.

Mottenia

.

dominant .
. |

woody, reed-like
j

floodplain thicket

common .

.

5

large tree
\

riverine & wetland

v. rare .... tree open woodland

cycad-like,

generally small

forest to woodland

; riverine forest

PELTASPERMALES (seed ferns)

Kurtziana (+2 gen.).

.

Lepidopteris 2

Dicroidium 19

Dejerseya 1

GINGKGOALES

Ginkgo

NEW ORDER
Ginkgopbytopsis-like

INCERTAE SEDIS
Linguifolium

Saportaea

Chiropteris

PENTOXYLOPSIDA
Taeniopteris

BENNETTOPSIDA
Halleyoctenis

GNETOPSIDA
Gontriglossa

Yabeiella

Jungttes

rare small tree floodplain woodland

common . . med. shrub riverine forest

dominant . . shrub to large tree forest to woodland

common . . shrub or small tree

dominant . . shrub to med. tree lake margin

occasional . shrub to tall tree forest to woodland

occasional herbaceous pioneer wide spectrum

rare .

.

v. rare

.

common

common

occasional

rare

i
herbaceous pioneer water margin

herbaceous undergrowth . riverine forest

j creeper wide spectrum

shrub to small tree forest to woodland

cycad-like open woodland

.
,
herbaceous pioneer . . . .

! water margin

. large tree riverine forest

J shrub or tree

Total diversity - 59 genera, 206 species.

Species- based on full taxonomic review of Molteno flora.

Sampling- based on the 100 sampled taphocoenoses (TCs).

Frequency- the number of TCs in which the genus occurs.

Abundance (the norm in the TCs in which it occurs)

v. rare - 1-5 individuals

rare - 5-10 individuals

occasional - 10 individuals to 1 per cent,

common - 1 per cent -5 per cent,

dominant - dominates the communities.
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Climate

As proposed by Anderson and Anderson (1983, 19936), the climate during deposition of the

Molteno Formation was governed by Pangaea forming a landmass stretching from pole to pole.

This landmass formed a barrier to the westward-flowing warm equatorial currents, which would
have been deflected north and south along the eastern shoreline of Pangaea, resulting in evaporation

and copious precipitation along this belt. The cold West-Wind Drift would likewise have found a

barrier in the opposite margin of Pangaea, resulting in a belt of temperate rainfall between

palaeolatitudes 33° S and 66° S. The Molteno depositional basin, lying as it did towards the

Gondwana interior at around 60° S, may have been fairly arid with warm to hot, dry summers and
cold, wetter winters. Sufficient winter precipitation fell on the mountains of the Proto-Cape Fold

Belt to ensure perennial flow in the major Molteno river systems, with enhanced flow and flooding

in spring through melting snow and ice in the highlands.

The preservation enigma

The coarser-grained, grey/buff sediments of the Molteno Formation yield abundant, well-preserved

plants and insects to the virtual exclusion of tetrapods (body fossils or trackways)
;
the finer-grained,

red beds of the Elliot yield abundant and often well-preserved tetrapods and their trackways to the

virtual exclusion of plants and insects. This pattern of exclusivity, plant or tetrapod, appears to be

general throughout the terrestrial fossil record : certainly it is seen all through the richly fossiliferous

Early Permian to Early Jurassic Karoo strata of South Africa. There remains no fully convincing

explanation for this enigmatic balance of preservation.

It is well known that the macroscopic remains of plants (foliage, fruit) and tetrapod vertebrate

(bone) are equally likely to be preserved in the various depositional settings (channel, crevasse splay,

floodplain, lake) of the braidplain environment (Behrensmeyer et al. 1992, p. 17). It is additional

factors, such as pH, drainage and oxygenation, that control the preservation of either plant or bone.

Plants are best preserved where there are high levels of humic acids (i.e. low pH) coupled with poor
drainage and low oxygenation (such as in the Molteno Formation), whilst bone is best preserved

under alkaline conditions (i.e. neutral to high pH) coupled with high oxygenation (such as in the

Elliot Formation). It remains difficult, however, to explain why the Molteno Formation should be

nearly devoid of coprolites and trackways.

Biodiversity

The application of recently derived statistical techniques (Generalized Inverse Gaussian-Poisson

Distribution - GIGP) to the observed (sampled) Molteno floral and insect diversity has yielded

estimates of the corresponding preserved (potentially available) diversity (Anderson et al. 1996).

Three extrapolations were made on the basis of these rich megafloral/insect co-assemblages from
100 taphocoenoses (TCs): insect species -335 observed, 7740 preserved; vegetative species -206
observed, 667 preserved; gymnosperm ovulate orders- 16 observed, 84 preserved. Further

extrapolations of these results hint at global Late Triassic floral and faunal richness akin to that of

the present day, which conflicts with the traditionally held model of a cone of increasing biodiversity

EXPLANATION OF PLATE 1

The dominant plant genera defining habitats 1-4 of the Molteno Formation.

1-2. Dicroidium (seed fern). 1, BP/2/057; Umk 111; x 1. 2, PRE/F/1790; Mat 111; bedding plane showing

forked fronds; x0-75.

3. Sphenobaiera; BP/2/4849; Bir 111; bedding plane of overlapping leaves of two species; x 1.

4. Rissikia (conifer); PRE/F/1326; Hla 213; x 1-5.



PLATE 1

ANDERSON et al., Dicroidium, Sphenobaiera , Rissikia
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through time (Anderson and Anderson 1995). This suggests a hitherto unsuspected phase of

explosive plant and insect evolution in the Triassic - following the Late Permian extinction -

crucial in understanding the evolution of the Mesozoic terrestrial biota (Anderson and Anderson
1993a, 19936, 1995; Anderson et al. 1996). The low frequency, abundance and observed diversity of

the tetrapods in the Lower Elliot Formation preclude them from similar statistical treatment.

MOLTENO FLORA

The Molteno flora (Table 1) is apparently the most comprehensively sampled and richest known for

the Triassic world. It has been extensively and intensively sampled from 100 taphocoenoses (from

69 localities, i.e. areas of up to 1 km in diameter) and is represented by some 30000 catalogued slabs

with 300000 identifiable vegetative specimens. A comprehensive taxonomic study of this material,

partly published, has revealed 56 genera with 206 vegetative species of plant (Anderson and
Anderson 1983, 1985, 1989). The flora is characterized by a fairly equal range of gymnosperm and
pteridophyte taxa. The former are dominated by a number of species of the ‘seed fern’ Dicroidium

and by various ginkgophytes, conifers and cycads, although a wide spectrum of ovulate fruiting

structures indicates a host of new gymnosperm orders making their appearance. The pteridophytes

are strongly dominated by horsetails and ferns, with lycopods very rare. Mosses and liverworts are

scattered.

In spite of the overall diversity, it is the species of only a few genera - Dicroidium (seed fern,

Peltaspermales), Sphenobaiera (Ginkgoales), Heidiphyllum (conifer, Voltziales), Equisetum (horse-

tail, Equisetales) and, to a lesser extent, Rissikia (Coniferales) - that dominate the discernible plant

associations (Table 1 ;
Pis 1-2). It has been possible to define six plant habitats based largely on the

occurrence of these genera (Cairncross et al. 1995), whilst a seventh is characterized by the rarer

ferns and Ginkgophytopsis (PI. 2, figs 5-6). These seven habitats are further characterized by
distinctive lithologies and insect assemblages.

MOLTENO INSECTS

In the continuing shift of interest from descriptive systematics to evolutionary palaeoecology,

palaeobiology and related fields (Behrensmeyer et al. 1992; Tiffney 1992; Anderson and Anderson
1993a, 19936) it has become evident that the dearth of knowledge concerning fossil insects is a

particularly pressing defect. This is all the more significant when it is acknowledged that the impact

of insects in present-day ecosystems is no less than that of vertebrates. The discovery over the last

few years, therefore, that the insects are far more plentiful in the Molteno Formation than was
previously suspected is very encouraging. A systematic study of fossiliferous slabs under the stereo-

microscope has revealed that virtually all Molteno phytotaphocoenoses yield a steady, if rare, return

of insects (Table 2).

This ubiquitous occurrence of insects has opened an entirely new perspective on the palaeoecology

of the formation. Analysis of the full collection of 2056 individuals now available from 43

taphocoenoses (TCs) has led to the recognition of a clear pattern of plant/insect co-associations

(Tables 3^4).

EXPLANATION OF PLATE 2

The dominant plant genera defining habitats 5-7 of the Molteno Formation.

1-2. Heidiphyllum (conifer); Tel 111. 1, PRE/F/7705b; x 1. 2, BP/2/5617; bedding plane of overlapping

leaves; xO-5.

3-4. Equisetum (horsetail); Gre 111. 3, PRE/F/7572a. 4, PRE/F/7577a. Both x 1.

5. Ginkgophytopsis
;
PRE/F/10157b; Mat 111; showing characteristic anastomosing venation; x2.

6. fern frond; BP/2/3344b; Kan 111; x 1.
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table 3. Plant-insect co-associations in the Molteno Formation, based on specimen counts. Matrix of plant data shows the abundance of the four

dominant Molteno genera recorded for each taphocoenosis (TC)
;
bold type = percentage abundance, normal type = individual count where less than

1 per cent. Matrix of insect data shows the number of individual insects attributed to each order for each of the 43 productive TCs.
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table 4. Plant-insect co-associations in the Molteno Formation, based on species counts. Matrix of plant data shows the abundance of the four
dominant Molteno genera recorded for each taphocoenosis (TC) ; bold type = percentage abundance, normal type = individual count where less than

1 per cent. Matrix of insect data shows the number of species attributed to each order for each of the 43 productive TCs.
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Preservation and yield

All Molteno insect faunas have been found together with plant macrofossil assemblages. The insect

specimens, mostly isolated wings, less often abdomens, nymphs or larvae, and rarely complete or

partially complete adult individuals, occur as very rare elements scattered amongst the plant

remains. Nowhere have we encountered a bedding plane, lens or horizon within the main body of

a site to show an abnormally high concentration of insects. The yield varies quite widely between

TCs (Table 2), from one insect per ten man-microscope hours scanning plant-bearing slabs, through

to 64 per ten hours, but with a marked norm at around 10-20 per 10 hours. These data are internally

consistent in so far as they are based throughout on just one of us (JMA) working at the binocular

microscope. They are significant taphonomically and palaeoenvironmentally as they relate broadly

to the conditions of deposition: the highest yield generally being encountered in quiet-water

deposits (e.g. lakes of the floodplain) and the lowest in turbid-water deposits (e.g. certain channels

in the braided river). It should be noted that the total insect counts (as recorded in Table 2 for each

TC) include individuals found in the field in addition to those found under the microscope in the

lab.

Collection size andfaunal patterns

Although a total of 2056 individuals from 43 TCs is now available, the number from each TC varies

greatly (Table 2). Around half the TCs have yielded ten or more insects, whilst as many as seven

are represented by over 100 individuals. A sufficient tally of specimens from a significant number
of sites is thus available for clear repetitive faunal patterns to emerge. These different faunas are seen

to occur with distinctive plant associations and under definite depositional regimes (Tables 3-4).

Provisional taxonomy

Only five formal taxonomic papers covering a small part of the insect fauna have been published

(Zeuner 1961; Riek 1974, 1976a, 19766; Hubbard and Riek 1977). The full insect collection,

considerably enhanced since the late 1970s, has, however, been comprehensively curated following

a provisional taxonomy to order, genus and species. The recorded diversity now reads 18 orders,

117 genera, 335 species. The continuing systematic work owes much to Riek (Canberra, Australia)

who has to date undertaken four study trips to South Africa: 1973 (twice), 1985 and 1991. A
selection of Molteno insect wings is illustrated in Text-figure 3.

Other invertebrates

The insects are by far the most important component of the Molteno fauna. The Conchostraca

(small, mainly freshwater crustaceans) are the next most significant faunal element with a

provisional taxonomy indicating three genera and eight species from 20 plant assemblages. They
occur in relative abundance on certain bedding planes in several of the assemblages. The remaining

fauna is very sparse, including just two genera with two species of bivalve from one assemblage, and
two specimens of spider from two assemblages (Selden et al. in press). These additional

invertebrates are not discussed further in this paper.

THE DOMINANT INSECT ORDERS

In terms of abundance and diversity (Tables 3-4), three orders (and to a lesser extent a fourth)

strongly dominate the Molteno faunas. The cockroaches are by far the most abundant with 956

individuals, the beetles are second with 453 individuals, and the bugs third with 229 individuals. The



402 PALAEONTOLOGY, VOLUME 41

text-fig. 3. For caption see opposite.
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beetles, though, are clearly the most diverse order with close on half of all taxa (161 species), the

bugs fall second with 69 species, and the dragonflies third with 22 species. It is the abundance ratios

between these four orders that largely characterize the faunal components of the plant/insect co-

associations recognized in the Molteno Formation. The variable role of taphonomic bias remains

to be assessed fully. In view of their palaeoecological importance, these four orders are discussed in

regard to their known habitat and diet in the extant world and their patterns of occurrence in the

Molteno Formation.

Blattodea (cockroaches)

Habitat and feeding of extant representatives. Cockroach nymphs and adults exhibit the same

patterns of habitat and feeding, both being essentially terrestrial omnivores. They are primarily

nocturnal, unspecialized scavengers in leaf litter, feeding largely on decomposing plant material.

Molteno Formation. The cockroaches easily outnumber other insect groups in the Molteno (Table 3).

With 956 individuals, mostly isolated forewings, less common nymphs, abdomina, hindwings or

fully articulated adults, from 34 TCs they amount to nearly half the total faunal count of 2056

individuals. In diversity (Table 4), however, with a mere three genera and ten species recognized,

they come only sixth after the beetles, bugs, dragonflies, scorpionflies and Paraplecoptera. Their

relative abundance is markedly highest in the closed-canopy terrestrial habitats - Heidiphyllum

thicket, Sphenobaiera closed woodland and the Dicroidium riparian forest (types 1 and 2) - where

ample leaf litter, ideal for their scavenging, would have accumulated.

Coleoptera (beetles)

Habitat and feeding of extant representatives. The beetles are hugely diverse in the extant world,

with an estimated 350000 species having been described (Scholtz and Holm 1985). They vary greatly

in size, shape, habit and biology and are found in virtually all terrestrial and freshwater habitats.

Both larvae and adults utilize virtually all plant parts, dead or alive. Plant debris provides a

particularly rich food source. Carnivores (predators) are also common, some being specialists,

others opportunists.

Molteno Formation. The beetles are the second most abundant insect order in the Molteno

Formation (Table 3), but are by a wide margin the most diverse (Table 4). A total of 453 individuals

(from 36 TCs), including 30 genera and 161 species, occurs in the collection. They are found more

or less equally prominently, in abundance and diversity, in all the Molteno habitats (apart from the

fern/Ginkgophytopsis meadows for which insects are as yet unknown). In virtually all Molteno TCs
yielding insects, the beetles make up half or more of the diversity, a characteristic that heralds

patterns in the world today. Whilst beetles first appear in the Lower Permian, their dramatic

text-fig. 3. Selected genera from the more significant Molteno insect orders, a, Litophlebia (Ephemeroptera,

mayflies); BP/2/21549; Bir 111. b, Samaroblatta (Blattodea, cockroaches); PRE/F/ 101 18; Bir 111. c,

Triassoneura (Odonata, dragonflies) ; BP/2/20983; Bir 111. D, new genus of Meganisoptera (protodragonflies);

PRE/F/5118; Bir 111. E, Tennentsia (Homoptera, bugs); BP/2/21034; Bir 111. F, new genus of Mecoptera

(scorpionflies); PRE/F/ 10124; Bir 111. G, new genus of Hymenoptera (wasps, bees, ants); PRE/F/ 10438; Bir

111. h, new genus of Paraplecoptera (extinct); PRE/F/ 10436; Bir 111. i, Mesoses (Lepidoptera, butterflies);

PRE/F/10617; Aas411. J, new genus of Coleoptera (beetles); PRE/F/10822; Bir 111. Scale bar represents

4 mm (a, c-f, h-i), 2 mm (b, g) or 1 mm (j).
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radiation appears to have been a feature of the Late Triassic (Crowson 1975; Anderson and
Anderson 1993a, 1993 b). A significant proportion of the Molteno beetles, as suggested by their

morphology, was evidently aquatic or semi-aquatic. A similarly high proportion was particularly

small in size. It is uncertain as to what extent the tough exoskeleton and especially the elytrification

might contribute to an apparent prominence of beetle remains.

Homoptera (bugs)

Habitat and feeding of extant representatives. Homopterans are herbivores with mouth parts

adapted for sucking sap from plant groups ranging from ferns to angiosperms. In all but one

(Cicadoidea) of the major superfamilies (Cercopoidea, Fulgoroidea, Psylloidea and Aleurodoidea)

represented in the Molteno Formation, the nymphs and adults live in essentially the same arboreal

habitat and follow similar feeding preferences. The taxa are often host-specific and well

camouflaged. In Cicadoidea the nymphs are terrestrial soil burrowers feeding on roots of grasses

or trees, whilst the adults are arboreal feeding on the sap of trees and shrubs.

Molteno Formation. With 229 individuals from 25 TCs, the bugs come a clear third in abundance

in the Molteno fauna (Table 3), whilst in diversity, with 34 genera and 69 species, they come an

equally clear second after the beetles (Table 4). Their most favoured habitat, on comparing relative

abundance of individuals with that of the other prominent orders, was evidently the open
Dicroidium woodland, followed by the Sphenobaiera woodland and the Heidiphyllum thicket. They
occur relatively rarely in the riparian-forest habitats. Bug diversity comes closest to that of the

beetles in the Sphenobaiera woodland peripheral to the floodplain lakes.

Odonata (dragonflies and damselflies)

Habitat andfeeding ofextant representatives. The nymphs are aquatic carnivores, living in standing

or flowing water. They are predatory, with mouth parts adapted for a wide diet ranging from
insects, conchostracans and other small crustaceans to immature fish. The adults are predatory

aerial carnivores, taking other insects whilst on the wing.

Molteno Formation. With a total of 91 individuals from 16 TCs, Odonata is the fourth most
abundant order in the Molteno Formation (Table 3). In diversity, with eight genera and 22 species,

it comes third after the beetles and bugs (Table 4). As with the other more primitive orders with

aquatic nymphs and aerial adults, odonatans are clearly found most abundantly in the floodplain-

lake deposits (e.g. Bir 111, Aas 411) associated with Sphenobaiera closed woodland; and next most
commonly in deposits laid down in abandoned channels of the braided river (e.g. Kap 111, Mat
111), associated with Dicroidium riparian forest (type 2). They are markedly rare elsewhere.

PLANT-INSECT CO-ASSOCIATIONS

The abundance and diversity data for the 18 Molteno insect orders are plotted against the 43 TCs
in a pair of matrix tables: Table 3 records specimen counts and Table 4 species counts. On
arranging the TCs according to vegetation type, and sedimentary facies where feasible, a distinctive

pattern of six plant/insect co-associations is seen. Insects are not yet known from the seventh

vegetation type: the fern/Ginkgophytopsis meadows.
Even though some proportion of the insect fauna in each TC presumably constitutes noise from

associations further afield (i.e. is allochthonous), the initial patterns that emerge are striking and
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obviously meaningful. The faunas of the Sphenobaiera woodland peripheral to floodplain lakes are,

for instance, markedly different from those of the Dicroidium woodland of the open floodplain

(Table 3). Particularly evident in this comparison is the common occurrence of the more primitive

orders - mayflies, protodragonflies, dragonflies, and Paraplecoptera, all closely associated with

open water - in the former habitat and their rarity in the latter.

These co-associations and their habitats are described in some detail in Text-figures 5-1 1 along

with the tetrapod components of the Lower Elliot Formation that are considered most likely to

have been allied with each.

ELLIOT FORMATION TETRAPODS (WITH MINOR MOLTENO FORMATION
COMPONENTS)

Abundance and localities

The material on which the Elliot faunal lists (Tables 5-6) are based has been accumulated over more
than a century. Details concerning localities, number of specimens, and mode of preservation are

largely lacking. Localities may vary considerably in extent from a district, to a farm, to a system

of erosion gullies or a single site in one such gully. It follows that the abundance data for the

different taxa as reflected in the Tables are more relative than real. The tally of 55 cited for

Euskelosaurus, for instance, is the number of localities at which the taxon has been collected and
records the minimum number of individuals represented. Fish are excluded from consideration.

We include the full section on the vertebrates under the heading ‘Elliot tetrapods’, as virtually

all the material derives from this formation. The Molteno contribution is minimal and speculative.

Molteno Formation vertebrates

Vertebrate body fossils in the Molteno Formation are restricted to 32 specimens of fish

(impressions) from three plant localities, primarily Birds River (Bir 111). These are ascribed to four

genera: Semionotus and three new forms (Jubb 1973; E. K. Sytchevskaya, pers. comm.).

Published reports of tetrapod trackways in the Molteno Formation are confined to a single

locality (two sites 200 m apart) near the town of Maclear in the north-eastern Cape (Raath et al.

1990; Raath 1996). Further sites are now known from the same vicinity as well as from the Qwa
Qwa National Park (either uppermost Molteno or Lower Elliot Formation) in the northern

Molteno outcrop (P. J. Hancox, pers. comm.). The Maclear site was originally assigned to cycle 1

in the Molteno (Raath et al. 1990), but is now considered high (cycle 5; Transitional Member of

Turner 1975) in the formation (P. J. Hancox, pers. comm.) and therefore of the same age as the

Lower Elliot Formation (Text-fig. Id). The original Maclear trackways include those of a Grallator-

like theropod, a possible chelonian (proganochelyid) and tail drags suggesting a large quadrupedal

prosauropod dinosaur (Table 5).

Euskelosaurus Range Zone fauna {Lower Elliot Formation)

The faunal list for the Lower Elliot Formation (Table 5) reflects the minimum possible diversity at

generic level and is based largely on the latest general reviews at hand: Kitching and Raath (1984)

on the body fossils; Olsen and Galton (1984) primarily on the trackways. In these references a

considerable number of generic and specific names from earlier literature were already reduced to

synonyms or dropped as nomina dubia. The ‘cleaned’ list of taxa that remains, reduced further by
linking body fossils and trackways as attempted here, reflects a rather meagre diversity ofjust seven

genera (including the Molteno material). Descriptive and taxonomic work remains insufficient to

consider specific taxa. The fauna consists of three carnivores comprising a large riverine capitosaur,

the top carnivore Basutodon, and a small bipedal theropod, along with four herbivores comprising

the high-level dinosaurian browser Euskelosaurus , a lumbering kannemeyeriid low-level browser/

grazer, a smaller low-level omnivore Scalenodontoides, and an omnivorous proganochelyid tortoise.
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table 5. Tetrapods of the Lower Elliot Formation, including minor Molteno components (e.g. the chelonian),

with an interpretation of lifestyles.

CLASS
SUBCLASS
SUPERORDER
ORDER
SUBORDER
FAMILY
Genus

Body

fossils

no.

of

localities

(=min

no.

of

indivs)

Niche

diet Size

overall (unless

stated)

Associated trackway
(ichno taxa) habitat, diet etc.

AMPHIBIA
LABYRINTHODONTIA
TEMNOSPONDYLI
CAPITOSAURIDAE
Capitosaurid indet. 9 P/C to 4 m -

habitat: riverine (not lake)

analogue: crocodile (skulls to c. 1 m long)

diet piscivore, carnivore

association: with Euskelosaunis

preservation: cranial and postcranial fragments

trackway: (unknown)

REPTILIA
ANAPSIDA
CHELONIA
PROGANOCHELYIDAE
Pnoganochelyid indet.

- H/O to 1 m
FAM. indet.

tEpiscopus

habitat: full spectrum (forest to open woodland)

analogue: med.-large tortoise

diet herbivore/omnivore (scavenger, plants to inverts)

association: theropod and Euskelosaums
preservation: body fossils unknown
trackway, single indistinct trackway (Molteno)

ARCHOSAURIA
THECODONTIA
PSEUDOSUCHIA
RAUISUCHIDAE
Basutodon 10 C 3 m

CHEIROTHERIDAE
Brachycheirotherium

habitat: full spectrum (forest to open woodland)

analogue: large Komodo dragon

diet top carnivore

association: not documented
preservation: cranial and postcranial fragments

trackway: most common

SAURISCHIA
THEROPODA

Theropod indet.
- l/C 1 m

GRALLATORIDAE
Grallator

habitat: primarily open woodland
analogue: small bipedal dinosaur

diet: insectivore (juveniles): carnivore

association: unknown
preservation: (known only from trackways)

trackway: 2nd most common

SAUROPODOMORPHA
ANCHISAURIDAE
Euskelosaums 55 H 10 m

NAVAHOPODIDAE
Tetrasauropus

habitat: principally riparian forest

analogue: med-sized quadruped dinosaur

diet high level browser

association: with capitosaurs

preservation: fully articulated to fragmentary

trackway: apparently infrequent

SYNAPSIDA
THERAPSIDA
DICYNODONTIA
KANNEMEYERIIDAE
Kannemeyeriid indet.

- H 2-3 m
PENTASAUROPODIDAE

Pentasauropus

habitat: forest and closed woodland

analogue: cow/ox

diet: herbivore, browser/grazer, low level

association: unknown
preservation: (known only from trackways)

trackway: moderate frequency

CYNODONTIA
DIADEMODONTIDAE
Scalenodontoides 6 H/O 300 mm

(skull)

~

habitat: full spectrum (aside from Equisetum marsh)

analogue: small bear

diet herbivore/omnivore, fruit and foliage, low level

association: unknown
preservation: rare fragments, 1 good skull

trackway: (unknown)

How comprehensively does this observed fauna represent the full preserved or existing fauna of

the time and place? It does seem remarkably scanty considering the very high diversity of the plants

and insects in the Molteno Formation.

Massospondylus Range Zone fauna (Middle to Upper Elliot Formation)

The tetrapod fauna of the Middle to Upper Elliot Formation - compiled from the same sources and

following the same procedure as for the Lower Elliot Formation - is presented (Table 6) to give an

idea of the structure of a distinctly richer assemblage of a slightly later time interval. This may, in

future work, enable a model to be constructed of possible missing elements of the Lower Elliot

Formation. The Massospondylus Zone fauna includes, amongst others, a wider spread of dinosaurs

and two genera of early mammals. It is not discussed further in this paper.
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table 6. Tetrapods of the Middle and Upper Elliot Formation, with an interpretation of lifestyles.

CLASS
SUBCLASS • J
SUPERORDER
ORDER

5I.S
1 8? i

SUBORDER 75 8
FAMILY Isl zi Jit Associated trackway

Genus (ichno taxa) habitat, diet etc.

AMPHIBIA habit river &/or lake

LABYRINTHODONTIA analogue: 'salamander’, c1V4 m in length

TEMNOSPONDYLI diet piscivore (ambush predator)

BRACHYOPIDAE association: with Massospondylus & lungfish

Brachyopid Indet. 2 l\P >250 mm - preservation: 1 partial skull

(skull) trackway unknown

REPTIUA habitat lull spectrum (terrestrial)

ANAPSIDA analogue: tortoise

CHELONIA diet omnlvore/herbivone (scavenger, plants to inverts)

AUSTROCHELYIDAE FAM. indet. association: with Massospondylus
Austrochetys 1 O/H >0,6 m Episcopus preservation: t good skull

trackway: frequency/abundance uncertain

LEPIDOSAURIA habitat probably burrowing, dry river banks etc.

SPHENODONTIA analogue: tuatara

SPHENODONTIDAE diet: wide spectrum invertebrates

Clevosaurus 1 1 50 mm : association: unknown
(skull) preservation: 1 fair skull

trackway: unknown

ARCHOSAURIA
CROCODYUA
PROTOSUCHIA
PROTOSUCHIDAE
Orthosuchus 1 A habitat primarily open woodland (interfluve)

Notochampsa 2 analogue gracile, fast (greyhound)

Baroquesuchus 2 diet: insectivore/camivore (skull C100 mm)
SPHENOSUCHIDAE l/C <0.5 m BATRACHOPODIDAE association: Pachygenelus (3x), Massospondylus (lx)

Sphenosuchus 1
1

Batrachopus spp. preservation: v. well preserved articulated skull/skeleton

Pedeticosaurus

Clarences l 1
trackway: most abundant small non-dinosaur

THECODONT1A
7AETOSAURIA

?Aetosaurid Indet. 2 H 3m - diet ?root & tuber eater

SAURISCHIA habitat primarily open woodland
THEROPODA analogue: small bipedal dinosaur

PODOKESAURIDAE GRALLATORIDAE diet irtsectivore (juveniles), carnivore

Syntarsus 4 C 1m GraUator association: Tritylodon (2x) Fabrosaurus (2x), etc.

preservation: partial skeletons

trackway: most common

SAUROPODOMORPHA habitat principally riparian forest

ANCHISAURIDAE analogue: small-med. facultative bipedal dinosaur

Massospondylus 116 H 4m - diet medium-level browser

association: Trilyl. (20x), Pacbygen. (6x), crocs (6x), etc.

preservation: good, fully articulated skull/skeleton

trackway: unknown

ORNITHISCHIA habitat forest margin to open woodland
ORNITHOPODA analogue: small dinosaur

FABROSAURIDAE ANOMOEPODIDAE diet herbivore, low-level browser(to t m)
Fabrosaurus 7 H 1,5m Anomoepus association: Massospondylus (3x), Synlarsus (2x), etc.

preservation: good, fully articulated skull/skeleton

trackway: 2nd most common

HETERODONTOSAURIDAE habitat forest margin to open woodland
Heterodontosaurus 5 A A analogue: small dinosaur

Lycprhinus 1 T T t diet herbivore, low-level browser (to 1 m)
Abiidosaurus 2 1,5m association: mostly, isolated occurrences

Lanasaurus 1 1 1 i preservation: good, fully articulated skull/skeleton

Lesolhosaurus 1 V V V trackway: unknown

SUBORDER indet

Om'ithischian indet. 9 H 1,5m - diet low-level browser

SYNAPSIDA habitat forest to open woodland
THERAPSIDA analogue: elephant shrew

CYNODONTIA diet insectivore (arboreal or in leaf litter)

TRITHELEDONTIDAE (skulls) association: Massospondylus (5x), Crocodylia (2x), etc.

Tritheledon 1 1 45 mm - preservation: fragmentary jaws & teeth

Pachygenetus 17 1 35 mm - trackway: unknown

TRITYLODONT1DAE AMEGHINICH1DAE habitat primarily riparian forest

Tritylodon 35 1,5 m Ameghinlchnus analogue: giant rodent (to 1,5 m)
diet herbivore (?bark eater)

association: Massospondylus (20x) & various others

preservation: good, fully articulated skull/skeleton

trackway: relatively abundant (7)

MAMMALIA habitat forest to open woodland
PROTOTHERIA analogue: nocturnal, arboreal tree shrew
TRICONODONTA diet insectivore

MORGANUCODONTIDAE association: Massosp. (lx), Tritylodon 1 lx), Fabros. (lx)

Megazostrodon 1
, 100 mm preservation, fair to good, fully articulated skull/skeleton

Erythrotherium 5 trackway: unknown
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INSECTS

# 1
Blattodea Coleoptera Homoptera Odonata

(cockroach) (beetle) (bug) (dragonfly)

cockroaches : beetles : bugs : dragonflies 3 : 1 : 1 :

1

Proportional abundance (number of individuals),

based on reference taphocoenosis, e g. Bir 111

TETRAPODS

Capitosaurid indet.

(amphibian) 4m
Proganochelyid indet. Basutodon

(chelonian anapsid) 0-75m (rauisuchid thecodont) 3m

Theropod indet.

(saurischian dinosaur) 1m

^5^
Kannemeyeriid indet.

(dicynodontid therapsid) 2m
Scalenodontoides

(cynodontid therapsid) 15m

Euskelosaurus

(sauropod dinosaur) 10m

text-fig. 4 Key to the insects and tetrapods of the Molteno/Lower Elliot Biome (as used on Text-figs 5-11).

The tetrapod genera of the Euskelosaurus Range Zone fauna {Lower Elliot Formation

)

The seven body-fossil/trackway ‘genera’ recognized here (including the single dubious trackway

taxon from the Molteno Formation) are each discussed in regard to their role in the fauna and their

likely habitat preferences. Relevant details are summarized systematically in the right-hand column
of Table 5 (see Text-fig. 4 for thumbnail sketches).

Capitosaurid indet. {amphibian). These crocodile-like aquatic animals are represented by cranial and
postcranial fragments from nine sites. Trackways remain unknown. The fragmentary nature of the

material indicates break-up in a high-energy flow system and, therefore, that these capitosaurids
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were riverine and not lake dwellers. It is assumed that they were piscivores with a skull up to 1 m
long and an overall body length of up to 4 m. They may possibly also have scavenged on the

carcases of Euskelosaurus whose remains have been found in association with them.

Proganochelyid indet (chelonian anapsid). This taxon (Episcopusl

)

is known from just one unclear

trackway at the Maclear site (Molteno Formation) described by Raath et al. (1990) and its maker
is assigned with some doubt to the Chelonia. A primitive chelonian, Austrochelys Gaffney and

Kitching, 1994, is known from the Upper Elliot Formation, and the present form may have

been an earlier relative. The Maclear animal would have been a medium to large tortoise-like

herbivore/omnivore scavenging on plants and invertebrates that probably ranged the full spectrum

of habitats from forest to open woodland, although with possible preferences as indicated on Text-

figures 8 and 10-11.

Basutodonid {rauisuchid thecodont). Disarticulated cranial and postcranial fragments not found

associated with the remains of other taxa - have been collected from ten sites. At 3 m in length this

is seen as the top carnivore of the Lower Elliot fauna. Although body fossils are far less common
than those of the dinosaur Euskelosaurus

,
trackways, identified as Brachycheirotherium (Olsen and

Galton 1984; Martin 1987), are the most frequently encountered form in the Lower Elliot. The
prints have a five-toed pes with V reduced, and a forward-pointing five-toed manus. Basutodon

approximates very closely the size range of the extant Varanus komodoensis (Komodo dragon) and

may have had similar habits. It is the largest terrestrial predator known from the Lower Elliot

Formation and would have been a formidable opponent, capable of dealing with anything in the

fauna with the exception of an adult Euskelosaurus ,
unless aged or ill. If it hunted in a similar

manner to the Komodo dragon, then it would have been an ‘olfactory’ animal and could have

ranged over a wide spectrum of habitats, from riverine forest to open woodland.

Theropod indet (saurischian dinosaur). Records consist of trackways (Grallator) only, made by a

bipedal dinosaur perhaps twice the size of the small coelurosaur Syntarsus (Raath 1969), i.e. c. 1 m
tall. The prey of the juveniles could have been any of the larger insects, whilst the adults would have

taken the young of Euskelosaurus, Scalenodontoides, or the dicynodont. It is also tempting to believe

that, in addition to the known insects and juvenile tetrapods, this animal could have preyed on such

unknowns as lizards, small cynodonts and early mammals. It is portrayed in the reconstructed

plant/animal assemblages as an insectivore. These speedy, gracile little dinosaurs, whose footprints

are the second most common in the fauna, are seen as hunting primarily in the open Dicroidium

woodland.

Euskelosaurid (sauropod dinosaur). Found at 55 sites, Euskelosaurus is by far the most common of

the body-fossil tetrapods of the Lower Elliot Formation. Preservation varies from fragmentary to

fully articulated animals including skull and skeleton. The latter may represent animals entombed
in the mud or quicksand of the braided rivers (the necessary site details to confirm this are lacking).

The number of carcases found at each site has not been recorded systematically. This was a medium-
sized (10 m long), browsing quadruped dinosaur. If it were an obligate quadruped, depending only

on neck mobility (Martin 1987), then it may not have been able to browse above the 5 m level; but

if it were a facultative biped (being able to rear up on its hindlegs) then it may have been able to

browse to as high as 7 m above ground level.

The trackways assigned to Euskelosaurus are placed in the ichnogenus Tetrasauropus. These, in

spite of the abundance of the body fossils, are relatively uncommon. The prints have a

Brachycheirotherium-like pes with small V and manus with a falciform medially directed claw on I.

Bones of Euskelosaurus are sometimes found alongside those of the riverine capitosaurid

amphibians (Kitching and Raath 1984), suggesting that they were primarily browsing along the

riparian forest. They would possibly have spread out as well into the open Dicroidium woodland,

the more closed Sphenobaiera woodland of the lake margin and the Heidiphyllum thicket.
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text-fig. 5. Reconstruction of Dicroidium riparian forest (type 1, mature), bordering channels in the mature
basement landscape (Habitat 1).

Reference taphocoenosis (TC): Upper Umkomaas (Umk 111 Die 2 spp); Text-fig. 2c.

Fossiliferous bed. The deposit consists of a 2-3 m thick, dark grey, rhythmically bedded, carbonaceous shale,

exposed in the bed of a small mountain stream. It crops out along strike for at least 10 m, but its full extent

remains unclear. The bed is interpreted as the infill of an abandoned channel (e.g. oxbow lake) incised into the

underlying Beaufort Group.
Floral associations (Pis 1-2; Tables 1, 3—4). The Umk 111 flora, with 73 vegetative species (44 gymnosperm,
29 non-gymnosperm) is by far the most diverse of the 100 Molteno TCs. It is strongly dominated by a range

of species of the seed fern Dicroidium (69 per cent. Heidiphyllum (7 per cent.), Rissikia (5 per cent.),

Sphenobaiera (5 per cent.) and Gontriglossa (5 per cent.) follow next in abundance. Though remarkably diverse,

with eight species of horsetail and 19 species of fern, the non-gymnosperms amount to less than 5 per cent, of

the flora in abundance.

Insect fauna (Text-fig. 3; Tables 2-4). 166 individuals, 42 species, 11 insects/10 man-microscope-hours. With
42 species, the Umk 111 fauna is of medium to high diversity, although at order level it is markedly low in

diversity. These features are matched closely in the only other fauna in the collection, Lit 1 1 1, representing the

mature type of Dicroidium riparian forest. The fauna shows strong domination by the three orders,

cockroaches (80 individuals), beetles (63 individuals) and bugs (12 individuals), in the proportion 8:6:1. The
four additional orders encountered, dragonflies, stoneflies, crickets and alderflies, occur very sparsely. The
beetles are by far the most diverse group with 28 species, whilst there are only six species of bug and four of

cockroach.

Tetrapod fauna (Text-fig. 4; Table 5). Capitosaur amphibians most probably inhabited the river channels,

whilst the forested levee supported Euskelosaurus (high-level browser), Scalenodontoides (low-level omnivore)

and the kannemeyeriid dicynodont Pentasauropus (low-level browser/grazer). The last is seen as skulking in

the cover of the denser bush, possibly more on the dry side of the gallery forest than close to the water.

Basutodon was the predator in this habitat, its trackways (Brachycheirotherium) occurring alongside those of

Pentasauropus.
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text-fig. 6. Reconstruction of Dicroidium riparian forest (type 2, immature), bordering channels in immature

landscapes (Habitat 2).

Reference taphocoenosis (TC): Kapokkraal (Kap 111 Dic/Ris); Text-fig. 2a.

Fossiliferous bed. The bed, up to l-3m thick, is a black, highly fissile, metamorphosed shale cleaving at 1 mm
intervals. It is exposed for 30 m along a stream bank and appears to lense out towards either end. It caps a

thick channel-fill sequence of bedload sandstones. Considering the lithofacies, Kap 1 1 1 may be interpreted as

having been deposited under very quiet conditions in an abandoned channel within the braided river.

Floral associations (Pis 1-2; Tables 1, 3-4). The phytotaphocoenosis, of medium diversity with 14 genera and

20 species (vegetative taxa), includes the seed fern Dicroidium (50 per cent.) and the conifer Rissikia (38 per

cent.) as dominants and Equisetum (horsetail) (10 per cent.) as a common element. This combination of plants

presumably represents both riparian forest and Equisetum stands of the river margin and adjacent sandbanks.

Insect fauna (Text-fig. 3; Tables 2-4). 178 individuals, 43 species, 18 insects/ 10 man-microscope-hours. The

Kap 111 faunotaphocoenosis, a medium/high diversity cockroach/beetle fauna, includes 28 genera and 43

species. The presence of dragonflies (eight individuals), protodragonflies (three individuals), Paraplecoptera

(four individuals) and stoneflies (one individual), provides ample supporting evidence of deposition in a river

channel. The abundance ratio between the four dominant orders, cockroaches, beetles, bugs and dragonflies,

(6:6: 1 : 1), is intermediate between that seen in the mature riparian forest (e.g. Umk 1 1 1 and Lit 111) and the

floodplain-lake (e.g. Bir 1 1 1 and Aas 411) faunas - reflecting well the environment portrayed for Kap 111. The

beetles are, again, by far the most diverse group with 23 species, whilst there are six species of bug and three

of cockroach.

Tctrapod fauna (Text-fig. 4; Table 5). The fauna of this more immature forest habitat would have been very

much like that of the previous ecozone. It is possible that in the more open aspects of the forest, the fauna

would have included the maker of the Grallator (theropod) trackways.

Kannemeyeriid indet (dicynodontid therapsid). Based on the preserved trackways Pentasauropus , this

form is seen as a large ox-like animal c. 3 m in overall length and with a short stride. The moderately

common trails show sub-equal manus and pes, with five toes on each foot. By the Late Triassic the

majority of dicynodonts were tuskless (Keyser and Cruickshank 1979) and it has been proposed

(Cruickshank 1978) that these forms occupied ‘close-cover’ niches or were nocturnal. The overall

height of this Elliot Formation animal would have limited it to feeding at about 1 m above ground
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text-fig. 7. Reconstruction of Dicroidium woodland of the open floodplain (Habitat 3).

Reference taphocoenosis (TC): Peninsula (Pen 321 Dic/Ris); Text-fig. 2a.

Fossiliferous bed. The bed (0T-0-2 m) consists of a light blue-grey, moderately laminated, chertified shale and
is exposed for over 100 m along a grassy hillslope. Intermittent exposures of the same stratum can be traced

over at least 2-5 km, clearly suggesting deposition during flooding of the distal floodplain.

Floral associations (Pis 1-2; Tables 1, 3-4). The flora, with 13 genera and 18 species, is dominated by the seed

fern Dicroidium odontopteroides (50 per cent.) and the conifer Rissikia media (35 per cent.) representing a

medium-diversity Dicroidium woodland in the vicinity. The presence of Schizoneura (horsetail), Equisetum

(horsetail) and Heidiphyllum (conifer) in unusually low proportions indicates derivation from communities

further afield.

Insect fauna (Text-fig. 3; Tables 2-4). 25 individuals, 12 species, 9 insects/10 man-microscope-hours. The
faunotaphocoenosis (medium-diversity beetle/bug fauna), including 11 genera and 12 species of insect, is

typical for the Dicroidium woodland co-associations. It is dominated equally by bugs (seven individuals) and
beetles (seven individuals), whilst the cockroaches (three individuals) are only half as commonly encountered.

A few insect remains may have been washed in via flood waters, but the bulk of the fauna appears to constitute

a true reflection of this habitat. The total absence of dragonflies and the other more primitive insect orders (e.g.

stoneflies) corroborates a model of deposition from flood waters, with occasional ephemeral pools.

Tetrapod fauna (Text-fig. 4; Table 5). Euskelosaurus (high-level browser), Scalenodontoides (low-level

omnivore) and the kannemeyeriid dicynodont (low-level browser/grazer) are seen as the herbivore community
in these woodlands, with Basutodon as the principal predator. The Grallator-trackway maker could have found

a niche here, especially if it operated in packs in the open. There is no firm evidence (mass trackways on bedding

planes) for this, however.

level. It may alternatively have been a low-level ‘grazer’ (Cruickshank 1978). We visualize it as

ranging through the shrubby growth of the drier, outer margins of the riparian forest, the closed

Sphenobaiera woodland fringing floodplain lakes and the Heidiphyllum thicket. Cheirobrachytherium

{Basutodon) and Pentasauropus trackways have been found in association (Olsen and Galton 1984),

suggesting a likely predator-prey relationship.

Scalenodontoides {cynodontid therapsid). These cynodontids were, apparently, relatively scarce.
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text-fig. 8. Reconstruction of Sphenobaiera woodland, in floodplain lake (Habitat 4).

Reference taphocoenosis (TC): Birds River (Bir 111 Sph 2 spp); Text-fig. 2a.

Fossiliferous bed. The buff-coloured, rhythmically bedded, richly fossiliferous shales, reaching c. 2-5 m thick,

are exposed along the gently sloping bank of a farm dam. They crop out over a good 1 50 m of strike, but the

full extent of the bed is hidden beneath a grass-covered soil overburden. Similar strata appear intermittently

to some 500 m distance, in a stream bed and other exposures, suggesting a fairly extensive lake.

Floral associations (Pis 1-2; Tables 1, 3^4). The phytotaphocoenosis (with 21 genera and 33 species of

vegetative taxa) is interpreted as deriving from three distinctive communities: (1) the first heavily dominated

by two species of Sphenobaiera
,
S. pontifolia (50 per cent.) and S. schenkii complex (35 per cent.), which

characterize a medium-diversity closed-woodland community bordering a lake in the floodplain; (2)

Heidiphyllum (conifer), at 10 per cent, of the assemblage, represents a more or less monospecific community

of rush-like conifers colonizing sandy areas of the lake shore
; (3) certain other gymnospermous elements such

as Dicroidium (seed fern), with no fruit present, and Halleyoctenis (bennettitalean), with only two detached

gynoecia, may well represent the more open woodland some distance from the lake.

Insect fauna (Text-fig. 3; Tables 2-4). 474 individuals, 99 species, 30 insects/ 10 man-microscope-hours. This

is clearly the best sampled and most diverse of the 43 Molteno insect faunas. In the wide spread of orders

represented and the proportions (3: 1:1:1) between the dominant orders, cockroaches, beetles, bugs and

dragonflies, it is most like the fauna from Aas 411, the only other well-sampled Molteno insect fauna of the

floodplain lake-margin. Particularly notable, also, is the relatively common occurrence of the more primitive

insect orders, the mayflies (five individuals), protodragonflies (five individuals), dragonflies (47 individuals),

protostoneflies (27 individuals) and stoneflies (seven individuals), that are associated with open water bodies.

Tetrapod fauna (Text-fig. 4; Table 5). This is not thought to be the preferred habitat for the large herbivore,

Euskelosaurus, but would provide browsing for both the dicynodont and Scalenodontoides, the former possibly

more so in the denser vegetation near the water’s edge. Basutodon was once again the dominant predator, whilst

the Grallator trackway maker hunted for insects amongst the vegetation. The chelonian could have been

grazing on pond weeds, waterside vegetation or acting as an aquatic predator on insect larvae and small fish.

Their disarticulated remains (only one good skull is known) have been recovered from only six sites

and trackways remain unknown. With a skull c. 300 mm long, and therefore a body length of up
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text-fig. 9. Reconstruction ofHeidiphyllum thicket in areas of high water table in the floodplain or on channel

sandbars (Habitat 5).

Reference taphocoenosis (TC): Aasvoelberg (Aas 311 Hei elo); Text-fig. 2a-b.

Fossiliferous bed. The bed, a 0-7 m thick, poorly laminated, light khaki/beige mudstone, is exposed uniformly

for 75 m along strike.Two very similar horizons (Aas 111, Aas 211) appear at the same level at 2 km and 6 km
distance. The unit grades, above and below, into palaeosols rich in roots and slender woody fragments (to

30 mm diameter), and lies above a 3^1 m thick sequence of monotonous, barren, floodplain mudstones. Aas
311 yields an autochthonous to parautochthonous assemblage associated with low-energy sheetflood

deposition in the distal floodplain.

Floral associations (Pis 1-2; Tables 1, 3-4). The phytotaphocoenosis is heavily dominated by the conifer

Heidiphyllum elongatum (99 per cent.), with the other vegetative taxa (eight genera and nine species) being very

rare. A virtually monospecific coniferous thicket in close proximity is clearly indicated. The remaining elements

of the assemblage probably represent Dicroidium (seed fern) and Sphenobaiera woodland communities growing
some distance away.

Insect fauna (Text-fig. 3; Tables 2-4). 146 individuals, 31 species, 15 insects/10 man-microscope-hours. The
faunotaphocoenosis (medium-diversity cockroach/beetle/bug fauna) includes 23 genera and 31 species. The
insects, although typically fragmentary, are particularly clearly preserved. Aas 311 is the best sampled of the

nine Heidiphyllum thicket co-associations thus far examined and includes a fauna typical for this type of

assemblage. The cockroaches are clearly dominant, being three to four times as numerous as the beetles and
bugs. The five further orders present are represented by rather few specimens. The TC is possibly a nearly clean

sample of the fauna inhabiting the Heidiphyllum thicket, with little contamination from more distant habitats.

The leaf litter of the coniferous thicket provides the ideal niche for the abundant cockroaches. The medium-
to-high insect yield suggests a relatively low-energy flow regime, whilst the rare occurrence of dragonflies and
Paraplecoptera points to the absence of permanent water.

Tetrapod fauna (Text-fig. 4; Table 5). These monospecific coniferous stands might have provided good grazing

and browsing for the dicynodont and Scalenodontoides, whilst harbouring a varied insect diet for the Grallator

trackway maker. Basutodon could have hunted in the drier areas of this habitat.

to 1-5 m, this therapsid is visualized as a small, bear-like omnivore. Its dentition, of ‘ gomphodont ’

pattern with a diastema (Gow and Hancox 1993), was apparently adapted to pulping vegetable

matter. It would not have been able to crop vegetation much higher than 0-5 m above ground level
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text-fig. 10. Reconstruction of Equisetum marsh in the floodplain (Habitat 6).

Reference taphocoenosis (TC): Greenvale (Gre 111 Equsp.); Text-fig. 2a.

Fossiliferous bed. The bed, up to 1 m thick, consists of rhythmically laminated grey mudstones. It is exposed

for 30 m along strike in a road cutting, and occurs within a rather monotonous mudstone sequence with

occasional thin siltstones. A lake or marsh in the distal floodplain is indicated.

Floral associations (Pis 1-2; Tables 1, 3-4). The phytotaphocoenosis, with eight genera and ten species

(vegetative taxa), is strongly dominated by Equisetum (horsetail) (97 per cent.), clearly indicating a horsetail

marsh. Rare elements such as Dicroidium (seed fern) (2 per cent.) and fern (1 per cent.) presumably represent

more distant communities. The absence of upright, rooted Equisetum stems indicates parautochthony rather

than autochthony.

Insect fauna (Text-fig. 3; Tables 2-4). Five individuals, four species, 10 insects/10 man-microscope-hours. The
faunotaphocoenosis, a low-diversity beetle/bug assemblage, remains sparse, with only five individuals

including four genera and four species (two species of bug, one of beetle and one scorpionfly). Although the

sample is small, it appears typical of horsetail marshes in the Molteno. Cockroaches are conspicuously absent,

the standing water and absence of leaf litter being an unfavourable habitat for these usually abundant insects.

The relatively common occurrence of Conchostraca (three species, 15 individuals), and the appearance of

pelecypods (one genus, three species, three individuals), unique for the Molteno, are further indicators of marsh
conditions.

Tetrapod fauna (Text-fig. 4; Table 5). The dicynodont might have been found here, but Equisetum would not

have been attractive to the other herbivores, nor would there have been much to draw an insectivore. The
chelonian might have ventured into this marshy setting.

and was thus restricted to the foliage and fructifications of smaller shrubs and undergrowth -

probably in all the described habitats except Equisetum marsh.

PLANT-ANIMAL CO-ASSOCIATIONS IN THE MOLTENO/LOWER ELLIOT BIOME

The seven primary habitats (ecozones) of the Molteno Formation, characterized by distinctive

plant/insect co-associations, were first outlined in Cairncross et al. (1995) together with lithofacies
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TEXT-FIG. 11. Reconstruction of iem/Ginkgophytopsis meadow colonizing sandbars in the braided river

(Habitat 7).

Reference taphocoenosis (TC) : Kannaskop (Kan 1 1 1 Ast spA) ; Text-fig. 2a.

Fossiliferous bed. This bed, a 0-25 m thick, massive, conchoidally fracturing, khaki mudstone, is exposed for

2-3 m along a road cutting. It lies at the base of a series of stacked channel-fill sequences, all erosively based.

Kan 111 was evidently deposited under turbid conditions in a restricted channel within a sand-dominated

braided river.

Floral associations (Pis 1-2; Tables 1, 3—4). The low-diversity phytotaphocoenosis (five genera and seven

species) is dominated by a single species of fern (63 per cent.) preserved in situ or nearly so. These are found

as virtually whole plants, with fronds, rhachis and rhizomes preserved together. Equisetum (horsetail) (20 per

cent.), Heidiphyllum (conifer) (10 per cent.) and Ginkgophytopsis (5 per cent.) are relatively common. The last

is found with both leaves and fruit attached to fragments of herbaceous shoot. The association evidently

colonized sandbanks of the braided river, the plants being preserved in place or close to their place of growth

and being rapidly engulfed by sediment. Heidiphyllum thickets appear, likewise, to have flourished on the

sandbanks.

Insect fauna (Text-fig. 3; Tables 2-4). The Kan 111 TC is unique among the 7 habitat assemblages discussed

here in that it has yielded no fauna, insect or Conchostraca. Four hours of scanning plant-bearing slabs under

the microscope yielded no specimens of either category. This might be anticipated considering the high flow

velocity indicated by both the sediment and the plant assemblage. Insect faunas representing this habitat

remain unknown.
Tetrapod fauna (Text-fig. 4; Table 5). Whereas the vegetated sandbars of the braided-river system could have

supported periodic forays by the smaller tetrapod herbivores (Scalenodontoides), it is unlikely that the

insectivore (theropod) or the larger carnivore (Basutodon) would be found in this habitat. The proganochelyd

might well have found it rewarding foraging territory, as might the lumbering kannemeyeriid in the safety of

the night hours.

descriptions of vertical profiles including the reference and other significant TCs. In the present

study we provide the basic insect data on which the ecozonal patterns are based (Tables 3-4) and
integrate the associated coeval Lower Elliot Formation tetrapods for the first time.
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Here we aim to synthesize the three components of the study : the flora, insects and tetrapods. The

seven habitats are portrayed in a series of annotated reconstructions (Text-figs 5-11) along with

succinct, comparative text on the associated flora and fauna. Each is based, in particular, on a

selected reference taphocoenosis (TC): e.g. Upper Umkomaas (Umk 111 Die 2spp) for the mature

type of Dicroidium riparian forest (Text-fig. 5). The incorporation of the tetrapods is based on our

assessment of their likely habitat preferences as previously discussed. Thumbnail sketches (key on

Text-fig. 4) of the insects, with proportions of the dominant orders, and of the tetrapods are

appended, as is a line drawing of each dominant plant genus.

A COMPARISON OF THREE CARNIAN BASINS

The three most productive Carnian-age ‘basins’, known to us globally, that yield both good plants

and insect faunas are the Karoo Basin, South Africa (Molteno Formation); the Ipswich Basin,

Queensland (Ipswich Group), and the Newark Supergroup, eastern USA (Solite Quarry, Cow
Branch Formation) (Fraser et al. 1996; N. C. Fraser, pers. comm.). It is interesting in the context

of this paper to compare the insect faunas (Table 7) of these three areas as it throws light on the

widely differing biota and ecology of the tropical and temperate latitudes of the Late Triassic. The
comprehensiveness and currency of the data available are highly variable yet sufficient to highlight

the magnitude of the faunal differences. Whilst it is beyond the scope of this study to attempt a

synthesis of the three floras, it is clear that those of the Molteno Formation and Ipswich Group are

alike and belong to the Gondwana Kingdom, whereas that of the Newark Supergroup is quite

different, belonging to the Laurasian Kingdom. In particular, the two southern floras are strongly

characterized by the seed fern Dicroidium, whilst the northern flora is dominated by conifers

(Pagiophyllum, Brachyphyllum) and cycadeoids.

In Table 7 we plot the diversity and abundance of insects per order for the 21 orders identified

in the Molteno Formation (c. 60° S palaeolatitude), Ipswich Group (c. 50° S) and Newark
Supergroup (c. 10° N). To attain a closer balance for the two temperate Gondwana occurrences, we
include only the single richest fauna (Birds River, Bir 111, a lake deposit) from the Molteno

Formation, but the full published fauna (Mt Crosby and Denmark Hill localities) from the Ipswich

Group. There are differences between the two southern faunas, especially the strong presence of

Neuroptera, Mecoptera and Trichoptera in Australia, but the similarities are more striking. The
beetles, cockroaches and bugs are particularly prominent in each and the general spread of orders

is similar. The Newark Supergroup fauna is very different (Fraser et al. 1996; N. C. Fraser pers.

comm.). Most notably, the beetles and cockroaches are rare in the Newark Supergroup, whilst the

flies, absent in Gondwana, are prominent and diverse, with five families already recognized.

The three deposits discussed are all variations on the fluvio-lacustrine theme: the Molteno

Formation having been laid down in an intracontinental basin, the Ipswich Group in a small

intramontane depression and the Newark Supergroup in a series of grabens. The faunal differences

in some degree reflect these environments, but the overriding factor was presumably palaeolatitude

:

c. 50-60° S for the two Gondwana occurrences and c. 10° N for the Laurasian occurrence.

CONCLUSIONS

The Molteno Formation appears uniquely rich, at least for the Triassic world, possibly the pre-

Cretaceous world, in the quantity and diversity of its fossil flora. This flora is relatively well

documented now and is based on the extensive collections made from 100 taphocoenoses over the

past 30 years. The diversity is expressed not only in the observed taxa, but in statistical projections

hinting at Late Triassic floras being as rich as those in the extant world.

Only recently, though, in systematically scanning plant-bearing slabs under the microscope, have

we become aware of the real richness of the associated insect fauna. Like the flora, the fauna hints

at diversity akin to that of today. The insect fauna combined with the flora greatly enhances our

understanding of the ecology of the Molteno Biome and its varied habitats. In that most of the 18
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table 7. A comparison between two temperate and one tropical insect fauna of the Upper Triassic (Carnian),

from fluvio-lacustrine basins.

Faunas
Molteno (S.Africa) - based only on Birds River (Bir 111).

Ipswich (Australia) - based on Mt. Crosby and Denmark Hill.

Newark (USA) - based on the Cow Branch fauna.

The Homoptera include the Heteroptera.

References to faunas

Molteno - this paper.

Ipswich - unpublished data

Newark- Fraser etal. (1996), Fraser pens. comm.
Abundance
185- individuals

v' - rare

vV- uncommon- abundant

7 - not given in reference

Palaeolatitudes

Follow the Late Triassic reconstruction of Pangaea used in

Lucas 1994a.

Basin

Insect order Common name Molteno

(60'S)

Ipswich

(50»S)

Newark
(10'N)

spp nos spp nos fam. nos

Thysanoptera thrips -
1

Microcoryphia bristletails 1 7

Ephemeroptera mayflies 1 5

Meganisoptera protodragonflies 3 5

Odonata dragonflies 12 47 6 8

Paraplecoptera extinct 5 27

Plecoptera stoneflies 2 7 2 3

Blattodea cockroaches 5 185 18 24 1 ?

Mantodea mantids 2 3 1 9

Orthoptera grasshoppers 5 13 9 43 1 ?

Homoptera bugs 24 68 66 168 4

Phasmatodea stick insects 1 1

Megaloptera alderflies 1 1

Glosselytrodea extinct 1 2 1 2

Neuroptera lacewings 2 2 12 31

Mecoptera scorpionflies 4 6 13 64

Trichoptera caddisflies 3 41 1 ?

Lepidoptera butterflies 2 6 1 8

Hymenoptera wasps, bees f
.... ...

1 2

Coleoptera beetles 28 56 58 70 2 ?

Diptera flies 5 vv

Incertae sedis - 33

Totals 99 474 192 474 15 7

orders of insect represented in the Molteno Formation are extant today, they lend much insight into

the palaeoenvironment. Clear patterns of plant/insect co-associations emerge for seven primary
habitats (ecozones) identified in the formation.

Adding yet another dimension to the Molteno Formation is the existence of a coeval tetrapod

fauna in the Lower Elliot Formation. Although relatively well sampled, the Elliot Formation
material remains poorly described taxonomically and not at all faunistically. We have, with some
necessary simplification, attempted to reduce the published data to a meaningful fauna and to

integrate this into the known Molteno biota. As sister strata, the Molteno/Elliot formation pair,

yielding plants, insects and tetrapods, offers an unparalleled window onto the Late Triassic

temperate world. We paint here the first strokes of the synergistic picture played out in the Karoo
Basin between these three major terrestrial groups. The potential for filling out the picture, both in

the Karoo and elsewhere (e.g. the Ipswich Group, Australia and Newark Supergroup, USA), is

manifold.

A global inventory of Late Triassic biomes, with their habitats, flora and fauna, coupled with

finely resolved global correlations will enable more explicit understanding of the evolutionary

biology of this critical period. What was the real magnitude of diversity and how comprehensive was
the postulated extinction event(s) pre-empting the Jurassic? Did the very scale of alternating

richness and decimation invest the interval with unique potential for biological invention?

The moment in Earth history was pregnant with significance. In those exceptionally diverse

ecosystems of the Late Triassic emerged many major new lineages, not least the dinosaurs,

mammals and possibly the flowering plants.
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PREDATION ON GRAPTOLOIDS: NEW EVIDENCE
FROM THE SILURIAN OF WALES

by DAVID K. LOYDELL, JAN ZALASIEWICZ and RICHARD CAVE

Abstract. New evidence for predation on graptoloids is presented from collections made from the uppermost

Llandovery and lower Wenlock of Wales. Mediograptus morleyae occurs in dense ovoid masses, interpreted as

faecal pellets. Rhabdosomes of both M. morleyae and M. cf. inconspicuus occur folded, with a stipe length of

a few thecae between folds : these specimens may have a faecal origin, or may represent rhabdosomes dropped

during manipulation prior to ingestion. The predation appears to have been species specific : none of the other

species present in the collections is affected. The identity of the predators is uncertain.

Fossil graptoloids represent the dominant preserved macrozooplankton of the Ordovician to

Lower Devonian. When alive, they presumably ‘constituted a large reserve of accessible energy

within the water column, and hence a major utilizable source for pelagic or nectic predators’

(Underwood 1993, p. 195). Surprisingly, however, very little evidence has been presented to suggest

that graptoloids were preyed upon (see Underwood 1993 for review). By way of explanation, Bates

and Kirk (1985, p. 213) have suggested that graptolite periderm may have been ‘tough and

unattractive to predators’ and that the graptoloids’ soft tissues may have been ‘poisonous, perhaps

with warning coloration’.

Evidence for predatorial attack on dendroid graptolites, however, appears not to be uncommon
(Bull 1996), suggesting that graptolite periderm and/or soft tissue was not unpalatable to all

predators. Dendroid graptolites were benthic and are characteristic of shallow marine environments,

often with no graptoloid graptolites present (e.g. LoDuca 1995). It is probable therefore that

organisms which fed upon dendroids would not have preyed also upon graptoloids which lived in

an entirely different habitat (in the pelagic realm) and usually are found in deeper marine facies than

are dendroids.

NEW EVIDENCE FOR PREDATION ON GRAPTOLOIDS

Description of new material

New evidence for predation on graptoloids is provided by specimens from two occurrences in

Wales: the uppermost Llandovery (insectus Biozone) of the Banwy River section (Loydell and Cave

1996; material housed at the British Geological Survey, Keyworth, prefix BGS); and the lower

Wenlock (centrifugus Biozone) of a quarry south-west of Disserth (see Loydell and Cave 1993 for

locality details; material collected by Jonathan H. Harris and housed at the Sedgwick Museum,

Cambridge, prefix SM). All the material is well preserved, mostly as three-dimensional pyrite

internal moulds with original periderm adhering.

The uppermost Llandovery specimens. Mediograptus morleyae Loydell and Cave, 1996 is the most

abundant graptoloid in the highest graptoloid-bearing band within the Llandovery of the Banwy
River section, comprising approximately 40 per cent, of the graptoloids collected (160 specimens out

of a total of 363 graptoloids; the material was collected by bulk sampling, with no collector bias).

Most rhabdosomes are undistorted. Fourteen specimens, however, occur as dense, ovoid masses;

another 16 rhabdosomes are folded-up, with the straight rhabdosome sections between folds

(Palaeontology, Vol. 41, Part 3, 1998, pp. 423-427] The Palaeontological Association
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text-fig. 1. Mediograptus morleyae Loydell and Cave, 1996; uppermost insectus Biozone graptoloid band
(uppermost Telychian), Banwy River section, Wales; specimens showing evidence for predation, a-b, folded

specimens; x 20. A, BGS RCV7168. B, BGS RCV7201. c-E, dense ovoid masses, interpreted as faecal pellets;

x 10. c, BGS RCV7164. d, BGS RCV7193. e, BGS RCV7099 (two pellets).

bearing two or three thecae. All these specimens can be identified confidently as M. morleyae by
their very distinctive thecal morphology, still clearly visible on many specimens despite the

distortion (e.g. Text-fig. 1a). The dense, ovoid masses (Text-fig. 1c-e) show less variation in

dimensions (Table 1) than the folded specimens (Text-fig. 1a-b). Some of the latter have dimensions

similar to those of the dense masses (e.g. BGS RCV7015, 3-5x24 mm); others, however, are

significantly larger and elongated (e.g. BGS RCV7071, 7-0 x 1-7 mm).

The lower Wenlock specimens. Several folded specimens of Mediograptus cf. inconspicuus (Boucek,

1931) are present in the Harris collection. Their appearance (Text-fig. 2) is similar to that of the

folded specimens from the Banwy River section, although the folds are fewer and more widely

spaced. Dense, ovoid masses are not present in the collection.
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table 1. Maximum dimensions (in mm) of dense, ovoid masses (Mediograptus morleyae
,
uppermost

Llandovery, Banwy River section). Accurate measurements of the other three specimens could not be made
(because of damage, or the presence of other graptoloids superimposed).

Specimen number Length Width

BGS RCV7014 2-1 1-8

BGS RCV7015 2-1 1-4

BGS RCV7038 2-1 1-55

BGS RCV7070 2-9 2-45

BGS RCY7073 2-35 115

BGS RCV7099(1) 2-2 20
BGS RCV7099(2) 2-5 2-3

BGS RCY7 164(1) 2-45 2-4

BGS RCV7 164(2) 3-0 2-8

BGS RCV7193 2-3 1-6

BGS RCV7197 2-25 1-6

text-fig. 2. Mediograptus cf. inconspicuus (Boucek,

1931); SM X.272513; centrifugus Biozone (lower

Wenlock), quarry south-west of Disserth, Wales;

folded specimen. Scale bar represents 1 mm.

DISCUSSION

Interpretation of the material. The dense ovoid masses are, most probably, faecal pellets; their

uniform, ovoid shape and similar dimensions support this conclusion. The simply folded specimens

are more problematical. They too may represent coprolitic material, but alternatively perhaps

represent specimens which had not passed through the gut, but were dropped during manipulation

prior to ingestion. The folded graptoloid rhabdosomes would probably have reached the bottom

rapidly (see Bates 1987 for discussion of graptoloid density).

Species selectivity. More than 200 specimens from eight other graptoloid species (of the genera

Retiolites, Monograptus, Monoclimacis and Cyrtograptus) occur on the same bedding planes as do

the predated Mediograptus morleyae specimens. None of these is folded or distorted in any way.

Indeed in the entire Banwy River collection (more than 8000 graptoloids) only one other specimen

(RCV3640; Monoclimacis linnarssoni (Tullberg, 1883), from the lowest part of the insectus Biozone)

shows either of the features described above : in a total length of 24 mm, the rhabdosome exhibits

two approximately right-angled kinks. Similarly, Mediograptus cf. inconspicuus is the only taxon

within the lower Wenlock collection (many hundreds of graptoloids) to exhibit folded rhabdosomes.

It would seem that these two species of Mediograptus were being selected by predators in

preference to other graptoloid taxa. Possibly, this was because of their rhabdosome tenuity, which

allowed them to be folded up easily. M. morleyae has a maximum dorso-ventral width of only

0-4 mm. M. inconspicuus attains greater dorso-ventral widths (0-6-0-7 mm), but prothecal widths are
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characteristically half the dorso-ventral width at the metatheca. Rhabdosome width can be only

part of the explanation for the apparent selectivity, however, as there are many other graptoloids

with narrow rhabdosomes or prothecae, none ofwhich shows signs of predation. Perhaps only these

Mediograptus species inhabited the same part of the water column as the predators
;
or possibly they

lacked an adequate defence mechanism. Unfortunately, these hypotheses would be difficult, if not

impossible, to test.

Possible predators. All the material described above occurs within laminated hemipelagites,

deposited under low-energy conditions. Neither shelly benthic organisms nor trace fossils are

present in the uppermost insectus Band in the Banwy River or in the graptolitic horizons in the

quarry south-west of Disserth. Brachiopods and other shelly benthos do occur at other horizons

within the Banwy River section (Temple 1987; Loydell and Cave 1996), and bioturbation is

ubiquitous throughout much of the Upper Llandovery of this section; where this has penetrated

graptolitic mudstones (e.g. those of the spiralis Biozone), the Chondrites mottling is obvious. We
thus consider it unlikely that there was any macrobenthos alive at the time of deposition of the

hemipelagite, although it is of course possible that any bedding parallel trace fossils have been

obliterated by compaction during diagenesis, and thus we cannot discount completely that the

features described above are the result of scavenging of the dead graptoloids by a benthic or necto-

benthic soft-bodied organism.

Assuming that the graptoloids were preyed upon in the pelagic realm, what organisms could have

been responsible? Graptolitic horizons in the Banwy River section have yielded a few simple

coniform conodont elements. Conodonts are generally rare in graptolitic facies, and thus their

occurrence here is interesting. However, the Mediograptus specimens show no evidence of any
damage, other than the folding, which seems inconsistent with predation by a conodont animal

(see e.g. Aldridge and Purnell 1996, p. 466).

Fossil nectic predators which are encountered regularly in the graptolitic facies of Wales are

nautiloid cephalopods, represented almost exclusively by orthoconic forms. Feeding by extant

cephalopods is generally destructive, involving crushing or breakage by powerful jaws prior to

ingestion (Fretter and Graham 1976). Despite the remarkable abundance of cephalopod jaws in

some Recent marine sediments (Clarke 1962), they are generally not common in the fossil record.

Frey (1989) has suggested that the ‘probable noncalcified nature of most Palaeozoic cephalopod

mandibles does not indicate that Palaeozoic nautiloids were not carnivorous in habit, but that they

fed primarily on soft-bodied organisms or organisms with weakly mineralized exoskeletons such as

trilobites and other arthropods.’ Frey (1989) attributed damage to Ordovician trilobites to

predation by nautiloids, whilst Watkins (1991) interpreted ellipsoidal masses of broken skeletal

fragments and crinoid ossicles as possible cephalopod ‘cough-balls’, ejected from the stomach via

the mouth. As mentioned above, the Mediograptus specimens show no signs of having been bitten,

or of other breakage.

Having suggested that appearance of the Mediograptus specimens described here is unlikely to be

the result of predation by conodont animals or cephalopods, the implication is that predation was
by a soft-bodied organism, which has left no trace in the rock record. It will be interesting to see

whether the gut contents of any of the soft-bodied organisms from the recently discovered Silurian

Konservat Lagerstatten in Wisconsin (Mikulic et al. 1985a, 19856) and Herefordshire, England

(Briggs et al. 1996) provide further evidence for the identity of predators on graptoloids.
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EARLY ORDOVICIAN TRILOBITES FROM DALI,

WEST YUNNAN, CHINA, AND THEIR
PALAEOGEOGRAPHICAL SIGNIFICANCE

by ZHOU ZHIYI, WILLIAM T. DEAN and LUO HUILIN

Abstract. Eleven late Arenig-Llanvirn trilobite taxa, including one new species, Neseuretus elongatus, are

described from the Hsiangyang Formation east of Dali, in the eastern part of west Yunnan, China, an area

that may have been part of the Indo-China Terrane. The trilobites are mostly typical representatives of

Gondwana cold-water faunas, and their close biogeographical relationships with south-central Europe and the

Yangtze region are discussed. Four biofacies are differentiated in relation to an environmental gradient:

Cruziana Biofacies (intertidal); Neseuretus Biofacies (inner shelf); Trinucleid Biofacies (shallow outer shelf);

and Cyclopygid Biofacies (deep outer shelf). The rocks of the Hsiangyang Formation are interpreted as a

deepening-upwards sequence.

Ordovician rocks are exposed intermittently in the eastern part of west Yunnan, an area between

the Yuan Jiang-Jinsha Jiang Fault (see Lai et al. 1982) and the Lancang Jiang Fault (see Fang 1991)

(Text-fig. lc). Geologically the area may have formed the northern extension of the Indo-China

Terrane (Metcalfe 1988, 1992), and it is bounded to the west by the Sibumasu Terrane and to the

east by the South China Block. The Early Palaeozoic strata of the terrane comprise mainly

metamorphic clastic rocks, with a few macrofossils reported from Cambodia, Laos, Vietnam and

eastern Thailand (Workman 1977; Metcalfe 1988, p. 106, fig. 5), but are otherwise little known
(Scotese and McKerrow 1991, p. 276). On the Chinese side, Ordovician rocks, which are only

slightly metamorphosed, contain a complete faunal succession and are best developed at

Xiangyang, in the Dali area, where they have been investigated since 1945 (Sun 1945). The lower

Ordovician is composed of clastic sediments; from the middle Ordovician onwards there is a

progressive increase in carbonates, but only in the Caradoc do they become dominant. Trilobites

occur only in the lower Ordovician but provide good evidence for considering the Indo-China

Terrane as part of Peri-Gondwana during the Early Palaeozoic. Seven trilobite species recorded by

Sheng (19746) are revised on the basis of our large collection from the measured section at the

stratotype, and forms new to the area are described.

AGE AND BIOSTRATIGRAPHY

The term Hsiangyang Formation was introduced by Sun (1945) for the clastic rock sequence

exposed near Xiangyang (Text-fig. 1). The lower part, comprising massive- to thickly bedded

sandstones and quartzites, was later referred to a new lithostratigraphical unit, the Haidong
Formation, by Sheng (1974a). The type section was measured for the first time in 1973 by the No. 1

Regional Geological Survey Team, Yunnan Bureau of Geology, who proposed its subdivision into

members 1-3, in ascending order. Most of the sequence is exposed along the road from Jiangshang

to Mingzhuang, but Member 3 is seen only near Yulongcun. The thicknesses of the members, and
the boundaries between them, were modified slightly during field-work carried by Chen Tingen

(Nanjing Institute of Geology and Palaeontology), Xiao Yinwen (No. 1 Regional Geological Survey

Team, Yunnan) and the authors in the 1980s, and the revised succession is shown in Text-figure 2.

[Palaeontology, Vol. 41, Part 3, 1998, pp. 429-460, 4 pis] © The Palaeontological Association
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area of locality

map I South China Block

II Indo-China Terrane

III Sibumasu Terrane

a Lanchan Jiang Fault

1 b Yuan Jiang Fault

text-fig. 1 . Outline maps showing position of Dali area in South-western China (b, c), and location (a) of

measured sections through the Hsiangyang Formation north and east of Xiangyang.

The Hsiangyang Formation is underlain conformably by the Haidong Formation, and overlain

by the Tongchang Formation; it consists mainly of siltstones, shales and sandstone, with

conglomerates at the top, and the total thickness is about 700 m. Largely on the basis of trilobite

evidence, the age of members 1 and 2 was considered as Llanvirn by Sheng (19746) but as Arenig

by Lai et al. (1982). Trilobites in our collection from members 1 and 2 are of marked
Arenig-Llanvirn aspect by comparison with faunas in the Yangtze region and southern Europe (see

below). The lowest fossiliferous horizon in the Hsiangyang Formation yielded Liomegalaspides

blackwelderi and Neseuretus cf. tungtzuensis. The former is common in the upper Arenig of southern

Shaanxi (Lu 1975, p. 128, as Isoteloides liangshanensis) and only a single cranidium was found by
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Lithol.

Units
Section

Tong-
chang
Form. rn:

• O.O.

a
o «
5 B

Lithology

greyish-yellow, thick-bedded

calcareous sandstones with

sandy limestones at the base

127m greyish-black to greyish-

green shales with fine sandstones

in the lower part, and coarse

sandstones and sandy

conglomerates in the upper

363m greyish-green to greyish-

black, medium-bedded fine

sandstones and siltstones

intercalated with shales

216m greyish-green to greyish-

yellow, medium to thick-bedded

muddy siltstones intercalated

with fine sandstones and

sandy shales

light grey, massive to thick-

bedded, fine feldspathic

sandstones and quartzites

text-fig. 2. Simplified columnar section through the Hsiangyang Formation, as exposed in descending order

from north to south from Yulongcun to Mingzhuang to Jiangshang, near Xiangyang, showing occurrences

of identified trilobite species.

Li et al. (1975, p. 145, pi. 10, fig. 6, as Megistaspis sp.) in the Chaochiapa Formation of the same
area, probably of mid Arenig age (Lai et al. 1982). N. tungtzuensis was recorded by Sheng (1958,

p. 200, as Calymene (Synhomalonotus) tungtzuensis from the upper part of the Meitan Formation

(late Arenig) in the border area between Guizhou and Sichuan. Since the distribution of shelly
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faunas tends to follow shifts of facies, precise age determination based on trilobites alone can be

difficult or impossible; but from their evidence it is likely that most of the rocks in Member 1 are

of late Arenig age, and the base of the formation may be no older than mid Arenig.

Graptolites found in association with trilobites in members 2 and 3 have been identified by Ni
Yunan (Nanjing Institute of Geology and Palaeontology). They include, inter al.: Amplexograptus

confertus (Lapworth), Didymograptus artus Elies and Wood and D. nanus Lapworth from Member
2 ; and Didymograptusjiangxiensis Ni and D. murchisoni Beck from the lower part of Member 3. The
material, which has not yet been described, indicates that Member 2 may be correlated

approximately with the D. artus Biozone (early Llanvirn) and Member 3 with the D. murchisoni

Biozone (late Llanvirn). Trilobites are rare in Member 3 and all belong to the Cyclopygidae,

including Cyclopyge sp., Microparia (Microparia) cf. prantli and Pricyclopyge obscura. M. (M.)

prantli and P. obscura have been recorded only from the Llanvirn of Bohemia (Marek 1961).

Specimens of Cyclopyge sp., although poorly preserved, are closely related to C. kossleri from the

Llanvirn of Bohemia (Marek 1961) and South Wales (Fortey and Owens 1987). No macrofossils

were found in the highest part of the formation, and the conglomerates may have formed during

regression in the latest Llanvirn.

BIOFACIES AND PALAEOENVIRONMENTS

The Haidong Formation, the lowest part of the Ordovician succession in the Dali area, contains no
trilobite body fossils but the trace fossil Cruziana and the inarticulate brachiopod Lingulepis have

been found at several levels, suggesting a littoral environment, above wave base (Crimes 1970).

Most of the thickly to massively bedded arenite deposits are fine-grained and well-sorted, and low-

angle cross-beds a few metres thick appear at several levels; all indicate intertidal conditions (Text-

fig. 3a).

Most fossils from Member 1 of the Hsiangyang Formation were found in siltstones; only bivalves

are known from the basal strata, but in higher beds they are accompanied by the trilobites

Neseuretus cf. tungtzuensis and Liomegalaspides. Trilobites become progressively more diverse

higher in the succession, in the upper part of which Hungioides and Ogyginus make their appearance

and N. cf. tungtzuensis is replaced by Neseuretus elegans. The trilobite association is characterized

by Neseuretus and asaphids, indicating the Neseuretus Biofacies (cf. Neseuretus Community of

Fortey and Owens 1978). The fauna represents a shallow-water, inner shelf environment (Fortey

and Owens 1978, p. 238; see Text-fig. 3b). Storm-induced bioclastic beds appear at several levels,

formed by abundant shelly debris that includes bivalves and a few trilobites and brachiopods.

Intercalations of sandy shale resting on siltstone are largely lenticular and show wave-ripple

laminations, while hummocky cross-stratification is seen locally within a few siltstone beds. The
sedimentary evidence suggests, according to Prothero and Schwab (1996), that Member 1 was
formed in the zone below fair weather wave base and above storm wave base. Trilobite diversity in

the Neseuretus assemblage is low and no planktic taxa, such as graptolites, are known from
Member 1. Most of the siltstone beds are horizontally stratified and the less weathered rocks are

black ; some trilobites are preserved as complete exoskeletons, and disarticulated specimens remain

unbroken. It is likely that most rocks of Member 1 were deposited under quiet conditions between

intervals of storm re-working. The inner shelf may have been bordered by small, discontinuous rises

that made faunal exchange incomplete, and the alternations of fossiliferous and barren beds may
indicate rapid fluctuations in oxygen content. Cruziana and Lingulepis continue upwards from the

Haidong Formation and have been found, although without other associated macrofossils, in a few

intercalated sandstone beds in the lower part of Member 1 ; these occurrences suggest occasional

relative falls in sea level during the interval represented by Member 1

.

Member 2 begins with about 80 m of medium- to thickly bedded fine sandstones, in the middle

of which are a few beds of sandy shale. No fossils have been found in these beds, the sand grains

are mature and well sorted, and several beds show hummocky cross-stratification. The sandstones

are capped by grey to black shales and siltstones, finely and horizontally laminated, and rich in
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Ogyginus Pricyclopyge

Liomegalaspides— —

-

Microparia (Microparia)

Hungioicles Hastireinopleuridesl

text-fig. 3. Model showing palaeogeographical distribution of trilobites of the Hsiangyang Formation in

relation to biofacies, a, Cruziana Biofacies (intertidal shore); b, Neseuretus Biofacies (inner shelf); c, Trinucleid

Biofacies (shallow outer-shelf); d, Cyclopygid Biofacies (deep outer-shelf). SL = sea-level; FWWB = fair-

weather wave base; SWB = storm wave base.

trilobites and graptolites. About 20 per cent, of the trilobites collected are preserved as articulated

exoskeletons, a few of which are undisturbed, in situ moults (PI. 3, fig. 1 1). Others are disarticulated,

but the various parts of a single individual may sometimes be found associated on the same bedding

plane. All these features suggest quiet conditions of deposition well below storm wave base. The

trilobite fauna consists of Hanchungolithus, Hastiremopleuridesl
,
Liomegalaspides ,

Neseuretus and

Ogyginus. Compared with the fauna of Member 1, Hanchungolithus is both a characteristic new

addition and a dominant element, accounting for 50 per cent, of the total specimens from this

horizon, for which the term Trinucleid Biofacies is employed. Zhou et al. (1990, 1992) suggested that

the Trinucleid Biofacies represents a shelf-slope environment (depth < 100 m) with a muddy or

clastic substrate.

A similar sequence, passing from fine sandstone to shale, appears again in the middle and upper

parts of Member 2, following fluctuations in sea-level, but most of the trilobite genera are absent,

except for Hanchungolithus, which is associated with Cyclopyge in an horizon at the top.

Cyclopygids have been considered as mesopelagic trilobites, distributed in a depth zone of some

200-700 m (Fortey 1985). However, as pointed out by Zhou et al. (1994), on the basis of their

palaeogeographical distribution there may have been a depth-induced differentiation between

cyclopygids of superficially similar morphology. Of these, Cyclopyge is one of a few genera that

lived at a shallower water level and may have penetrated shallower shelf areas during periods of

transgression. We believe that most of the shales and siltstones in Member 2 were formed on the

shallow outer shelf, and that the sandstones may represent small, low sand bars distributed along

the margin of the inner shelf (Text-fig. 3c).

Member 3 is made up of probable turbiditic deposits. About 40 m of argillaceous to arenaceous

beds in the lower part show planar laminations, whilst shaly or muddy siltstones, sandy mudstones
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and mudstones were rhythmically deposited. Only planktic faunas have been found, including

graptolites and cyclopygid trilobites (Cyclopyge ,
M. (Microparia), Pricyclopyge), but they are not

abundant. The trilobite association indicates the Cyclopygid Biofacies which, for Fortey and Owens
(1987), generally represents marine conditions about 300 m deep. However, Fortey and Owens
(1987) stated that 'in more turbid epicontinental seas [light penetrated] to less than half this depth’,

and Zhou et al. (1990, 1992) pointed out that the exact water depth often depends on the clarity of

the water body. The turbidity current induced deposits of Member 3 may indicate generally turbid

marine conditions in this area during the late Llanvirn, and from the regional facies context we infer

a depth of less than 200 m. About 75 m of arenites overlying the shales are mainly poorly sorted,

thickly bedded, fine conglomerates and coarse sandstones that pass laterally into fine sandstones.

This set of coarse elastics is considered to represent debris flows from adjacent shallow areas during

the latest Llanvirn regression (see Fortey 1984). Debris flows appear also at the top of Member 2

and in the lower part of Member 3, but are thinner. It is likely that Member 3 was deposited on the

lower shelf slope or the deep outer shelf (Text-fig. 3d).

In general, the succession from the Haidong Formation to the Hsiangyang Formation indicates

a deepening-upwards sequence, although small-scale fluctuations in sea-level were frequent. Four
facies types, separated by transitional boundaries, are differentiated in relation to the shallow to

deeper water environmental gradient.

FAUNAL AFFINITIES AND PALAEOGEOGRAPHICAL IMPLICATIONS

Of the nine genera recorded from the late Arenig to Llanvirn Hsiangyang Formation, four

(Neseuretus ,
Ogyginus, Hanchungolithus and Hungioides) are well known as typical benthic index

fossils of Ordovician Gondwanaland, and their geographical distribution is summarized below.

Unless otherwise stated, the relevant tectonic regions listed here are those of Scotese and McKerrow
(1991, fig. 1).

1. Neseuretus. Arenig: Wales, England, Germany, south-western France, eastern Newfoundland,
Morocco, Algeria, southern Turkey, and the Yangtze region of the South China Block. Llanvirn:

Argentina, Bolivia, Peru, England, Spain, Morocco, Algeria, Saudi Arabia, Burma and the western

part of west Yunnan (the two last-named areas belong to the Sibumasu Terrane). Llanvirn to

Llandeilo: south-western England (Cornwall), north-western France, Spain, Portugal, Algeria,

Tunisia and Morocco (see Fortey and Morris 1982; Dean 1985; Zhou and Dean 1989; Rabano
1990).

2. Ogyginus. Arenig: Wales, south-western France and eastern Newfoundland; Llanvirn: Wales,

England, ?Spain, ?Portugal, and possibly Argentina, Bolivia and Peru (as Hoekaspis, see below);

Arenig-?Llanvirn : north-western France; Llanvirn-Llandeilo : England and Wales (see Romano et

al. 1986; Fortey and Owens 1987; Rabano 1990).

3. Hanchungolithus. Middle Arenig: south-western France, south-eastern Ireland and ?North

Wales; upper Arenig: the Yangtze region (see Hughes et al. 1975; Zhou and Hughes 1989).

4. Hungioides. Tremadoc: the Yangtze region; Arenig: central Australia, the Yangtze region,

Inner Mongolia (western marginal area of the North China Block) and ?south-western France;

Llanvirn: Bohemia, Germany, Spain, Portugal and Argentina (see Rabano 1983; Zhou and Dean
1989).

Two further benthic trilobite genera, Liomegalaspides and Hastiremopleuridesl, are more
endemic, recorded only in parts of eastern Gondwanaland. The former is known mainly from the

upper Arenig to lower Llanvirn of the Yangtze region, Central and Southwest China, and the Tarim

region. Northwest China. Hastiremopleuridesl is considered to represent a group of species with

well-developed triangular anterior border that was confined to the Yangtze region from the Arenig

to Caradoc, but probably migrated to south-eastern Turkey in the early Ashgill (see below).

Mesopelagic trilobites are represented only by Cyclopyge , M. (Microparia) and Pricyclopyge,

members of a family confined mainly to peripheral Gondwana, especially in the early Ordovician

(Fortey and Owens 1987, p. 108).
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Three of the 1 1 species present are conspecific with, or closely related to, forms from the

Yangtze region: Neseuretus cf. tungtzuensis, Liomegalaspides blackwelderi and Hastiremopleurides ?

aff. nasutus. A further three (Neseuretus elegans, Ogyginus daliensis and Hungioides cf. bohemicus)

exhibit close relationships to south and central European species (Neseuretus arenosus, Ogyginus

armoricanus and H. bohemicus). Cyclopygid species are usually widespread, and the three species

in the Dali area closely resemble coeval Bohemian forms. If the eastern part of west Yunnan
formed a northward extension of the Indo-China Terrane, as deduced by Metcalfe (1988, 1992), the

trilobite evidence may indicate a biogeographical connection between the South China Block,

south-central Europe, and the Indo-China Terrane. Interestingly, the appearance of the above

benthic trilobite genera in the Indo-China Terrane is not exactly contemporaneous with their

corresponding appearance in south-central Europe or the Yangtze region. A typical example is

Hanchungolithus, which occurs in the middle Arenig of south-western France and south-eastern

Ireland, in the upper Arenig of the Yangtze region, and in the lower Llanvirn of the Dali area. This

indicates that free migration or dispersal of trilobites was possible along the epicontinental sea on
the east side of the ‘Paleotethys Ocean’ of Scotese and McKerrow (1991 ; discussion in Dean 19676,

p. 23; El-Khayal and Romano 1985, p. 404).

Neseuretus was interpreted by Fortey and Morris (1982) as representative of shallow, cold-water

Gondwana faunas found only at high latitudes. An exception to this is the northward extension of

the genus into the Yangtze Carbonate Platform, the explanation for which may involve either the

northward movement of a cold ocean current into lower latitudes, or even differences in water

depth. We agree with Fortey and Owens (1987) that the Neseuretus Biofacies represents an inner

shelf environment. However, the palaeogeographical distribution in the Dali area (Text-fig. 3)

indicates that Neseuretus itself may have had a wider tolerance range, from inner shelf to shallow

outer shelf. In south-western France (Dean 1966) Neseuretus was described from graptolite-bearing

mid Arenig mudstones, in association with Hanchungolithus, and more recently it was found in the

upper Arenig (U. austrodentatus Zone) of western Hubei (Xiang and Zhou 1987), with Nileus, a

warm-water trilobite usually considered to occupy a farther off-shelf habitat than Neseuretus.

The Armorican types of clastic facies and the cold-water trilobites assemblages in the Dali area

suggest that, at least in the early Ordovician, the Indo-China Terrane may have been located at a

higher latitude than shown by Metcalfe (1992, fig. 4) and by Scotese and McKerrow (1991, fig. 3).

It is highly likely that the Indo-China Terrane was situated closer to the south-central Europe Block

than to the South China Block. West of the Indo-China Terrane, Ordovician rocks are documented
in the Baoshan area, western west Yunnan (Lai et al. 1982), the Shan States (Chhibber 1934) and
the Thailand-Malaysia border area (Hamada et al. 1975). Contiguity of lithological and faunal

successions in the first two areas was noted by Sun and Szetu as early as 1947, and the lower

Ordovician there comprises mainly elastics with only a few limestones in the upper part ; in marked
contrast, the succession in the last-named area is composed essentially of carbonates. These

differences were interpreted by Metcalfe (1992) as due to facies changes on a single stable shelfwhich

belonged to the Sibumasu (or Shan-Thai) Terrane. No reliable evidence of Arenig trilobites is

known from this terrane, but the Llanvirn trilobite Basilicus (Basilicus) satunensis (Kobayashi and
Hamada, 1964, p. 208, pi. 9, figs 1-12), from Satun, near the Malaysian frontier with Thailand,

exhibits close affinities with B. (B.) boehmi (Lorenz) from the coeval Machiakou Formation in

North China (see Zhou and Fortey 1986, p. 180; Zhou and Dean 1989, p. 132). Llanvirn trilobites

from the Baoshan area (Reed 1917; Sheng 19746) and North Shan States (Reed 1906, 1915) include,

inter al., Neseuretus , Prionocheilus, Basilicus (Basiliella) [as Pseudobasilicus baoshanensis; see Sheng

19746, p. 101, pi. 3, fig. 3], Encrinurella and Pliomerina. Species of B. (Basiliella) and Pliomerina are

closely similar to those from the Machiakou Formation of North China and the Tsuibon Formation
of South Korea (Zhou and Fortey 1986, pp. 182, 202), whilst Encrinurella is known elsewhere only

from the lower Ordovician in Australia (Legg 1976). A south-western Gonwanaland connection is

also indicated by Neseuretus and Prionocheilus. On the whole, the Llanvirn trilobites of the

Sibumasu Terrane differ markedly from those of the Indo-China Terrane, suggesting geographical

separation of the two areas. Based on the similarity of early Ordovician nautiloids from the
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Thailand-Malaysia border area. North China and Australia, Burrett and Stait (1987, fig. 7) and
Burrett et al. (1990, fig. 4) considered the Sibumasu Terrane to be located in the tropics, in the

proximity of the North China and Australia blocks. However, the trilobite evidence favours the

reconstructions by Scotese and McKerrow (1991, fig. 3) and by Metcalfe (1992, fig. 4), in which the

Sibumasu Terrane was rotated through 180° so that Thailand Peninsula-West Malaysia was on the

palaeoequator, close to the North China Block, while the Shan States-western west Yunnan area

may have been sited in a low latitudinal zone not far from the South China Block.

SYSTEMATIC PALAEONTOLOGY
The terminology adopted here is that of Harrington et al. (in Moore 1959, pp. 117-126), with

modifications by Whittington and Kelly (in Kaesler 1997). Described and cited specimens

are housed in the following institutions, with prefixes for registration numbers: BGM, Geological

Museum of Beijing, Ministry of Geology and Mineral Resources; CIGM, Chendu Institute of

Geology and Mineral Resources, Academy of Geological Sciences of China
;
NI, Nanjing Institute

of Geology and Palaeontology, Academia Sinica; SBNM, National Museum of Natural History,

Prague; USNM, National Museum of Natural History, Washington, D.C.

Family remopleurididae Hawle and Corda, 1847

Subfamily remopleuridinae Hawle and Corda, 1847

Genus hastiremopleurides Yin, 1980

Type species. Remopleurides (Hastiremopleurides) bijieensis Yin, 1980.

Hastiremopleurides ? aff. nasutus (Lu, 1957)

Plate 1, figures

19746 Remopleurides cf. dalecarlicus Holm; Sheng, p. 99, pi. 1, fig. 4a-f.

Description. Cranidium pitcher-shaped in outline, weakly convex, its length 85-100 per cent, the breadth;

downturned anterior tongue expands forwards slightly and has basal width about 32-35 per cent, the

maximum cranidial breadth, across the mid-point of the palpebral lobe. Glabella has deeply incised, transverse

SO and three pairs of faint, subparallel, equispaced lateral furrows. SI and S2 are gently sigmoidal, S3 is

straighter, and all become successively shorter and weaker from SI to S3; the furrows do not reach the axial

furrows, and extend slightly backwards adaxially; the distal end of SI almost coinciding with the maximum
breadth of the cranidium. Occipital ring occupies 56-63 per cent, the cranidial width, and about 14 per cent,

the length (sag.) of the glabella in specimens preserved in relief; it declines and becomes slightly narrower

(exsag.) abaxially, and a median node is sited close to SO. Palpebral lobe strongly convex in plan, widens

posteriorly and extends from SO to base of anterior tongue; palpebral or axial furrow deep. Anterior area of

EXPLANATION OF PLATE 1

Figs 1-4. Hastiremopleurides ? aff. nasutus (Lu, 1957); Loc. 1, Member 2. 1, NI 127486; cranidium; x 10. 2,

NI 127487; cranidium; x 7. 3, NI 127488; cranidium; x8. 4, NI 127489; cranidium; x 6.

Figs 5-9, 11. Liomegalaspides blackwelderi (Weller, 1907). 5, NI 127490; cranidium; Loc. 1, Member 2; x3.

6, NI 127491; hypostoma; Loc. 2, Member 1; x 1-5. 7, NI 127492; exoskeleton, latex cast from external

mould; Loc. 2, Member 1 ;
x 3. 8, NI 127493; cranidium; Loc. 2, Member 1 ;

x 3. 9, NI 127494; librigena;

Loc. 1, Member 1; x2. 11, NI 127495; pygidium; Loc. 1, Member 2; x 1-5.

Figs 10, 12-14. Ogyginus daliensis (Sheng, 19746); Loc. 1. 10, NI 127496; pygidium; Member 1 ;
x 1-2; 12, NI

127497; pygidium; Member 2; x 1. 13, NI 127498; exoskeleton, meraspid degree 7; Member 2; x 6. 14, NI
127499, hypostoma; Member 2; x2.
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fixigena narrow (tr.), triangular, depressed. Anterior border upturned, triangular in plan, bluntly pointed

frontally. Border furrow deep and merges with preglabellar furrow in front of anterior glabellar tongue.

The librigena as illustrated by Sheng (19746, pi. 1, fig. 4b-c) is very narrow outside the eye, flat anteriorly,

and convex behind the base of the librigenal spine. Eye semicircular, its width 60 per cent, that of librigena,

and its posterior half more strongly curved than the anterior half ; the visual surface declines gently at first but

becomes almost vertical peripherally. Eye socle narrow, upturned, defined above and below by deep furrows.

Librigenal spine slightly curved, its length at least twice that of librigena, and its broad base in-line with

midpoint of eye; lateral margin joins that of anterior half of librigena in a broad curve; intergenal angle

(= genal notch of authors such as Nikolaisen 1983) about 45° and deep.

Remarks. Sheng (19746) compared this form with Remopleurides dalecarlicus Holm, in Warburg
(1925, p. 88, pi. 1, figs 7-8; pi. 11, fig. 34), from the Upper Leptaena [= Boda] Limestone (Ashgill)

of Dalarna, Sweden. Material in our collection shows the cranidium to have a broad (sag.) anterior

border, a single character sufficient to exclude the species from Remopleurides. In our opinion the

species is closely related to Remopleurides nasutus Lu, 1957 (p. 277, pi. 153, figs 14—15), a taxon

redescribed by Lu (1975, p. 299, pi. 3, figs 15-22; pi. 4, figs 1-13) from the upper Arenig of southern

Shaanxi and western Hubei, China, and later recorded from northern Guizhou (Yin, in Yin and Lee

1978, p. 519, pi. 172, fig. 2) and southern Anhui (Zhang Quanzhong, in Qiu et al. 1983, p. 196,

pi. 65, fig. 6; as Remopleurides latilingulatus, placed here in synonymy with nasutus). The glabella,

excluding occipital ring, is 75-80 per cent, as long as wide, and anterior tongue has width 26-43 per

cent, (depending on preservation) that of glabella in our specimens; the corresponding figures in

R. nasutus are 74-90 per cent, and 37-53 per cent., underlining the similarity of the cranidium in both

forms. Other characters, such as the lateral glabellar furrows, palpebral lobe, occipital ring and
anterior border, are almost identical in the late Arenig and Llanvirn specimens; but R. nasutus

differs in the more posterior position of the librigenal spine base, which extends from the lateral

margin of the librigena at a point about one-third its length from the rear.

The species also resembles Remopleurides shihtzupuensis Lu, 1957 (p. 278, pi. 153, fig. 16; 1975,

p. 301, pi. 4, figs 14—15) from the Shihtzupu Formation (Llandeilo) of northern Guizhou; Lu
considered the latter to have a narrower anterior glabellar tongue than R. nasutus

,
but in the

holotype (Lu 1957, pi. 153, fig. 16) its basal width is 34 per cent, that of the glabella, similar to the

present material. However, the genal spine in shihtzupuensis is based on the anterior part of the

librigena (Zhou et al. 1984, p. 15, fig. 3a-b), which is more advanced than in the present form.

We believe that these three closely allied species may represent a new genus, the cranidium of

which has a characteristic triangular anterior border. The more transverse, faint to shallow lateral

glabellar furrows recall Remopleurides
,
and the narrow librigena with deep intergenal angle is

similar in certain species of that genus ; but, in addition to the very different preglabellar area, the

pygidium in R. nasutus has a much longer outer ( = first) pair of pleural spines, and a shorter inner

pair. In the shape and size of the anterior border and the anterior cranidial tongue, it resembles

Arator Nikolaisen, 1991, type species Robergia marianna Koroleva, 1965, from the lower middle

Ordovician of northern Kazakhstan
;
but the latter differs mainly in the deeply incised, less anteriorly

divergent lateral glabellar furrows, and in having a rectangular pygidium with three pairs of pleural

spines.

The above three Chinese species are of different ages but have a similar cranidium, and local

gradual morphological changes can be recognized in the librigena. They involve mainly the

librigenal spine, which becomes successively more anterior in position : its base is opposite the rear

part of the eye in nasutus, the earliest (Arenig) form; the middle part in the Llanvirn aff. nasutus
;

and the front part in the Llandeilo shihtzupuensis. The three species may possibly form a

peramorphocline in this character.

Nikolaisen (1983, p. 277) suggested that some early species, such as R. nasutus and R.

shihtzupuensis, may belong to an ancestral genus, which he called ‘ Robergiella s.l.\ and may have

evolved into his younger genus Sculptaspis. Both species are comparable to members of Robergiella

Whittington, 1959, in the form of the lateral glabellar furrows and the pygidium, but even in early

species such as R. brevilingua Fortey, 1980 (p. 44, pi. 5, figs 1-8, 10-11
;
pi. 25, figs 7, 11, 13) and
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R. lundehukensis Fortey, 1980 (p. 46, pi. 5, figs 9, 12 14, 16), both from the Arenig of Spitsbergen,

the anterior cranidial tongue has only a very narrow (sag.) frontal rim, and the librigena has a

broader genal field between the eye socle and border. It is likely that the group of Chinese species

is independent of both Robergiella and Sculptaspis. The latter is closely similar to Sculptella

Nikolaisen, 1983, although, as noted by Nikolaisen (1983, pp. 267, 277), it has a thicker exoskeleton

and the outer margin of the librigenal spine is at a distinct angle to the lateral border of the librigena.

Species of both Nikolaisen’s genera may be compared to the group of Chinese species but differ in

:

the narrower anterior glabellar tongue, the longer postaxial field of the pygidium, and the form of

the librigena, in which the librigenal spine is located more posteriorly and the intergenal angle is

very shallow.

Nikolaisen (1983, p. 266) postulated an evolutionary lineage from Remopleuridiella Ross, 1951,

by way of Sculptella and Remopleurella Dean, 1963 to Amphitryon Hawle and Corda, 1847.

Morphological changes affecting the librigena during phylogeny involve a rearward shift of the base

of the librigenal spine, and progressive shallowing of the librigenal notch, culminating in its eventual

disappearance
;
these suggest that local heterochronic variation may have occurred by paedomor-

phosis. If the lineage postulated by Nikolaisen proves to be correct, then, at least on the basis of

the evolution of the librigena, the group of Chinese species may form a different remopleuridid

lineage.

Robergia striata Endo, 1932 (p. 109, pi. 38, fig. 3), from an unstated horizon at Huangbayi,

southern Shaanxi, was reassigned to Remopleurides by Reed (1935), Kobayashi (1951), Whittington

(1959), Lu et al. (1965), Li et al. (1975) and Chang and Jell (1983). Li et al. (1975, p. 151) reported

the species from the Pagoda Formation (Caradoc) at its type locality, and similar cranidia were later

described from the same formation at Liangshan, Hanzhong, southern Shaanxi (Ji 1986, p. 12, pi. 1,

figs 13-14). The holotype, refigured by Chang and Jell (1983, fig. 6e-f), closely resembles cranidia

in our collection, but its anterior glabellar tongue is wider, 46 per cent, the glabellar width.

Nikolaisen (1991, p. 54) was inclined to refer R. striata to Sculptaspis, but the wider cranidial tongue

and the shape of the anterior border suggest, rather, the nasutus-grovep.

Outside China, Amphitryon ? sp. from the lower Ashgill of south-eastern Turkey (Dean and Zhou
1988, p. 643, pi. 61, figs 8-10) is closely related to the group of Chinese species; the anterior

cranidial tongue is narrower (tr.) in the Turkish species, but the length of the triangular anterior

border is similar to that of nasutus.

Zhou et al. (1984, p. 15) assigned shihtzupuensis to Hastiremopleurides. The type species, H.

bijieensis Yin (1980, p. 23, pi. 1, fig. 6) from the Chientsaokou Formation (lower Ashgill) of Bijie,

northern Guizhou, has the anterior glabellar tongue more expanded frontally, with a much longer

(sag.) anterior border, but is otherwise basically similar to all the species in the nasutus-group.

Immature specimens of nasutus show that the length (sag.) of the anterior border increased during

ontogeny (Lu 1975, p. 300). This may suggest a peramorphic increase in border length, and bijieensis

might represent the latest stage of one branch in the nasutus evolutionary series. Unfortunately,

except for nasutus, material is limited and species in this series are imperfectly known, so that for

the time being we refer both nasutus and the present material with reservation to Hastiremopleurides.

Family asaphidae Burmeister, 1843

Subfamily isotelinae Angelin, 1854

Genus liomegalaspides Lu, 1975

Type species. Isotelus usuii Yabe, in Yabe and Hayasaka, 1920.
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Liomegalaspides blackwelderi (Weller, 1907)

Plate 1, figures 5-9, 11

1907 Asaphus blackwelderi Weller, p. 560.

1907 Asaphus asiaticus Weller, p. 561.

1913 Asaphus blackwelderi Weller; Weller, p. 286, pi. 26, figs 21-22.

1913 Asaphus asiaticus Weller; Weller, p. 287, pi. 26, fig. 5.

1957 Isoteloides liangshanensis Lu, p. 279, pi. 152, figs 1-2.

1974b Pseudoasaphus daliensis Sheng, p. 101, pi. 4, fig. la—b, f {non c-e).

1975 Isoteloides liangshanensis Lu, p. 322, pi. 9, figs 6-10; pi. 10, figs 1-11.

1975 Megistaspis sp. Li et al., p. 145, pi. 10, fig. 6.

1975 Isoteloides liangshanensis Lu; Li et al., p. 147, pi. 13, fig. 5.

1982 Isoteloides liangshanensis Lu; Zhou et al., p. 263, pi. 65, fig. 16.

1983 Megalaspides blackwelderi Weller; Chang and Jell, p. 198, fig. 3b, h-i [non figs 3a, c-g, 4j, 5e

= Megalaspides taningensis (Weller)].

Holotype. Cranidium (USNM 60876) figured Weller, 1913, pi. 26, fig. 21 (see also Chang and Jell 1983, fig. 3b),

from an Arenig limestone, 2-4 km upstream from Sukiapa on the Taning River, northern Sichuan.

Figured specimens. One exoskeleton (NI 127492), one cranidium (NI 127493) and one hypostoma (NI 127491)

from Member 1, Loc. 2; one cranidium (NI 127490), one librigena (NI 127494) and one pygidium (NI 127495)

from Member 2, Loc. 1.

Remarks. One cranidium, one small, compressed pygidium and three librigenae from Member 2,

Loc. 1, were described by Sheng (19746) as a new species, Pseudoasaphus daliensis. The cranidium

(BGM OT68-48, 49; Sheng 19746, pi. 4, fig. la-b), selected herein as lectotype, has a small palpebral

lobe, its anterior margin level with the centre of the cranidium
;
the glabella lacks a posterolateral

glabellar furrow and a distinct occipital ring. The pygidium (Sheng 19746, pi. 4, fig. If) shows a

narrow doublure. All these characters suggest that assignment of the species to Pseudoasaphus

Schmidt, 1904 is incorrect. In the light of the present collection, the librigenae figured as P. daliensis

by Sheng (19746, pi. 4, fig. lc-e) may belong to Neseuretus elongatus sp. nov. (see below).

The new material indicates that daliensis is synonymous with Isoteloides liangshanensis Lu (1975),

from the Ningkianolithus welleri Zone (uppermost Arenig) in the Siliangssu Formation of southern

Shaanxi. Lu’s species is characterized by the following features: (1) the cephalon is sub-triangular

in outline; (2) the glabella is broadly rounded anteriorly, constricted between the palpebral lobes

and poorly defined; (3) the anterior sections of the facial suture are divergent instead of subparallel;

(4) the acute posterior area of the fixigena shows no border furrow in testaceous material
; (5) the

pygidium is triangular, with smooth surface and a narrow but concave doublure. Judging from
better preserved material (Lu 1975, pi. 9, figs 7, 9-10; pi. 10, figs 2, 8; Li et al. 1975, pi. 13, fig. 5),

the pygidium has no defined border, and the supposed ‘ border furrow ’ is seen only in compressed

specimens; the width (sag.) of the anterior border of the cranidium appears to vary from wide (Lu

1975, pi. 9, fig. 8) to narrow (Lu 1975, pi. 10, fig. 2), and in some examples the border merges with

EXPLANATION OF PLATE 2

Figs 1-6, 9. Ogyginus daliensis (Sheng, 19746); Member 1. 1, NI 127500; hypostoma with attached cephalic

doublure; Loc. 1; x3. 2, NI 127501; cranidium; Loc. 1; x 1-2. 3, NI 127502; exoskeleton without

librigenae; Loc. 2; x 2. 4, NI 127503; exoskeleton; Loc. 1 ;
x 0-6. 5, NI 127504; cranidium; Loc. 1 ;

x 2. 6,

NI 127505; small librigena; Loc. 1; x 6. 9, NI 127506; exoskeleton; Loc. 1; x0-55.

Fig. 7. Microparia (Microparia) cf. prantli Marek, 1961; Loc. 3, Member 3; NI 127510; pygidium; x 5.

Fig. 8. Pricyclopyge obscura Marek, 1961 ; Loc. 3, Member 3; NI 127511
;
pygidium, latex cast from external

mould; x2.
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the glabella (Lu 1975, pi. 9, fig. 7); all these features depend on state of preservation. Specimens
from Western Yunnan exhibit similar characters and the determination can be made with some
confidence.

Isoteloides liangshanensis differs from the type species of Liomegalaspides, L. usuii (Yabe, in Yabe
and Hayasaka, 1920, p. 57, pi. 18, fig. 9; pi. 19, fig. 8; Kobayashi 1951, p. 27, pi. 2, figs 7-8; Lu, in

Lu and Chang 1974, p. 126, pi. 50, figs 1-2; Lu 1975, p. 328, pi. 13, figs 1-7) from the uppermost
Dawan Formation (uppermost Arenig) of western Hubei, mainly in the less effaced axial furrows

on the cranidium. The species was referred to Liomegalaspides and is considered to be a junior

subjective synonym of L. blackwelderi (Weller) by Zhou et al. (in press). The holotype cranidium
of the latter species, refigured by Chang and Jell (1983), agrees closely with that of liangshanensis

and the sole difference, a poorly defined anterior border, may be due to the preservation of

blackwelderi in limestone and liangshanensis in shale.

Subfamily ogygiocaridinae Raymond, 1937

Genus ogyginus Raymond, 1912

Type species. Asaphus corndensis Murchison, 1839.

Ogyginus daliensis (Sheng, 19746)

Plate 1, figures 10, 12-14; Plate 2, figures 1-6, 9

19746 Hoekaspis daliensis Sheng, p. 100, pi. 2, fig. la-e; pi. 3, fig. la-e.

19746 Hoekaspis daliensis ovatus Sheng, p. 100, pi. 1, fig. 5a-d; pi. 2, fig. 2a-e.

Lectotype. Selected herein: BGM OT68-29, figured Sheng (19746, pi. 2, fig. lc), an exoskeleton lacking

librigenae, from Member 1 of the Hsiangyang Formation, Loc. 1.

Figured specimens. Two exoskeletons (NI 127503, 127506), two cranidia (NI 127501, 127504), one pygidium
(NI 127496), one hypostoma with attached cephalic doublure (NI 127500) and one small librigena (NI 127505),

from Member 1, Loc. 1 ; one exoskeleton without librigenae (NI 127502) from Member 1, Loc. 2; one meraspid

(degree 7) exoskeleton (NI 127498), one pygidium (NI 127497) and one hypostoma (NI 127499) from Member
2, Loc. 1.

Description. Exoskeleton oval in outline, 62-72 per cent, as wide as long. Cephalon sub-semicircular, its width

less than twice the length (sag.) excluding librigenal spines. Glabella gently convex, declines anteriorly towards

shallow preglabellar furrow, narrows slightly until level with rear end of palpebral lobe and then expands
forwards to attain maximum width 66-73 per cent, of glabellar length in most of the less compressed specimens.

Lateral glabellar furrows rarely preserved, seen as faint impressions on only a few specimens (PI. 2, fig. 3). SO
curves backwards near sagittal line to meet posterior band furrow of occipital ring. S1-S4 short (tr.), directed

more or less adaxially, and do not reach axial furrow abaxially. S 1 elliptical, level with point 40 per cent, of

glabellar length from rear; S2-S4 triangular (S4 very narrow (exsag.)), sited, respectively, opposite front, mid-

point and posterior end of palpebral lobe. Baccula elongate, weakly defined by furrow adaxially, and extends

along axial furrow between SO and S 1 . Occipital ring consists of pair of weakly defined, sub-triangular lateral

lobes, and posterior band which narrows abaxially. Median glabellar node situated between lateral occipital

lobes and immediately in front of shallow posterior band furrow. Axial furrow deep, wide; preglabellar furrow

broadly curved, deep abaxially but shallower medially. Palpebral lobe reniform, well defined by distinct

palpebral furrow in some specimens (PI. 2, fig. 2), its length usually 14 per cent, that of cranidium and 11 per

cent, in large examples (PI. 2, fig. 9); it is generally located opposite mid-point of cranidium, but two-thirds

overall length from rear in large specimens, and anterior end is close to axial furrow
;
ocular ridge short, thick,

runs forwards and slightly adaxially (PI. 2, fig. 2). Anterior area of fixigena narrow (tr.), adaxially declined, seen

to merge frontally with anterior border in well-preserved specimens
;
palpebral area slightly convex

;
posterior

area wide (exsag.), equilaterally triangular in outline, with convex border that is well demarcated by deep, wide
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border furrow and narrows adaxially. Anterior border convex laterally, becoming narrower (sag.) and flatter

adaxially. Anterior sections of facial suture run divergently into anterior border, where they curve adaxially

to converge at 120° and meet frontally in a gentle curve; posterior sections form broadly divergent, sigmoidal

curves as far as border furrow, where they turn sharply adaxially to cut posterior border. Cranidial doublure

ventrally convex, narrows adaxially, and carries a few parallel, fine terrace ridges.

Librigena with narrow, vertical eye socle ; lateral and posterior borders convex, well defined by deep, wide

border furrows, and widen towards genal angle, where they join to form a short, broadly based librigenal spine

that, in smaller specimens, is relatively longer, more narrowly based, and slightly curved inwards. Hypostoma

broadly rounded anteriorly, its length three-quarters the width, with acuminate but entire posterior margin.

Middle body convex, wider than long, separated from large, triangular anterior wing by shallow, broad

anterior border furrow but well defined by shallow lateral border furrow and deep, wide posterior border

furrow; anterior lobe sub-oval, its length 80 per cent, that of hypostoma, and its posterolateral margin slightly

concave abaxially; posterior lobe crescentic, short (sag.); middle furrow V-shaped, wide, mostly deep but

shallows adaxially from maculae; macula prominent, located on anterior flank of posterior lobe, nearer to

sagittal line than to lateral margin. Lateral border convex, wider than posterior border. Surface, except for

maculae, covered with widely spaced, arched terrace ridges, subparallel to lateral and posterior margins.

Thorax with zetoidal axial furrows. Axis gently convex, 30-33 per cent, the thoracic length in large

specimens, and narrows slightly from fifth ring backwards
;
each axial ring is trapezoidal in plan, uniformly

wide (sag.). Pleura truncated distally, with deep, spindle-shaped pleural furrow which ends opposite fulcrum.

Pygidium sub-semicircular in outline, the length 51-60 per cent, the width in well-preserved specimens; in

compressed examples the corresponding figure is 38—48 per cent. (PI. 1, fig. 10). Axis convex, conical, reaches

paradoublural line posteriorly, and has frontal width about one-quarter that of pygidium ; articulating ring

furrow distinct; six or seven axial rings and a terminal piece are visible on most material and only three rings

in large specimens, but up to 1 1 rings are seen in some internal moulds. Axial furrows usually distinct, but more

or less effaced in large specimens. Pleural region gently convex with six unfurrowed, distally rounded ribs;

articulating half-rib ridge-like, well defined by deep, spindle-shaped first pleural furrow. Pygidial border flat

or weakly convex, delimited by border furrow which appears deep or shallow, depending on preservation.

Doublure narrow, 15-18 per cent, the pygidial length medially but widens slightly abaxially; inner margin

subparallel to that of pygidium, and surface covered with closely spaced, fine terrace ridges subparallel to

margin.

A meraspid exoskeleton (PI. 1, fig. 13) is similar to the adult but differs in the larger palpebral lobe, the

almost parallel-sided glabella, the presence of an intergenal angle on the librigena, and the slightly but

uniformly tapered thoracic axis.

Remarks. Specimens in our large collection are mostly compressed or deformed, the better

preserved material forming the basis of the above description, and it is clear that the supposedly

different morphological forms (for example, Hoekaspis daliensis ovatus Sheng, 19746, p. 100, which

has a slightly shorter exoskeleton) found together at several stratigraphical levels belong to a single

species. The lectotype selected herein for ovatus is a pygidium (Sheng 19746, pi. 2, fig. 2d) identical

to some in our collection (PI. 1, fig. 10); it is 40 per cent, as long as wide, much wider than specimens

preserved in relief and the result, we believe, of different preservation.

Sheng (19746) referred daliensis to Hoekaspis Kobayashi, 1937 and noted only briefly that it is

almost identical to H. megacantha (Leanza, 1941) (see Harrington and Leanza 1957, p. 179, figs

88-89). Differences between the two forms lie mainly in the slightly wider glabella and much fainter

pygidial pleural furrows of the Argentine species. The type species of Hoekaspis , Megalaspis

matacensis Hoek, in Steinmann and Hoek, 1912 from the Llanvirn of Bolivia, was re-illustrated by

Ross (1965, pi. 8, figs 8-9, 12-13, 16, 19) and a neotype pygidium was designated by Pribyl and

Vanek (1980, p. 26, pi. 23, fig. 2). Fortey and Owens (1978, p. 261) considered that H. matacensis

differed from H. megacantha in having a wider pygidium with unfurrowed pleural field, and an

extremely narrow (sag.) anterior cranidial border, and they assigned the latter species to Merlinia ,

a point of view contested by Pribyl and Vanek (1980, p. 29). Merlinia as established by Fortey and

Owens (1978) included several Welsh Arenig species and a Llanvirn species from England described

by Rushton and Hughes (1981). It is closely allied to Ogyginus and, as noted by Fortey and Owens

(1987, p. 142), at least one early member of the latter genus, O. hybridus (Salter, 1866), has

characters intermediate between Ogyginus and Merlinia. The cranidium of Hoekaspis megacantha
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differs from that of the type species of Merlinia, M. rhyakos Fortey and Owens, 1978 (p. 263, pi. 5,

figs 1-6; pi. 6, figs 1-5), in having a shorter glabella, more expanded anteriorly, a narrower (sag.)

anterior border, and the anterior area of the fixigena merges with the abaxial part of the anterior

border, seen only on a less compressed specimen figured by Harrington and Leanza (1957, fig. 89, 1).

All these characters are typical of Ogyginus.

In addition to the type species and H. megacantha, at least two other Llanvirn forms have been

included in Hoekaspis : H. schlagintweiti Harrington and Leanza, 1942 (p. 135, pi. 1, figs 2-5, 7-9;

1957, p. 177, fig. 87, 1-6) from Argentina and H. yahuari Pribyl and Vanek, 1980 (p. 27, pi. 13, figs

1-2; pi. 14, fig. 6) from Bolivia, Argentina and Peru. All these South American species have a

cephalon similar to that of Ogyginus, six ribs are visible on the pleural region of the pygidium (and

can even be traced on the neotype of H. matacensis), but are usually more weakly defined compared
with those in most species of Ogyginus. In our opinion the effacement of pleural furrows is not a

reliable generic character and some species of Ogyginus, such as O. hybridus (Salter, 1866) (see

Fortey and Owens 1987, p. 143, figs 29-32) and O. orbensis Courtessole, Pillet, Vizcaino and
Eschard, 1985 (p. 44, pi. 6, figs 1-8), show similar pleural furrows. The distinctness of pleural

furrows may vary during ontogeny (Fortey and Owens 1987, p. 146) or with preservation; in

O. terranovicus Dean, in Dean and Martin, 1978 (p. 15, pi. 5, fig. 9; pi. 6, figs 4, 6-7) from Arenig

elastics at Bell Island, eastern Newfoundland, testaceous specimens exhibit much fainter pleural

furrows than internal moulds. Unfortunately, the hypostoma is not known in Hoekaspis, but

judging from the rest of the exoskeleton, we believe the genus may eventually prove synonymous
with Ogyginus.

Hoekaspis daliensis possesses features diagnostic of Ogyginus as defined by Whittard (1964,

p. 245) and by Fortey and Owens (1987, p. 142), and is transferred to the latter genus. Ogyginus

corndensis (Murchison), from the Llanvirn-lower Llandeilo of west Shropshire and central Wales,

was redescribed by Whittard (1964, p. 250, pi. 42, figs 2-8; pi. 43, figs 2—1 1) and by Hughes (1979,

p. 126, figs 21—61, 66), who included Whittard’s varieties septenarius and novenarius in the

synonymy. O. daliensis resembles the Anglo-Welsh species in many respects but differs in the more
anteriorly sited palpebral lobe, the longer (exsag.) posterior area of the fixigena, and the wider

thoracic axis (in large specimens about one-third the width of the thorax, compared with one-

quarter). In addition, the pygidium of O. corndensis possesses eight or nine pleural ribs, compared
with six or seven in O. daliensis, and has a narrower axis.

Among the other species of Ogyginus listed by Fortey and Owens (1987, p. 142) and by Rabano
(1990, p. 70) is the closely related O. armoricanus (de Tromelin and Lebesconte, 1876) (see Henry

1971, p. 66, pi. 1, figs 1-11, text-figs 1-2; 1980, p. 37, fig. 7, pi. 1, figs 4-5, 7) from the Arenig to,

possibly, lower Llanvirn of Brittany, France. The French species is distinguished only by the slightly

greater glabellar width (76 per cent, of length, compared with 66-73 per cent.), the narrower (sag.)

anterior border, the smaller anterior wing of the hypostoma and, probably, the slightly larger

palpebral lobe, all apparent differences that may be due to preservation. Only a few specimens of

O. armoricanus have been described, the intraspecific variation is not known, and for the time being

we retain O. daliensis as a separate taxon.

EXPLANATION OF PLATE 3

Fig. 1. Cyclopyge sp.; Loc. 3, Member 3; NI 127509; exoskeleton; x4.

Figs 2, 5. Hungioides cf. bohemicus (Novak, in Perner, 1918); Member 1. 2, NI 127507; pygidium; Loc. 2; x 3.

5, NI 127508; incomplete cranidium; Loc. 1; x 1.

Figs 3—4, 6-8, 10-11. Hanchungolithus xiangyangensis Sheng, 19746; Loc. 1, Member 2. 3, NI 127513;

exoskeleton; x 6. 4, NI 127514; exoskeleton; x 6. 6, NI 127515; cephalon; x 5. 7, NI 127516; lower lamella

of fringe; x 6. 8, NI 127517; cephalon; x 8. 10, NI 127518; cephalon with two attached thoracic segments;

x5; 11, NI 127519; exoskeleton; x 6.

Fig. 9. Pricyclopyge obscura Marek, 1961 ;
Loc. 3, Member 3; NI 127512; cranidium; x 3.
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Family dikelokephalinidae Kobayashi, 1936

Genus hungioides Kobayashi, 1936

(= Argentinops Pribyl and Vanek, 1980)

Type species. Dicellocephalina bohemica Novak, in Perner, 1918.

Hungioides cf. bohemicus (Novak, in Perner, 1918)

Plate 3, figures 2, 5

19746 Taihungshania sp., Sheng, p. 102, pi. 4, fig. 5

Figured specimens. One incomplete cranidium (NI 127508) from Member 1, Loc. 1 ; one pygidium (NI 127507)

from Member 1, Loc. 2.

Description and remarks. Specimens are fragmentary and more or less compressed. The glabella

narrows gently forwards, bluntly rounded frontally, with four pairs of lateral glabellar furrows

which, except for S4, become fainter before reaching the axial furrow; SI is bifurcate adaxially, S4
is shortest, sited opposite adaxial end of the eye ridge. SO is deep and transverse, defining a

uniformly wide (sag.) occipital ring. A prominent pair of depressed, oval alae has the anterior ends

opposite the distal end of S2. Surface of the cranidium covered with dense granulation that becomes
finer on the fixigena. The large pygidium described by Sheng (19746) as Taihungshania sp., from the

same bed at Locality 1 as the present figured cranidium, is about 50 mm long, wider than long, with

nine or ten pleural ribs in addition to the articulating half-rib. The axis has at least 1 1 well-defined

rings, and the outer pair of marginal spines extends backwards with its tips about level with that

of the axis. The smaller figured pygidium, 18 mm long, closely resembles the larger specimen but the

two pairs of broad based marginal spines end in-line. We agree with Rabano (1983, p. 436) that such

a difference is due to ontogenetic variation during the holaspid stage.

The cranidium has a more uniformly parabolic glabellar outline than Hungioides mirus Lu, 1975

(p. 372, pi. 29, figs 8-15) from the upper Arenig of Hubei and Guizhou, China, and H. acutinasus

Fortey and Shergcld, 1984 (p. 345, pi. 44, figs 1-7) from the Nora Formation (Arenig) of central

Australia, but is generally comparable to that of H. bohemicus (Novak, in Perner 1918, pi. 1, fig. 6;

see also Rabano 1983, pi. 1, figs 1-3; 1990, pi. 11, figs 1-3). The pygidium closely resembles the

Bohemian lectotype (Perner 1918, pi. 1, fig. 4; selected by Marek, in Horny and Bastl 1970, p. 77,

pi. 5, fig. 7), and specimens from the Llanvirn of Spain figured by Rabano (1983, pi. 1, figs 4-6;

1990, pi. 11, figs 4-7), especially in the pleural field, with nine or ten segments, and in the form of

the marginal spines. Rabano (1983, p. 435) reassigned to H. bohemicus several other Llanvirn, or

possibly Llanvirn, forms, including: H. bohemicus arouquensis Thadeu, 1956 (p. 11, pi. 2, figs 1-2;

pi. 6, fig. 3) from Portugal, and H. novaki Kobayashi, 1936 (based on Perner 1918, pi. 1, fig. 5; see

Prantl and Pribyl 1948, p. 15, pi. 2, fig. 1) from Bohemia, and considered their supposedly different

characters to be the result of ontogenetic changes. Hungioides graphicus R. and E. Richter, 1954«

(p. 341, pi. 1, figs 1-^4) from the Griffelschiefer (upper Arenig-Llanvirn, according to Sdzuy 1971)

of Thuringia, is based on poorly preserved pygidia and thoracic segments but, as noted by Fortey

and Shergold (1984, p. 348), it is closely comparable to the type species.

Hungioides intermedius (Harrington and Leanza, 1957, p. 191, fig. 100, 1-8), from the Llanvirn

of Argentina, was made type species of Argentinops Pribyl and Vanek, 1980, considered to be a

junior subjective synonym of Hungioides (Rabano 1983; Fortey and Shergold 1984). It differs from

the present form mainly in the more slender outer pair of spines, located at the posterolateral

corners of the pygidium.

From the above discussion the Chinese form is best compared with the Hungioides bohemicus

species-group. Authorship of the species has been variously attributed by Prantl and Pribyl (1948,
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p. 14), Lochman-Balk in Moore (1959, p. 0361) and Rabano (1983, p. 436; 1990, p. 83); in the

present paper we follow Rabano (1990).

Family cyclopygidae Raymond, 1925

Genus cyclopyge Hawle and Corda, 1847

Type species. Egle rediviva Barrande, 1846.

Cyclopyge sp.

Plate 3, figure 1

Figured specimen. Exoskeleton (NI 127509) from Member 3, Loc. 3.

Remarks. The material is poorly preserved but the presence of a prominent SI and a pair of circular

swellings behind it suggests assignment to Cyclopyge. The figured specimen has four thoracic

segments preserved and the cranidium is slightly displaced, indicating a moulted exoskeleton. The
pygidium is longer and more narrowly rounded posteriorly compared with most species of

Cyclopyge, but is similar to that of C. kossleri (Kloucek, 1916) from the Llanvirn of Bohemia and
South Wales (Marek 1961, p. 25, pi. l,figs 14-17; Fortey and Owens 1987, p. 155, fig. 37a-b). Three

pairs of pleural furrows are visible on the same specimen, a character typical of C. kossleri, but the

axis of the European species is longer, almost pointed posteriorly, and has probably one more ring.

Genus pricyclopyge R. and E. Richter, 19546

(= Pricyclopyge (Bicyclopyge) Horbinger and Vanek, 1985)

Type species. Aeglina prisca Barrande, 1872.

Remarks. We follow Fortey and Owens (1987, p. 181) in considering the subgenus Bicyclopyge to

be a junior subjective synonym of Pricyclopyge sensu stricto.

Pricyclopyge obscura Marek, 1961

Plate 2, figure 8; Plate 3, figure 9

1961 Pricyclopyge obscura Marek, p. 35, pi. 2, fig. 17; text-fig. 10.

Holotype. Cranidium (SBNM BR132), figured Marek (1961, pi. 2, fig. 17), from the Sarka Formation
(Llanvirn) at Sarka, Prague.

Figured specimens. One cranidium (NI 127512) and one pygidium (NI 127511) from Member 3, Loc. 3.

Description and remarks. Only two examples were previously known of the cranidium, which was
fully described by Marek and differs from that of other species of Pricyclopyge in having an oval

outline, only gently tapered to both front and rear. The present specimen agrees closely with the

holotype; the median node is slightly elongate, sited in the centre of the glabella; a pair of indistinct

swellings is visible near the posterior margin; and three pairs of very faint, eyebrow-shaped
impressions can be traced on the posterior flanks.

The pygidium in our collection is triangular in outline, about twice as wide as long, narrowly

rounded posteriorly with slightly concave lateral margins. The axis occupies 25 per cent, the anterior

width and 64 per cent, the length of the pygidium, and is gently tapered, with a well-defined, rim-

like articulating half-ring and broadly-rounded tip; a single, transversely straight ring furrow is
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complete, followed by a second ring furrow that is defined only distally. The pleural field is gently

declined abaxially, and the articulating half-rib is straight and ridge-like. The border is convex,

uniformly wide, one-tenth of the pygidial length (sag.), well defined by a deep border furrow.

Apart from its slightly shorter axis, the pygidium is almost indistinguishable from that of

Pricyclopyge binodosa prisca (Barrande, 1872) (Marek 1961, pi. 1, fig. 20, as P. binodosa binodosa;

Horbinger and Vanek 1985, pi. 2, figs 1-3, as P. prisca prisca; for discussion of subspecies name
see: Marek 1961, p. 33; Whittard 1966, p. 287; Rushton and Hughes 1981, p. 633; and Fortey and
Owens 1987, p. 181). The present pygidium also agrees closely with Chinese material described as

P. prisca and P. sichuanensis by Lee (1978, p. 252, pi. 107, fig. 9 and figs 7-8 respectively) from the

Llanvirn of Moli, western Sichuan, specimens of which are slightly deformed but show a pair of

thoracic spines on the sixth segment. In the absence of the cranidium it is impossible to decide

whether both should be assigned to P. binodosa prisca or to P. obscura.

Genus microparia Hawle and Corda, 1847

Type species. Microparia speciosa Hawle and Corda, 1847.

Subgenus microparia (microparia) Hawle and Corda, 1847

Microparia (Microparia) cf. prantli Marek, 1961

Plate 2, figure 7

Figured specimen. One pygidium (NI 127510) from Member 3, Loc. 3.

Description. Pygidium sub-semicircular in outline, 76 per cent, as long as wide, moderately convex. Axis

occupies 44 per cent, of pygidial width frontally and is strongly tapered; two axial rings are delimited by

shallow ring furrows; distinct, rim-like articulating half-ring is defined by deep, wide (sag.) articulating

furrow. Axial furrows clearly defined anteriorly and become faint behind the third axial ring. Pleural region

almost featureless except for ridge-like articulating half-rib, defined by prominent anterior pleural furrow.

Border narrow, visible only laterally, delimited by shallow, broad border furrow. Doublure uniformly wide

(sag.), wider than border and equal to about 16 per cent, of pygidial length (sag.).

Remarks. Cranidia in our collection are badly deformed. Pygidial features suggest that the form is

referable to Microparia, a genus divided by Fortey and Owens (1987) into two subgenera,

Microparia sensu stricto and M. (Heterocyclopyge) Marek, 1961. Zhou et al. (1994) considered

Quadratapyge Zhou, in Zhou et al., 1977 to be a third subgenus of Microparia. Species of

Heterocyclopyge and Quadratapyge have a pygidium that is straight-sided laterally, with an entire

axis, and are quite different from the present form. In the outline, length/width ratio, and form of

the axis, particularly in specimens ofcomparable size, the pygidium closely resembles that ofM. (M.)

broeggeri (Holub, 1912) (see Marek 1961, p. 45, pi. 3, fig. 16; Fortey and Owens 1987, p. 164, figs

44a-e, 45a-e) from the Klabava Formation of Bohemia and the upper Arenig (Fennian Stage) of

South Wales, and of M. (M.) prantli Marek, 1961 (p. 40, pi. 3, figs 1^1, text-fig. 13) from the

Sarka Formation (Llanvirn) of Bohemia. However, the doublure of M. (M.) broeggeri widens

adaxially (Fortey and Owens 1987, p. 166) compared with its uniform width in M. (M.) prantli, and
we consider our form to be closer to the latter species.

Family trinucleidae Hawle and Corda, 1847

Subfamily hanchungolithinae Lu, 1963

Genus hanchungolithus Lu, 1954

Type species. Cryptolithus multiseriatus Endo, 1932.
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Hanchungolithus xiangyangensis Sheng, 19746

Plate 3, figure 3^1, 6-8, 10-11

19746 Hanchungolithus xiangyangensis Sheng, p. 106, pi. 6, fig. 4a-i.

1989 Hanchungolithus xiangyangensis Sheng; Zhou and Hughes, p. 61.

Lectotype. Selected by Zhou and Hughes (1989, p. 61). Exoskeleton BGM OT68-90, figured Sheng (19746, pi.

6, fig. 4b), from Member 2 of the Hsiangyang Formation, Loc. 1

.

Figured specimens. Three exoskeletons (NI 127513-127514, 127519), two cephala (NI 127515, 127517), one

cephalon with two attached thoracic segments (NI 157518), and one lower fringe lamella (NI 157516); all from

Member 2, Loc. 1.

Description. Exoskeleton oval in outline. Cephalon sub-semicircular, 40-53 per cent, as long as wide

(excluding librigenal spines) in well preserved specimens. Glabella clavate, strongly convex, protruding slightly

into the fringe anteriorly, with median node on apex at mid-length; S1-S3 oval to circular, sited abaxially,

becoming successively shallower; S3 in-line with median node. Occipital ring narrow (sag.), uniformly wide,

arched posteriorly and well defined by deep SO. Axial furrow deep, wide. Small, low baccula is elongate, oval,

with anterior end close to S2. Cheek convex, declined both abaxially and adaxially
;
lateral eye tubercle distinct,

located close to axial furrow and behind line through S3 and median node; eye ridge runs slightly forwards

adaxially to axial furrow
;
slender genal ridge extends diagonally to posterolateral corner of cheek

;
posterior

border narrow (exsag.), upturned; posterior border furrow broad, deep, ends in posterior fossula.

Fringe flat, narrow (sag.) anteriorly but widens gradually to posterior margin, where its breadth is twice that

in front of glabella; marginal band distinct. Lower lamella is prolonged backwards at genal angle to form

librigenal spine which is slightly curved inwards, its tip well beyond the posterior margin of the pygidium.

Fringe pits largest frontally and become slightly smaller both inwards and laterally; they are radially arranged

in weak sulci, from about R9 to R1 1, and become irregularly arranged abaxially; there are about four arcs in

front of the glabella, and seven to ten pits along the posterior margin. I, and In are complete
;
in specimens

where the pits are clearly visible, I
t
has 24-28 pits and In 22-24 ;

pits between I, and In are mostly irregular, but

a roughly regular arrangement is seen in I
2
1-16 and I

3
1-12.

Thoracic axis well defined, strongly convex transversely, gradually tapered backwards and about 25 per cent,

of thoracic width; each ring is uniformly wide (sag.) with pair of deeply incised apodemal pits at its

anterolateral corners. Pleural region flat, narrows slightly backwards ; each pleura parallel-sided, horizontal for

most of its length as far as fulcrum, where it turns downwards; pleural furrow wide, shallow, and almost

straight.

Pygidium sub-triangular, 25-31 per cent, as long as wide. Axis convex, conical, occupying 19-22 per cent,

of frontal width of pygidium and reaching inner margin of border; there are five axial rings and a terminal

piece, and the ring furrows become successively weaker posteriorly. Pleural region flat, with only one pleural

furrow, which is shallow, widens abaxially and delimits clearly an upturned articulating half-rib. Border ridge-

like in plan view, narrows abaxially, and is deflected ventrally.

Remarks. More than seven Chinese species of Hanchungolithus were reviewed by Zhou and Hughes

(1989), six of them of late Arenig age from the Yangtze region. H. xiangyangensis is the youngest

of the seven, and its most distinctive character is the more regular arrangement of pits on the

anterior and anterolateral parts of the fringe (Zhou and Hughes 1989, pp. 58, 74). Previous

descriptions were incomplete, and the above account is based mainly on new material in our

collection.

Family calymenidae Milne Edwards, 1840

Subfamily reedocalymeninae Hupe, 1955

Genus neseuretus Hicks, 1873

Type species. Neseuretus ramseyensis Hicks, 1873.

Remarks. More than 50 species have been referred to this genus, most of which were listed by

Fortey and Morris (1982) and Rabano (1990). Only a few have been revised (Whittard 1960; Fortey
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and Owens 1987 ;
Rabano 1990), and both N. antetristani Dean, 1966 and N. lugneensis Courtessole,

Pillet and Vizcaino, 1983 were reassigned to Pradoella Hammann, 1977 by Hammann (1983),

Rabano (1990) and Courtessole et al. (1991).

Nineteen species and subspecies of Neseuretus have been described from Southwest and Central

China, and the species yinganensis, listed as a nomen nudum by Fortey and Morris (1982), had in

fact been published as Calymenesun yinganensis Zhang, 1981 (p. 211, pi. 78, figs 3-5). Most of the

Chinese species are known from only a few specimens. The present collection indicates that the

presence or absence of S4 and hypostomal pits, and the form of the preglabellar area and anterior

border furrow may vary within a single species and, as noted by Whittington (1966) and Fortey and
Owens (1987), apparent intraspecific variation is largely dependent on preservation. In the following

descriptions, most of the Chinese species are reviewed.

Neseuretus birmanicus (Reed, 1906, p. 71, pi. 6, fig. 27), from the Naungkangyi Beds of the

northern Shan States, Burma, was founded on a compressed cranidium. Lu et al. (1965, p. 619,

pi. 128, fig. 13) and Sheng (19746, p. 112, pi. 8, fig. 2a-b, d, f, non 2c, e, g) redescribed the species

using several specimens from the Llanvirn of Baoshan, western Yunnan, an area that belongs to the

same structural unit (now called the Sibumasu Terrane) as the northern Shan States. The Chinese

specimens indicate that, as noted by Fortey and Morris (1982), N. birmanicus Reed, 1906 closely

resembles N. tristani (Brongniart, in Desmarest, 1817), redescribed in detail by Henry (1970, 1980),

Sadler (1974), Hammann (1983) and Rabano (1990), but differs in the more developed anterior

border furrow. This may be due to preservation, and better preserved topotype material is needed

for further comparison.

Burmese and Afghanistan specimens later referred to birmanicus by Reed (1915, p. 44, pi. 8, figs

1-5, as Calymene birmanica) and by Pillet and de Lapparent (1969, p. 325, pi. 34, figs 1-10; ?pl. 35,

fig. 9, as Diacalymene birmanicus) are quite different from the holotype. As noted by Dean (1967a,

p. 117; 1975, p. 369) they resemble Neseuretus (Neseuretinus) turcicus Dean (1967a, p. 115, ?pl. 7,

figs 8, 10-11
;
pi. 9, figs 1^1), from the Caradoc of south-eastern Turkey, but differ from the latter

in the shorter, broadly rounded (rather than pointed) anterior border and the less convex

preglabellar field. These characters, in turn, match Vietnamia douvillei (Mansuy) (see Kobayashi

1960, p. 44, pi. 5, figs 4—5) and we reassign birmanicus sensu Reed, 1915 questionably to Vietnamia.

Calymene nivalis Salter, in Salter and Blandford, 1865 from the ‘middle Ordovician’ of the central

Himalayas, India, was referred to Neseuretus by Dean (19676, p. 32; 1975, p. 368) and by Morris

and Fortey (1985, p. 96, pi. 5, fig. 3), but may possibly be referable to Neseuretinus, as may
Pharostoma malestana Wolfart (1970, p. 82, pi. 17, figs 2-7) from the middle Ordovician of east

Afghanistan (Dean 1975, p. 369). Neseuretinus is possibly present in South Tianshan, formerly part

of the USSR (as Calymenesun and Synhomalonotus
;
see Kolobova 1978, pp. 133, 134, pi. 26, figs

1-5 and 6-11 respectively; see also Zhou and Dean 1989, p. 133). Synhomalonotus pamiricus

Balashova (1966, p. 233, pi. 2, figs 12-15) from the middle Ordovician of Pamir has a glabella with

swollen, wide LI and may be related to Neseuretinus or Vietnamia, but the figured specimens do not

show the rest of the cranidium and identification is uncertain.

Neseuretus cf. tungtzuensis (Sheng, 1958)

Plate 4, figures 5, 7, 10

Figured specimens. One cranidium (NI 127528) from Member 1, Loc. 1; one cranidium (NI 127527), one

librigena (NI 127526) and one pygidium (NI 127529) from Member 1, Loc. 2.

Remarks. Specimens from lower levels in Member 1 of the Hsiangyang Formation are recorded

here for the first time. The cranidium is almost identical with the lectotype (selected herein, BGM
Loc. Sh. 173, figured Sheng 1958, pi. 7, fig. 5a) of Calymene (Synhomalonotus) tungtzuensis, but has

a slightly more tapered glabella. The pygidium has six well-defined axial rings and six ribs; it closely

resembles that in the original material (Sheng 1958, p. 200, pi. 7, fig. 5a-c), but according to Sheng’s

original description the latter has at least eight distinct axial rings. The form of the glabella and
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librigena recalls TV. shensiensis (Lu, 1957, p. 288, pi. 150, figs 13-16; 1975, p. 452, pi. 46, fig. 3; pi.

47, figs 6-1 1 ;
pi. 50, fig. 1 1) from the Chaochiapa Formation (middle Arenig) of southern Shaanxi,

but shensiensis has a smaller palpebral lobe, located opposite L3, and a correspondingly longer

(exsag.) fixigena. The pygidium of shensiensis exhibits only four or five ribs on the inner part of the

pleural region, adaxial to the fulcrum. On the basis of the glabella and preglabellar area, TV. kayseri

(Kobayashi, 1951, p. 41, pi. 3, fig. 7), from northern Sichuan, may be closely related to TV.

shensiensis
, but the single cranidium is incomplete and difficult to interpret. Neseuretus caerhunensis

Beckly, 1989 (p. 15, figs 14a—1, 15a-d), from the upper Arenig of North Wales, is generally similar

to the present form but differs in the much longer preglabellar area, wider palpebral area, and the

oblique rather than transverse eye ridge. A large, well-preserved pygidium shows that the Welsh
species has up to nine axial rings.

TV. tungtzuensis, from the upper Arenig of northern Guizhou, is similar to a number of
contemporaneous forms such as TV. concavus Lu, 1975 (p. 454, pi. 47, figs 13-15; pi. 48, fig. 1), TV.

cf. shensiensis (Lu, 1975, p. 454, pi. 47, fig. 12), TV. concavus tenellus Lu, 1975 (p. 242, pi. 48, figs

2-6), TV. expansus Lu, 1975 (p. 456, pi. 48, figs 8-10) and TV. equalis Lu, in Lu and Chang, 1974 (p.

130, pi. 51, figs 13-14), all from southern Shaanxi except for TV. equalis , which is from north-eastern

Sichuan. The cranidium in these species is of ramseyenis or murchisoni type, including: shorter

(sag.), straight-sided, truncated glabella
;
longer preglabellar area ; larger palpebral lobe, sited more

posteriorly (opposite L3 and front part of L2); and shorter (exsag.) posterior area of fixigena.

Judging from illustrations of TV. concavus, TV. concavus tenellus and TV. expansus, the pygidium has
about eight axial rings and six pleural ribs; according to Fortey and Owens (1987) the

corresponding numbers are eight to ten and seven to nine for TV. ramseyensis, and five and four for

TV. murchisoni (Salter, 1865). We believe that forms in the tungtzuensis group may represent one
species, and apparent differences include : the convexity of the preglabellar area and the depth of the
anterior border furrow; and the presence or absence of S4 (see Lu 1975, p. 452). All of these may
be the result of preservation and are probably of little specific importance, but further material of
all the listed species is required.

Neseuretus elegans Lee, 1978

Plate 4, figures 1^4, 6, 12, 15

19746 Neseuretus birmanicus (Reed) ; Sheng, p. 1 12, pi. 8, fig. 2c only [non 2e, g = TV. elongatus sp. nov.

;

non 2a—b, d, f = TV. birmanicus sensu stricto],

1974/? Neseuretus tungtzuensis Sheng; Sheng, p. 113, pi. 8, fig. la, d-e [non lb-c = Neseuretus elongatus

sp. nov.].

1978 Neseuretus elegans Lee, p. 274, pi. 107, figs 3-5.

1978 Neseuretus leiboensis Lee, p. 274, pi. 107, fig. 10.

Holotype. Cranidium (CIGM Stl96), figured Lee (1978, pi. 107, fig. 3), from the Lower Qiaojia Formation
(upper Arenig-lower Llanvirn), Yanjin, north-eastern Yunnan, China.

Figured specimens. One cranidium (NI 127520) from Member 1, Loc. 2; one pygidium (NI 127523) from
Member 2, Loc. 2; two cranidia (NI 127521-127522); one exoskeleton (NI 127524) and one librigena (NI
127525) from Member 2,Loc. 1.

Description and remarks. The species is closely allied to Neseuretus arenosus Dean, 1966 (p. 313, pi.

14, figs 1, 4—5, 7-9, 11) from the middle Arenig of the Montagne Noire, south-western France. Both
have an almost identical pygidium, the pleural regions of which show five distinct ribs and a trace

of a sixth, but the axis has seven well-defined rings in TV. elegans and six in TV. arenosus.The glabella

of both species has the sides broadly curved and slightly convergent forwards, where the anterior

margin is gently concave; the palpebral lobe is sited opposite L3 and part of L2, and the palpebral
ridge is straight and transverse. TV. elegans has apparently deeper axial, pre-glabellar and glabellar

furrows, and S4 is present, but these differences may be due to preservation. The preglabellar area
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of N. arenosus occupies 24 per cent, of the cranidial length (sag.), compared with 30 per cent, in N.

elegans, whilst the anterior border of the French species is slightly shorter, and for these reasons we
retain the two specific names. Additional specimens from the Montagne Noire were subsequently

referred to N. arenosus (Courtessole et al. 1983, p. 25, pi. 1, figs 1-9; pi. 6, figs 1-8, 11-12; see also

pi. 2, fig. 15, as Platycalymene (Platycalymene) sp. cf. minervensis n. sp.
;
Courtessole et al. 1985,

p. 47, pi. 8, figs 3^4; see also pi. 8, fig. 1 1, as Platycalymene (Platycalymene

)

sp. cf. minervensis n. sp.).

Most were later considered to be distinct from the holotype and redetermined as N. cf. arenosus by
Courtessole et al. (1991). Well-preserved specimens assigned to N. cf. arenosus by Courtessole et al.

(1991, p. 9, pi. 4, figs 5-8, text-fig. 4) agree closely with those of N. elegans ,
including the length of

the preglabellar area. Courtessole et al. (1991, p. 10) claimed that N. cf. arenosus differs from
N. arenosus sensu stricto in having a better developed preglabellar furrow, longer preglabellar area,

and a shorter palpebral lobe sited further forwards, with posterior end opposite S2. However, our

collection shows that at least the palpebral lobe varies in both size and position during ontogeny;

it is larger and more posteriorly sited in small holaspids (PI. 4, fig. 4) and late meraspids (PI. 4,

fig. 12, meraspid degree 12). If it can eventually be demonstrated that the supposedly distinctive

characters of the French species are due to intraspecific variation, ontogenetic variation and
preservation, we would consider N. elegans to be a junior subjective synonym of N. arenosus.

Neseuretus attenuatus Gigout, 1951 (p. 289, pi. 3, figs 6-7; see also Dean 1966, p. 317, pi. 14, figs

2, 6, 12) from, probably, the Llanvirn of Morocco resembles N. elegans in many respects, but is

distinguished by the longer (sag.) but narrower (tr.) preglabellar area and the more convergent

anterior portions of the axial furrows. No pygidium was described for the Moroccan species, but

on cranidial characters alone N. attenuatus is closer to N. tristani (neotype designated by Henry

1970, p. 6, pi. A, fig. 6) than to N. arenosus and N. elegans.

Neseuretus leiboensis Lee from the Lower Qiaojia Formation of western Sichuan was based on
a single cranidium. Lee (1978, p. 275) noted that the species has the anterior border slightly concave,

apparently arched backwards rather than forwards, but is otherwise indistinguishable from N.

elegans. Some compressed cranidia in our collection show similar deformation of the anterior

border and we consider the two species to be synonymous, with N. elegans having line priority over

N. leiboensis.

Neseuretus elongatus sp. nov.

Plate 4, figures 8-9, 11, 13-14, 16

1 974ft Pseudasaphus daliensis Sheng, pi. 4, fig. 1 c—e only.

1974ft Neseuretus birmanicus (Reed); Sheng, p. 112, pi. 8, fig. 2e, g only.

1974ft Neseuretus tungtzuensis Sheng; Sheng, p. 113, pi. 8, fig. lft-c only.

Derivation of name. From the Latin, elongatus (= elongate) referring to the glabellar outline.

Holotype. Cranidium (NI 127532) (PI. 4, fig. 13) from Member 2 of the Hsiangyang Formation, Loc. 1.

EXPLANATION OF PLATE 4

Figs 1^1, 6, 12, 15. Neseuretus elegans Lee, 1978. 1, NI 127520; cranidium; Loc. 2, Member 1 ;
x 2-5. 2-3, NI

127521; cranidium, lateral and dorsal views; Loc. 1, Member 2; x 2. 4, NI 127522; cranidium; Loc. 1,

Member 2; x 4. 6, NI 127523; pygidium; Loc. 2, Member 2; x 2. 12, NI 127524; small exoskeleton; Loc. 1,

Member 2; x 4. 15, NI 127525; librigena; Loc. 1, Member 2; x4.

Figs 5, 7, 10. Neseuretus cf. tungtzuensis Sheng, 1958; Member 1. 5, NI 127526; librigena; and NI 127527;

cranidium; Loc. 2; x 2-5. 7, NI 127528; cranidium; Loc. 1; x2-5. 10, NI 127529; pygidium; Loc. 2; x2-5.

Figs 8-9, 11, 13-14, 16. Neseuretus elongatus sp. nov. ;
Member 2. 8, 11, NI 127530; pygidium, paratype, dorsal

and rear views; Loc. 1; x 3. 9, NI 127531, paratype cranidium; Loc. 3; x6. 13, NI 127532, holotype

cranidium; Loc. 1 ;
x 4. 14, NI 127533 paratype librigena; Loc. 1 ; x 5. 16, NI 127534, paratype cranidium;

Loc. 1 ;
x 4.
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Paratypes. One cranidium (NI 127534), one librigena (NI 127533) and one pygidium (NI 127530) from
Member 2, Loc. 1 ; one cranidium (NI 127531) from Member 2, Loc. 3.

Diagnosis. Neseuretus species with elongate glabella and narrow (tr.) frontal area of cranidium;

palpebral lobe with posterior end opposite rear part of L2. Pygidial axis relatively narrow, with

seven axial rings; pleural region has five furrowed ribs.

Description. Frontal area has width 34-38 per cent, that of rear of cranidium. Glabella strongly convex

transversely, tapers gently forwards to sharply rounded anterolateral angles and more-or-less truncate anterior

margin; it occupies 25-30 per cent, the basal breadth of the cranidium, about 75 per cent, the overall length,

and the width of the frontal glabellar lobe is 60-65 per cent, that across LI. Occipital ring well defined by deep,

wide SO and carries median node. SI and S2 deep; SI curves back and becomes very shallow before reaching

SO; S2 runs slightly backwards adaxially from the deep, broad axial furrow; S3 and S4 just visible on the flank

of the glabella. Palpebral lobe has length 22 per cent, that of cranidium and extends from opposite S3 to

opposite rear of L2; palpebral ridge transverse. Anterior and palpebral areas of fixigena narrow, about 10 per

cent, the posterior cranidial width, and strongly declined adaxially; posterior area wide, 36-40 per cent, of

maximum cranidial width, sub-triangular in outline with low, weakly convex, semicircular paraglabellar area

beside axial furrow and opposite LI. Anterior sections of facial suture subparallel, only slightly convergent

forwards
;
posterior sections run abaxially in broad curve to cut posterior border at genal angle. Preglabellar

field moderately swollen, merges with upturned anterior border, and defined abaxially by broad (tr.) abaxially

curved furrows; anterior border furrow absent or broad (sag.) and shallow, depending on preservation.

Hypostomal pits faint, sited at junction of axial and preglabellar furrows. Librigena has broad, convex lateral

border, shallow border furrow, and gently declined librigenal field; eye socle crescentic, narrow, strongly

upturned.

Pygidium about three-quarters as wide as long. Axis strongly convex with frontal width less than one-third

that of pygidium; it includes the articulating half-ring, seven rings defined by deep ring furrows, and the

terminal piece. Axial furrows deep, wide, convergent to seventh ring furrow, beyond which they are parallel,

producing a funnel-shaped outline. Pleural region divided by six pleural furrows into a ridge-like articulating

half-rib, five ribs and a trace of a sixth rib, and the distal half is turned down almost vertically
;
ribs become

successively more strongly curved backwards, the fifth being subparallel to the axial furrow; interpleural

furrows shallow proximally but deep on distal half of pleural region, where a narrow, unfurrowed marginal

band is developed. Rear half of the margin (PI. 4, fig. 1 1) marked by low rim which thickens towards sagittal

line, where it merges with sub-rectangular terminal piece.

Remarks. Specimens from the same horizon and locality as N. elongatus were described by Sheng

(19746) as either N. tungtzuensis or N. birmanicus and are identical to the new species. One of them
(Sheng, 19746, pi. 8, fig. 2e) shows a complete thorax with attached pygidium; the thorax of 13

segments is consistent with that in other Neseuretus species, but the axis is narrower, occupying only

one-third, or less, of the thoracic width. Of the many described species of Neseuretus, only a group

of Chinese late Arenig forms is closely comparable to N. elongatus. It includes : N. intermedius Lu,

1975 (p. 455, pi. 48, fig. 7) and N. sankwaichangensis Lu, 1975 (p. 457, pi. 48, figs 1 1-13), both from

the upper part of the Meitan Formation, southern Sichuan; N. planus Lu, 1975 (p. 458, pi. 46, fig.

15) from the upper part of the Meitan Formation, southern Sichuan, and the Ningkianolithus welleri

Zone of the Siliangssu Formation, southern Shaanxi; N. zunyiensis Yin, in Yin and Lee, 1978

(p. 585, pi. 187, figs 4—5) from the upper part of the Meitan Formation, northern Guizhou;

N. muliensis Lee, 1978 (p. 275, pi. 107, figs 12—13) from Muli, western Sichuan; N. xiadongensis

Xiang and Zhou, 1987 (p. 332, pi. 39, figs 12-13) from Yichang, western Hubei; and possibly

N. conicus (Kobayashi, 1951) (see Chang and Jell 1983, p. 207, fig. 6g), from north-western Sichuan,

and N. convexia (sic) (Sheng, 1958, p. 201, pi. 7, fig. 6), from northern Guizhou. In all these species,

as in N. elongatus, the glabella and anterior part of the cranidium are relatively narrow, the anterior

and palpebral areas of the fixigena are narrow, adaxially declined, and the posterior area is wide.

The pygidium illustrated for N. xiadongensis matches that of N. elongatus but appears relatively

longer due to slight compression.

The species listed above are distinguished, apparently, by their relatively shorter, more tapered

glabella, and the more anterior position of the smaller palpebral lobe, opposite L3 and the front of
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L2. All eight are based on inadequate or poorly preserved material and supposed differences

between them may reflect their state of preservation. They may form a natural group, and some
could eventually prove to be synonyms.
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NEW CRETACEOUS GASTROPODA
FROM CALIFORNIA

by l. r. saul and r. l. squires

Abstract. Two genera of subtropical to tropical, nearshore-marine nerineid gastropods, Aphanoptyxis and

Nerinella, are recognized for the first time in the Cretaceous of California. A listing of Cretaceous nerineid

species from between British Columbia and Baja California, an area presently north of the tropics, records 12

species of nerineids, including two new species, Aphanoptyxis californica and Nerinella santana. Aphanoptyxis

andersoni nom. nov., of Early Cretaceous (Hauterivian) age from near Ono, northern California, is the earliest

Aphanoptyxis recorded in the western hemisphere; A. californica sp. nov., of Late Cretaceous (Turonian) age

from near the city of Hornbrook, Siskiyou Co. and Little Cow Creek valley near Redding, Shasta Co.,

northern California, is the youngest Aphanoptyxis recorded. Nerinella santana sp. nov. is from the Turonian

of the Santa Ana Mountains near Los Angeles, southern California. No North American Pacific coast nerineid

of younger than Turonian age has been found. Four species originally described as Nerinea have been

reallocated to neotaenioglossan families.

Two new Cretaceous cerithiform species, which resemble nerineids in having a narrow pleural angle, are

:

Potamidopsisl grovesi sp. nov., a possible potamidid of Early Cretaceous (Hauterivian) age from near Ono,

northern California, and Diozoptyxis ursana sp. nov., a campanilid of Late Cretaceous (Coniacian-Santonian)

age from south-east of Redding, Shasta Co., and Chico Creek, Butte Co., northern California. Diozoptyxis

ursana is the earliest campanilid recognized from North America.

This paper concerns the discovery of four new gastropod species: two nerineids, a campanilid, and

a possible potamidid from non-carbonate, Cretaceous rocks in California. Both new nerineid

species are of Late Cretaceous (Turonian) age. The first new species, Aphanoptyxis californica, is

present in Turonian strata north-east of Redding, as well as near the town of Hornbrook near the

California-Oregon border (Text-fig. 1). Specimens are plentiful. The second new Turonian species,

Nerinella santana, is from the Santa Ana Mountains near Los Angeles, southern California (Text-

fig. 1). Specimens are locally common. In addition, a new name, Aphanoptyxis andersoni

,

is provided

for Nerinea archimedis Anderson, 1938, of Early Cretaceous (Hauterivian) age, from the Budden

Canyon Formation near Ono, Shasta Co., northern California.

Nerineid gastropods form a conspicuous and important element in Mesozoic carbonate faunas

and are considered to be indicative of subtropical to tropical conditions (Sohl 1987; Barker 1990).

On the Pacific coast of North America, north of the present tropics, nerineid occurrences are sparse

and specimens are rare. The only area where nerineid gastropods are moderately common and

diverse is Baja California, Mexico, where outcrops of biohermal limestone in the Lower Cretaceous

(middle Albian) upper member of the Alisitos Formation contain five genera of nerineids (Allison

1955). Other Cretaceous nerineids have been reported from the Queen Charlotte Islands, British

Columbia, Canada (Whiteaves 1884) and from the Lower Cretaceous near the town of Ono,

northern California (Anderson 1938). The most distinctive and well-known morphological feature

of these gastropods is the development, in most genera, of spiral folds within the body cavity of the

shell (Barker 1990). The earliest nerineid reported north of Baja California on the Pacific slope is

Nerinea thompsonensis Crickmay, 1933 described from the Thompson Limestone (Diller 1892) in

the Mt Jura section, Plumas County, northern California. These beds are considered to be early Mid
Jurassic age (Crickmay 1933).

The following nerineids have been reported from the Pacific slope Cretaceous strata of North
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text-fig. 1. Index map for Pacific Slope of North
America fossil sites mentioned in text. 1 - Maude
Island, Queen Charlotte Islands, British Columbia;
2 -north of Hornbrook, Siskiyou Co., California;

3 - Redding area, Shasta Co., California; 4-Ono
area, Shasta Co., California ; 5 - Mt Jura, Plumas Co.,

California; 6 -Chico Creek, Butte Co., California;

7 -Santa Ana Mountains, Orange Co., California;

8 - Punta China and environs, Baja California,

Mexico ; 9 - South of Rosario (north of Mision San
Fernando; south of Arenoso) to Arroyo Santa

Catarina, Baja California, Mexico.
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PACIFIC COAST CRETACEOUS NERINEID
SPEOES— with occurrences between

British Columbia, Canada, and
northern Baja California, Mexico.

C* C*

Aphanoptyxis callfomlca sp. nov.

Nerinoldessantana sp. nov.

Aptyxiella (Aptyxiella) cf. subula (R6mer)

Cossmannea (Eunerinea) pauli (Coquand)

Nerinea (Plesloptygmatis) boesei Allison

Nerinea (Plesloptygmatis) d.pseudoconvexa Stanton

Nerinea (Plesloptygmatis) tomasensis Allison

PcheHncevla d.pllgriml (Cox) sensu Allison

Plesloptyxtssubfleurtausa Pchellntsev sensu Perrilllat

"Nerinella maudensis (Whlteaves)

Nerinella parallela (Anderson and Hanna)

Aphanoptyxis andersoni nom. nov.

cm

Northernmost occurrence of nerineid species during the
41 °N 32 N 32 N 42 °N

interval of time Indicated (excluding N. maudensis).

•Latitude of N. maudensis

.

Stratigraphical position is uncertain. 1 53°Nl

text-fig. 2. Time ranges of Pacific Slope Cretaceous nerineid species. Species plotted occur between Queen
Charlotte Islands, British Columbia, Canada (c

.

54° N) and Baja California, Mexico (c. 29° N). Palinspastic

reconstructions are not addressed in citing latitude, but as all localities are west of the North American craton,

they have been moved north relative to it and are probably north of their latitudes of deposition. If Nerinella

maudensis is indeed of Albian age, the most diverse and most northern Pacific Slope occurrences are

contemporaneous

.

America between British Columbia and Baja California. Their geological ranges are summarized in

Text-figure 2. Two-thirds of the species reported are from the Alisitos Formation in Baja California,

Mexico, which is of Aptian-Albian age (Allison 1955, 1974; Gastil et al. 1975). Two-thirds of the

Alisitos species have been recognized as the same species or very similar to species from the

Mediterranean area, Texas, or mainland Mexico. No nerineid species of younger than Turonian age

has been reported from between British Columbia and Baja California. These distributions resemble

those noted by Sohl (1987) for nerineoideans elsewhere in that nerineids from the Pacific coast are

most diverse in the middle Cretaceous, with an abrupt decline before its end, and the species

apparently had less restricted geographical ranges during the time of maximum diversity.

Nerineoidea constitutes one of the two most characteristic gastropod superfamilies of Tethys (Sohl

1987), and their absence throughout the Upper Cretaceous north of Baja California Sur may be

another indication of post-Turonian cooling (Saul 1986).

Aphanoptyxis andersoni nom. nov., herein.

Aphanoptyxis californica sp. nov., herein.

Aptyxiella (Endiatracheus) parallela (Anderson and Hanna, 1935). Allison 1955, p. 426, pi. 43, figs

8-9. See: Nerinella parallela
,
herein.

Aptyxiella (Aptyxiella) cf. subula (Romer, 1888). Allison 1955, pp. 425^126, pi. 43, figs 3^1. Middle

Albian; upper member of the Alisitos Formation; Punta China, Baja California, Mexico.

Cossmannea (Eunerinea) pauli (Coquand, 1862, p. 177, pi. 4, fig. 3). Allison 1955, p. 426, text-fig. 3d.

Barremian-Aptian, Mediterranean area. Middle Albian; upper member of the Alisitos
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Formation; Punta China, Baja California, Mexico (Allison 1955). Barremian, Agua del Burro

Formation, north-east of San Juan Raya, Puebla, Mexico (Buitron and Barcelo-Duarte 1980).

Cossmannea (Eunerinea) riograndensis (Stanton, 1947, p. 89, pi. 59, figs 7-10, 12-16). Perrilliat-

Montoya 1968, p. 23, pi. 7, figs \-4. Upper Albian; Devil’s River Limestone of Texas (Stanton

1947). Upper Aptian-Albian; San Fernando Formation = Alisitos Formation, east of El Rosario

and north of Mision San Fernando, Baja California, Mexico (Perrilliat-Montoya 1968). Nerinea

riograndensis Stanton has a barely concave to slightly convex whorl profile. Specimens illustrated

by Perrilliat-Montoya (1968) appear to have concave whorl sides and may be the same species as

C. (E.) pauli (Coquand) of Allison (1955).

Diozoptyxis cf. pilgrimi (Cox, 1936). Allison 1955, pp. 426-427, text fig. 3c. Middle Albian; upper

member of the Alisitos Formation; Punta China, Baja California, Mexico. Not Diozoptyxis of

Delpey (1941) or Kollmann (1987). Fide Cox (1954), Adiozoptyxis Dietrich, 1914, is the

appropriate name for this group, but because of Dietrich’s (1914) original hesitant proposal of

the genus and subsequent questioning of the species name for the specimens he allocated to it

(Dietrich 1925), Kollmann and Peza (1997) considered Adiozoptyxis taxonomically invalid. They
suggested that Pchelincevia Lyssenko and Aliev, 1987 includes forms agreeing with Adiozoptyxis

Dietrich, 1914. Nerinea pilgrimi Cox, 1936 (p. 22, pi. 3, fig. la-b) from Khamir, Iran was
considered to be of Cenomanian-Turonian age. It is much more widely umbilicate than the

specimen figured by Allison which is unlikely to be conspecific with Cox’s N. pilgrimi. Although
Allison’s drawing (1955, text-fig. 3c) resembles Adiozoptyxis coquandiana (d’Orbigny, 1842)

which is of Aptian age (Hernandez-Lascares and Buitron 1992), on Text-figure 2 this species is

listed as Pchelincevia cf. pilgrimi (Cox) sensu Allison.

Nerinea sp. Anderson, 1938, p. 132, pi. 9, figs 2-3. See: Aphanoptyxis andersoni nom. nov.

Nerinea archimedis Anderson, 1938, p. 132, pi. 9, fig. 1. See: Aphanoptyxis andersoni nom. nov.

Nerinoea maudensis Whiteaves, 1884, pp. 214-215, pi. 27, figs 2, 2a-2d. Probably Lower Cretaceous

(?Albian); Haida Formation (Bolton 1965); east end of Maude Island, Queen Charlotte Islands,

western British Columbia. Whiteaves indicated that it belonged in the subgenus Nerinella. See:

Nerinella maudensis (Whiteaves), herein.

Nerinea (Plesioptygmatis) boesei Allison, 1955, pp. 424—425, pi. 43, fig. 11, text-fig 3a. Middle

Albian; upper member of the Alisitos Formation; Punta China, Baja California, Mexico.

Nerinea (Plesioptygmatis

)

cf. pseudoconvexa Stanton, 1947. Allison 1955, pp. 423—424, pi. 43, figs

5-6. Middle Albian; Edwards Limestone and Fredricksburg Group, Texas (Stanton 1947). Upper
member of the Alisitos Formation; Punta China, Baja California, Mexico (Allison 1955).

Nerinea (Plesioptygmatis) tomasensis Allison, 1955, p. 425, pi. 43, figs 10, 12; text fig. 3b, e. Middle

Albian; upper member of the Alisitos Formation; Punta China, Baja California. Mexico (Allison

1955). Upper Aptian-lower Albian; Encino Formation, Cerrode Tuxpan, southern Jalisco,

Mexico (Buitron 1986, p. 27, as Ptygmatis tomasensis (Allison)).

Nerinella maudensis (Whiteaves, 1884), herein.

Nerinella parallela (Anderson and Hanna, 1935), herein.

Nerinella santana sp. nov., herein.

Plesioptyxis subfleuriausa Pchelintsev, 1953, p. 166, pi. 33, figs 3-4. Perilliat-Montoya, 1968, p. 23,

pi. 7, figs 5-6. Cenomanian of Transcaucasus, Russia (Pchelintsev 1953). Upper Aptian-Albian;

San Fernando Formation = Alisitos Formation; Mesa Sepultura, south of Arenoso, Baja

California, Mexico (Perrilliat-Montoya 1968).

Turitella parallela Anderson and Hanna, 1935. p. 26, pi. 9, figs 1-3. See: Nerinella parallela, herein.

Although originally described as nerineids, the following species belong elsewhere

:

Nerinea dispar Gabb, 1864, p. 113, pi. 19, figs 66, 66a. Lower Cretaceous; North Fork of

Cottonwood Creek; Ono area, Shasta Co., California. See: Opalia (Claviscala) dispar (Gabb)

(Durham 1937, p. 503, pi. 56, fig. 20).

Nerinea disparl Gabb. (Var.) Whiteaves, 1896, p. 127, pi. 3, fig. 4. Whiteaves, 1903, p. 363. Upper
Cretaceous

;
Nanaimo Group

;
Hornby Island, British Columbia. See : Opalia (Claviscala) n. sp.
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Durham 1937, p. 503. Probably not Opalia or Claviscala ; may be an epitoniid similar to ‘ Nerinea
’

stewarti Anderson.

Nerinea robertiana Anderson 1958, p. 155, pi. 66, fig. 3. Lower Maastrichtian; upper part of the

Moreno Formation; Pacheco Pass area, Fresno County, central California. See: Turritella

chaneyi Merriam, 1941 (Saul 1983, p. 81).

Nerinea stewarti Anderson, 1958, p. 155, pi. 30, figs 2-3. ?Middle Turonian; ?Gas Point Formation;

Hickman ranch, on the Middle Fork of Cottonwood Creek, Shasta Co., northern California. A
deep water, cold-seep epitoniid (W. P. Elder, pers. comm. 1997).

North American Pacific slope Cretaceous campaniloideans and cerithioideans have not been

much studied. The two new species described here resemble nerineids in having a narrow pleural

angle. Potamidopsisl grovesi sp. nov., of Hauterivian age, is rare and occurs with Aphanoptyxis

andersoni nom. nov. near Ono, Shasta Co., California. Diozoptyxis ursana sp. nov., which is similar

in overall shape to Aphanoptyxis californica sp. nov., is also from the Redding Formation east of

Redding, Shasta Co., California, but is younger, of Coniacian and Santonian, rather than

Turonian, age.

ECOLOGICAL IMPLICATIONS

Nerineids are noted for their presence in Mesozoic carbonate reefal-facies rocks of the Tethyan

Province (Barker 1990), but such rocks are rarely found on the Pacific coast of North America. Only

in the Middle Cretaceous Alicitos Formation of Baja California, Mexico, do carbonate-reefal rocks

yield nerineids. The nerineids discussed herein, however, are from coarse- to fine-grained

arenaceous rocks. Habitat preference and life-style have been suggested for some nerineid Jurassic

genera by Barker (1990), amongst which are Aphanoptyxis and Nerinella. Aphanoptyxis is

considered to have been epifaunal and inhabited low-energy, subtidal-intertidal (in places

supratidal) mud flats (Barker 1990). Nerinella was inferred to have been infaunal and lived, in

addition to areas similar to those inhabited by Aphanoptyxis, in somewhat deeper water, and in

higher energy locales (Barker 1990). Modern and fossil campanilids and potamidids are found in

warm temperate to tropical, nearshore habitats, including sand and mud flats. Modern potamidids

are especially characteristic of muddy estuarine habitats and live in vast numbers in mangroves and

salt marshes (Houbrick 1984; Wilson 1993).

Specimens of Aphanoptyxis californica sp. nov. occur in abundance in moderately coarse-grained

sandstone north-east of Redding in Little Cow Creek valley. Their abundance and range in

specimen size suggest deposition proximal to a very nearshore habitat. Aphanoptyxis andersoni nom.

nov. and Potamidopsisl grovesi, both from the Budden Canyon Formation near Ono, are

represented by a few, largely immature specimens. All of the P.l grovesi specimens are small and

may be only the early whorls. These specimens are associated with other shallow-marine molluscs,

such as the bivalve Plicatula variata Gabb, 1864, that have apparently been transported offshore

into deeper water.

Nerinella santana sp. nov. is locally abundant in near-shore, coarse-grained sandstone of the

Baker Canyon Member of the Ladd Formation in the Santa Ana Mountains, Orange Co., southern

California. Nerinella parallela was listed as common from a tuffaceous siltstone of Aptian age in the

lower Alicitos Formation at Punta China, and, as less common, from tuffaceous siltstone and

sandstone of Albian age in the upper Alicitos Formation (Allison 1955). This latter species

apparently occurs at a number of places within the Alicitos Formation, at least as far south as Santa

Catarina (near 29° 30' N) (Text-fig. 1, area 9), Baja California, Mexico.

Nerineids are considered indicative of tropical conditions and the Tethyan Province (Sohl 1987),

but gastropods of the families Campanilidae and Potamididae, although also present in the tropics,

range into warm-temperate waters and may reflect slightly cooler conditions than those required by

the nerineids. The disappearance of campanilids from European waters is indicated by Delpey

(1941) to have been related to late Miocene emergences. Houbrick (1984) considered seaway
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constrictions and trophic niche competition with the strombids to have contributed to disappearance

of campanilids from European waters. The sole living representative of the Campanilidae,

Campanile symbolicum Iredale, 1917, is from the Flindersian warm-temperate province along the

coasts of Western Australia and South Australia (Ludbrook 1971). Several strombids recorded

from the tropical northern coasts of Australia are lacking along the warm-temperate southern

coasts inhabited by C. symbolicum. Whether the occurrence of C. symbolicum is restricted more by
temperature or by strombid competition is unknown, but both may have an effect. Strombids of

Cretaceous age are, however, unknown from North American Pacific coast deposits, which renders

their probable impact on Cretaceous campanilids to be slight. In the distribution of campanilids as

she recognized them, Delpey (1941) saw a migration from European waters to an Australian refuge.

However, Campanile is present in the Paleocene of California and Brazil, and in the Eocene of

California, Baja California, Panama, and Jamaica, and was probably pantropical in the early

Tertiary (Wrigley 1940, fig. 14; Squires 1993).

SYSTEMATIC PALAEONTOLOGY
Abbreviations. The following abbreviations are used: CASG, California Academy of Sciences, Geology
Section, San Francisco; CIT, California Institute of Technology (collections now stored at LACMIP);
LACMIP, Natural History Museum of Los Angeles County, Invertebrate Paleontology Section; UCLA,
University of California, Los Angeles (collections now stored at LACMIP). A slightly modified Ponder and
Waren (1988) classification is used.

Phylum mollusca Linnaeus, 1758

Class gastropoda Cuvier, 1797

Sublcass prosobranchia Milne-Edwards, 1848

Superorder caenogastropoda Cox, 1959

Order neotaenioglossa Haller, 1888

Superfamily campaniloidea Douville, 1904, emend. Houbrick, 1989

Family campanilidae Douville, 1904

Remarks. Campanile has long been associated with Cerithium Bruguiere, 1789, as a subgenus (e.g.

Cossmann 1906), a genus within Cerithiidae (e.g. Hanna and Hertlein 1939), a genus of the

subfamily Campanilinae of the Cerithidae (e.g. Wenz 1940), or as a genus of the family

Campanilidae in the superfamily Cerithioidea (e.g. Douville 1904; Houbrick 1981). Houbrick (1981,

1984, 1988, 1989) reviewed earlier classifications and presented evidence, mainly from soft-part

anatomy, which resulted in his exclusion of Campanilidae from Cerithioidea and its placement in

Campaniloidea (Houbrick 1989). He considered the Campaniloidea to have been an earlier, major

radiation from the mainstream of the stem-group giving rise to modern Cerithioidea, the radiation

having as its sole surviving member the living Campanile symbolicum Iredale, 1917.

Delpey (1941) derived Campanile from mid Cretaceous Nerinea and stated that Campanile was
not known before the Cenomanian. However, if Houbrick (1989) is correct in regarding

Campaniloidea as an early, major radiation off the stem that gave rise to Cerithioidea and

Caenogastropoda, Campaniloidea would presumably have split from that stem as stem forms

became classifiable as cerithioideans. The probability of as yet unrecognized Jurassic campanilids

is suggested by Ponder and Waren (1988), who listed in Cerithoidea several genera having Jurassic

representatives.

Haszprunar (1988) considered that Campanile has characteristics which indicate affinities with

the Euthyneura ( = Heterobranchia in Ponder and Waren 1988) and that Campanile probably

represents a first step toward the euthyneurous level of organization, but Ponder and Waren (1988)

are sceptical because undoubted euthyneurans extend back to the Carboniferous. Ponder and

Waren (1988) placed Campanile in Cerithioidea, order Neotaeniglossa, but placed nerineoideans in

the sublcass Heterobranchia (= Euthyneura), order Heterostropha. Houbrick (1981) considered
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the derivation of campanilids from nerineids most unlikely because ‘ nerineids have heterostrophic

protoconchs and deep anal sulci and are considered to be in the subclass Euthyneura’. Barker (1990,

p. 249) defined all Nerineidae as possessing a juxta-sutural selenizone (slitband), a rudimentary

siphonal canal, and heterostrophic protoconchs, but also wrote (Barker, 1990, p. 253) ‘apart from

a brief mention by Bigot (1896) no nerineid protoconch has yet been adequately described or

figured’. Both K. Bandel (pers. comm.) and M. J. Barker (pers. comm.) have indicated that Vaughan

(1988, text-fig. 6. 1-6.3) has provided photographs of the heterostrophic protoconch of a nerineid,

Polyptyxisella schicki (Fraas, 1878)?, from the Campanian of the North Alpine Gosau.

Unfortunately, protoconchs of both nerineids and campanilids are difficult to recover and the

teleoconchs, which may be very similar, are difficult to assign with certainty to either family (K.

Bandel, pers. comm.). Houbrick (1984) suggested that a number of fossil species described under

other generic names, especially Telescopium, are actually Campanile.

Although Diozoptyxis Cossmann, 1896, (type species Nerinea monilifera d’Orbigny, 1842,

Cenomanian of France) was described as a nerineid, Delpey (1941) classed it as a subgenus of

Campanile Bayle, in Fischer, 1884. Both Delpey (1941) and Kollmann (1987) referred to the type

species Nerinea monilifera d’Orbigny as their basis for classifying Diozoptyxis as a campanilid with

one columellar fold which develops in the last whorl. Diozoptyxis was raised to generic status

by Kollmann (1987) who examined d’Orbigny’s type specimens. In part because of the single

columellar fold in N. monilifera, he considered it close to Campanile and within Campanilidae.

Mustafa and Bandel (1992), referring to the unpublished thesis of Vaughan (1988), used

Dioxoptyxis as did Cossmann (1906), for a genus belonging to Nerineidae, with three folds (two

columellar and a palatal) and a narrow umbilicus. According to Kollmann and Peza (1997),

Vaughan did not argue with Delpey’s placement of N. monilifera in Campanilidae but suggested

that ICZN Article 70c (Ride et al. 1985) should be applied. Article 70c would seem to require a

misidentification or misapplication of the specific name, but there is no indication that Cossmann’s

N. monilifera is not that of d’Orbigny, and the type species of Diozoptyxis is apparently not

a nerineid.

Delpey (1941) considered that most species assigned to Cimolithium Cossmann, 1906, should be

placed in Campanile (Diozoptyxis) but that Cerithium belgicum d’Archiac, 1847 (Cenomanian of

Belgium, the type species of Cimolithium) is not a campanilid but is a high-spired Microschiza

(Cloughtonia) and belongs in the family Pseudomelaniidae.

Diversity of shell morphology in Campanilidae is increased by the inclusion in this family of the

involute genus Itruvia Stoliczka, 1868, whose type species is Itruvia canaliculata (d’Orbigny, 1843)

(Kollmann and Sohl 1980; Kollmann 1987), but as most species formerly refereed to Itruvia are

Vernedia Mazeran, 1912, family Itieriidae Cossmann, 1896, of the Nerineiodea this diversity fails

to decrease similarities between Campaniloidea and Nerineoidea.

The type species of Campanile, Campanile giganteum Famarck, 1804 (by subsequent designation,

Sacco 1895; Eocene, Calcaire Grossiere, Paris Basin, France), has two strong folds on its columella

and parietal and basal tubercules, but Delpey (1941) followed Iredale (1917) in considering

Campanile symbolicum Iredale, 1917 to be the type species. Campanile symbolicum lacks the two

strong folds on the columella of C. giganteum, and Delpey suggested the use of Campanilopa Iredale,

1917 (type species C. giganteum) for the giant campaniles which she considered arose in about

the Santonian and ranged through the Oligocene. Species of late Tertiary age have one or no

folds, as does the modern Australian species. Houbrick (1981) did not consider the number of folds

diagnostic in Campanile, and Delpey (1941) and Kollmann (1987) included Cretaceous species

having one fold in Campanilidae. Houbrick’s (1981, 1988, 1989) delineation of Campanilidae is

based on soft-part anatomy, unavailable in Pacific coast Cretaceous specimens. Shell features that

pertain to Campanilidae include the overall elongate, turrited-conoidal shape; the short anterior

canal; simple outer lip; the thick calcified periostracum that produces a finely pitted and striated

shell surface; and a growth line that is opisthocline across the whorl flank and curves forward

toward the aperture near the posterior suture. The anal, sulcus of campanilids is less deep and less

narrow than that of nerineids and is not as tightly juxtaposed to the suture.
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As Houbrick (1984) has noted, the whole spectrum of Campanile-\ike fossil forms is in need of

a thorough revision, and he suggested that Campanilidae was more diverse in the Tertiary than

indicated by Delpey (1941), but he mentioned only Dirocerithium Woodring and Stenzel, in

Woodring, 1959 by name. Cretaceous genera that resemble campanilids and might belong in this

family include Macrocerithium Stephenson, 1952 (type species Cerithium tramitense Cragin, 1893,

Cenomanian, Woodbine Formation of Texas) and Nudivagus Wade, 1917 (type species Nudivagus

simplicus Wade, 1917, Maastrichtian, Ripley Formation, Coon Creek, McNairey Co., Tennessee).

Serratocerithium Vignal, 1897, based on Cerithium serratum Bruguiere, 1792 of the Paris Basin

Eocene, was included by Wenz (1939) in Campanilinae, but its shell lacks the finely pitted and striated

surface of Campanile. Another Tertiary genus having a form and growth line similar to that of

Campanile is Perucerithium Olsson, 1929, based on Cerithium (P.) restinense Olsson, 1929, of the

Peruvian Eocene. In general, Mesozoic cerithiform gastropods are poorly known. Reasons for this

lack of knowledge include poor preservation, the gastropods’ probable preference for very shallow-

water habitats that are less commonly preserved than more offshore habitats, and the misperception

that such gastropods are poor age indicators and unrewarding to study.

This is the first allocation of a Cretaceous North American species to the Campanilidae.

Genus diozoptyxis Cossmann, 1896 (emend. Delpey, 1941, and Kollmann, 1987)

Type species. Nerinea monilifera d’Orbigny, 1842, by original designation; from the Cenomanian of France.

Remarks. Although, as previously mentioned, Diozoptyxis was originally described by Cossmann
(1896, 1906) as a nerineid with three internal folds, it has been recognized as a campanilid by

Kollmann (1987) and Kollmann and Peza (1997) based on the characteristics of d’Orbigny’s

specimens of the type species Nerinea monilifera. The California specimens share with species

assigned to Diozoptyxis , as recognized by Delpey (1941), Kollmann (1987) and Kollmann and Peza

(1997), an overall sculpture pattern, single columellar fold, and a sigmoidal growth line. Cossmann
(1896) gave Diozoptyxis two columellar folds, but Delpey (1941), Kollmann (1987) and Kollmann
and Peza (1997) agree that it has but one. Kollmann (1987) characterized Diozoptyxis as having a

low whorl height to diameter ratio, two noded carinae, and a weak fold on the lower part of the

columella. Furthermore, this fold is only developed in the last whorl (Kollmann and Peza 1997).

Allison (1955) reported Diozoptyxis cf. pilgrimi from the middle Albian. His figure is a drawing

of a section through his only specimen, a fragment of a large individual having two columellar folds,

a labral fold, and a wide umbilicus. It is not a Diozoptyxis in the sense of Delpey (1941) and
Kollmann (1987). The fold pattern and the umbilicus are similar to those of the ill-proposed

Adiozoptyxis Dietrich (1914, 1925) and to Pchelincevia Lyssenko and Aliev (1987) which has for its

type species Nerinea renauxiana d’Orbigny, 1842, the species that Pchelintsev (1965) incorrectly

tried to substitute for Nerinea monilifera d’Orbigny, 1842 as type species of Diozoptyxis.

EXPLANATION OF PLATE 1

Figs 1-6. Diozoptyxis ursana sp. nov. 1-4, LACMIP loc. 10905, Bear Creek, California. 1-2, LACMIP 7908,

holotype, x 1 -7 ; 1 ,
apertural view

; 2, abapertural view. 3-4, LACMIP 7909, paratype ;
x 2-2

; 3, apertural view

;

4, abapertural view. 5, LACMIP 7910, paratype; LACMIP loc. 23621, Chico Creek, California; apertural

view; x 3. 6, LACMIP 7911, paratype; LACMIP loc. 15797, Bear Creek, California; latex peel; x 1-9.

Figs 7-10. Potamidopsisl grovesi sp. nov.; North Fork of Cottonwood Creek, California. 7-8, CASG loc.

62583; latex peels. 7, CASG 67884.01, holotype; x 7-3. 8, CASG 67885.01, paratype; x9-2. 9, CASG
67885.03, paratype; CASG loc. 62606; x 6. 10, CASG 67885.02, paratype; CASG loc. 62583; x5-5.

All specimens coated with ammonium chloride.
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Diozoptyxis ursana sp. nov.

Plate 1, figures 1-6

1959 Telescopium n. sp. Saul, p. 116, pi. 10, fig. 8.

1959 Tympanotonus n. sp. Saul, p. 117, pi. 10, fig. 11.

1959 Potamidesl sp. Saul, p. 117, pi. 10, fig. 10.

Derivation of name. The specific name is derived from Latin for bear ursus, reflecting the occurrence of this

species in the Bear Creek drainage.

Holotype. LACMIP 7908.

Type locality. LACMIP loc. 10905, Bear Creek, Shasta Co., California, latitude 40° 33' 54" N, longitude
121° 54' W.

Paratypes. LACMIP 7909 from LACMIP loc. 10905; 7910 from LACMIP loc. 23621; 7911 from LACMIP
loc. 15797.

Diagnosis. A Diozoptyxis with the posterior carina prominent and having larger nodes, the anterior

one weaker with smaller, weaker nodes becoming obsolete.

Description. Shell medium sized, turrited-conical with an elongate and narrow upper spire; pleural angle
20-25°. Protoconch unknown. Teleoconch consisting of more than nine whorls with noded posterior carina at

posterior suture and subordinate barely noded anterior carina posterior to rounded basal angulation ; whorl
flanks concave between posterior and anterior carinae, rounding abruptly into convex base

;
base with about

three weak, equidistant medial spirals. Growth line strongly opisthocline across whorl side and on to base,

reversed at posterior carina. Columella thick, bearing one fold near the base. Aperture rhomboidal? with

slightly twisted, short anterior canal
;
outer lip unknown.

Dimensions of holotype. Height 36-6 mm, diameter 16-8 mm.

Remarks. The single fold on the columella of this species is suggestive of Diozoptyxis. The
whorl diameter/height ratio is 2-3. Diozoptyxis ursana resembles Diozoptyxis monilifera (d’Orbigny)

(Cossmann 1896, pi. 2, fig. 5) but has larger nodes on its posterior carina and weaker anterior nodes.

Diozoptyxis ursana is similar in overall shape to Aphanoptyxis californica from which it differs in

having larger, fewer, more persistent nodes on the posterior carina; the posterior carina slightly

farther from the suture; the basal angulation more rounded and the base more convex; and a

relative narrower and less twisted columella. Although poor preservation makes observation of the

anterior canal and columellar fold difficult, some specimens suggest that the anterior canal is longer

than in A. californica. Aphanoptyxis californica has a single parietal fold on the posterior part of the

body whorl. Because in most specimens of D. ursana the shell is leached and partially peeled away,

specimens of D. ursana are difficult to separate from those of A. californica. Diozoptyxis ursana

appears to lack the spiral sculpture of A. californica.

Diozoptyxis ursana has been found in two areas: near the base of the Bear Creek Sandstone

Member of the Redding Formation in the Bear Creek area, Shasta Co. ; and in the Musty Buck
Member of the Chico Formation on Chico Creek, Butte Co., California. In the Bear Creek area,

specimens are common but usually leached, somewhat flattened, and difficult to extract. That so few

specimens are at hand for study is a reflection of their preservation rather than their abundance

:

LACMIP loc. 10905 - three specimens, LACMIP loc. 15758 - three specimens, LACMIP loc. 15761

one specimen, LACMIP loc. 15797 -one specimen, LACMIP 15944 -three? specimens. At
LACMIP loc. 15944 leached and flattened molluscs are associated with carbonized plant remains.

The molluscs include, in addition to D. ursana , two other kinds of cerithiform gastropods, namely

a Pyrazusl and a potamidid or batillariid. Ammonites from overlying beds of this member provide

a Coniacian age (Haggart 1986) for the marine part of this member, and Haggart (1986) inferred
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that the depositional environment of this part of the member was shallow marine (inner shelf). The
specimens of D. ursana at these localities are in coarse-grained, porous sandstone beds in lenses of

coquina associated with abundant plant remains, and they and another undescribed cerithiform

gastropod are the largest specimens. These D. ursana show a characteristic outline with each whorl

projecting more than the previous one and having a stronger projection than that of A. californica.

Flattening of the specimen causes them to have a much wider pleural angle than A. californica.

Despite this poor preservation, a sigmoidal growth line, opisthocline across the anterior portion of

the flank, is discernible on several specimens.

In the Chico Creek area, specimens of D. ursana were collected at LACMIP Iocs 23621 (two

specimens), 23622 (one specimen), and 23625 (one specimen) in the Musty Buck Member of the

Chico Formation approximately 100 m below occurrences of Baculites capensis Woods, 1906 (Saul

1959). All of these specimens are of early Santonian age (Matsumoto 1960; Haggart and Ward
1984). Russell et al. (1986) inferred that the depositional environment of this member in the Chico

Creek area was the seaward edge of a delta complex. Specimens of D. ursana from these localities

are small fragments with poor to moderately good preservation.

Distribution. Northern California, vicinity of Bear Creek, Shasta Co., Redding Formation, Bear Creek

Sandstone Member; and Chico Creek, Butte Co., Chico Formation, Musty Buck Member.

Stratigraphical range. Coniacian and lower Santonian.

Family potamididae H. and A. Adams, 1854?

Genus potamidopsis Munier-Chalmas, in Chedeville, 1904

Type species. Potamidopsis tricarinata (Lamarck, 1804) [Cerithium], by original designation; from the Eocene,

Bartonian, ‘Sables Moyen’, Paris Basin, France.

Potamidopsis! grovesi sp. nov.

Plate 1, figures 7-10

Derivation of name. The species is named after Lindsey T. Groves in recognition of his assistance.

Holotype. CASG 67884.01.

Type locality. CASG loc. 62583, North Fork Cottonwood Creek, Shasta Co., northern California; latitude

40° 28' 12" N, longitude 122° 36' 40" W.

Diagnosis. A questionable Potamidopsis with a very protruding medial carina.

Description. Shell small, high spired, aciculate, multi-whorled, with flaring antemedial carina. Pleural angle

about 13°. Whorl profile above and below carina concave, base concave, anterior canal short; edge of carina

rippled by elongate nodes ; whorl with a cord posterior to carina, a cord anterior to carina, and a weak cord

at posterior suture
;
anterior cord strong, at base of whorl

;
posterior cord about midway between carina and

suture. Suture at basal cord. No axial sculpture. Inner whorl shape round, without folds. Columella thick.

Growth line appears prosocline at posterior suture with broad medial sinus, deepest near carina. Aperture

unknown.

Measurements. Holotype CASG 6788.01: height 10 mm, diameter 3 mm, height of largest whorl 1-3 mm.
Paratype CASG 67885.01 from CASG loc. 62583: height 9-5 mm, diameter 2 mm. Paratype CASG 67885.02

from CASG loc. 62583: height 11 mm, diameter 1-75 mm. CASG 67885.03 from CASG loc. 62606: height

1 1-6 mm, diameter 4-2 mm.

Remarks. Available specimens (five) are small and may all be juveniles. There are several from the

type locality. Some are preserved as exquisite natural moulds; others have the shell preserved. The
suture is against the basal cord and a moderate cord of the succeeding whorl is appressed to the
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basal cord. The narrow pleural angle and rather thick columella suggest nerineids, but unlike most
high-spired nerineids P. ? grovesi has a convex whorl profile, made even more so by the flaring

carina, and a suture that is at a narrower part of the whorl. The elongate nodes of the carina are

not apparent posterior to the carina, but they have a short abapical expression. Growth lines are

difficult to discern on these small specimens, but irregularities of the whorl surface suggest a growth

line with a broad medial sinus.

The new species is surprisingly similar to Potamidopsis tricarinatus crispiacensis Boussac, 1905

(Lutetian and Bartonian stages, Paris Basin, France). Potamidopsis! grovesi differs from P.

tricarinatus crispiacensis in having fewer more elongate nodes on the carina and stronger and
unnoded cords posterior to the carina. Potamides! grovesi also resembles Campanile (Diozoptyxis)

ataxense (d’Orbigny) (Delpey 1941, p. 10, fig. 10) from the Santonian of Corbieres, France, but the

strong carina of P. ! grovesi is more medially placed.

The associated fauna at the type locality of P. ! grovesi includes the bivalves Nanonavis breweriana

(Gabb, 1864), Plicatula variata Gabb, 1864, and a gastropod
‘

Potamides' diadema Gabb, 1864.

Potamidopsis has been known previously only from late Paleocene and early mid Eocene
brackish-marine strata in France (Gilbert 1962) and early mid Eocene brackish-marine strata in

southern California (Squires 1991).

Distribution. Northern California, Budden Canyon Formation, Ogo Member (CASG Iocs 62583 and 62606).

Stratigraphical range. Lower Cretaceous (Hauterivian).

Subclass heterobranchia Gray, 1840

Order heterostropha Fischer, 1885

Superfamily nerineoidea Zittel, 1873

Family nerineidae Zittel, 1873

Genus aphanoptyxis Cossmann, 1896

Type species. Cerithium defrancii Eudes-Deslongchamps, 1843, by original designation; Middle Jurassic

(Bathonian), Aubigny, France. M. J. Barker (pers. comm.) has shown us that Fischer (1969) considered

C. defrancii Eudes-Deslongchamps, 1843 non Deshayes, 1833 to be a synonym of Cerithium langruensis

d’Orbigny, 1850.

Diagnosis. Turrited-conical, multi-whorled nerineids of moderate size, with concave whorls; carina

adjacent to suture, and weaker spiral ribs on the whorl face. Interior with no palatal or columellar

plaits. No umbilicus. Columella terminated by a twisted anterior canal.

Remarks. The geological range of genus Aphanoptyxis is given as Middle Jurassic (Bathonian) to

Lower Cretaceous (Urgonian) in Wenz (1940). The Urgonian, a diachronous, white-limestone facies

EXPLANATION OF PLATE 2

Figs 1-2. Aphanoptyxis andersoni nom. nov. = Nerinea archimedis Anderson, 1 938 ;
North Fork of Cottonwood

Creek, California. 1, CASG 66460.02, holotype; CASG loc. 66460 (= CASG loc. 1353, in part); abapertural

view; x 1-5. 2, CASG 67886.01, holotype; CASG loc. 62583; latex peel; x9-2.

Figs 3-10. Aphanoptyxis californica sp. nov. 3-4, LACMIP 7912, holotype; LACMIP loc. 10761; x 1-9. 3,

apertural view; 4, abapertural view. 5, LACMIP 7913, paratype; LACMIP loc. 10761; x2-6. 6, LACMIP
7914, paratype; LACMIP loc. 10761; right-side view, low-level lighting shows opisthocline growth lines;

x3-3. 7, LACMIP 7915, paratype; LACMIP loc. 10761; apical area; x6. 8, LACMIP 7916, paratype;

LACMIP loc. 24649; upper spire; x 41. 9, LACMIP 7917, paratype; LACMIP loc. 24649; apertural view

showing twisted columella; x2. 10, LACMIP 7918, paratype; LACMIP loc. 24649; interior view; x31.
All specimens, except that in figure 10, coated with ammonium chloride.
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of southern Europe, typically carries a Tethyan fauna rich in corals, rudists, and nerineas. Its age

is predominantly Barremian to early Aptian, but, in places, ranges into the early Albian (Gignoux

1955; Ager 1980). Pchelintsev (1965) gave the range of Aphanoptyxis as Bathonian through

Tithonian, but Kollmann (1976) extended the geological range of the genus into the late Albian.

Aphanoptyxis californica extends the geological range of the genus into the Upper Cretaceous

Turonian Stage.

Aphanoptyxis andersoni nom. nov.

Plate 2, figures 1-2

1938 Nerinea archimedis Anderson, p. 132, pi. 9, fig. 1 [
non Nerinea archimedi d’Orbigny, 1842].

1938 Nerinea sp. Anderson, p. 132, pi. 9, figs 2-3.

Holotype. CASG 66460.02.

Anderson’s hypotypes of Nerinea sp. CASG 66460.03-66460.04 from CASG loc. 66460.

Type locality. CASG 66460 (= CASG 1353 in part), North Fork Cottonwood Creek, Shasta Co., northern

California; latitude 40° 28' 12" N, longitude 122° 36' 40" W.

Remarks. Nerinea archimedis Anderson is a junior homonym of Nerinea archimedi d’Orbigny, 1842,

a species from the Lower Cretaceous of Europe. We herein place Anderson’s species in

Aphanoptyxis and rename it as Aphanoptyxis andersoni nom. nov. Specimens of A. andersoni are

rare and none available shows a better cross section than those of Anderson (1938, pi. 9, figs 2-3).

Neither CASG 66460.03 or 66460.04 is cut parallel to the columella; both are broken at low

angle to the columella giving Anderson an impression of a wider pleural angle than that in

CASG 66460.02. In addition to the specimens figured by Anderson (1938), a specimen (CASG
67886.01) from CASG loc. 62583, consisting of the early whorls of this species is figured. It is

associated with Plicatula variata Gabb, 1864 and Potamidopsisl grovesi sp. nov. Of available

specimens, only the holotype CASG 66460.02 is of comparable size to A. californica , and the others

are smaller and less complete. The two species are very similar : Aphanoptyxis andersoni differs from

A. californica in lacking the median spiral cord on the early adult whorls, in having finer nodes, and
in having a pleural angle near 14° rather than 18°.

Distribution. Near Ono, Shasta Co., northern California, Budden Canyon Formation, Ogo Member.

Stratigraphical range. Lower Cretaceous, Hauterivian.

Aphanoptyxis californica sp. nov.

Plate 2, figures 3-10

Derivation of name. The species is named for the state of California.

Holotype. LACMIP 7912.

Type locality. LACMIP loc. 10761, Little Cow Creek valley, Shasta County, northern California; latitude

40° 40' 22" N, longitude 122° 8' W.

Paratypes. LACMIP 7913-7915 from LACMIP loc. 10761; 7916-7918 from LACMIP loc. 24649.

Diagnosis. An Aphanoptyxis with a noded carina at posterior suture, a low medial spiral cord, and

an anterior cord at the angle between whorl side and base ; carina more prominent on adult whorls

than on juvenile whorls, medial spiral rib obsolete on adult whorls.

Description. Shell medium sized (up to 38-7 mm high), turrited-conical, multi-whorled (about 14 whorls), with

an elongate and narrow upper spire. Pleural angle about 18°. Very early whorls (approximately first 13 mm of
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growth) nearly flat-sided, later whorls concave, with deepest part medially. Protoconch unknown. Sculpture

at diameter 0-5 mm to 2-3 mm of four noded spiral cords, each with numerous nodes; sutural cord finely noded,

at suture
;
posterior cord strongest, most coarsely noded ;

medial cord weaker and more finely noded ; basal

cord barely as strong as posterior cord, nodes stronger than on medial and smaller than on posterior cord;

sculpture at diameter 2-3 mm to 4-8 mm of coarsely noded posterior cord; medial cord becomes band of

collabral (opisthocline) riblets; basal cord barely visible, nearly overlapped by succeeding whorl; sculpture at

greater diameters becoming obsolete, basal cord overlapped by suture; posterior cord protruding on adult

whorls. Base of body whorl slightly convex with faint spirals, a slight depression adjacent to anterior carina

followed by spiral row of low nodes. Aperture small, wider than high ; columella short and rising to form sharp

rim bordering posterior side of anterior canal. Anterior canal strongly twisted, almost at right angle to

columella, and well defined by strongly raised borders. Outer lip unknown. Whorls without interior plaits,

except for a single parietal plait on posterior portion of body whorl. Whorl interiors with posterior

constriction, resembling a gutter. Interior ofcolumella complexly layered. Growth lines indistinct, opisthocline?

across whorl flank and especially on anterior slope of posterior carina, looping? sharply forward across

posterior carina.

Dimensions of holotype. Height 38-7 mm, diameter 12 mm.

Remarks. Specimens are moderately numerous, and preservation is poor to moderately good. Many
of them are weathered and abraded. The shell surface tends to peel, and growth lines are obscure

except on the base. Nearly all of the specimens are missing the early whorls. The holotype has the

greatest height of any specimen found. A fragment from LACMIP loc. 10780 has the greatest

diameter (15-5 mm) of any specimen found. An inferred complete specimen of the new species is

estimated to be approximately 45 mm high and approximately 16 mm wide. A whorl with diameter

of 11-3 mm is 4-6 mm high, giving a ratio of 2-5.

The sculpture changes from early to later whorls. Uppermost whorls have a noded spiral thread

next to the posterior suture, a noded spiral cord forming a posterior carina, a less angulate noded

spiral cord on the medial part of the whorl, and a noded spiral thread next to the anterior suture.

Nodes on the medial cord of these early whorls start out as beads, then change into opisthocline,

short, axial ribs at a diameter of about 3-5 mm. Middle spire whorls have a swollen noded spiral

carina next to the posterior suture and a fading band of riblets on the medial part of the whorl. The
spiral cord next to the anterior suture becomes a low unmoded swelling. Later whorls have an

unnoded, much projecting, tabulate carina next to the posterior suture and the rest of the whorl is

smooth, concave-sided, with a slight spiral swelling next to the anterior suture.

In the Hornbrook area, Siskiyou Co., ten specimens of the new species were collected at a single

locality in Shasta Valley, LACMIP loc. 27228, from the Osburger Gulch Sandstone Member of the

Hornbrook Formation. Nilsen (1984) reported the age of this member in Shasta Valley as

Turonian, based on abundant molluscan fossils, including ammonites, bivalves, and gastropods,

and he considered that this member was deposited under high-energy, shallow-marine conditions.

The Osburger Gulch Sandstone Member specimens of A. californica are poorly preserved but

show the prominent spiral carina next to the posterior suture.

In Little Cow Creek valley, Shasta Co., the new species was found at four localities in the

Bellavista Sandstone Member of the Redding Formation: LACMIP 10761, 10780, 10784, and

24649. These localities are also plotted on a generalized geological map in Jones et al. (1978, fig. 5).

The age of this member is Turonian, based on ammonites (Jones et al. 1978; Haggart 1986).

Haggart (1986) inferred that the depositional environment of the member was inner to middle shelf.

Specimens are most abundant at LACMIP loc. 24649 [
— UCLA loc. 4649 of Jones et al. 1978],

where about 100 were collected, including some upper spire fragments. The specimens were in a

coquina, faunally dominated by the new species. About 40 specimens, including some upper spire

fragments, were collected at LACMIP loc. 10784 [= CIT loc. 1009 of Jones et al. 1978]. Of these

specimens, about one-half are small fragments. Nearly all of the larger specimens are abraded. Their

sculpture is much reduced, and the whorls are flat sided with only low spiral bands. This locality

is stratigraphically the lowest of four localities, and the specimens were subjected to abrasion caused
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by agitated-water conditions associated with deposition of the basal part of the member. Sixteen

specimens were collected at LACMIP 10761 [= CIT loc. 1439 of Jones et al. 1978]. This locality is

stratigraphically the highest of four localities and represents the deepest water and least agitated-

water conditions of the member. Specimens from this locality were subjected to the least amount
of abrasion. They are the best preserved specimens of A. califomica available. Only four specimens

were collected at LACMIP loc. 10780 [= CIT loc. 1193 of Jones et al. 1978]. They are badly

corroded, but one moderately well preserved specimen shows some abrasion.

The new species is very close to A. andersoni from the Lower Cretaceous (Hauterivian Stage) of

Cottonwood Creek, Shasta Co., northern California. In addition to differences mentioned under A.

andersoni
,
Aphanoptyxis califomica differs from A. andersoni in the following features: carina

stronger and more strongly noded, and medial spiral rib stronger on early adult whorls. The two
species are so similar that slightly weathered specimens of the two are indistinguishable.

Aphanoptyxis califomica closely resembles Aphanoptyxis excavata (Brongniart 1822, pi. 9, fig. 10;

Kollman 1976, pp. 173-174, pi. 2, figs 13-16; pi. 3, figs 17-19) from the Lower Cretaceous (middle

Albian) of Poland and Lower Cretaceous (upper Albian) of France and England (Kollmann 1976).

Aphanoptyxis califomica differs from A. excavata in having whorls that are wider than high, a noded
posterior carina, and, on the early whorls a medial spiral cord or band of riblets.

The new species also resembles Aphanoptyxis aff. sturi (Stolickza) Kollmann (1982, p. 351, pi. 2,

fig. 35; pi. 4, fig. 56) from the Upper Cretaceous (Cenomanian) of Romania and Greece and Upper
Cretaceous (Turonian) of Bulgaria (Kollmann 1982). Although poor preservation makes
comparison with Aphanoptyxis aff. sturi difficult, Aphanoptyxis californica differs by having a medial

spiral cord or riblets on the early whorls and a less heavily noded carina on the adult whorls.

The new species resembles Aphanoptyxis bladonensis Arkell (1931, pp. 618-619, pi. 50, figs 8-13)

from the upper Great Oolite in England of Middle Jurassic, Bathonian age (Gignoux 1955 ;
Harland

et al. 1990), aspidoides zone (M. J. Barker, pers. comm.). The new species differs from A. bladonensis

by having a medial spiral cord or riblets on the early whorls and a projecting carina on the much
more concave adult whorls.

Aphanoptyxis californica also somewhat resembles Macrocerithium tramitense Cragin, 1893

(p. 222; Stephenson 1952, p. 160, pi. 37, figs 23-29) from the Upper Cretaceous (Cenomanian)

Lewisville Member of the Woodbine Formation in north-eastern Texas. The genus Macrocerithium

is known solely from this species, which has been reported only from Texas. Macrocerithium

tramitense
,
whose growth lines are very similar to those of A. californica, might be a nereinid. A

study of the interior of M. tramitense or recovery of a protoconch, both presently unknown, should

greatly assist in its classification. The new species differs from M. tramitense in the following

features: spiral cords on upper spire more strongly noded, no fine intermediate spiral riblets on
upper spire, broader pleural angle, sides of adult whorls concave, spiral carina next to the posterior

suture on adult whorls much more heavily noded and more projecting, posterior part of twisted

anterior canal much stronger. The adult whorls ofM. tramitense have subdued sculpture which may
result from abrasion. In fact, Stephenson (1952) noted that most of the specimens of M. tramitense

are corroded. If the abraded adult specimens of the new species from LACMIP loc. 10784 are

compared with M. tramitense, then the adult whorls of the two species show a greater similarity, in

that they both have a low spiral rib next to the positive suture and they both have flatfish whorls.

Also like A. californica, M. tramitense is found abundant in shallow-marine coquinas that are

faunally dominated by it.

The new species resembles the figures of Cerithium depressum (Zekeli 1852, p. 1 16, pi. 24, figs 6-7)

from the Rondobach part of the Gosau Group, north-eastern Alps, west-central Austria.

Summesberger (1985) assigned this part of the Gosau Group to the Upper Cretaceous (Santonian).

Aphanoptyxis californica has a narrower pleural angle, a flatter whorl profile, and a weaker less

noded medial spiral rib on the later whorls.

Distribution. Northern California: Hornbrook Formation, Osburger Gulch Sandstone Member, just south of

the California-Oregon border, Siskiyou County (LACMIP loc. 27228); and Redding Formation, Bellavista
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Sandstone Member, Little Cow Creek valley, Shasta County (LACMIP Iocs 10761, 10780, 10784, 24649).

Stratigraphical range. Upper Cretaceous (Turonian).

Genus nerinella Sharpe, 1850

(= Nerinoides Wenz, 1940; non Nerinella Nardo, 1847 (ICZN Opinion 316; 1954))

Type species. Nerinea dupiniana d’Orbigny, 1842, by original designation; Lower Cretaceous (Hauterivian),

France.

Diagnosis. Slender, acicular multiwhorled nerineids of moderately large length but small diameter,

with concave whorl profile, protruding sutural ridges (suture between two spiral ribs), and granulate

spiral costae. Interior with one palatal plait, one or two columellar plaits, and a weak or absent

parietal plait. No umbilicus.

Remarks. Wenz (1940) provided the new name Nerinoides for Nerinella Sharpe, 1850 non Nardo,

1847, and he considered Nerinoides to be a subgenus of Aptyxiella Fischer, 1885. Kase (1984)

recognized Nerinoides Wenz as a distinct genus. Cox (1951) applied for an ICZN ruling that would

conserve Nerinella Sharpe, 1850. Nerinella Sharpe, 1850 was subsequently placed on the Official List

of Generic Names in Zoology
,
and its type species Nerinea dupiniana d’Orbigny, 1843 was placed on

the Official List ofSpecific Names in Zoology (ICZN 1954). Nerinella is, in general, longer and more
slender than Nerinea. According to Abbass (1963), on some specimens of Nerinella, the columellar

and parietal folds virtually disappear. The geological range of Nerinella is lowermost Jurassic

(Hettangian) to uppermost Cretaceous (Maastrichtian) (Wenz 1940).

Three Pacific Slope species are here included in Nerinella.

Nerinella parallela (Anderson and Hanna, 1935)

1934 [l]Nerinella sp. Nagao, p. 251, pi. 38, figs 8-10.

1935 Turritella parallela Anderson and Hanna, p. 26, pi. 9, figs 1-3.

non 1942
‘

Turritella sp. cf. T. parallela ’ Anderson and Hanna; Popenoe, p. 179 [= Turritella hearni

Merriam, 1941],

1955 Aptyxiella (Endiatricheus) parallela (Anderson and Hanna); Allison, p. 426, pi. 43, figs 8-9.

1958 Nerinea parallela (Anderson and Hanna); Anderson, p. 155.

Remarks. As indicated by Allison (1955), who collected this species near Punta China from several

localities in the Alisitos Formation from both the lower and upper members, the recorded locality

information (Burckhardt 1930, p. 259) is misleading, and the species has not subsequently been

found in the ‘Catarina’ = Rosario Formation. Although Anderson and Hanna (1935) gave the age

as ‘Late Cretaceous’, and the locality as ‘2 miles east of Puerto Catarina’ [= Santa Catarina

Landing], Baja California, the species has not been recovered from rocks of Late Cretaceous age

nor from outcrops within 2 miles of Santa Catarina Landing. Their material was probably from

the Alisitos Formation, which crops out more than 3-2 km (2 miles) north, south, and east of Santa

Catarina Landing, Baja California, Mexico, and is of Early Cretaceous, Aptian-Albian age.

Allison (1955) considered Nerinea quadrilineata Stanton, 1947, of Aptian to late Albian age, from

the Edwards Limestone and Glen Rose Limestone, south-west of Forth Worth, Texas, to be a

synonym of A. (E.) parallela. In overall shape, type of sculpture, and internal structures,

N. quadrilineata appears to be a Nerinella, but judging from Stanton’s figures, it differs from

N. parallela in having a more concave whorl profile, the spiral ribs weaker, more widely spaced,

more finely beaded, and of more nearly equal strength, and a well developed sutural ridge.

Nerinella parallela has a straighter whorl profile, coarser sculpture, and a narrower pleural angle

than Nerinella maudensis (Whiteaves, 1884). If N. maudensis is of Albian age, then N. parallela is

the earliest known Nerinella from the Pacific coast of North America.
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Beaded ribs and a narrow pleural angle make Nerinella parallela more similar to N. santana than
to N. maudensis. Nerinella parallela lacks the strong sutural ridge of N. santana and has more, less

strongly beaded spiral ribs.

Distribution. Baja California, Mexico.

Stratigraphical range. Aptian-Albian.

Nerinella santana sp. nov.

Plate 3, figures 1-6

Derivation of name. The species is named for the Santa Ana Mountains.

Holotype. LACMIP 7919.

Type locality. LACMIP loc. 8170, Santa Ana Mountains, Orange County, southern California; near latitude

33° 30' N, longitude 117° 30' W.

Paratypes. LACMIP 7920-7923, all from the same locality.

Diagnosis. A Nerinella with four noded spiral cords bearing ten or eleven nodes; interior with a

strong palatal plait and a medial columellar plait.

Description. Shell elongate, length in excess of 80 mm at 5 mm diameter, multiwhorled, whorls wider than high

(height of whorls about 60 per cent, of diameter), incremental angle of whorl sides extremely small, pleural

angle about 5°. Very early whorls nearly flat sided, later whorls concave, with deepest part medially.

Protoconch unknown. Aperture unknown. Sculpture of four noded spiral cords, each with ten or eleven nodes

:

anterior (first) cord forming basal keel of whorl, slightly weaker than second cord ; second cord near anterior

quarter line, strongest, bearing largest nodes ; third cord near posterior quarter line, weakest with finest nodes

;

fourth cord at suture, tightly appressed to first (basal) cord, commonly slightly stronger than the first cord.

Interior with a strong palatal plait near mid whorl, a medial columellar plait, and possibly an anterior

columella plait. Columella moderately thick.

Dimensions of holotype. Height 43-9 mm, diameter 8-7 mm.

Remarks. Although occurrences are rare, specimens are locally abundant, and preservation is good.

The specimens are in a single block of sandstone and show preferred orientation (PI. 3, fig. 3). The
longest specimen, height 76-9 mm, is incomplete both apically and basally and has a maximum
diameter of 5-4 mm. The specimen with the greatest diameter, 10-5 mm, is also broken apically and
basally, but its diameter indicates that this very slender species would have exceeded 150 mm in

height.

The hand specimen containing the new species was collected as float, but the lithology - coarse-

grained, very micaceous quartz sandstone - indicates that the stratigraphical horizon is probably a

sandstone in the Baker Canyon Member of the Ladd Formation. The sedimentological details of

EXPLANATION OF PLATE 3

Figs 1-6. Nerinella santana sp. nov. ; LACMIP loc. 8170; Santa Ana Mountains, California. 1, LACMIP 7919,

holotype; abapertural view; x2-4. 2, LACMIP 7920, paratype; x2-2. 3^1, LACMIP 7921, paratype; 3,

hand specimen showing preferred orientation of specimens ;
x 0-93

; 4, apical area of specimen shown in

upper middle part of figure 3; x 4-8. 5, LACMIP 7922, paratype; interior view; x 4-4; 6, LACMIP 7923,

paratype
;
interior view

;
x 5-7.

All specimens, except those in figures 5-6, coated with ammonium chloride.
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this member indicate a fluctuating, moderate to high-energy, lower to upper shoreface

palaeoenvironment associated with a fan-delta setting (Cooper et al. 1982). A late Turonian age for

the member is indicated by the ammonites Subprionocyclus normalis (Anderson, 1958) and
Subprionocyclus cf. neptuni (Geinitz, 1849) (Saul 1982). Associated fossils at the type locality of the

new species are an undescribed cerithioidian? gastropod and bivalves, including specimens of ribless

small pectinids, Crassatella gamma Popenoe, 1937, and an impression of Alleinacin sulcata

(Packard, 1922). This last-named bivalve species is an abundant and characteristic faunal element

in the Baker Canyon Member (Popenoe 1937; Squires and Ritterbush 1981).

Nerinella santana is much more strongly sculptured than the type species, N. dupiniana. Nerinella

santana is similar to Nerinella quadralineata (Stanton, 1947, p. 88, pi. 62, figs 1-2) from north-

eastern Texas in the upper part of the Glen Rose Limestone, of early Albian Age (Stephenson et

al. 1942). Nerinella santana differs from N. quadralineata in having a wider (5° rather than 3°)

pleural angle and fewer spiral cords. Despite its name, N. quadrilineata has five to six cords rather

than the four of N. santana. Both species appear to have one fewer cord than is actually present

because the first and last cords are tightly appressed, with only the fine line of the suture between

them to indicate that what seems to be one cord is actually two cords.

The exterior of the new species is similar to that of Nerinea flexuosa Sowerby (1832, pi. 38,

fig. 16; Bronn 1836, p. 563, pi. 6, fig. 19; Goldfuss 1844, p. 47, pi. 177, fig. 7; Zekeli 1852, p. 38, pi. 5,

fig. 5 ; Tiedt 1958, p. 504, text-fig. 1 1 as Aptyxiella (Acroptyxis)flexuosa) from the Upper Cretaceous

of Austria. Internally, the new species differs from N. flexuosa by having much weaker columellar

folds.

The interior of the new species resembles both Nerinella stantoni Cragin (1905, p. 98, pi. 21, figs

6-9; Shimer and Shrock 1944, p. 495, pi. 203, figs 9-11) from the Upper Jurassic of Texas and

Nerinea (Nerinella ^.) decipiens Stanton (1947, p. 82, pi. 60, figs 1-3) from the Lower Cretaceous of

Texas. Like the new species, these two Texas species have a palatal fold on the medial part of the

outer wall surface, but the new species differs by having a weak columellar fold. Externally, the new
species differs from N. stantoni by having spiral cords that are much stronger, fewer in number
(three rather than four), and noded. Externally the new species differs less from Nerinea (Nerinellal

)

decipiens by having noded spiral cords and stronger spiral cords.

The interior of the new species resembles Cossmannea imlayi Sohl, 1965 (pp. D23-D24, pi. 4, figs

1-8) from the Middle Jurassic of central and southern Utah. Internally, Cossmannea imlayi has a

palatal fold on the medial part of the outer wall surface and a very low, rounded, obscure columellar

fold. The palatal fold persists from the earliest whorls, but the columellar fold does not develop

until a late growth stage. Externally, the new species differs greatly from C. imlayi by having

prominent sculpture rather than smooth whorls with a swollen sutural area. Sohl (1965) placed his

species in the genus Cossmannea with some misgivings because his species lacked the strong

columellar fold that is diagnostic of Cosmannea. It is possible that Sohl’s species belongs in the

genus Nerinella.

Nerinella santana has fewer and much more prominent spiral ribs, noded ribs, a weaker palatal

plait, a medial columellar plait, and a thinner outer wall than does Nerinella maudensis (Whiteaves).

Distribution. All specimens are from a single piece of float consisting of coarse-grained sandstone, probably

derived from the Baker Canyon Member of the Ladd Formation, Santa Ana Mountains, Orange County,

southern California.

Stratigraphical range. Upper Cretaceous (Turonian).

Nerinella maudensis (Whiteaves, 1884)

1884 Nerinaea maudensis Whiteaves, p. 214, pi. 27, figs 2, 2a-2d.

Remarks. Whiteaves’ description and figures suggest that his placement of this species in Nerinella

is correct. Whiteaves (1884) reported Nerinaea maudensis from brittle and very friable shale at the

east end of Maude Island, opposite Leading Island in Skidegate Inlet, Queen Charlotte Islands,



SAUL AND SQUIRES: CRETACEOUS GASTROPODA 481

western British Columbia. On the geological map of McLearn (1949), this imprecise locality could

plot in either the Yakoun Formation or the Haida Formation. Bolton (1965) listed the type

specimens as being of Early Cretaceous age and from the Haida Formation. Haggart (1992)

considered the Yakoun Formation to be of Mid Jurassic, Bajocian age, and the Haida Formation

to range from the Early Cretaceous to the Late Cretaceous (Albian to mid Turonian). Other than

Bolton’s (1965) catalogue of the type specimens, we have seen no further report of the occurrence

of this species, although Whiteaves (1884) said that it was not uncommon. According to

J. W. Haggart (pers. comm.) the ‘brittle and very friable shale’ is probably the Haida Formation,

and the species may be of Albian age.
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APPENDIX

Cited fossil localities

The localities are listed in groups corresponding to the following (arranged north to south)

geographical areas in California : Hornbrook, Cottonwood Creek, Little Cow Creek valley. Bear

Creek, Chico Creek, and Santa Ana Mountains.

Hornbrook
LACMIP 27228. SW 1 /4, SW 1/4 Sec. 33, T47N, R7 [or 6?]N, U.S. Geological Survey, 15-minute, Hornbrook

Quadrangle, 1955, Shasta Valley, Siskiyou County, northern California. Collector: M. Gaona, June, 1984.

Hornbrook Formation, Osburger Gulch Sandstone Member. Age: Late Cretaceous, Turonian.

Cottonwood Creek

U.S. Geological Survey, 15-minute Ono Quadrangle, 1952, Shasta County, northern California. Budden

Canyon Formation, Ogo Member. Age : Early Cretaceous, Hauterivian.

CASG 62606. In stream bottom of the North Fork of Cottonwood Creek, downstream from the Ono Bridge

and stratigraphically below the section exposed in first large bluff (north side of creek) downstream from the

bridge. Locality is 59-7 m (196 ft) stratigraphically above the mouth of Rector Creek.
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CASG 62583. Downstream from the base of section of first bluff described above and 24 m (80 ft)

stratigraphically above the base of section exposed in this bluff.

Little Cow Creek Valley

U.S. Geological Survey, 15-minute, Millville Quadrangle, 1953, Shasta County, northern California. Redding
Formation, Bellavista Sandstone Member. Age: Late Cretaceous, Turonian.

LACMIP 10761 [= CIT 1439]. Upper part of Bellavista Sandstone Member, north side of Little Cow Creek,

near north-east corner SW 1 /4 Sec. 31, T33N, R2W, latitude 40° 40' 22" N, longitude 122° 8' W. Collector:

W. P. Popenoe, March 19, 1940.

LACMIP 10780 [= CIT 1 193]. Thin conglomerate beds interbedded with massive drab sandstone cropping out

on east side of Stinking Creek Valley, estimated as 7-5 m stratigraphically above Triassic-Cretaceous contact,

2353 m (7720 ft) N70° 20' W from south-east corner Sec. 6, T32N, R3W. Collectors: W. P. Popenoe and
Ahlroth, June, 21, 1936.

LACMIP 10784 [= CIT 1009]. Near base of Bellavista Sandstone member, sandstone cropping out on a small

hill on the east bank of Willow Creek about 0-40 km (0-25 mi.) above its confluence with Salt Creek and
about 91 m (300 ft) east of the creek channel, NE 1/4, NE 1/4 Sec. 34, T33N, R3W. Collectors: W. P.

Popenoe and Scharf, August 11, 1931.

LACMIP 24649 [= UCLA 4649]. Gritty sandstone cropping out on east bank of Stinking Creek, 122 m
(400 ft) west and 305 m (1000 ft) south of north-east corner Sec. 1, T32N, R4W. Collector: W. P. Popenoe,

May 19, 1961.

Bear Creek

U.S. Geological Survey, 15-minute, Whitmore Quadrangle, 1956, Shasta County, northern California.

Redding Formation, Bear Creek Sandstone Member. Age : Late Cretaceous, Coniacian.

LACMIP 10905. Massive sandstone in bed of Bear Creek, approximately 305 m (1000 ft) due west of the south-

east cor. Sec. 6, T31N, R1E, U.S. Geological Survey, 15-minute, Whitmore Quadrangle, 1956, Shasta

County, northern California. Collectors: W. P. Popenoe and W. M. Tovell, September 10, 1941.

LACMIP 15758. (P 63-36) Along Ponderosa Way east of Di Hill, descending into Snow Creek, 0-32 km
(0-2 mi.) south-east of road fork, 450 m east, 480 m south of north-west corner Sec. 18, T31N, R1E,
Whitmore 15' Quadrangle, Shasta Co., northern California. Collector: W. P. Popenoe, August 17, 1936.

LACMIP 15761 [= UCMP M7244]. Shell bed in fine-grained sandstone on both banks of Bear Creek, 270 m
north, 245 m east of south-west corner Sec. 5, T31N, R1E, Whitmore Quadrangle, Shasta Co., northern

California. Collector: Jim Haggart, December 1, 1983.

LACMIP 15797. (Continental Oil HS2) Southeast slope Blue Mtn, North Fork Bear Creek, SE 1/4 Sec. 6,

T31N, R1E, Whitmore Quadrangle, Shasta Co., California.

LACMIP 15944. North side of North Fork Bear Creek, spoil pile of Alberta-Bakersfield pipeline, about on
section line and almost at south-east corner Sec. 6, T31N, R1E, Whitmore Quadrangle, Shasta Co.,

California. Collectors: L. R. Saul, R. B. Saul, and Lanny Fisk, June 23, 1993.

Chico Creek

U.S. Geological Survey, 15-minute, Paradise Quadrangle, 1953, Butte County, northern California. Chico
Formation, Musty Buck Member. Age: Late Cretaceous, Santonian. Collectors: L. R. Saul and R. B. Saul,

August, 1952.

LACMIP 23621 . Micaceous grey sandstone cropping out in upper part ofmeadow east of Chico Creek County
Road, 625 m (2050 ft) south and 701 m (2300 ft) west of north-east corner Sec. 12, T23N, R2E. Age: early

Santonian.

LACMIP 23622. Coarse-grained grey sandstone containing black pebbles, about 268 m (880 ft) above west

side of Chico Creek, 244 m (800 ft) north, 427 m (1400 ft) east of south-west corner Sec. 1, T23N, R2E. Age:
early Santonian.

LACMIP 23625. East bank of Chico Creek, 91 m (300 ft) north of right-angle bend in Chico Creek, 610 m
(2000 ft) north, 290 m (950 ft) east of south-west corner Sec. 12, T23N, R2E. Age: late Santonian.

Santa Ana Mountains
U.S. Geological Survey, 15-minute, Santiago Peak Quadrangle, 1954, Orange County, southern California,

Ladd Formation, Baker Canyon Member. Age: Late Cretaceous, Turonian.

LACMIP 8170 [= CIT loc. 1828]. Creek at road junction, Aliso Creek, Trabuco Oaks, Santa Ana Mountains,
Orange County, southern California. Collector: C. R. Stauffer.
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NOTE ADDED IN PROOF

Illustrations of heterostrophic protoconchs of two species of nerineids are in kowalke, v. t. and bandel, k.

1996. Systematik and Palaookologie der Kiistenschnecken der nordalpinen Brandenberg-Gosau (Oberconiac/

Untersanton) mit einem Vergleich zur Gastropodenfauna des Maastrichts des Trempbeckens (Siidpyrenaen,

Spanien). Mitteilungen der Bayerischen Staatssammlung fur Palaontologie und historische Geologie, 36, 15-71,

pis 1-10.



REDESCRIPTION OF LEMOINE’S (1939) TYPES OF
CORALLINE ALGAL SPECIES FROM ALGERIA

by J. aguirre and j. c. braga

Abstract. The type material of eight coralline algal species of the 27 established by Lemoine (1939) from the

Cretaceous and Cenozoic of Algeria is preserved in Emberger’s Collection at the University of Nantes. This

is one of the very few extant collections of the original fossil material of Mme Lemoine, probably the most

influential and prolific author of coralline algal palaeontology in this century. The study of this collection

highlights the importance of re-documentation of type material of fossil taxa defined decades ago with

descriptions and illustrations focused on characters different from those considered diagnostic in modern

taxonomy. We redescribe and illustrate the conserved types and revise their taxonomic adscription and

nomenclature. Archaeolithothamnium brevium, A. liberum and Lithophyllum Glangeaudi are assigned to

Sporolithorr, Mesophyllum Sancti Dionysii and M. curtum are confirmed as belonging to Mesophyllum , and

Lithothamnium Betieri to Lithothamnion\ whilst the absence of relevant characters in the M. Ehrmanni and

Lithophyllum Sigi types prevents any certain inclusion in the currently accepted coralline genera. These results

illustrate the risks of using names of taxa established long ago without reassessing their precise circumscription

and the necessity of avoiding the use of taxa with no preserved type material.

The taxonomy of fossil coralline red algae is under revision as a consequence of new taxonomic

criteria proposed both in the botanical and palaeontological literature (Braga et al. 1993 ; Braga and

Aguirre 1995). The original diagnostic characters of many taxa are ambiguous or meaningless

according to the modern criteria used for delimiting taxa from the species to family level (Bosence

1983; Braga and Aguirre 1995; Aguirre et al. 1996). Revision of the original collections has to be

undertaken to redescribe the type material, pointing to the characters used in modern classifications,

and to illustrate as much as possible of the relevant features of the types. However, the type material

ofmany fossil coralline algal taxa is not conserved or cannot be located at present. This is probably

the main difficulty in taxonomic studies of fossil coralline algae as the illustrations and original

diagnoses for many fossil genera and species are inadequate for assessing their actual

circumscription. In addition, interpretations of a particular species by later authors do not always

coincide, which renders the selection of a neotype very subjective and arguable. All this makes the

analysis of the few preserved original collections very important for coralline algal studies. Modern
descriptions and illustrations of the taxa from these type collections should be the preferential basis

for taxonomic assignments that must attempt to avoid specific and generic names devoid of precise

meaning due to the lack of both adequate original descriptions and any type material to assess their

actual nature.

Here we present a redescription of the types of eight nongeniculate coralline algal species

established by Lemoine (1939) from Algeria, conserved in Emberger’s Collection at the University

of Nantes. Lemoine (1939) described 27 new species among the 61 she identified in the algal samples

collected by Drs Ehrmann, Dalloni, Welsch, Glangeaud, Laffitte and Flandrin during production

of the Geological Map of Algeria (first series). Emberger’s Collection includes material collected by

Ehrmann and Laffitte. As far as we know no other types of species established by Lemoine from

fossil Algerian samples are preserved or can be located at the moment and none exists in Lemoine's

own collection at the Musee Nationale d’Histoire Naturelle de Paris (M. Ardre, pers. comm. 1991).

Lemoine (1939) based her description of nongeniculate coralline species on the following

attributes: (1) external morphology, (2) thallus dimensions and morphology, (3) size of the

[Palaeontology, Vol. 41, Part 3, 1998, pp. 489-507, 3 pls| © The Palaeontological Association
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‘ hypothallus ’ and ‘ perithallus ’ cells, and (4) conceptacle dimensions. The last character was
impossible to apply in some species due to the lack of any reproductive structures. Photographs

concentrated on the external appearance of the algal plants and text figures on the cell and
conceptacle dimensions. These characters may be irrelevant or ancillary in the modern taxonomy
of coralline species. We attempt to describe and illustrate the most relevant features in modern
taxonomy of each group to which these species belong, thus completing the information already

given by Lemoine (1939).

MATERIALS AND METHODS
We have examined the specimens and the thin sections from the collections of Ehrmann, Glangeaud
and Laffitte from Algeria studied by Lemoine (1939). The samples from the original collections are

labelled with Lemoine’s hand script, except for sample 11 (corresponding to A. brevium). The
samples and thin sections were subsequently renumbered, probably by Emberger, who cut some
additional thin sections. We have also cut 17 thin sections from the original specimens to examine

relevant characters in those species where they were not observable in the original thin sections.

In the taxonomic descriptions we follow Chamberlain et al. (1988) in orientation and
nomenclature of cell and reproductive structure dimensions, and Woelkerling et al. (1993) in

growth-form terminology.

SYSTEMATIC PALAEONTOLOGY
Division rhodophyta Wettstein, 1901

Class rhodophyceae Rabenhorst, 1863

Order corallinales Silva and Johansen, 1986

Family sporolithaceae Verheij, 1993

Genus sporolithon Heydrich, 1897a

Type species. Sporolithon ptychoides Heydrich, 1897a, p. 67, pi. 3, figs 15-23; text-figs 2-3. Basionym:

Lithothamnium erythraeum Rothpletz, 1893, p. 5.

Sporolithon brevium (Lemoine) Aguirre and Braga, comb. nov.

Plate 1, figures 1-3

Basionym. Archaeolithothamnium brevium Lemoine (Materiaux pour la Carte Geologique de L’Algerie. l
re

Serie Paleontologie (1939), p. 43, pi. 1, fig. 4, text-figs 4-5).

Type material. Lemoine (1939), when describing the species, referred to several samples from the Turonian of

Mansourah, Monts des Aures, Algeria, collected by R. Laffitte. Of these, only two algal nodules (rhodoliths)

are preserved, together with a thin section, in Emberger’s Collection at Nantes.

Lectotype. Lemoine (1939, p. 43) did not designate a type and the example figured by Lemoine (1939, pi. 1, fig.

4; text-figs 4-5) does not seem to be preserved. According to Articles 9.2 and 9.9 of the ICBN (Greuter 1994)

we designate here sample 11 (thin section no. 860) from Emberger’s Collection as the lectotype from the

original material. This is a piece (47 x 40 x 40 mm) cut from a fruticose plant with radial organization, which

grew on shell fragments. Protuberances, sometimes branched and laterally coalescent, are up to 22 mm long

and up to 5 mm wide. The other rhodolith of the type collection, measuring 45 x 42 x 21 mm, has a similar

external appearance.

Vegetative anatomy. The lectotype plant has a dorsiventral and monomerous thallus organization with a

plumose ventral core (PI. 1, fig- 1) of constant thickness (42-72 pm). Cell filaments in the core run parallel to

the substrate, and branch to produce new filaments that curve outwards in the peripheral region towards the

thallus surface. In the protuberances the filaments become radially arranged (PI. 1, fig. 2). Both in crustose

portions of the thallus and in protuberances, new plumose cores arise from the peripheral filaments and facilitate
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table 1 . Growth form, protuberance, cell and conceptacle dimensions, and other relevant characters in the species studied, n = number of measures

;

s.d. = standard deviation.

5. brevium S. liberum S. glangeaudii L. betieri M. sancti-dionysii M. curtum M. Ehrmanni L. Sigi

Growth form Fruticose Encrusting

to warty

Fruticose Encrusting

to lumpy
Encrusting

laminar

Encrusting

to warty

Encrusting Fruticose

Protuberances

Length 22 mm — 28 mm 5 mm 8 mm — 6 mm
(maximum)
Diameter 5 mm 9 mm 8 mm 2 mm —
(maximum)

Ventral core cells n = 50 72 = 30 77 = 8 n = 50 n = 50 72 = 50 72 = 30 Not
observable

Length range 7-1-28-4 10-32 14-2-28-4 71-21-3 14-2-39-1 17-8-28-4 7-1-14-2

(/an)

Mean + s.d. 11-9 + 5-1 17-5 + 5-6 21-3 + 5-4 12-8+ 3-3 25-9 + 4-8 20-9+ 2-4 11-6+ 2-3

Diameter range 3-6-14-2 3-6+10-7 3-6+10-7 3-6+10-7 3-6-14-2 3-6-10-7 3-6 + 10-7

(/mi)

Mean± s.d. 8-9±2-5 8-5+2-1 7-1 ±1-9 7-5 ±2-2 7-9+ 2-4 81+2-3 7-9+ 1-8

Peripheral cells 72 = 50 72 = 48 n = 50 n = 50 72 = 50 72 = 50 72 = 50 72 = 50

Length range 71-17-6 14-2-24-9 7-1-21-3 7-1-14-2 7-1-17-8 7-1-14-2 7-1-14-2 7-1-14-2

(/mi)

Mean ± s.d. 13-2 + 2-5 19-9+ 3 13-6+ 3-2 9-8 + 2-5 11-2+ 2-5 10-6 + 2-3 10-7+ 2-5 10-7+ 2-1

Diameter range 5-3-14-2 3-6-14-2 3-6-10-7 3-6-10-7 3-6-10-7 3-6-10-7 3-6-10-7 3-6-7-

1

(/mi)

Mean+s.d. 8-8 + 2 9 ±2-6 7-2 + 2-4 6-3 ±2-1 8-1 ± 1-8 6-3 + 21 6+ 1-8 5-5+ 1-8

Lateral cell

alignment

Cells well

aligned

Cells well

aligned

Poorly

defined

Poor Cells well aligned Poorly defined Cells well aligned Cells well

aligned

Sporangial n= 50 n = 3 n = 2 n = 8 72 = 16 72 = 42 Not observable 72 = 4

conceptacles

Diameter range 21-3-46-2 32-35-5 28-4-32 431-647 240-3-627-5 186-9-427-2 177-5-394-1

(/mi)

Mean+s.d. 36-6+4-8 34-3 ±2-1 30-2 + 2-5 501 + 102 471-4+114-8 279-7+ 48-8 297-3 + 89-8

Height range 35-5-85-2 56-8-71 56-8-71 216-277 160-2-267 133-5-253-7 85-2-142
(/mi)

Mean + s.d. 65-5 + 8-2 61-5 + 8-2 63-9+10 231+31 219-4+ 30-4 204-4 ±24-4 110-9+ 23-4

Others Weak Rare Rare cell Peripheral Peripheral Peripheral Very weak Weak
zonation

;

Rare cell

fusions

(absent?)

cell fusions

fusions region

well

zoned

region

well

zoned

region

irregularly

zoned

zonation of the

peripheral region

zonation;

cell fusions

present
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lateral expansion over older portions of the thallus. Protuberances can coalesce when they meet laterally. Cell

fusions are scarce. Cells in the ventral plumose core are rectangular to trapezoidal in section (PI. 1, fig. 1),

7-28 /an (mean 11-9 pnl, s.d. 5T) long and 4-14 /an (mean 8-9 /an, s.d. 2-5) in diameter (Table 1).

Cells of contiguous filaments in the peripheral region are laterally well aligned, giving to the thallus the

aspect of a uniform grid (PI. 1, figs 1-2). The cells are square to rectangular in section, 5-14 /an (mean 8-8 /an,

s.d. 2) in diameter and 7-18 /an (mean 13-2 /an, s.d. 2-5) long (Table 1). Slight changes in the height of laterally

aligned cells result in a weak zonation of the peripheral region (PI. 1, fig. 2).

No epithallial cells have been recognized.

Reproductive structures. They consist of sporangial compartments (sensu Townsend et al. 1995) grouped in sori

(PI. 1, figs 2-3). Individual compartments are rectangular with rounded corners to elliptical or ovoid in

longitudinal section and circular in transverse section (PI. 1, fig. 3). They are 35-85 pm (mean 65-5 pm, s.d. 8-2)

high and 21—46 pm (mean 36-6 pm, s.d. 4-8) in diameter (Table 1). Trapezoidal stalk cells occur at the base of

some compartments (PI. 1, fig. 3). Occasionally, a possible calcified septum separating the stalk cell from the

sporangial compartment can be observed. Cells underlying the compartments are longer than other peripheral

cells (18-35 /an; mean 24-6 pm, s.d. 4). Calcified sporangial compartments are separated by up to eight (usually

one to four) filaments of elongated cells. In longitudinal section compartments in sori are laterally aligned (PI. 1,

figs 2-3). Up to 51 compartments can be counted in a single sorus. No structures attributable to gametangial

conceptacles have been observed.

Remarks. The features of the reproductive structures in the lectotype are characteristic of sporangial

plants of Sporolithon Heydrich, 1897a (Woelkerling 1988; Townsend et al. 1994). According to

Moussavian and Kuss (1990), Sporolithon is the correct generic name for corallines included by

many authors in Archaeolithothamnium Rothpletz, 1891, since this latter name was not validly

published. Verheij (1993) proposed a new family, Sporolithaceae, to separate Sporolithon from the

rest of the Corallinales due to the simultaneous cruciate cleaving of its tetrasporangia. In addition,

each tetrasporangium develops in a tetrasporangial chamber surrounded by calcified paraphysis

(filaments) instead of developing in conceptacles. Townsend et al. (1995), in order to avoid

confusing terms of reproductive structures, characterized the Sporolithaceae by ‘ tetrasporangia that

produce cruciately arranged spores and develop within calcified sporangial compartments’.

Heydrichia Townsend, Chamberlain and Keats, 1994, was established as a new genus belonging to

this family. It was separated from Sporolithon by having more than one stalk cell in each sporangial

compartment, among other features difficult to recognize in fossil material, such as the restriction

of spermatangial systems to the male conceptacle floor.

Although the preservation potential of the several tetrasporangial stalk cells of Heydrichia in

fossil plants is unknown at the moment, in the lectotype of ‘ Archaeolithothamnium brevium ’ only

one stalk cell can sometimes be observed at the bottom of the sporangial compartments, suggesting

that this species should be assigned to Sporolithon. We therefore propose the new combination

Sporolithon brevium (Lemoine) Aguirre and Braga for naming this species.

Since it was established, A. brevium has been referred to by Poignant et al. (1981) in Sardinia, in

the only published illustration of the species other than the original by Lemoine (1939). This species

was also included in Cretaceous floral inventories by Lemoine (1970) and Deloffre et al. (1977).

Poignant (1985) analysed the supposed key features separating brevium from other Sporolithon

species (as Archaeolithothamnium).

Sporolithon glangeaudii (Lemoine) Aguirre and Braga, comb. nov.

Plate 1, figures 4-6

Basionym. Lithophyllum Glangeaudi Lemoine (Materiaux pour la Carte Geologique de L’Algerie. l
re Serie

Paleontologie (1939), p. 102, pi. 2, fig. 15; text-fig. 70).

Type material. This consists of a rock sample cut for thin sectioning, from the Miocene (Burdigalian) of Oued
Nosara, 4 km south-east of Cherchel, Algeria (sample 10). Two thin sections from Glangeaud’s Collection

{Plaques 1 and 2, renumbered as 6437, probably by Emberger) and two from Emberger’s Collection (no. 6437)

are preserved.
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Holotype. According to Article 9.1 in the ICBN, it is the sample figured and described by Lemoine (1939, p.

102, pi. 2, fig. 15; text-fig. 70). In the original description, Lemoine (1939) refers to other examples from Algeria

and Andalusia (southern Spain) that could also belong to the same species. The holotype is a fruticose

rhodolith embedded in a bioclastic micritic matrix. The algal nodule measured at least 90 x 55 x 40 mm before

being cut. The rhodolith is made up mainly of a single fruticose plant with branching and laterally coalescent

protuberances, up to 28 mm long and 9 mm in diameter. The plant is heavily bored, probably by sponges.

Some thin encrusting thalli of a Mesophyllum species are attached to the tips of the protuberances.

Vegetative anatomy. The thallus is monomerous. Plumose ventral cores develop in the sites of reinitiation of

thallus growth (PI. 1, fig. 4). Core thickness is 71-75 pm, although locally it may be only 50 pm. Cell filaments

run parallel to the substratum in the ventral part of the core, then curve upwards to give way to the peripheral

region. The cells are rectangular, 14-28 pm (mean 21-3 pm, s.d. 5-4) long and 4-1
1 pm (mean 71 pm, s.d. 1-9)

in diameter (Table 1). Cells of adjacent filaments are sometimes connected by cell fusions.

The peripheral region is well developed. Filaments in the protuberances are radially arranged and curve

outwards to become perpendicular to the protuberance surface. Cells measure 7-21 pm (mean 13-6 pm, s.d. 3-2)

long and 4-1
1 pm (mean 7-2 pm, s.d. 2-4) in diameter (Table 1). Cell fusions are scarce. The alignment of cells

of adjacent filaments is poorly defined in some areas of the thallus (PI. 1 , figs 4—5).

Reproductive structures. The observable reproductive structures in the holotype consist of groups (sori) of

calcified sporangial compartments (PI. 1, figs 5-6). Individual compartments are rectangular with rounded

corners to elliptical in longitudinal section, 57-71 pm (mean 63-9, s.d. 10) high and 28-32 pm (mean 30-2 /mi,

s.d. 2-5) in diameter (Table 1). They developed on distinct stalk cells (PI. 1, fig. 5) laterally aligned with

elongated cells, 25-28 pm (mean 26 pm, s.d. 1-8) long, forming a distinct layer. Some sporangial compartments

are separated from the stalk cells by a calcified septum (PI. 1, fig. 5). One compartment shows a Y-like internal

structure (PI. 1, fig. 6) that may represent the remains of a cruciately septate tetrasporangium, diagnostic of

the Sporolithaceae (Keats and Chamberlain 1993; Yerheij 1993; Townsend et al. 1995).

Some groups of laterally aligned elongated cells (up to 28 pm long) dispersed in the protuberances can be

interpreted as sori primordia.

Remarks. Despite the original generic assignment of this species made by Lemoine (1939), the

presence of sori of calcified sporangial compartments in the holotype places this species in the family

Sporolithaceae. The occurrence of single stalk cells at the base of sporangial compartments suggests

that the species should be included in Sporolithon and referred to as Sporolithon glangeaudii

(Lemoine) Aguirre and Braga (the second ‘
i

’ at the end of the specific epithet is added following

Recommendation 60C.l(b) of the ICBN).

Subsequent authors assumed the original generic assignment of this species and some plants with

uniporate sporangial conceptacles have been illustrated as Lithophyllum glangeaudi by Johnson

(19646), and as Lithophyllum cf. glangeaudi by Johnson (1957, 1964c) and Buchbinder (1977), or

included as Lithophyllum in Neogene floral accounts from the western Pacific and the Mediterranean

(Elliott 1960; Vannucci et al. 1983). None of these reports can be considered as accurate records of

S. glangeaudii.

Sporolithon liberum (Lemoine) Aguirre and Braga, comb. nov.

Plate 1, figures 7-8

Basionym. Archaeolithothamnium liberum Lemoine (Materiaux pour la Carte Geologique de L’Algerie. l
re Serie

Paleontologie (1939), p. 61, pi. 1, fig- 14; text-fig. 26).

Type material. One fragment of a small algal nodule (sample 6) and one thin section from Ehrmann’s

Collection (Plaque 1, renumbered as 2347, probably by Emberger) is conserved in a box with a label in

Lemoine’s script on which the term ‘type’ appears under the name of the species. An additional thin section

from the same example is found in the Emberger’s Collection (sample no. 2347). The sample comes from

Eocene sandstones and marls with nummulites from Bou Djebaa, Algeria.

Holotype. The only sample of the type material described and figured by Lemoine (1939, p. 61, pi. 1, fig. 14;

text-fig. 26) is a small rhodolith with protuberances, cut for thin sectioning and now measuring 26 x 23 x 1 5 mm.
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The rhodolith is made up of many encrusting to warty coralline plants growing one upon another and on
invertebrate skeletons. These algal plants belong to several genera according to the current generic taxonomy
of corallines. However, in the thin section from Erhmann’s Collection studied by Lemoine (1939), sections

of protuberances of a coralline alga with sori of sporangial compartments are conspicuous and correspond

to the original description of the species better than the other thalli present. It is impossible to ascertain

whether the sections belong to a single thallus or several different thalli but this (these) specimen(s) should

be considered the holotype of the species (Articles 8.1 and 9.1 in the ICBN).

Vegetative anatomy. The corallines in the holotype collection have dorsiventral monomerous thalli with a basal

core of filaments that run parallel to the substrate for a short distance and then curve upwards to become
perpendicular to the thallus surface in the peripheral region (PI. 1, fig. 7). Cells from the ventral core measure

10-32 pm (mean 17-5 pm, s.d. 5-6) long x 4-1
1 pm (mean 8-5 pm, s.d. 2T) in diameter (Table 1). The thickness

of the core changes from 57 pm to 213 pm, as a consequence of adaptation to substrate irregularities. Cell

fusions are scarce.

In the peripheral region, cells of adjacent filaments are laterally well-aligned. This, together with the scarcity

of cell fusions, confers to the longitudinal sections of this region the aspect of a regular grid (PI. 1, fig. 8). In

the protuberances cell filaments are radially arranged, curving outwards to become perpendicular to the

external surface (PI. 1, fig. 8). In the encrusting portions of the thallus, cells are rectangular in longitudinal

section, measuring 14-25 /un(mean 19-9 /«n, s.d. 3) long and 4-14 /mi (mean 9 pm, s.d. 2-6) in diameter (Table 1).

Epithallial cells have not been recognized.

Reproductive structures. A single group of elliptical to ovoid calcified sporangial compartments can be clearly

recognized in the section of a protuberance in Ehrmann’s thin section (PI. 1, fig. 7). Poorly preserved or defined

small groups of compartments occur in other protuberances. The compartments are irregularly distributed and
laterally not well-aligned. They measure 57—71 pm (mean 6T5 pm, s.d. 8-2) high and 32-36 (mean 34-3 pm, s.d.

2T) in diameter (Table 1). Single, poorly defined stalk cells occur at the base of some sporangial compartments.

Remarks. The vegetative and reproductive features of
‘

Archaeolithothamnium liberum' are

characteristic of Sporolithon (see remarks on S. brevium). Therefore, we propose the new
combination Sporolithon liberum (Lemoine) Aguirre and Braga for naming this species.

Johnson (1957) illustrated a coralline plant from the Eocene of Saipan as A. cf. liberum. Johnson

(1964a, 1966) described the species without illustration from two other Paleogene localities in the

western Pacific.

EXPLANATION OF PLATE 1

Figs 1-3. Sporolithon brevium (Lemoine) comb. nov. (= Archaeolithothamnium brevium Lemoine); lectotype,

Sample 11 (thin section no. 860), Emberger’s Collection; Turonian of Mansourah, Monts des Aures,

Algeria. 1, plumose ventral core and peripheral filaments with laterally well-aligned cells; x 140. 2, section

of a thallus protuberance with filaments radially arranged and three sori of sporangial compartments
;
x 40.

3, detail of the central sorus in figure 2; note trapezoidal stalk cells at the base of some compartments

(arrows); xllO.

Figs 4-6. Sporolithon glangeaudii (Lemoine) comb. nov. (— Lithophyllum Glangeaudi Lemoine); holotype,

Sample 10, Emberger’s Collection; Miocene (Burdigalian), Oued Nosara, 4 km south-east of Cherchel,

Algeria. 4, thin section CE-lOa; plumose core arising from peripheral filaments and expanding over older

thallus portions; x 130. 5, thin section CE-lOa; sorus of sporangial compartments ;
note the trapezoidal stalk

cell at the base of a compartment (arrow)
;
x 120. 6, thin section from Emberger’s Collection no. 6437 ; sorus

of sporangial compartments. Note the Y-like internal structure of a compartment (arrow) that may represent

a cruciately septate tetrasporangium ;
x 110.

Figs 7-8. Sporolithon liberum (Lemoine) comb. nov. (= Archaeolithothamnium liberum Lemoine); holotype,

Sample 6, Emberger’s Collection; thin section from Ehrmann’s Collection (Plaque 1, renumbered as 2347,

probably by Emberger); Eocene, Bou Djebaa, Algeria. 7, thallus section with poorly preserved ventral

plumose core (bottom centre) and peripheral filaments surrounding a sorus of sporangial compartments;

x 100. 8, detail of peripheral filaments in a thallus protuberance; note that cells of adjacent filaments are

laterally well-aligned; x 140.
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Family corallinaceae Lamouroux, 1816

Subfamily melobesioideae Bizzozero, 1885

Genus lithothamnion Heydrich, 18976

Lectotype species. Lithothamnion muelleri Lenormand ex. Rosanoff, 1866, p. 101, pi. 6, figs 8-11; designated

by Woelkerling (1983, p. 193, figs 29-33).

Lithothamnion betieri Lemoine, 1939

Plate 2, figures 1-4

1939 Lithothamnium Betieri Lemoine, p. 70, pi. 1, figs 1, 7.

Type material. This consists of two algal nodules (samples 4 and 5), cut for thin sectioning, and some small

fragments remaining from cutting, from the Miocene of Hammar Semounet and Chabet Akt el Mahdi
(Algeria). One very poorly preserved thin section from Ehrmann’s Collection (Plaque 12, renumbered 2358,

probably by Emberger) is also part of the conserved type material.

Lectotype. The thin section from Lemoine’s type material is badly damaged and it is not possible to determine

from which of the three samples described by Lemoine (1939) it was taken. We have made a thin section from
each of the preserved nodules (thin sections CE-4 and CE-5) and only in one (CE-4 from sample 4) can

reproductive structures be observed. According to Articles 9.2 and 9.9 in the ICBN, we select as lectotype the

biggest algal nodule (sample 4, figured by Lemoine (1939, pi. 1, fig. 1) in which the sporangial conceptacles

occur. It is from the Upper Miocene of Hammar Semounet. The small nodule (sample 5, in Lemoine 1939, pi.

1, fig. 7) was considered by the author as a juvenile stage (Lemoine’s handscript on the sample label).

External appearance. The lectotype plants occur in a lumpy rhodolith with a nucleus made up of fragments of

diverse coralline algae, bryozoans, foraminifers, serpulids and molluscs. According to Lemoine (1939), only the

most external coralline plants belong to L. betieri. These are superimposed thalli of encrusting to lumpy plants

with protuberances up to 5 mm high and 8 mm in diameter.

Vegetative anatomy. Monomerous plants with plumose ventral core 177-5 pm to 213 pm thick (PI. 2, fig. 1). Cell

fusions between cells of adjacent filaments are conspicuous (PI. 2, fig. 1). Cells are rectangular, 7-21 pm (mean
12-8 pm, s.d. 3-3) long and 4-11 /an (mean 7-5 pm, s.d. 2-2) in diameter (Table 1). Cell filaments oriented

parallel to the substrate at the bottom of the plumose core curve upwards into the peripheral region.

The peripheral region is well developed, formed by rectangular cells, 7-14 pm (mean 9-8 pm, s.d. 2-5) long

and 4-1
1 pm (mean 6-3 /an, s.d. 2-1) in diameter (Table 1). Changes in cell length result in zonation, but lateral

alignment of cells of adjacent filaments is poor and disturbed by many cell fusions (PI. 2, fig. 2). In the

protuberances, cell filaments are radially arranged and cell-length zones are arched and lensoid.

Epithallial cells, preserved at the lower surfaces of some protuberances, are flat and probably flared (PI. 2,

fig. 3).

Reproductive structures. Multiporate conceptacle chambers occur in a protuberance of a broken thallus covered

by the outermost thalli of the lectotype rhodolith (thin section CE-4) (PI. 2, fig. 4). The vegetative characters

in this thallus leave no doubt about its conspecificity with the most external coralline plants. Conceptacles are

rectangular, with rounded corners in longitudinal section. They measure 431-647 /zm (mean 501 pm, s.d. 102)

in diameter and 216-277 pm (mean 231 pm, s.d. 31) high (Table 1). Conceptacles protruded on the thallus

surface at the time of their formation (PI. 2, fig. 4) but some became buried by subsequent overgrowth of the

thallus. Conceptacle roofs are flattened to mound-like and are made up of six or seven cell-long filaments

perpendicular to the surface.

Remarks. The multiporate tetra/bisporangial conceptacles in the lectotype indicate that this species

belongs to the subfamily Melobesioideae. Lemoine (1939) gave the measurements of some
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conceptacles in one sample from the Pliocene of Djebel Zeboudj that she included in the original

species material. Although she did not refer to the conceptacle morphology, they were probably

multiporate as well, according to the generic concepts that she followed (Lemoine 1939, pp. 37, 39).

Within the melobesioids, flat and probably flared epithallial cells, such as those observable in the

lectotype of the species, are characteristic for Lithothamnion Heydrich, 18976 (nom. cons, in

substitution of Lithothamnium Philippi, 1837, nom. rejic., Woelkerling 1983) and, therefore, this

species should be named Lithothamnion betieri Lemoine.

Plants with affinities to this species were illustrated by Buchbinder (1977, pi. 2, fig. 1) from the

Miocene of Israel. The species was also reported in a coralline algal inventory from the Neogene

of southern Spain (Segonzac 1990).

Genus mesophyllum Lemoine, 1928

Lectotype species. Mesophyllum lichenoides (Ellis) Lemoine, 1928, p. 251 ;
designated by Ishijima (1942, p. 174).

Basionym: Corallium lichenoides Ellis, 1768, p. 407, pi. 17, figs 9-11.

Mesophyllum curturn Lemoine, 1939

Plate 2, figures 5-7

1939 Mesophyllum curtum Lemoine, p. 92, pi. 2, fig. 13; text-fig. 61.

Type material. This consists of one fragment of a small algal nodule (sample 2) and some remains from cutting

for thin sectioning, one thin section from Ehrmann’s Collection (Plaque 8 ter, renumbered as 2352), and one

from Emberger’s Collection (no. 2352).

Lectotype. In the original description of the species, Lemoine (1939) referred to two Tortonian localities: Saint

Denis du Sig and Kef bel Kobei, both in Algeria. However, she figured and described only the sample from

Saint Denis du Sig (sample 2, pi. 2, fig. 13; text-fig. 61), which is the one preserved and is here selected as

lectotype. This is a rhodolith made up of several thalli of encrusting to warty plants growing one upon another

and on a bioclastic mictric matrix. The small protuberances are up to 8 mm long and 2 mm in diameter. All

plants in the nodule seem to be conspecific.

Vegetative anatomy. Plants in the lectotype material have a dorsiventral monomerous thallus with a coaxial

continuous ventral core (PI. 2, fig. 5) and a well-developed peripheral region (PI. 2, fig. 6). In longitudinal

sections the core thickness is highly constant, varying from 92 pm to 213 pm (mean 178 //m). The cells in the

core are rectangular to trapezoidal in longitudinal section, measuring 18-28 pm (mean 20-9 pm, s.d. 2-4) long

and 4-11 pm (mean 8T pm, s.d. 2-3) in diameter (Table 1). They are arranged in concentric arcs with good

alignment of cells of adjacent filaments. Cell filaments curve downwards to the substrate and upwards, giving

way to the peripheral region (PI. 2, fig. 5). Cell fusions are conspicuous.

In the encrusting peripheral portion cells measure 7-14 pm (mean 10-6 pm, s.d. 2-3) long and 4-1
1 pm (mean

6-3 pm, s.d. 2T) in diameter, whilst in the centre of the protuberances, where filaments are radially arranged,

they reach up to 18 pm long (Table 1). Changes in length of cells of contiguous filaments produce conspicuous

zonation of the encrusting portions and protuberances (PI. 2, fig. 6). However, the lateral extent of zones is

short and their shape is very variable, giving the peripheral region an irregular aspect.

Reproductive structures. Numerous multiporate tetra/bisporangial conceptacles occur irregularly distributed in

the thallus. They are very variable in longitudinal section, from trapezoidal with rounded corners to

rectangular, elliptical and even round (PI. 2, figs 6-7). They are also irregular in transverse section although

tending to be round. They measure 187-427 pm (mean 279-7 pm, s.d. 48-8) in diameter and 133-253 pm (mean

204-4 pm, s.d. 24-4) high (Table 1). The conceptacles protruded above the thallus surface (PI. 2, figs 6-7). The
conceptacle roofs, seven or eight cells thick, have many long and narrow cylindrical pores, up to 12 in



PALAEONTOLOGY, VOLUME 41

transverse section (PI. 2, fig. 7). They are 35-64 pm (mean 52-8 pm, s.d. 9-5) long and 7-21 pm (mean 16-8 pm,
s.d. 4-5) in diameter. All conceptacle chambers remained empty after burial by subsequent plant growth.

No gametangial conceptacles have been observed.

Remarks. Woelkerling and Harvey (1992, 1993) have focused the generic delimitation of

Mesophyllum inside the subfamily Melobesioideae on features of spermatangial ontogeny and
morphology, avoiding the use of the presence of a coaxial core of filaments as characteristic for

Mesophyllum. According to these authors, Mesophyllum includes melobesioids with monomerous
construction, no haustoria, no flared epithallial cells and vegetative initials as long or longer than

cells immediately underneath. These vegetative characters are shared by Clathromorphum Foslie,

1898 and Synarthrophyton Townsend, 1979 but, in addition, Mesophyllum is delimited by having

‘spermatangial initials overlain by a layer of protective cells; spermatangial conceptacle roofs

formed centripetally from groups of peripheral filaments and spermatangial branches simple’

(Woelkerling and Harvey 1993, p. 575). The occurrence of a coaxial core, considered diagnostic for

Mesophyllum since it was established by Lemoine (1928), would not be significant from a taxonomic

point of view, since in some plants it is not a persistent character and changes from a coaxial to a

non-coaxial core can be observed (Woelkerling and Harvey 1992). Nevertheless, Mesophyllum is the

only genus of melobesioid in which a coaxial arrangement is always present even if only in part of

the ventral core. The coaxial organization occurs consistently at least in some portions of the core

filaments in the type species, M. lichenoides (Ellis) Lemoine, 1928, and other species included in the

genus on the basis of the above-mentioned spermatangial characters (Woelkerling and Harvey

1993). Even if this vegetative feature is not considered a key character in delimiting the genus it can

be accepted as an additional one (see, for example, Chamberlain and Keats 1994, table 2), as no
other melobesioid is known to have this type of core organization except for very sporadic

occurrences in Synarthrophyton plants (May and Woelkerling 1988).

In fossil melobesioids the presence of coaxial arrangement in the core, such as that observable in

M. curtum
,
is the only character readily preservable to separate Mesophyllum from other genera that

share with it other vegetative features such as monomerous construction and long subepithallial

initials (Braga et al. 1993). Therefore, we confirm the generic assignment made by Lemoine (1939)

when establishing the species. M. curtum is easily identifiable by the irregular morphology of the

conceptacle chambers. After its establishment, only Johnson (1966) has referred to this species in

the Miocene of Borneo. However, the features of Johnson’s figured specimen seem inappropriate

to ascertain its relationships to M. curtum.

EXPLANATION OF PLATE 2

Figs 1-4. Lithothamnion betieri Lemoine ( = Lithothamnium Betieri Lemoine); lectotype, Sample 4, Emberger’s

Collection; Upper Miocene of Hammar Semounet, Algeria; thin section CE-4. 1, plumose ventral core and

strongly zoned peripheral region; note abundant and conspicuous cell fusions; x 120. 2, zoned peripheral

filaments; x 120. 3, flat (arrow) and probably flared (arrowheads) epithallial cells; x 550. 4, multiporate

conceptacle slightly protruding on the thallus surface; x 100.

Figs 5-7. Mesophyllum curtum Lemoine; lectotype, Sample 2, Emberger’s Collection; thin section 2352,

Emberger’s Collection; Tortonian, Saint Denis du Sig, Algeria. 5, coaxial ventral core; x 140. 6, section of

zoned peripheral region and buried conceptacle that protruded on the thallus surface at time of

development; x 120. 7, buried conceptacle sections; note the marked difference in section shape with

conceptacle in figure 6; also note flat roofs with narrow cylindrical pores; x 170.

Fig. 8. Mesophyllum sancti-dionysii Lemoine (= Mesophyllum Sancti Dionysii Lemoine); lectotype, Sample 1,

Emberger’s Collection; thin section 7 (renumbered as 2360), Ehrmann’s Collection; coaxial ventral core;

x 120.
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Mesophyllum sancti-dionysii Lemoine, 1939

Plate 2, figure 8 ;
Plate 3, figure 1

1939 Mesophyllum Sancti Dionysii Lemoine, p. 84, pi. 3, figs 2, 5-6.

Type material. This contains three algal nodules (samples 1 , 7 and 8) and three additional rock fragments that

may be the remains of cutting of two of the algal nodules for thin sectioning. One thin section from Ehrmann’s
Collection (Plaque 7, renumbered as 2360, probably by Emberger) and two from Emberger’s Collection (no.

2360), all from the Upper Miocene (Tortonian) of Saint Denis du Sig, Algeria, have also been preserved.

Lectotype. From the original collection Lemoine illustrated the external appearance of two algal nodules

(samples 1 and 7, pi. 3, figs 5 and 2 respectively in Lemoine 1939) and a microphotograph of a thin section

(Lemoine 1939, fig. 6). Both algal nodules are preserved, but we have not found the figured thin section. The
preserved thin section from Ehrmann’s Collection (Plaque 7, renumbered as 2360) was cut from sample 1

according to the label of this sample in Lemoine’s script. Therefore this is the only preserved sample from the

type collection for which Lemoine studied both the external appearance and the microscopic features, which

is why we have selected it as the species lectotype (Articles 9.2, 9.9 and Recommendation 9A in the ICBN).
This is a fragment of an algal nodule made up of an unattached protuberant coralline growth surrounded by

bioclastic micrite which in turn is covered by encrusting coralline plants. The thin section studied by Lemoine
and the figured external appearance of Mesophyllum Sancti Dionysii correspond to the outermost algal cover.

This consists of several superimposed thin encrusting thalli, some having encrusting laminar branches.

Vegetative anatomy. The lectotype plants show a dorsiventral monomerous thallus with a continuous, coaxial

core in ventral position (PI. 2, fig. 8) formed by rectangular to slightly trapezoidal cells, 14-39 pm (mean
25-9 pm, s.d. 4-8) long and 4-14 pm (mean 7-9 pm, s.d. 2-4) in diameter (Table 1). In longitudinal sections the

core thickness is highly constant, varying from 107 to 250 pm (mean 178 /mi). Cell fusions are conspicuous.

The peripheral region is well developed. It consists of square cells, 7-18 pm (mean 1 1-2 pm, s.d. 2-5) long and
4-11 pm (mean 81 , s.d. 1-8) in diameter (Table 1), with good lateral alignment of cells of adjacent filaments

and cell fusions (PI. 2, fig. 8). Changes in length of laterally aligned cells cause a weak zonation of the peripheral

region. These zones have a wavy appearance when they overlie conceptacles.

EXPLANATION OF PLATE 3

Fig. 1 . Mesophyllum sancti-dionysii Lemoine ( = Mesophyllum Sancti Dionysii Lemoine) ; lectotype, Sample 1

,

Emberger’s Collection; thin section 7 (renumbered as 2360), Ehrmann’s Collection; multiporate conceptacle

with roof slightly concave upwards ; the bulbous structure to the upper left (arrow) can be interpreted as the

remains of a spore; x 120.

Figs 2-5.
‘

Lithophyllum SigV Lemoine; lectotype. Sample 9, Emberger’s Collection; Tortonian, Saint Denis du

Sig, Algeria. 2, thin section CE-9a, from a protuberance fragment in the lectotype sample; weakly zoned

peripheral region with well-aligned cells from adjacent filaments; note conspicuous cell fusions (arrows)

indicating that this species cannot be assigned to Lithophyllum in its modern circumscription; x 180. 3, thin

section CE-9c, from a protuberance fragment in the lectotype sample; coaxial core expanding over the

surface of a protuberance; it is uncertain whether this core is an overgrowth from the same protuberance

thallus or belongs to a different coralline species; x 140. 4, thin section 2361, from the lectotype sample;

structure that may represent an aborted conceptacle or an old conceptacle chamber filled with secondary

tissue; it remains uncertain whether this conceptacle was uniporate; x 160. 5, thin section CE-9d, from a

protuberance fragment in the lectotype sample; structure similar to the one in figure 4; x 200.

Figs 6-8.
‘ Mesophyllum EhrmannV Lemoine; lectotype, Sample 3, Emberger’s Collection; Tortonian, Saint

Denis du Sig, Algeria. 6, thin section 6 bis from Ehrmann’s Collection; section of two superimposed thalli;

direction of growth towards top right; x 50. 7, thin section 6 from Ehrmann’s Collection; poor preservation

prevents clear identification of primigenous filaments and the exact nature of thallus organization
;
direction

of growth towards top left; x 150. 8, thin section no. 2353 from Emberger’s Collection; thallus section with

probable dimerous organization; note the good alignment of cells of adjacent filaments; direction of growth

towards top of figure; x 120.
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Reproductive structures. Numerous relatively well-aligned multiporate tetra/bisporangial conceptacles occur in

the peripheral region of the lectotype. They measure 240-627 pm (mean 471-4 pm, s.d. 1 14-8) in diameter and
1 60^267 pm (mean 219-4 pm, s.d. 30-4) high (Table 1). Conceptacle chambers are bean-like or elliptical in

outline. Conceptacles protruded from the thallus surface at the stage they were formed. Later growth of

peripheral filaments adapted to these protrusions giving a wavy aspect to the peripheral region. Conceptacle

roofs, comprising up to six layers of cells, are flat or slightly concave upwards (PI. 3, fig. 1). Pore tubes are

conical, measuring 63 pm long and 32-35 pm (mean 33-7 /mi, s.d. 2-5) in basal diameter. Most conceptacles are

filled with irregular large cells (21-71 /mi, mean 49-3 pm, s.d. 12-6, long and 11-32 pm, mean 21-1 pm, s.d. 6-3,

in diameter) that can be interpreted as secondary growths of the thallus after spore release (Lemoine 1939).

However, in one conceptacle a bulbous structure (PI. 3, fig. 1) can be interpreted as the remains of a spore

(142 pm high and 71 pm in diameter).

In one thin section from Emberger’s Collection two thalli with uniporate conceptacles but similar in

vegetative anatomy to plants with tetra/bisporangial conceptacles can be interpreted as gametangial and/or
carposporangial plants. One of these conceptacles protrudes slightly on the thallus surface and is similar in size

to the tetra/bisporangial ones (534 pm in diameter and 294 pm high). The other is smaller (461 pm in diameter

and 192 pm high) and protrudes strongly on the dorsal surface.

Remarks. As in the previously discussed case of M. curtum, the occurrence of a coaxial core in the

lectotype plants of M. sancti-dionysii supports its inclusion in Mesophyllum. Therefore this species

should be referred to as M. sancti-dionysii Lemoine.

Plants of this species have been illustrated from the Miocene of Lebanon (Edgell and Basson

1975) and northern Italy (Fravega and Vannucci 1987). In the latter region the species has been
reported in some coralline algal accounts (Fravega and Vannucci 1982; Fravega et al. 1984, 1993).

Plants with affinities to M. sancti-dionysii from Israel were figured by Buchbinder (1977).

SPECIES OF UNCERTAIN CIRCUMSCRIPTION

Lithophyllum Sigi Lemoine, 1939

Plate 3, figures 2-5

1939 Lithophyllum Sigi Lemoine, p. 103, pi. 2, fig. 9.

Type material. This consists of two rock fragments containing unattached fruticose and branching coralline

plants and eight small fragments of fruticose protuberances (all this material was considered to be sample 9).

In addition, two thin sections from Ehrmann’s Collection (Plaques 15 and 15 ter, renumbered as 2361), one

of them (Plaque 15) with no algal content, and one section from Emberger’s Collection (no. 2361) are

conserved.

Lectotype. From the many samples in the original collection, all from the Tortonian from Saint Denis du Sig,

Algeria, Lemoine figured two examples (pi. 2, fig. 9) and made two thin sections from them. Only one of the

figured examples (the one to the left in pi. 2, fig 9) is preserved (included in sample 9). Following Articles

9.2 and 9.9 in the ICBN, this is here selected as lectotype. The preserved thin section from those studied by
Lemoine (Plaque 15 ter from Ehrmann’s Collection) was made in a protuberance from one of the figured

plants. The sample preserved has several broken protuberances but it is uncertain whether the thin section was
made in one of them. The plant cut in this thin section is conspecific with the one cut by Emberger (sample

2361), but two of those that we have cut from other protuberance fragments (thin sections CE-9a-CE-9g) may
belong to other coralline species. However, the growth form of both examples figured by Lemoine is very

similar and it is therefore reasonable to assume that the two plants belong to the same species. The lectotype

is an unattached fruticose plant, 30 mm long. Protuberances, up to 6 mm in diameter, branch repeatedly and

thin out at the tips. The plant is embedded in a bioclastic micritic matrix and it is difficult to ascertain, without

breaking the sample, whether all the protuberances emerging from the matrix belong to the same plant.

Vegetative anatomy. Cell filaments in the protuberances are radially arranged. Cells of adjacent filaments are

aligned laterally and slight changes in the length of aligned cells promote a weak zonation (PI. 3, fig. 2). In one

thin section from a protuberance of a plant probably conspecific with the lectotype there is a thin encrusting

thallus with coaxial arrangement (PI. 3, fig. 3). However, it is impossible to decide whether it is an overgrowth

of the protuberance or a different encrusting plant belonging to another species.
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Cells in the protuberances are 7-14 /zm (mean 10-7 /zm, s.d. 2-1) long and 4—7 /zm (mean 5-5 /zm, s.d. 1-8) in

diameter (Table 1). Cell fusions are abundant and conspicuous (PI. 3, fig. 2).

Reproductive structures. No reproductive structures occur in the sample studied by Lemoine (1939). In thin

section 2361 from Emberger’s Collection there are several poorly preserved structures representing aborted

developmental stages of conceptacles or old conceptacle chambers filled with secondary tissue (PI. 3, fig. 4).

Similar structures occur in thin sections CE-9' and CE-9d (PI. 3, fig. 5). Some of them seem to correspond to

uniporate sporangial conceptacles, but their actual nature is highly uncertain (PI. 3, figs 4-5). They measure
177-394 /zm (mean 297-3 /zm, s.d. 89-8) in diameter and 85-142 /zm (mean 110-9 /zm, s.d. 23-4) high (Table 1).

Remarks. The absence of well-preserved conceptacles precludes any certain generic assignment of

this species. However, the presence of cell fusions in the peripheral region of the syntypes indicates

that this species does not belong to the subfamily Lithophylloideae and cannot be attributed to

Lithophyllum. If the poorly preserved structures observable in Emberger’s thin section actually

correspond to uniporate sporangial conceptacles this species should be considered as a member of
the subfamily Mastophoroideae.

No reports of this taxon have been made since it was established.

Mesophyllum Ehrmanni Lemoine, 1939

Plate 3, figures 6-8

1939 Mesophyllum Ehrmanni, Lemoine, p. 85, pi. 1, figure 3, text-figs 52-54.

Type material. One algal nodule (sample 3) and three very small fragments remaining from cutting the sample
for thin sectioning are preserved. It comes from the Tortonian of Saint Denis du Sig, Algeria. The original

material also includes three thin sections from Ehrmann’s Collection (Plaques 6, 6 bis and 6 ter, renumbered
as 2353) and one thin section from Emberger’s Collection (no. 2353).

Lectotype. When describing the species Lemoine refers to two samples. One of them (sample 3), figured by
Lemoine (1939, pi. 1, fig 3; text-figs 52-53) is the one conserved at Nantes and labelled in Lemoine’s script as

type of the species. The three sections from Ehrmann’s Collection and the one from Emberger’s Collection were
made from this sample. The other sample described by Lemoine (1939, text-fig. 54), which she assigned to the

species with some doubt, was inside a nodule mainly composed of Lithothamnium magnum and does not seem
to be preserved. The first sample is a rhodolith, measuring now 70 x 60 x 55 mm, that consists of a bioclastic

micritic nucleus engulfing unattached fruticose thalli covered by thick encrusting algal plants. Lemoine (1939)

refers to these latter in her description of the species and, therefore, they are here selected as the lectotype

(Articles 8.1, 9.2 and 9.9 in the ICBN). The encrusting thalli curve around the fruticose thalli in the nucleus

giving way to broad protuberances.

Vegetative anatomy. Plants have a dorsiventral monomerous and dimerous organization (PI. 3, figs 6-8).

Plumose ventral cores (PI. 3, fig. 6) are poorly developed (35-71 /zm thick). The filaments run parallel to the

substrate for a very short distance and curve upwards to a very thick peripheral region. Core cells are 7-14 /zm

(mean 11-6 /zm, s.d. 2-3) long and 4-11 /zm (mean 7-9 /zm, s.d. 1-8) in diameter (Table 1).

Cells of adjacent filaments in the peripheral region are usually well aligned (PI. 3, figs 6, 8). Cell fusions are

very scarce. Cells are rectangular, with uniform size, 7-14 /zm (mean 10-7 /zm, s.d. 2-5) long x 4-1
1 /zm (mean

6 /zm, s.d. 1-8) in diameter (Table 1). However, slight changes in cell length produce very weak zonation of the

peripheral region.

Reproductive structures. Lemoine (1939) considered the lectotype plant to have been sterile. In fact, no
reproductive structures can be observed in the thin sections from the original Ehrmann’s Collection, in the one
from Emberger’s Collection or in the additional thin section that we prepared (sample CE-3). Close inspection

of the algal nodule surface reveals no conceptacle structures. In the original description, Lemoine (1939)
referred to multiporate conceptacles, drawn in her text-figure 54, only in the example covered by Lithothamnium
magnum, which is not preserved. However, the attribution of this example to Mesophyllum Ehrmanni was
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table 2. Summary of the proposed taxonomic circumscription for the species studied.

Lemoine’s circumscriptions Circumscription proposed in

this paper

Family Corallinaceae

Archaeolithothamnium brevium

Archaeolithothamnium liberum

Lithophyllum Glangeaudi

Lithothamnium Betieri

Mesophyllum Sancti Dyonisii

Mesophyllum curium

Lithophyllum Sigi

Mesophyllum Ehrmanni

Sporolithon brevium

Sporolithon liberum

Sporolithon glangeaudii

Lithothamnion betieri

Mesophyllum sancti-dyonisii

Mesophyllum curtum

Uncertain circumscription

Division RHODOPHYTA
Wettstein, 1901

Class RHODOPHYCOPSIDA
Rabenhorst, 1863

Order CORALLINALES
Silva and Johansen, 1986

Family SPOROLITHACEAE
Verheij, 1993

Division RHODOPHYTA
Wettstein, 1901

Class RHODOPHYCOPSIDA
Rabenhorst, 1863

Order CORALLINALES
Silva and Johansen, 1986

Family CORALLINACEAE
Lamouroux, 1816

Subfamily MELOBESIOIDEAE
Bizzozero, 1885

doubtful even for the author of the species (Lemoine 1939). Therefore, the nature of the reproductive structures

in this species remains uncertain, as far as the type material is concerned.

Remarks. The absence of reproductive structures in the conserved type material prevents any
definite generic assignment for this species. In addition, the lack of a ventral coaxial core suggests

that this species does not belong to the genus Mesophyllum. Although Lemoine (1939) referred to

a fertile plant when establishing the species and even drew some multiporate conceptacles, the

conspecifity of the latter with the preserved type of M. Ehrmanni was doubtful even for Lemoine
(1939). Therefore, it seems appropriate to consider the nature of the reproductive structures of the

species and its circumscription as uncertain.

No subsequent reports of this species have been made.

CONCLUDING REMARKS
Emberger’s Collection at the University of Nantes contains the type material of eight coralline algal

species from the 27 new ones described by Lemoine (1939) from the Cretaceous and Cenozoic

deposits of Algeria. This is one of the very few preserved collections of the original fossil material

of Mme Lemoine, who established at least 108 fossil coralline algal species from the Lower
Cretaceous to the Pleistocene.

We have typified six species according to the ICBN rules (Greuter 1994), selecting lectotypes from

the original syntypes. The remaining two species were based upon a single specimen which has to

be considered as the holotype. The types are redescribed and illustrated focusing on characters

relevant in modern taxonomy of fossil corallines, completing Lemoine’s original descriptions and
illustrations. Revision of the types with present-day taxonomic criteria and nomenclature has

resulted in changes of generic and family adscription of three species whilst three others remain
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within the same taxa to which were assigned by Lemoine (1939) (Table 2). Finally, no diagnostic

generic characters occur in two species types and therefore the nature of these taxa is uncertain

(Table 2).

These results demonstrate the difficulties and, sometimes, the inadequacy of using taxa

established a long time ago upon features which are not considered diagnostic in modern taxonomy.

The results also confirm the necessity of reassessing the precise nature of many coralline algae taxa

introduced in the palaeontological literature, by revising the preserved original collections and

avoiding the use of taxa with no conserved type material.
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THE APPLICATIONS OF STROMATOPOROID
PALAEOBIOLOGY IN PALAEOENVIRONMENTAL

ANALYSIS

by STEPHEN KERSHAW

Abstract. Stromatoporoids are epibenthic calcified sponges in many Phanerozoic (especially Palaeozoic) reef,

and reef-related environments, and may be used as tools for all scales of palaeoenvironmental analysis.

Palaeozoic stromatoporoid classification uses the calcified skeleton, and although higher level taxa may be

convergent, genera and species are normally readily identifiable and have palaeobiological utility. A
hierarchical growth-form classification of stromatoporoids comprises: Level 1 (outline forms: laminar,

tabular, domical, columnar, bulbous, defined with ratio limits; and dendroid, expanding conical, digitate and

irregular) ;
Level 2 (ornament, as papillae, mamelons and protuberants, give an increasing degree of disruption

of the outline) ; and Level 3 (growth patterns of smooth and ragged margins, enveloping and non-enveloping

laminations, coalescence and anastomosing). Inappropriate growth form terms in current use are rejected,

especially massive and encrusting. Stromatoporoid palaeobiology applied at local scale aids determination of

relative degree of contemporaneous turbulence and sedimentation; community scale study of stromatoporoids

promotes comparisons between palaeoenvironments in reef and reef-related facies. Palaeozoic stromatoporoids

may aid regional and even global event recognition, including changes in ocean states. Major gaps in

knowledge are growth rates, and whether stromatoporoids were photosensitive and/or photosymbiotic.

Stromatoporoids are benthic, marine macro-organisms composed of a calcium carbonate

skeleton accreted in layers (laminae), with vertical elements (pillars) so that a vertical section

displays a reticulate structure (Greek stroma = a bed/mattress; poros = a passage); either vertical

or lateral elements of the skeleton may dominate or be equal. Organisms with this architecture were

first described from Devonian rocks by Goldfuss (1826), but exist from the Cambrian to Recent;

stromatoporoid-like archaeocyaths of Cambrian age (Webby 1979a, 1986, 1993; Debrenne and
Zhuravlev 1994 and references therein; Riding and Zhuravlev 1995) precede the first major

development of stromatoporoids in the (possibly lower to) middle Ordovician (Kapp and Stearn

1975; Webby 1979a, 1986, 1993; Keller and Fliigel 1996) and dominated many Silurian and
Devonian reef and reef-related environments. Mehl (1995, p. 49) recorded Late Proterozoic spicules

demonstrating that sponges were among the earliest multicellular animals, presumably precursors

of Palaeozoic calcified forms. Although stromatoporoids were badly affected by the Frasnian/

Famennian extinction and occupied a lesser role in the Mesozoic, some living calcified sponge

genera (e.g. Astrosclera and Stromatospongia) have stromatoporoid skeletons. Despite their

abundance in Palaeozoic and Mesozoic rocks, understanding, and hence application of,

stromatoporoid palaeobiology and palaeoecology is only partly developed. Widely attributed to the

Porifera (e.g. Stearn 1975a), stromatoporoids have great value in palaeoenvironmental analysis

(Text-fig. 1). Literature on their palaeobiology began with their use as broad palaeoenvironmental

indicators in oil-related work on the Devonian (e.g. Andrichuk 1958; Klovan 1964; Murray 1966;

Playford and Lowry 1966; Fischbuch 1968; Jamieson 1969; Noble 1970; Playford 1980). Stearn

(1961) recorded variation in growth form within and between taxa, and 27 years have elapsed since

the first comprehensive summary of stromatoporoid palaeobiology (St Jean 1971). There have been

few attempts to classify and interpret stromatoporoid morphology in detail : studies are available

for only a few geographical and stratigraphical settings. This paper reviews current knowledge of
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text-fig. 1. Fossil stromatoporoid skeleton geometries demonstrate events affecting the sea bed during life and
in early post-death prior to final burial. A living stromatoporoid (a) may have been completely (b) or partially

buried, with flank recovery (c). Death without burial may be suspected for cases with epifauna (d), but may
instead have been buried then exhumed. Dislocation during life is recorded in changes of growth attitude (e).

For taphonomic aspects, see Text-figure 3.

stromatoporoid palaeobiology and palaeoecology problems, beginning with a discussion of the

importance of stromatoporoid affinities in palaeoecology, followed by a revised growth-form
classification, and an assessment of the value of stromatoporoids in facies analysis at all scales. The
focus is on Palaeozoic stromatoporoids, which are the most abundant and diverse accumulations.

STROMATOPOROID AFFINITY

Because of their laminated accretionary growth style, stromatoporoids record environmental

changes affecting the sea bed (e.g. Kershaw 1984), particularly in local sedimentation and
turbulence. Because this is also true for other organisms with broadly similar lifestyles (e.g.

tabulates, bryozoans, chaetetids), affinity is unimportant at this small scale. Affinity is important,

however, at the ecosystem scale of interpretation, because of differences in the ecological position

of diverse phyla. Hartman and Goreau (1970), Stearn (1972, 1975a) and Wood (1987) have claimed

that stromatoporoids have affinities principally with sponges or hydrozoans. Descriptions of living

stromatoporoid-like sponges (Hartman and Goreau 1970) led to a preference for poriferan affinities

by most authorities. Kazmierczak (1976), Kazmierczak and Krumbein (1983) and Kazmierczak and
Kempe (1990) interpreted a cyanophyte affinity for stromatoporoids, but most other workers

disagree (e.g. Riding and Kershaw 1977).

Even if stromatoporoids are sponges, at least two further problems exist with their taxonomic
status. First, stromatoporoid subgroups contain fossils which lack the typical laminae-and-pillar

structure, such as the ' Labechia '-type (thick pillars and cysts, despite the layered appearance of the

entire skeleton), the
‘

Lophiostroma '-type (solid laminations with a well-organized system of

superimposed tight undulations which form pseudo-pillars, and no galleries; see Mori 1969, 1970),

and the recently-erected early Ordovician genus Zondarella (Keller and Fliigel 1996) has characters

which make even stromatoporoid status uncertain. The relationship between these examples and
typical stromatoporoids is open to question. Second, Palaeozoic stromatoporoid taxonomy relies

on the calcareous skeleton ; spicules used in later sponges occur in some Carboniferous

stromatoporoids (Wood et al. 1989), but Ordovician to Devonian stromatoporoid fossils are

aspiculate. A reappraisal of stromatoporoid taxonomy arose from recognition of similarities of
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calcareous skeleton in different sponge orders classified by spicule form and composition (Vacelet

1985; Vacelet and Uriz 1991), leading to stromatoporoid structure being regarded as a grade of

organization (Vacelet 1985; Wood and Reitner 1988; Wood 1990), and therefore convergent.

However, lack of spicules does not empirically negate a classification based on the calcareous

skeleton, if there are no other criteria to apply, and such a classification remains the most reasonable

for Palaeozoic stromatoporoids.

Studies of stromatoporoid palaeobiology rely partly on the validity of morphospecies based on
the calcareous skeleton, allowing comparison between growth forms of the same taxa within and
between outcrops. Two features are important. First, there are consistent differences between the

skeletons of nearly all calcareous-skeleton-morphospecies in stromatoporoids, at least at genera and
species levels. For example, the Palaeozoic skeletal architecture called Petridiostroma convictum is

distinctive and consistently different from that of P. simplex, and Clathrodictyon mohicanum is

profoundly different from Plectostroma scaniense found in the same reef outcrops in late Silurian

rocks (Mori 1970; Kershaw 1981 ;
Kano 1989). Nevertheless, Stearn (1989) recognized intraskeletal

variations, termed phases, and Prosh and Stearn (1996, p. 13) recommended that the species concept

be applied broadly in stromatoporoids, to allow for skeletal variation within taxa, thus avoiding

overlap between species. The fact that modern (e.g. Vaceletia) and Cambrian (archaeocyathids)

aspiculate sponge genera are defined by the form of their calcareous skeletons strongly supports the

taxonomic separation, at least at low levels, of stromatoporoids which have persistently different

skeletal architecture. Second, because nearly all morphospecies in numerous well-studied outcrops

(e.g. Kershaw 1990) generate consistent, distinctly different, growth forms, this provides an
ecological reason for accepting their low-level taxonomic distinctness. In contrast, morphospecies

of chaetetid sponges greatly overlap (West 1994), and some modern corals exhibit intergradations

of skeletal structure and careful measurement is required to distinguish species (e.g. Budd et al.

1994).

STROMATOPOROID RESPONSE AND GROWTH
Stromatoporoid response to sedimentation and turbulence is summarized in Text-figure 1 ; other

responses are less discernible. This section discusses key elements in interpretations of form.

Stromatoporoid taphonomy

Experiments on model stromatoporoids in a flume (Kershaw 1979) interrelated form and substrate

with stromatoporoid stability (Text-fig. 2), and demonstrated variation in stability. Impact damage
to stromatoporoids (Text-fig. 3) can be observed both in Palaeozoic events, and in the presently

occurring erosion of modern exposures; recently eroded stromatoporoid clasts found in quarries

and cliffs on Gotland, for example, are similar in nature to their Silurian counterparts. Breakage is

governed by form, degree of fixation to the Palaeozoic sea bed, the degree to which latilaminae are

developed, and amount of diagenetic alteration of skeletons, especially along latilaminae. Clasts

depicted schematically (Text-fig. 3) are modelled on real examples and occur commonly in

stromatoporoid rud- and float-stones and reef debris; skeletal breakage, as well as attitude in

exposure may influence form recognition (Text-fig. 4). Stromatoporoid taphonomy is crucial in

palaeoenvironmental analyses, and underlies much of the analogy drawn between modern coral

reefs and Devonian stromatoporoid reefs. Most studies have been qualitative, but quantitative work
(e.g. Kershaw 1990; Kobluk 1974; Kobluk et al. 1977), especially where fragments are identified

and size-classed, has much potential.

Substrate preference

Most stromatoporoids lie directly on sediment (clay-rich lime muds to skeletal grains, rarely sands

and muds), but are widely assumed to have required a hard surface, such as a shell fragment, for

initial settlement (e.g. Jamieson 1969, p. 1330), before spreading across neighbouring areas of soft
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BREAK ANYWHERE

BREAK HAPHAZARDLY BREAKALONG LATILAMINAE

text-fig. 3. Variation in fracture of complete stromatoporoids (a) relates to morphology (compare b-e).

Degree of development, and diagenesis, of latilaminae may affect splitting of stromatoporoids, reflected by

differences between b and c.

substrate, a style of growth termed ambitopic by Jaanusson (1979, p. 269). However, many
examples show that no hard object underlies initial growth (Text-fig. 5), and published cases from

the Ordovician and Silurian suggest growth directly on soft substrates (e.g. Mori 1969, p. 34;

Kapp 1974). Stromatoporoids with prominent laminae, and cases where laminae interfinger with

sediment e.g. Simplexodictyon (formerly Diplostroma) yavorskyi (Powell 1991) show that laminae

grew laterally across adjacent sediment.

Few data are available on detailed substrate selectivity, and its significance in controlling

stromatoporoid distribution. Stromatoporoids apparently did not discriminate between specific

substrates or substrate features. In the Wenlock of Gotland, Kershaw (1984) noted that one species

occurred more commonly on skeletal debris, while others lie more commonly on the calcareous

muddy sediment surface itself (Text-fig. 11, discussed below). Stromatoporoid success in reefs is

presumed to be due partly to the presence of stable substrates of debris of previous reef builders,

as well as the apparent wide tolerance of substrate composition.

Most stromatoporoids are approximately circular in plan view, so grew unconstrained laterally

;

others are elongate due to growth on crinoid stems or solitary rugosans, apparently taking

advantage of hard/raised settling points, although how much of this is substrate selection, and how
much is haphazard settlement is undetermined. That initial growth was on topographic highs in

almost all cases is revealed by basal concavities in vertically sectioned samples. Concavities vary in
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text-fig. 4. Schematic illustration of growth form recognition problems in stromatoporoids. a, different forms

may appear similar in plan cross section, b, the edge of a domical form may appear laminar, c, fragments may
not be recognized in certain planes of section, d, non-perpendicular sections will exaggerate vertical thickness.

e, margins may suffer pressure solution and affect form preservation, as in specimens labelled 1, 2 and 3.

depth depending on the height above substrate of the feature they grew on, and tend to be shallow

for settlement directly on the sediment. For skeletal debris substrates, a layer of matrix may or may
not coat the substrate prior to stromatoporoid settlement. Where stromatoporoids grew directly on
hard substrate, they are presumed to have encrusted it, a feature common in Devonian forms

(Noble 1970; Kobluk 1975); stromatoporoids could grow on horizontal and vertical surfaces (e.g.

up the sides of upstanding solitary corals; Text-fig. 5). It is hard to prove that stromatoporoids grew

across the living surfaces of other organisms, but unpublished observations show that they usually

tended to avoid competitive interactions with neighbouring organisms, adopting a ‘ standoff’ style

of interaction instead (A1 Fagerstrom, pers. comm.), and support the view that stromatoporoids

normally grew across dead surfaces. Numerous encrusting and boring organisms used hard

substrates provided by stromatoporoid upper and lower surfaces, with different distributions;

Trypanites borings are almost always on upper surfaces, whilst strophomenid brachiopods,

spirorbids and encrusting bryozoans occur more on the bases (Mori 1969, 1970; Kershaw 1980;

Nield 1984; Pemberton et al. 1988). Kershaw (1980) suggested that cavities formed by scouring of

sediment from beneath stromatoporoids and/or movement of skeletons on uneven substrates, were

used by cryptic organisms. Chaetetids bear similar encrustations (Suchy and West 1988), as do
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STROMATOPOROID SUBSTRATES
B. Stromatoporoid growth directly

on hard substrate: uncommon

A. Stromatoporoid growth on hard substrate,

but with thin sediment layer between:

common

C. Stromatoporoid growth initially on hard substrate, then spreads onto

surrounding soft sediment: suspected common

X
topographic high

[
skeletal fragment level surface !

D. Stromatoporoid growth initially on soft sediment, and continues:

suspected common

text-fig. 5. Stromatoporoids grew on skeletal debris, with or without a sediment interlayer (a-b), and on soft

sediment, and may or may not have utilized hard objects such as skeletal particles (c-d). Note that crinoid in

a and coral in b are shown in transverse section, overgrowing stromatoporoids are in vertical section.

tabulates found with stromatoporoids, although tabulates usually lack borings. Segars and Liddell

(1988, fig. 4) suggested that stromatoporoids perched on topographic highs, forming much cavity

space, although substrate consistency would be expected to constrain the amount of cavity space.

Primary cavities were apparently rare and are documented in few papers (e.g. Noble 1989, p. 345).

Stromatoporoid basal layers

Basal surfaces of stromatoporoids which grew on sediment often preserve a wrinkled, thin,

compact, layer of skeleton, called peritheca by Galloway (1957), following cnidarian terminology,

but basal layer is a more neutral term. Galloway noted that basal layers are less than 1 mm thick

and of denser skeleton than normal, occasionally showing cystose vesicles. Basal layers are rare in

reef stromatoporoids; Parks (1936) noted basal layers at the base of each latilamina in some
stromatoporoids, and they are common in stromatoporoids in limestones (Colin Stearn, pers.

comm.). Stearn (1983) noted that basal layers may form by lateral growth over the substrate, and
they may be irregular, and can be similar to those in tabulate corals, possibly secreted to stop boring

organisms penetrating the lower, abandoned parts of the skeleton in contact with the substrate, at
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least in argillaceous limestones and calcareous shales. Riding (1974) reinterpreted the algal genus

Keega as the basal layer of a laminar form of Stachyodes
,
which was then considered by Mistiaen

(1991) as representing poor calcification in stromatoporoid early ontogeny.

Growth form development

Stromatoporoid early growth often formed sheet-like skeletons across the substrate, and subsequent

growth was concentrated in central areas, producing a smooth non-enveloping profile (Kershaw
and Riding 1978); uncommonly, others are full enveloping (Text-fig. 7). The resulting basal surfaces

of skeletons display concentric ridges where successive overlapping layers touch the substrate,

enhanced into minor ragged edges if a little sediment collected on the edges as successive layers

grew. Form usually changed as individuals grew; change from laminar through domical into

bulbous is common, so that determination of growth form should take such changes into account,

where they are visible in cross sections
;
individuals of the same species within an assemblage may

display different growth forms if they died before the final form could develop, and low-level

taxonomy is crucial in such investigations.

Growth banding and growth rates

Stromatoporoid growth banding varies from distinct latilaminae (periodic growth interruptions,

which may or may not be sharply visible) to unbanded; most is poorly defined and defies objective

measurement, so growth rates are poorly constrained. Modern calcified sponges grow 0T-0-5

mm/yr (Dustan and Sacco 1982 ; Benavidas and Druffel 1986), but this seems too low for Palaeozoic

stromatoporoids, which then would have taken thousands of years for even moderately large

individuals. Meyer (1981) claimed that stromatoporoids, competitively intergrown with presumed
annually banded favositids, had vertical and lateral rates of T3-3 mm/yr and 10-23 mm/yr
respectively; Stearn (1989, p. 47) estimated 1-2 mm/yr vertical growth on the basis ofminor cyclicity

in some samples, these rates are reasonable for reef-builders. Wood et al. (1992) suggest that high-

integration fossil organisms such as sponges, including stromatoporoids, appear capable of con-

tinuous fast growth to large size, while low-integration and aclonal organisms grew more slowly and

were less capable of reef-building. Whether stromatoporoids were photosynthetic (Kazmierczak

1976; Kazmierczak and Krumbein 1983), or even bore symbionts (Wood et al. 1992) is

undetermined, and there is no unequivocal reference point from which to infer that latilaminae are

annual, although the growth rates quoted above strengthen the argument that they are. Meyer’s

(1981) evidence was based on assumed annual growth bands in corals, which may be incorrect; also

Fagerstrom’s (pers. comm.) extensive field and thin section observations of corals, chaetetids and

stromatoporoids show that rarely can both participants in an intergrowth be proved to have been

alive simultaneously. Growth rate estimates by Risk et al. (1987) depend on assumptions (which

they admitted to have problems) of annual cyclicity in microborings interpreted to be algal. Kapp
(1975) assumed that Chazy Group (Ordovician) stromatoporoids grew at constant rates, and

sediment included resulted from varying sedimentation rate; but there is no current method of

testing this.

Stromatoporoid growth rates were presumably a critical part of their palaeoecology. Copper

(1988, p. 141, figs 2-3) noted that Holocene coral reef climax stages show characters of K-selection,

usually being dominated by one taxon, succeeding in its specialization; similarly, most

stromatoporoid-dominated assemblages have one species more common than the others, suggestive

of K-selection. However, in level-bottom communities with diverse benthic faunas, one

stromatoporoid species is also often more abundant than the others, suggesting that single-species

abundance is not simply a feature of climax stage community development. In contrast with corals,

neighbouring sponges of the same species will coalesce as they grow into mutual contact, rather than

compete, and lead to huge individuals occupying much substrate area, a feature observed in

Gotland reef and non-reef stromatoporoids. The frequency of coalescence is unknown because
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stromatoporoid cross sections are two dimensional, and early growth stages are not always in the

plane of section. Therefore, application of r-K concepts in interpreting stromatoporoid controls is

limited; size and growth rate are not necessarily simply linked in stromatoporoids.

Phototropism and depth

Circumstantial evidence that stromatoporoids were photoresponsive employs size and growth rates

in relation to modern coral-dominated reef systems (Baarli et al. 1992; Wood et al. 1992),

morphology (Klovan 1964) and association with algae (e.g. Baarli et al. 1992). In contrast, although

modern sponge biomass (non-calcified types only) may be 50 per cent, bacteria (Willenz and

Hartman 1989), these are not photosensitive. In Devonian stromatoporoid morphotype data,

tabular forms are more common in fore-reefs than other large domical/bulbous/irregular forms

(Text-fig. 6). Tabular forms grew better in finer sediment, deeper water, facies of the Canadian

Leduc reefs, whilst ‘massive’ and ‘ subspherical’ forms (domical, bulbous and irregular) dominate

reef facies and are less common in fore-reefs Klovan (1964). Geopetally constrained fore-reef

palaeoslope data in the Canning Basin reef-rimmed shelves (Playford 1980; Playford and Cockbain

1989) imply depths comparable to those of modern reef systems (the earliest deep water laminar

stromatoporoids are Ordovician; Bourque and Amyot 1989, p. 255); laminar shape at depth could

have collected more light as in some modern corals (Robert Riding, pers. comm.). Arguments

favouring algal(= ? microbial) symbiosis (e.g. Cowen 1988) are circumstantial, and papers which

record deeper water tabular forms (Klovan 1964, at Redwater; Krebs 1974, in Europe; Kobluk

1975, at Miette; see Wilson 1975, p. 144) do not contain sufficient species-morphotype information

to demonstrate flattening at depth within a species. Also, low profile is common in stromatoporoids,

and may relate instead to sedimentation rate and substrate type, similarly poorly investigated.

Palaeoenvironmental distribution

Stromatoporoids with diameters of up to hundreds of millimetres grew in deeper facies, lagoons and

small reefs, and up to several metres in larger reefs and mounds (Text-fig. 6), and occupy up to 90

per cent, of reef volume (Machel and Hunter 1994, p. 162). Stromatoporoids were limited in deeper

facies, and in mud mounds, occurring uncommonly as small individuals (e.g. Bourque and

Raymond 1989). Siliceous sponges played a role in deeper water mounds (e.g. Brunton and Dixon

1994), and have been postulated as major elements of stromatactoid-rich mud mounds by Bourque

and Gignac (1983, 1986), but none of these is the calcified form typified by the stromatoporoid

skeleton. In contrast, stromatoporoids may be major elements of framestones, bafflestones,

bindstones and debris in both biostromes and bioherms (e.g. Watts 1988a; Sonderholm and

Harland 1989; Riding and Watts 1991 ; James and Bourque 1992; De Freitas et al. 1993; Kershaw

1993; Machel and Hunter 1994); absence of a rigid frame is common in stromatoporoid reefs and,

except where bound by microbial growth (e.g. Devonian platform-margin reef limestones of the

Canning Basin), presumably could not withstand high energy (De Freitas et al. 1993). Thus, their

ability to create cryptic cavities was limited (Wood 1996) and they usually did not build up high reef

profiles; unbound stromatoporoid build-ups are discrete objects (Riding 1981), made of closely

juxtaposed fossils, and called cluster reefs by Riding (1990). Opinions about whether biostromes

should be regarded as reefs vary, reviewed by Kershaw (1994), who divided biostromes into

autochthonous, parautochthonous and allochthonous elements, to emphasize the reefal character

of some biostromes.

Stromatoporoids apparently grew best in the shallower, more turbulent waters of Palaeozoic

reefs, outcompeting corals and other organisms, and forming low diversity stands in the ‘climax’

stages of reef development (e.g. Wilson 1975), true in many biohermal reefs (e.g. Devonian reefs in

South Devon, UK, Scrutton 1977a, 19776; the Silurian Hogklint reefs of Gotland, Sweden, Riding

and Watts 1991); but some exceptionally stromatoporoid-rich assemblages formed as biostromes in

lower energy shelf-ramp settings in Silurian and Devonian platforms. Furthermore, Monty et al.
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STROMATOPOROID PALAEOENVIRONMENTS

Rugose and tabulate corals =

0 Smooth bulbous

^\Amphipora

Domical, bulbous,

irregular

C. GLOBAL DEVONIAN
STROMATOPOROID
REEF DISTRIBUTION

Laminar

Platform biostromes Shelf margi

e.g. Fromelennes bioherms e

Windjana Gorge Shelf
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Lion Quarry
-

Shelf/ramp biostromes

No vertical zonation

text-fig. 6. Stromatoporoid growth forms in Silurian and Devonian reef and reef-related environments.

A, example of growth form zonation in Lower Wenlock of Gotland, (Watts 1988a; Riding and Watts 1991);

H, T, L, D and A refer to halysitid, tabulate, laminar stromatoporoid, domical stromatoporoid and algal

phases, respectively, of Watts (1988a). b, Silurian biostromes show diverse growth forms, but lack zonation

(Kershaw 1981, 1990; Kershaw and Keeling 1994). c, platform and platform margin distribution of Devonian

stromatoporoid growth forms (compiled from global sources, showing a consistent pattern). The depths of

open water bioherms and mud mound are speculative ;
both may be shallow water.

(1982) drew attention to the fact that although stromatoporoids are major reef-builders of the

Devonian, they are not abundant in all cases (Text-fig. 12, discussed below). Presumption of shallow

water may not be always justified, with an impact on interpretations of sea levels, discussed below.



KERSHAW: STROMATOPOROID PALAEOBIOLOGY 519

Stratigraphical growth form trends

Ordovician and Silurian stromatoporoid growth forms are conservative but expand with substantial

niche exploration in Devonian reef systems, to a 'modern-looking' form distribution (Andrichuk

1958; Fischbuch 1962), but stromatoporoids lack the branching habit of the modern dominant reef

coral Acropora. Ordovician and Silurian reefs are similar in structure and function and differ mainly
in taxa (Copper 1988, p. 137). Many late Silurian reefs resemble Devonian platform margin
systems, and include important elements of microbial binding (e.g. Bourque and Amyot 1989), and
Devonian (e.g. Gischler 1995) reefs may contain substantial submarine cement.

Summary

Stromatoporoid attributes which facilitate their palaeoenvironmental application are: wide
substrate tolerance, presumed fast growth, and broad distribution in shallow facies. The application

of these attributes needs a common growth form terminology, considered in the next section.

STROMATOPOROID GROWTH FORM CLASSIFICATION: A HIERARCHICAL
APPROACH

Devonian facies patterns revealed by oil exploration of 1950s and 1960s left a huge database on
stromatoporoid distribution and growth form, and form classification was developed for general

utility, not for palaeobiology. The resulting recurring problems of non-uniformity and imprecision

of terminology applied to stromatoporoid growth forms (e.g. Noble 1970; Abbott 1973; Kershaw
and Riding 1978) require a standard classification to facilitate useful palaeobiological analysis.

Calcified sponges do not correspond to simple geometric forms, and have minor to major form-
variations even with specimens, so a terminology describing all variants is cumbersome. Also,

although terms such as laminar and bulbous translate easily to other languages, English equivalents

are sometimes unclear (e.g. ‘wedge’ - Dong and Yang 1978; ‘clock-like’ - Yang and Dong 1980,

p. 396). A new approach here, using a three-level hierarchy of common English terms, provides a

greater degree of descriptive precision (Text-fig. 7), and inappropriate terms are abandoned (Text-

fig. 8).

Stromatoporoid form is usually classified from vertical cross sections in quarries and cliffs in solid

reef limestones, and imprecision of 2-dimensional views of 3-dimensional objects pervades all form
description (Text-fig. 4), clearly illustrated in publications (e.g. Kazmierczak 1971). Simple forms
are easier to classify than irregular or disorientated forms and objective classification of many
specimens in stromatoporoid assemblages is thwarted. Because stromatoporoids are approximately
circular to sub-circular in plan view, random vertical sections give good approximations of the real

shape, unless specimens are tilted, overturned or have complex shapes (Kershaw and Riding 1978,

1980); then, the only solution is to remove them from the rock, normally impossible. Complete
stromatoporoids can be classified; damaged specimens may or may not reveal sufficient morphology
to classify them, depending on the degree of damage. Reef stromatoporoids are also commonly
subject to pressure solution which affects shape recognition.

Hierarchical level 1
: form outline

Kershaw and Riding (1978, 1980) selected four terms for basic shapes: laminar, domical, bulbous,

dendroid ; but many stromatoporoids do not fall into this array, and the parameterization scheme
of Kershaw and Riding (1978, 1980) applies in only a few cases (e.g. Kershaw 1981, 1984, 1990).

In the following list, italicized terms are intended to evoke unambiguous images of growth form
(Text-fig. 7), and terms in brackets are current equivalents, which are abandoned: laminar

(sheetlike, lamellar, tabular, discoidal); tabular ; domical (hemispherical, massive, conical, domal,
tabular); columnar (cylindrical); bulbous (sub-spherical, massive, globular, nodular, oblate);
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STROMATOPOROID MORPHOLOGY, MIETTE REEF,
ALBERTA, using older terminology (Kobluk 1975)

text-fig. 8. Typical stromatoporoids growth form

terminology of earlier authors. Note that tabular

includes laminar of the scheme in Text-figure 7;

bulbous includes extended domical; hemispherical

contains both a bulbous and domical form ; encrusting

and irregular include oblique sections.

dendroid (ramose, branching, digitate, foliose, dendritic, twig-like); expanding-conical (conical);

digitate', irregular (massive).

Some commonly used terms which are inappropriate or rarely applicable are excluded from this

scheme. Hemispherical denotes stromatoporoids with rounded upper surfaces, but they are rarely

hemispherical (Text-fig. 8), and the edges of laminae nearly always terminate at a shallow angle with

the substrate (Text-fig. 7). Massive is an adjective with no place in a morphological classification;

used to describe large stromatoporoids of any shape, it includes poorly definable forms such as in

drill cores where it is of least value (e.g. Fischbuch 1968). Massive was abandoned by Kershaw and

Riding (1978), but is still in use (e.g. Gischler 1995). Some earlier authors used massive correctly in

its adjectival sense (e.g. Kobluk 1975, 1978), but it is best avoided. Encrusting is a life habit not a

growth form, but has become synonymous with thin laminar stromatoporoids which encrusted their

substrate. In fact, encrusting stromatoporoids grew into many forms (e.g. Kobluk 1975, p. 248).

Skeleton size. Size varies from millimetre scale for examples which died soon after growth began,

to large specimens of several metres diameter. Size measurement is problematical ;
volume is the best

measurement and its nearest proxy is area. Area estimates of vertical sections are the most

appropriate, best achieved by image processing of orientated sawn samples, but are not given in

stromatoporoid papers ;
in the field, basal diameter of laminar and low to high domical forms,

vertical height of extended domical and columnar, and the greater of either vertical or horizontal

dimensions of bulbous forms, give broad estimates, but are not fully comparable, and single

dimension estimates are not satisfactory because they do not describe the real size.

Basal diameter is usually less than 2 m but large stromatoporoids are found throughout the

Palaeozoic. Pseudostylodictyon lamottense (Seely) in the mid Ordovician Chazy Group, Vermont,

reached I T m across and 1 m high (Kapp 1974); most are ragged non-enveloping high to extended

domical forms, including irregular forms and some with a mushroom form as growth exceeded

sedimentation. Stylostroma (S . surculum and S. mamillatum) from mid Ordovician reefs in the

Mjosa Limestone at Bergevika, Norway, are up to 1-3 m across and 0-4 m high (Webby \919b). Late

Ordovician columnar Aulocera on Anticosti have maximum lengths (presumed height) of 3 m and

diameter of 0-3 m (Petryk 1981). Silurian forms from Gotland may exceed 2 m (Mori 1970, p. 137).

Hierarchical level 2: ornament

Ornament modifies the profile of the basic shape and falls into three categories (Text-fig. 7).
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Papillae. These are c. 1-2 mm high surface cones, taxonomically constrained in some stromato-

poroids, e.g. Lophiostroma schmidti, whereas in others they are facultative (e.g. Prosh and Stearn

1996, pi. 3).

Mamelons. These are c. 2-10 mm high lumps regularly or irregularly distributed on the upper
surface, usually facultative. Astrorhizae are located on the apices of some, often with osculum-like

openings on the summit and radiating astrorhizal grooves (Nicholson 1892, pi. 15). Mamelons may
have aided water flow, by Bernoulli’s mechanism (Boyajian and LaBarbera 1987; LaBarbera and
Boyajian 1991), because astrorhizae of modern stromatoporoid-like sponges carry the soft tissue

exhalant water canal system they most probably had a similar function in fossil stromatoporoids

(Stearn 1972, 1975a). Some species lack astrorhizae, so the exhalant system is not preserved and its

association with mamelons cannot be demonstrated; in others, astrorhizae do not occur on
mamelon apices, so may not have assisted water flow within the system (Stearn 1989; Kershaw
1990). Mamelons may be vertically orientated, even where the stromatoporoid lies in situ on a

sloping surface (Kershaw 1990), suggesting potential responses to light or current flow, which are

poorly investigated. Mamelons occur in stromatoporoids both in argillaceous sediments (Mendez-
Bedia et al. 1994, p. 168) and mud-free sediments (Kapp 1975, p. 205) so cannot be related reliably

to general conditions. Mamelons are commonly present through most of a stromatoporoid

skeleton, and impart a wavy appearance to laminae in vertical section ; neighbouring specimens of

a species may have or lack mamelons (e.g. Clathrodictyon mohicanum; Kershaw 1990) and the

controlling factors are unclear.

Protuberants. These are pointed and rounded surface protrusions with or without a regular pattern,

particularly in Devonian stromatoporoids, and may or may not occur through the entire skeleton.

Beginning as mamelons, they grew much larger and increase stromatoporoid upper surface area, but

whether that was their purpose is unknown
;
they usually developed in the absence of sedimentation,

because no sediment occurs in the low areas. A variant is multicolumnar growth, a series of parallel

columnar projections from the upper surface (Text-fig. 7). Some stromatoporoids occur as a mass
of multicolumnar growth, similar to the organ-pipe appearance of some modern reef corals; some
species are preferentially multicolumnar, e.g. Actinostroma windjanicum in the Canning Basin

(Cockbain 1984, p. 11).

Hierarchical level 3 : internal arrangement ofgrowth lines

Internal growth patterns visible in almost all stromatoporoids show shape changes with growth,

regardless of whether the skeleton is dominated by either lateral or vertical skeletal elements ; change

in morphology in individuals is recognized by time-equivalent lateral lines (laminae and latilaminae)

tracing previous upper surfaces. Growth of smooth-margined stromatoporoids may be enveloping

or non-enveloping , apparently unrelated to sedimentation, while ragged margins resulted from

episodic flank sedimentation (Text-fig. 7), the italicized adjectives being added to morphotype terms

(Kershaw and Riding 1978). Laminar and domical forms are either ragged or smooth, while

columnar, bulbous, dendroid and expanding-conical are almost exclusively smooth-margined.

Smooth stromatoporoids almost always began with enveloping style, usually changing to non-

enveloping as growth progressed. Vertical sections of stromatoporoids show a normally symmetrical

outline, and the strong asymmetry of some ragged forms may be due to unidirectional currents, with

sediment interpreted as collecting on either the downstream side (Silurian of Norway; Broadhurst

1966), or the upstream side (Ordovician of Vermont; Kapp 1974) of the fossils! Raggedness may
be quantified in relation to stromatoporoid size and shape, with potential for sedimentation rate

analysis (Text-fig. 11). Anastomosing laminar forms were severely affected by episodic

sedimentation resulting in vertically accumulated sheets, with thin sediment layers almost

completely separating them (Text-fig. 7). Stromatoporoids with well-developed laminae also show
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that successive laminae may not necessarily form continuous layers across the entire surface and

imply that not all the stromatoporoid surface was alive simultaneously.

Study of internal growth patterns may be applied to interpretations of palaeobiology ; Kershaw

(1984) interpreted stromatoporoids capable of developing a high profile as having been favoured in

certain environments, because of their ability to shed sediment so that raggedness did not form, or

affected only the lower flanks (Text-fig. 11). Episodic movements leading to abrupt changes in

attitude are recorded as changes in growth direction, resulting in complex forms, and emphasize

problems of shape classification from two-dimensional faces (Text-fig. 12).

Naming growth forms

Growth variations can be applied as adjectives to outline forms, e.g. ragged low domical, smooth

enveloping extended domical, multiprotuberant tabular, and adequately describe the range of

growth forms. Imprecision exists in many papers because of the subjectivity of application of

growth form terms (e.g. Text-fig. 8), but much of the problem is due to imperfectly preserved and/or

displayed forms.

Other minor features

Phases. In growth of individuals, phases (Stearn 1989) result from modification of skeletal tissue

vertically and horizontally, and can give the appearance of different species in a single individual,

requiring a broad approach to species definitions as discussed by Prosh and Stearn (1996, p. 13). The
biological and ecological study of phases is not developed, and their significance is unknown.

Coalescence. This occurs between two or more stromatoporoids of the same species which grew near

together and merged to produce a larger individual. Coalescing laminar forms thus became large

sheets, while high to extended domical forms resulted in multiple columns subsumed within a

domical shape. Neighbouring specimens of different species do not show coalescence (Kershaw

1984, 1990).

Modelling stromatoporoid morphology

Triangular arrays applied by Kershaw and Riding (1978, 1980) for stromatoporoids, and by Young
and Scrutton (1991) for corals, quantify morphotypes simply, and are suitable for some field

locations, enhanced if taxonomic data are included (Kershaw 1984, 1990). Such schemes are limited

in their scope to model fossils, but more comprehensive geometric models (e.g. Hofmann 1994, for

stromatolites) have not been attempted for stromatoporoids. Because stromatoporoids grew by

accretion of layers (like chaetetids, trepostome bryozoans and tabulate corals; Kershaw and West

1991), it may be possible to model a fundamental growth unit, but different parts of the

stromatoporoid surface grew at different rates (not necessarily symmetrically), the upper surface

was not always alive at the same time, and parts were killed by sedimentation. Therefore other

methods must be used to attempt a satisfactory model.

Computer models of coral growth involve photoresponse (e.g. Graus and Macintyre 1976),

unproven in stromatoporoids, and, unlike corals and other clonal organisms (Jackson 1983),

stromatoporoids lack subdivisions; although astrorhizae (local drainage systems on stromatoporoid

surfaces, giving an impression of subdivisions) tend to be evenly distributed, they are ephemeral and

have unclear boundaries (Colin Stearn, pers. comm.), and are missing in many stromatoporoids,

where the water transport system was presumably in the soft tissue only. In fact, choanocytes (single

aquiferous cells), or possibly choanocyte chambers, are the true poriferan growth units. Stochastic

modelling, attempted by Swan and Kershaw (1994), does not make any assumptions about such

parameters as light, employing pixels on a computer screen as the unit of growth, emulating

choanocytes/choanocyte chambers, and using algorithms which apply rules to pixel distribution.

Here there is no need to define growth modules above pixel level, so features such as corallites (for
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corals) or astrorhizae (for sponges) are not considered. The current model generates reasonable

approximations to stromatoporoids, allows for episodic sedimentation to create ragged margins,

and is likely to be a useful approach to emulating stromatoporoid growth.

Summary

The hierarchical growth form approach allows a substantial improvement in precision of form-

terminology; it aims to enhance the value of stromatoporoids in palaeobiological and facies

analysis, considered in the next section.

APPLICATION OF STROMATOPOROIDS IN PALAEOENVIRONMENTAL
ANALYSIS

General relationships

Growth form was controlled by environmental (extrinsic) and genetic (intrinsic) factors (Nicholson

1892, pp. 27-29; Galloway 1957, p. 374; Kissling and Lineback 1967; Fischbuch 1968, fig. 23;

Leavitt 1968, p. 323; Mori 1969, 1970; Kapp 1974, 1975; Cornet 1975; Hoggan 1975; Kobluk 1975;

Kershaw 1981, 1984, 1990; Cockbain 1984; Kano 1989, 1990). Most species are limited to a narrow
morphospace which varies depending on palaeoenvironment-morphospecies interaction. Short-

lived events are also recorded, particularly sedimentation and movement effects during life (Text-

fig. 1), but since these effects do not influence the basic shape (a domical stromatoporoid

reorientated several times in life so that its shape is rounded, is still intrinsically domical) then

underlying controls on form, if they can be identified, may provide important data on the overall

character of the palaeoenvironment.

The success of stromatoporoids probably relates to the abundance of hydrodynamically stable

low profile forms which could stabilize substrate and facilitate further growth; several studies

illustrate the selective advantage of dominantly lateral growth in these fossils (Meyer 1981 ;
Bjerstedt

and Feldmann 1985; Harrington 1987; Kano 1990; Kershaw 1990). Steam’s (1982) comparison of

stromatoporoid with modern coral growth forms, as a basis for interpreting the nature of ancient

reef environments, revealed no parallel patterns; and the forms of modern reef animals are not even

useful guides to modern reef environments, thereby emphasizing the care needed for interpretation

of stromatoporoids. Nestor (1984) discussed the range of controls on stromatoporoids, and a

general summary, derived from many sources, is given in Text-figure 9.

Large stromatoporoids reflect long periods of growth (Wood et al. 1992) and highlight their ability

to survive events affecting the sea bed. Depending upon the nature of the assemblage,

stromatoporoids have the potential to reveal regional and even global processes. Examples of

Palaeozoic stromatoporoid assemblages demonstrate the range of process-response relationships in

order to emphasize their value in palaeoenvironmental analysis at these different scales.

Local scale: autecology

Mid Ordovician stromatoporoids, Chazy Group, Vermont, USA. Large stromatoporoids appear in

mid Ordovician level-bottom and mound environments, the start of Palaeozoic stromatoporoid

dominance in many shallow marine (Webby 1986, 1994) as skeletonized reef metazoa increased

(Flugel and Flugel-Kahler 1992, p. 178), although stromatoporoid abundance varies in Ordovician

build-ups (Desrochers and James 1989). Stromatoporoid morphology is mostly laminar to domical

(e.g. Bolton 1988) except for the unusual tree-trunk shaped aulacerids, which grew upright

(Cameron and Copper 1994), sometimes tapering upwards (Dong 1982, p. 581). Kapp (1974, 1975)

and Kapp and Stearn (1975) noted that laminar to high domical forms of abundant stromatoporoids

in the mid Ordovician Crown Point Formation, Lake Champlain area, Vermont, have a component
of taxonomic control on form; Pseudostylodictyon lamottense (Seely) grew high domical, whilst

Pachystylostroma and Labechia species were laminar (Kapp 1974, p. 1235). Pachystylostroma and
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text-fig. 9. The factors summarized here prescribe the environmental limits of stromatoporoids, and are

described in appropriate sections of the text.

Labechia are present only in mounds, whilst Pseudostylodictyon occurs also in level-bottom

sediments. Stromatoporoids occupy the greatest biovolume of mound faunas, but are of low

diversity with individual mounds dominated by single stromatoporoid species, different species

dominant in different mounds (Kapp 1975, p. 210). Keller and Fliigel (1996) described a similar low

diversity in Arenig deposits in Argentina, containing the possible stromatoporoid genus Zondarella.

Only P. lamottense formed large stromatoporoids (Kapp 1974), as stacked ragged domes due to

episodic sedimentation, and may have grown rapidly, because it is also the only one in level-bottom

facies which was high enough to survive episodic sedimentation. Kapp (1974, p. 1236) noted that

individuals began on small substrate irregularities, and although not stated in her papers, the

indications are that it could grow on the sediment surface directly, noted also by Kano et al. (1994)

in middle Ordovician stromatoporoids from Korea. In Vermont, individuals are isolated and grew

on several bedding planes (Text-fig. 10); early growth showed lateral expansion with some

enveloping latilaminae, then upward growth was apparently stimulated by episodic sedimentation

to generate ragged forms.

Individuals may be closely spaced, less than one metre apart (Kapp 1974, text-fig. 3) and

commonly asymmetrical (Text-fig. 10), with growth axes of neighbouring stromatoporoids

commonly pointing in different directions, interpreted by Kapp as a result of variable local current
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text-fig. 10. Sketches of stromatoporoid vertical

sections drawn from photographs in Kapp (1975).

Growth was apparently principally on soft sediment

;

individuals began growth at different levels, and have

ragged margins, suggesting that episodic sedimen-

tation controlled growth initiation and development.

Growth is biased in ‘left’ or ‘right’ directions, a-c,

from Fisk Quarry; d, from Goodsell Quarry.

vectors. Asymmetry is maintained through the vertical thickness, so for currents to be the cause,

they would have to be peculiar to each stromatoporoid throughout its life, including many episodes

of sediment deposition; asymmetry may be better explained by chance growth bias. Kapp (1974)

invoked storm-wave erosion to explain truncation of the top of a low domical stromatoporoid;

however, this line of truncation is highly unusual because stromatoporoid skeletons are normally

weaker in other planes (Text-fig. 3), and is more readily explained if the stromatoporoid and its

enclosing rock were fully cemented (Kershaw 1990). Kapp’s example might therefore indicate rapid

submarine cementation, and possibly even subaerial exposure. Kapp (1975, p. 198) discussed and

rejected subaerial processes in the mounds at other levels within the Crown Point Formation, but

a reappraisal may be warranted. Submarine dissolution of protruding portions of stromatoporoids

is a possible cause, more feasible if stromatoporoids were aragonitic. Kapp (1975, p. 205) recorded

(but did not figure) bent mamelons, and interpreted them as soft-tipped, deformed by the

overgrowing lamina
;
although inconsistent with models of the stromatoporoid skeleton secretion,

if correctly interpreted this indicates that calcification was not necessarily synchronous with growth

in these early stromatoporoids. Overall, the Vermont examples therefore give considerable

information about stromatoporoid palaeobiology and autecology, but also raise questions about

controls of form.

Silurian level-bottom stromatoporoids, Visby Formation , Gotland. Text-figure 1 1 summarizes

autecological features of an assemblage of small stromatoporoids. Densastromapexisum grew taller,

and apparently survived episodic sedimentation better, than other species in the assemblage, leading

to its higher abundance and lower degrees of raggedness (Kershaw 1984). Some tabulate coral

species are likewise better adapted to episodic sedimentation (e.g. Gibson and Broadhead 1989). An
environmental energy index, using the proportion of overturned stromatoporoids, could be used

only broadly, because domical stromatoporoids are usually uprighted following disturbance (Text-

fig. 2); nearly all Visby Formation stromatoporoids are upright in the muddy limestones, less so in

coarser beds interpreted as storm events (Kershaw 1984).

Late Devonian (Frasnian ) bioherm at Lion Quarry, south Belgium. Text-figure 12 illustrates laminar,

tabular and domical stromatoporoids in a Frasnian bioherm, in which large tabular and domical

stromatoporoids occur together at particular levels, separated by layers containing small laminar

stromatoporoids, and layers with coarse debris. The larger stromatoporoids presumably grew in
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text-fig.
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episodes of reduced deposition and relative substrate stability, interspersed with energetic events.

These features are consistent with the interpretation of Monty et al. (1982) that this bioherm lacks

a frame, and possibly formed in deeper water.

Stromatoporoid-coral and stromatoporoid- worm' intergrowths. Porifera, Cnidaria and ‘worms’

intergrew in Ordovician, Silurian and especially Devonian reef- and non-reef settings, and have

great potential for stromatoporoid autecological analysis.

Stromatoporoid-syringoporid intergrowths (colloquially called ‘ caunopores ’

;
Text-fig. 13) may

constitute a significant portion of a stromatoporoid assemblage (Mistiaen 1984) and may be

stromatoporoid species-specific (Kershaw 1987). Whilst commonly interpreted as a commensal
response to protect the delicate coral in high energy environments, in contrast to the separate

growth of syringoporids in muddy facies (Mori 1970; Kershaw 1987), Young and Noble (1989)

demonstrated the converse in other examples ; unpublished observations of intergrowths in a low

energy setting at Gothemshammar (?Wenlock, Halla Formation) on Gotland suggest mutualism,

because the syringoporids presumably did not need the stromatoporoids’ protection. In all

intergrowth cases so far reported, parasitism is discounted because there is no adverse effect on the

stromatoporoids. Stromatoporoid-rugose coral intergrowths (Text-fig. 13c-e) are less common, but

may also be species-specific (Kershaw 1987) and occur in both high and low energy settings.

Initiation of coral growth is poorly documented. Stromatoporoids with well-developed laminae

favour intergrowths (Mori 1970), possibly facilitating coral larval settling. In some examples

from the Ludlow of Gotland (Text-fig. 13a), syringoporids settled at an early stage of the

stromatoporoid’s growth, from at least one point near the base spreading laterally and vertically as

the two grew together. In one case syringoporids began growth across the width of a stromatoporoid

at one horizon (Text-fig. 13b), suggesting chance discovery by coral larvae some time after the

stromatoporoid had developed. Syringoporids tended to develop throughout the whole stromato-

poroid skeleton, whereas rugosans underwent a more restricted branching programme, utilizing

only part of the skeleton (Text-fig. 13d). Taxonomy of intergrown syringoporids is influenced by the

possibility that corallite walls may be thinned and have different structure from non-intergrowth

forms (Mistiaen 1984; Kershaw 1987), whereas rugosans do not seem to show modification.

Relative growth rates of intergrown partners were presumably similar, possibly even synchronized,

because corals do not normally protrude more than a few millimetres above the stromatoporoid

surface, nor were they commonly overgrown by stromatoporoid tissue. It therefore seems that the

intergrown partners died together.

Sporadic spiralled tubes intergrown with stromatoporoids (e.g. Stearn 1975a, fig. 2) appear

usually to have been overgrown rapidly by the sponge skeleton, also observed for spirorbid worms
in Carboniferous chaetetids (Cossey 1983). In these cases, the most reasonable explanation is of

larval worms settling accidentally on a living sponge, and being killed quickly. Intergrowths

between Trypanopora (worms) and stromatoporoids in the Eifelian of Belgium, however, show that

Trypanopora grew successfully with the stromatoporoid Habrostroma (Tourneur et al. 1994), the

worm tubes orientated normal to stromatoporoid laminae.

Community scale: synecology

Stromatoporoid diversity indices as palaeoenvironmental tools. Quantification of modern organic

diversity is achieved using diversity indices (e.g. Pielou 1966), but is problematical in fossils because

of problems in precision of species definitions, time-averaging of communities, and taphonomy.
Fagerstrom (1983) applied diversity concepts qualitatively to Emsian and Eifelian stromatoporoid

assemblages, where diversity in reefs is greater than in level-bottom communities, and Eifelian reef

organisms are strongly endemic; also reef environments are likely to have greater origination and
extinction rates, and consequently could play an important role in the evolution of reef builders.

Cockbain (1989) similarly noted higher species numbers in reef (25 taxa) compared with shelf (six

taxa) environments in western Australian Mid to Late Devonian successions. In contrast, Devonian
reefs in Nevada have lower diversity, with Hammatostroma abundant as tabular and bulbous shapes
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text-fig. 13. Intergrowths of stromatoporoids and corals from the Silurian of Gotland, a-d, from biostromal

reefs
;
e, from muddy facies, a, species 2 directly overgrew species 1

;
1 lacks syringoporid coral, but 2 is infested.

Syringoporid tubes spread horizontally in the early growth of species 2 and became vertical as the

stromatoporoid developed, b, stromatoporoid grew for some time before syringoporid coral colonized the

surface, thence developing intergrowth, c, horizontal thin section photograph of Petridiostroma convictum

infested with both syringoporid and rugose branching corallites. d, vertical section of stromatoporoid showing

the rugose coral does not fully infest the stromatoporoid. e, plan view of some low domical stromatoporoids

showing location of rugose corals. Corals in a and b enlarged for clarity.

(Hoggan 1975). Brunton and Copper (1994) categorized lower Silurian reef biotas into groups

depending on numbers of species, and revealed low diversity in reef cores with up to 70 per cent,

of volume being composed of only four species. Copper (1988) drew attention to the lower diversity

of modern reef communities in areas under great stress, whereas the rest of a reef complex usually

exhibits a higher diversity.
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Although such general observations are valuable, numerical diversity indices, such as the

Shannon-Wiener index applied by Stearn (19756) to the Devonian Ancient Wall stromatoporoid

assemblages, provide a better comparative tool for palaeoecological and palaeoenvironmental

work. Species diversity indices are calculated from relative abundance of individuals of each species,

not just numbers of species, and greatest diversity lies in assemblages with equal numbers of each

species. As a preliminary attempt to demonstrate their utility, Text-figure 14 provides diversity

indices calculated using the Shannon-Wiener Function (H). Only data for stromatoporoids are

given, and total biotic diversity must differ from the indices except in assemblages composed almost

entirely of stromatoporoids ; such assemblages, although with low total phyla diversity, may have

high stromatoporoid diversity. Stearn (19756, pp. 1637-1639) attributed progressive stromato-

poroid diversity reduction at the Ancient Wall to increasing severity of the reef crest environment

as relief increased on the reef front, and the same conclusion may be drawn for data given by
Kobluk (1975) for both lagoon and reef-margin communities of the Miette Complex (Text-fig. 14a).

Similarly, values of H calculated for Devonian stromatoporoids in south Belgium (from Cornet

1975) show that large bioherm complexes, sited in open water, have a slightly lower stromatoporoid

diversity than shelf biostromes and backreef settings, and that these biostromes are much richer in

stromatoporoids (Text-fig. 14b). In Text-figure 14c, data from Gotland (Mori 1969, 1970) show that

stratigraphical units dominated by stromatoporoid-rich platform biostromes (Slite, Klinteberg

and Hemse units) have highest diversities of stromatoporoid faunas, whilst lowest values are

recorded for very shallow high-stress settings of the Kopparsvik Formation (where salinity may
have played a part in diversity control), and deeper muddy environments of the Mulde Formation.

Kano’s (1989) work on the abundant stromatoporoid faunas of the Upper Ludlow of Holmhallar,

Gotland (where facies are only partly exposed and the reef shape indeterminable), shows diversity

differs through the reef complex. Ludlow reefs on Gotland (Text-fig. 15) are composed almost

completely of stromatoporoids (Kano 1989, 1990; Kershaw 1981, 1990, 1995; Mori 1970); although

diversity of phyla is low, stromatoporoid diversity is high (Text-fig. 14). Most are biostromes,

implying stable conditions of low sedimentation and possibly sea level stillstands (Kershaw 1994;

Kershaw and Keeling 1994) in contrast with bioherms (Text-fig. 16). Stromatoporoid faunas mostly

comprise large low profile forms, many coalesced from smaller individuals, and emphasize the

competitive advantage of a lateral growth habit, commonly seen in Ordovician to Devonian reef-

builders.

The sum of available data serves to corroborate this author’s view that platform biostromes

(deposited in low stress environments) are the optimum settings for stromatoporoids. In a truly

random sample (Kershaw 1990), albeit time-averaged for a single biostrome, stromatoporoid size

is emphasized by comparing diversity of the same samples, expressed both as numbers and size

(« basal diameter) of individuals; H is lower for basal diameters, emphasizing the competitive

ability of large stromatoporoids. In the examples in Text-figure 14, comparisons are only valid within

and not between data sets, because of different data collection methods applied. Diversity index data

therefore depend on sampling procedure, but also quality of taxonomy; in the Hogklint Formation
of Gotland, for example, many stromatoporoids are recrystallized (Mori 1969), reducing utility of

the diversity index for that formation in comparison with others. Prosh and Stearn (1996, p. 14)

recognized four groups of preservation of increasing degree of recrystallization, and noted that

poorly preserved samples may be identifiable when compared with other specimens in a collection

;

this approach assists diversity measurements in partly altered material.

Ludlow stromatoporoid reefs of Gotland, Sweden. Text-figure 15 summarizes data from three well-

exposed sites, to compare features of the stromatoporoid assemblages. Environmental and
stromatoporoid parameters combined to produce dense accumulations of stromatoporoids in a

limited range of growth forms.

Devonian reef communities and ?barrier reefs. Stromatoporoids are very abundant in Devonian reef

systems, where Amphipora is the most abundant volumetrically (e.g. Cockbain 1984). Although
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A. BIOHERM AND BIOSTROME
CONTROL PARAMETERS

Unstable conditions:

- ?Substantial accommodation space
- Shifting sea level/tectonics for long time
- Limited area, and temporal availability,

of stable substrate
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Stable conditions: Ramp
- ?Limited accommodation space
- ?Stable sea level/tectonics for long time
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Atmospheric CO2

initially absorbed
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text-fig. 16. Parameters of reefs and their controlling factors. A, main features of bioherms and biostromes.

b, array of controls on reefs, which interact to varying degrees. b4 relates to Silurian models.

Middle Devonian reefs contain the first interpreted barriers, of which the Canning Basin (Playford

and Lowry 1966; Playford 1980) and western Canadian (e.g. Klovan 1964; Jamieson 1969) systems

are best known, many lack an identifiable reef core (e.g. the Miette complex of Alberta, Noble 1970,

p. 540; the south Belgium bioherms, Monty et al. 1982). Devonian reef crests typically contain

relatively small numbers of stromatoporoids, with other elements, such as Renalcis, being equally or

more important reef constructors. In the Canning Basin the crest zone is narrow, 100-200 m wide
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(Wilson 1975, p. 137), shows no biozonation, while fore-reef slopes of up to 30° were generated by

microbial constructors (Playford and Lowry 1966, p. 71) compared with 5° where reefs are not

present on platform margins. Without microbia, stromatoporoids apparently could not resist the

destructive energy on reef-crests, and it is likely that few of the Devonian reefs were actually

effective barriers (see below).

Sporadic efforts in the integrated application of taxonomic and growth form data illustrate

aspects of stromatoporoid community ecology (e.g. Cornet 1975; Hoggan 1975); Kobluk (1975)

attempted a community reconstruction using crude statistical measures of association between

growth forms and also between species, but his data could not relate species to forms and

environments. He noted (p. 243) that some stromatoporoid morphologies occur together and others

do not. Kobluk (1975, p. 259) extended life table analysis to stromatoporoids using basal diameter

as a proxy for relative age. Data were time-averaged within a bed, growth forms rather crudely

classified, and although species/growth form data were not available, the results produced the broad

conclusion that most stromatoporoids are small, with a relatively low chance of growing large. This

observation is consistent with studies in other sites and ages, presumably largely attributable to

fluctuating energy levels and sediment deposition rates. One feature of stromatoporoids influenced

by such processes is that because growth form changes as stromatoporoids grew, a form beginning

as a laminar shape commonly changed into domical then sometimes bulbous, so it is important to

plot growth form against size (e.g. basal diameter; see Kershaw 1990). If this can be related to taxa,

then there is a much more useful data set available for the interpretation of controls on

stromatoporoid growth form, although little of such information is available for the Devonian.

Regional and global scale synecology and applications

Early patterns. Stromatoporoids were significant marine colonizers even in the early stages of their

evolution. Ordovician stromatoporoids were low latitude dwellers, in shallow subtidal platforms

and island-arc settings, with migration of stocks along west-flowing currents from their possible

North American origin (Webby 1980). Webby suggested the potential value of stromatoporoids in

plate reconstructions because of their warm stenothermal character, and this character was retained

throughout the Ordovician, Silurian and Devonian, with stromatoporoids subject to secular

climatic fluctuations resulting in the late Ordovician and late Devonian declines. The very late

Precambrian to late Ordovician warm phase was replaced by cooler global climates from the late

Ordovician to Wenlock (Frakes et al. 1992), and a return to warm conditions in Wenlock to end-

Devonian times facilitated the widespread growth of Silurian and Devonian stromatoporoids. The
late Llandovery expansion of stromatoporoid faunas occurred in several sites, such as North

America (Colin Stearn, pers. comm.) and South China.

Silurian oceanography and reefs. Stromatoporoid faunas and growth forms diversified in the Silurian,

with enhanced niche exploration. Silurian palaeocommunities in relation to sea level change have

been studied intensively (McKerrow 1979; Johnson et al. 1991); oceanographic aspects involve a

C0 2-controlled oceanic stratification model (Text-fig. 16), with reefs in elastic-starved oligotrophic

seas (Hallock and Schlager 1986) during warm periods of salinity-stratified oceans with poorly

oxygenated bottom waters (Secundo- or S-states of Jeppsson 1990; Aldridge et al. 1993; Jeppsson

et al. 1995; see Text-fig. 16). Stromatoporoid-dominated reefs on Gotland can be related to this

oceanic model; some reef chronology and form match both the Silurian eustatic curve of Johnson

et al. (1991) and Jeppsson’s (1990) P and S states (Watts 1988a; Riding and Watts 1991 ; Kershaw

1993; Kershaw and Keeling 1994).

Regionally and globally controlled changes in reef systems are likely to be environmental rather

than ecological, so chronostratigraphical correlation of reefs during global sea level rise should be

achievable (Copper 1988, p. 144), supported by the Jeppsson model. A general circulation model

(GCM) of the global Wenlock ocean by Moore et al. (1993) suggested that the Wenlock was a time

of high productivity in a generally stratified ocean, without ice caps. Continent asymmetry (Silurian

and Devonian land was mainly in the southern hemisphere), with Gondwana stretching from poles
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to equator, may have prevented polar glaciation (Moore et al. 1993), assisting the maintenance of

warm global conditions. This model predicts seasonality in the Wenlock, but C0
2
-controlled

climatic fluctuation (Jeppsson 1990) was not identified by Moore et al., and Jeppsson’s model does

not preclude ice caps.

Stromatoporoids in Devonian globalfacies patterns. Although reef facies may be difficult to unravel

in tectonically complex terrains (Scrutton 19776), Devonian reefs formed mostly at platform

margins (e.g. Scrutton 1977a in UK; Playford 1980 for Canning basin). Significant build-ups world-

wide contain similar fossil assemblages (e.g. Belgium, Eifel of Germany, Alberta, Canning Basin;

Wilson 1975, p. 1 19), although whether this was the cause or result of widespread reef development
remains unanswered. Stock (1990) recorded provincialism of earlier Devonian stromatoporoid

faunas, changing to cosmopolitanism at genus level through the Frasnian, and restriction in the

Famennian; Prosh and Stearn (1996) extended Devonian transgression across epeiric shelves. Rapid
widespread migration also promotes the use of stromatoporoids as biostratigraphical tools (Prosh

and Stearn 1996), in contrast to the traditional view that they are not sufficiently stratigraphically

restricted. The lack of Devonian stromatoporoids in the eastern proto-Pacific ocean (South

America) may be due to either adverse flow of the southern subtropical gyre, or higher clastic input

from the South American hinterland (Stock 1990), whilst broad shifts of Devonian stromatoporoids

in North America relate to climatic change (Stock 1995).

Stromatoporoid growth forms aid recognition of facies patterns in the Devonian Iberg reef in

Germany (Gischler 1995); the patterns suggest influence of south-east trade winds, and provide

interpretation of the reef as an atoll. Although Gischler (1995, p. 185) suggested that the south-east-

facing (windward) portion containing ‘massive’ stromatoporoids and bulbous corals was wave-

resistant, the reef rim itself is hardly preserved. Wave resistance in the constructor organisms of

Devonian reefs was relatively low, so early cementation (Burchette 1981; Mountjoy and Riding 1981;

Watts 19886; Gischler 1995) and microbial stabilization were important features. Care is therefore

required in interpreting wave resistance in Devonian reef systems; the analogy between modern
coral reefs and their Devonian counterparts is not reliable. Kobluk’s (1978) application of the

Waltherian concept to the Miette reef near Jasper, Alberta, using statistically constrained

stromatoporoid assemblages is affected by biostratinomic disturbance of the reef biota, even locally

(e.g. Fischbuch 1970), and reconstruction of the original assemblages is difficult.

Stromatoporoid reefs and sea level change. Stromatoporoid reefs are generally assumed to indicate

shallow waters. While normally true for rimmed shelves and patch reef bioherms, conflict between

ecological upward reef growth and sea level change to generate reef aggradation is not always

solved, and controls on biostromes remain problematical. Stromatoporoids in sequence strati-

graphical analysis of mid Devonian platform sedimentary rocks of the Great Basin, USA, suggest

that biostromes could grow in both transgressive and regressive settings (Elrick 1996, p. 403),

which adds to the debate outlined by Brunton and Copper (1994, p. 74) that reefs do not necessarily

form in regressive regimes as is normally interpreted, but in transgressive regimes instead (cf. Brett

1995, p. 611). Whether possible third and fourth order cyclicity in the Silurian sedimentary rocks

of the Appalachians (Goodman and Brett 1994) can be extended to carbonate sequences with

stromatoporoid-dominated reefs in the light of advances in Silurian chronostratigraphy (Kleffner

1995), will depend on future chronostratigraphical refinements.

If stromatoporoid biostromes formed in transgressive (as well as regressive) settings, then water

depth (= accommodation space) was presumably not crucial, so substrate was probably the key

element in controlling their occurrence (with low sedimentation rate). Availability of suitable

substrate also controlled individual stromatoporoid development, and because stromatoporoid

substrate tolerance is so broad (discussed earlier), perhaps it is not surprising that biostromes

provide the richest stromatoporoid faunas. Some stromatoporoid biostromes are demonstrably

shallow, for example the Kopparsvik Formation, Wenlock of Gotland (Riding and Watts 1991) ; the

c. 10 m water depth suggested for many European Devonian examples (Burchette 1981, p. 119);
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the 1 0-30 m water depth for the Late Llandovery of Michigan (Johnson and McKerrow 1 99 1 ,
p. 156)

and the late Ordovician of South China (Johnson et al. 1989, p. 47). In contrast, coral-dominated

Silurian biostromes formed in deeper water prior to shallowing (Desrochers and Bourque 1989),

and stromatoporoids and corals aided stabilization of steep off-reef slopes in the early Silurian

biostromes of Greenland during pauses in subsidence (Sonderholm and Harland 1989, p. 361),

further illustrating that conditions of stability favoured biostromal growth. Nestor (1995) also

noted that stable environments promoted the development of flattened lenticular bioherms and
biostromes in Baltica, as in the Devonian biostromes in Belgium (Tsien 1974). There is much work
to do here, because although some reefs apparently formed in regressive settings, others present

conflicting data. The middle Ludlow biostromes of south-east Gotland have been regarded as

exhibiting shallow water characters (low amount of mud, abundant grainstones, abundant syntaxial

cement on crinoid grains, eroded biostrome tops, stacked rocky shorelines; Keeling and Kershaw
1994). However, these biostromes contain almost no algae, otherwise common in shallow Silurian

facies; that they may have grown in deepening water on flooding surfaces, and acquired their

shallow water features during later regression, is supported by the recognition of an oceanic S-state

during this interval (Lennart Jeppsson, pers. comm.), one feature of which is slightly higher sea level

(Text-fig. 16). Clearly, no reliance can be placed on biostromes as general indicators of regressive

systems. Whether stromatoporoid-rich deposits can be related to suggestions of orbitally forced

sea level change for the Givetian and Frasnian (e.g. Marshall et al. 1996, p. 461) awaits

further work.

Effect of the Frasnian/Fammenian (F/F) extinction event on stromatoporoids. To conclude this

review, the near-demise of Palaeozoic stromatoporoids is considered. Although Cockbain (1989)

noted a reduction from 32 Frasnian genera to 20 in the Famennian, stromatoporoids continued

reef-building (Stearn 1987), and the largely Ordovician labechiid group resurged (Stearn 1988),

having played only a minor role in the Silurian and Devonian. Estimates of taxa reduction are based

on species numbers only. Copper (1994a, 19946) catalogued stress features of reefs and Copper
(1986) suggested that cold water was diverted into equatorial regions as Laurussia and Africa

sutured, to cause the F/F event. The equatorial position of stromatoporoids is unchanged from the

Frasnian to the Famennian. Fagerstrom (1994) noted changes from constructor-binder-baffler

guilds in the Frasnian to binder guild facies in the Famennian, because of removal of some growth
forms during the F/F event. Wilder (1994) suggested that reefs in the Eifel and Ardennes areas,

which grew so well during the elastic-starved episode of Givetian reef-building, declined under high

nutrient inputs from the Old Red Continent as humidity and runoff increased later in the Frasnian.

He suggested that the dendroid forms survived better than ‘massive’ stromatoporoids because they

could shed sediment more easily, although proof of that will be difficult to obtain. There is recent

evidence of an extraterrestrial impact (Warme and Sandberg 1996) early in the Frasnian, but this

appears not to have affected the stromatoporoids.

SUMMARY
1. Stromatoporoids have been used qualitatively as powerful palaeoenvironmental indicators in

numerous studies since the 1950s, but they retain much potential, awaiting more detailed studies;

systematic data collection has been done in few cases. Studies would be enhanced by a more
rigorous data set, promoting use of diversity measurements, using compatible data collection

methods. The use of random (not haphazard) collection techniques could help to provide

comparable data sets, but is rarely possible in exposure.

2. Integrated studies of growth form, morphospecies and facies will enhance the utility of

stromatoporoids; all these aspects are needed to obtain the maximum amount of palaeobiological

information.

3. Currently applied stromatoporoid growth form terminology continues to contain imprecise and
inappropriate terms. A hierarchical scheme solves most problems, and is presented for scrutiny.
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4. Application of stromatoporoids in facies analysis draws on their sessile benthic habit, and ability

to record processes affecting the sea bed. Their autecology underpins regional and global

considerations of stromatoporoid-rich deposits. Work on growth rates and possible photosensitivity

of stromatoporoids may enhance understanding of the growth control factors.

5. At regional and global scales of investigation, the traditional view that reefs grew in shallower

phases, largely consistent with sea level falls, is being challenged. Stromatoporoid reefs may have

responded to oceanic water changes, based on C0
2
-driven climatic changes. There is an exciting

opportunity to examine stromatoporoid-rich deposits in the light of these developments, to aid

integrated study of regional and global changes, and assist future interpretations of stromatoporoid

growth form, and their enclosing facies.
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CHELODES AND CLOSELY RELATED
POLYPLACOPHORA (MOLLUSCA) FROM THE

SILURIAN OF GOTLAND, SWEDEN

by LESLEY CHERNS

Abstract. Silicified assemblages of Silurian chitons (polyplacophorans) from Gotland, Sweden are dominated

quantitatively by a new, Wenlock species of the long-ranging genus Chelodes', C. actinis sp. nov. is described

herein. Head sclerites, previously unknown for Chelodes, are recognized for this species, but no tail sclerites

are identified. Other Gotland Chelodes species, including the type species C. bergmani, are revised.

Spicuchelodes pilatis, a closely related new genus and species, is also described. Silicification took place by

delayed replacement, before significant compaction. Growth patterns of sclerites in the large population of C.

actinis demonstrate allometry, and are used as the basis for comparison with those patterns determined from

growth lines on individual sclerites of C. gotlandicus and C. cf. bergmani. Variation of individual sclerites

interpreted as belonging to a single animal of C. actinis is compared with that in Recent Chiton. Sculpting of

the ventral surface in thickened sclerites of these paleoloricate chitons provides evidence for the musculature

;

this is in contrast to living, neoloricate chitons which rarely show muscle attachment features but have sutural

plates to provide physical articulation of sclerites.

Early Palaeozoic polyplacophorans (chitons) have a sparse geological record, being confined

mostly to limited occurrences of isolated plates. The long-ranging genus Chelodes Davidson and

King, 1874 (Ordovician to Devonian) is unusual in having fairly large, massive plates, and a

relatively widespread geographical occurrence. It was first described as C. bergmani Davidson and

King, 1874 from the Silurian of Gotland, from where a second species was also described by

Lindstrom (1884). This Gotland material, from collections in the Naturhistoriska Riksmuseet,

Stockholm (RM), was re-examined and revised by Bergenhayn (1943, 1955), who established two

additional species of Chelodes and also erected the new genus Gotlandochiton. Now, new collections

of silicified chitons from Gotland have been recovered from acid-isolate residues of extensive

silicified limestone samples collected by Dr Lennart Jeppsson (Lund University, Sweden). The

chitons form a relatively minor part of the total skeletal material from these samples, but are

nevertheless numerous by comparison with most other Palaeozoic chiton assemblages. Moreover,

their preservation is very good, and includes a wide range of sclerite sizes. Quantitatively dominant

among these assemblages is a new species of Chelodes. This paper describes all the Gotland species

of Chelodes and closely related forms, based on the new material and on the existing museum
(RM) collections; the remainder of the Gotland chitons, mostly from the new collections, will

be described in another paper. All the new collections are deposited in the Naturhistoriska

Riksmuseet, Stockholm (RM).
The Silurian (Llandovery to Ludlow) succession on Gotland comprises stable platform carbonate

sequences of limestones and marls, with minor siliciclastic units, striking north-east-south-west and

dipping very gently (1-2°) towards the south-east. The beds are richly fossiliferous, with most level-

bottom shelly assemblages dominated by brachiopods, and organic reefs that have coral-

stromatoporoid-calcareous algal assemblages. Silicified horizons occur at many levels, commonly

associated with bentonites (Laufeld and Jeppsson 1976). Jeppsson collected samples from several

hundred localities through the succession, with multiple samples from the more productive localities

IPalaeontology, Vol. 41, Part 3, 1998, pp. 545-573, 7 pis] © The Palaeontological Association



546 PALAEONTOLOGY, VOLUME 41

? 77
iy~ n\

>/

eeJtLi sj

\
'

0K\ hm\

1/0°^ 2I

Sundre Formation

Hamra Formation

Burgsvik Formation

Eke Formation

Hemse Group

Klinteberg Formation

Mulde Formation

Halla Formation

Slite Group

Tofta Formation

Hogklint Formation

L + U Visby formations

text-fig. 1 . For caption see opposite.



CHERNS: SILURIAN POLYPLACOPHOR

A

547

text-fig. 2. Schematic diagram of intermediate sclerite of Chelodes showing standard measurements and

terminology in dorsal (left), ventral (right) and posterior (middle) views. L = length; ML = median length;

W = width; AL = apical length; H = height; A = apical angle; J= jugal angle; al = anterolateral and

pi = posterolateral portions of lateral margins; cf = central shell field; If = lateral shell field.

(‘Project on Silicified Fossils from Gotland’). Chitons occur in samples from only four localities:

three from the Wenlock, at Mollbos (Mollbos-1, Grid Reference Rikets nat RN 637645 165970;

Liljedahl 1984), Klintebys (Klintebys 1, RN 636515 164685; Laufeld 1974) and Krakfot (Krakfot-

1; RN 638020 167295; Frykman 1989); and one from the Ludlow, at Angvards (Angvards-4, RN
631953 164607). These, and all other localities on Gotland that have yielded chitons, are shown in

Text-figure 1. Chelodes in museum collections come from Klinteberget, Gannvik, Bursvik and Rone
(but probably not Atlingbo - see discussion of C. gotlandicus).

Terminology and measurements (Text-fig. 2). Standard measurements were taken with the dorsal

median line mounted horizontally; length, median length, and width were measured in dorsal or

lateral view, height in transverse profile, and apical length along the median length. The plates of

the chiton shell are referred to here as sclerites rather than valves, since the latter term is more

appropriate to organisms with paired shells that enclose soft parts. The total and median lengths

differ by the amount of embayment of the anterior margin; the term anterior sinus is not

appropriate in these chitons, which lack the sutural laminae of modern forms. Apical and jugal

angles were measured in dorsal and posterior views, respectively. Where the posterior apex is

rounded through abrasion, the apical angle is taken as the angle between the posterolateral margins.

Changing shape of the sclerites through their progressive elongation results in convex posterolateral

margins; for larger shells, estimates of apical angles in worn specimens are typically lower than

measurements obtained from better preserved specimens. The jugum is the dorsal median ridge or

rounded area, and the jugal angle is that formed by the side slope areas (Hoare and Smith 1984).

text-fig. 1. Geological map of Gotland showing stratigraphical units and localities yielding chitons ( with

italicized names) from both previous museum (RM) and new silicified collections.
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The term anterolateral margin is used here to describe the posteriorly directed corners and
continuation of the anterior margin around to the point where the anterior growth lines cross on
to the ventral surface. The posterolateral margin continues from that point to the posterior apex;

along this margin, growth lines cross along the entire length. Shell fields are triangular areas of the

dorsal surface delimited by a radial ridge or fold from adjacent areas
;
if present, there is usually a

central field flanked by lateral fields, and the former may include a medial, jugal field.

In the systematic descriptions that follow, the measurements and ratios given are means, unless

stated otherwise.

SYSTEMATIC PALAEONTOLOGY
Class polyplacophora de Blainville, 1816

Subclass paleoloricata Bergenhayn, 1955

Order chelodina Bergenhayn, 1943

Family mattheviidae Walcott, 1886

Genus chelodes Davidson and King, 1874

Type species. Chelodes bergmani Davidson and King, 1874, p. 167, pi. 18, figs 14, 14a-d, by original

designation, from the Silurian (Wenlock) of Gotland.

Revised diagnosis (emended from Runnegar et al. 1979, p. 1388). Wedge-shaped to cordate, arched

intermediate sclerites with posterior apex; becoming elongate, massive. Ventral apical area

flattened, up to more than half the length, anterior rim elevated slightly above smooth ventral

surface. Growth lines across dorsal surface and ventral apical area, sometimes with ridged and
granulate dorsal ornament. Shell fields lacking to well-defined.

Remarks. Runnegar et al. (1979) incorporated the molluscan class Mattheva Yochelson, 1966 into

the Polyplacophora, and the family Chelodidae Bergenhayn, 1943, including Chelodes, into the

family Mattheviidae Walcott, 1886. Also included in Mattheviidae were the genera Calceochiton

Flower, 1968, Hemithecella Ulrich and Bridge, 1941 and Matthevia Walcott, 1885. Smith and Hoare
(1987, p. 7) retained the family Chelodidae to include other paleoloricate taxa not assigned to more
narrowly defined families in the order Chelodina, e.g. Eochelodes Marek, 1962. Stinchcomb and
Darrough (1995) questioned the polyplacophoran affinities of Cambrian-Ordovician hemithecellids

from the Ozark area of the USA and erected a new molluscan order, Hemithecellitina
;
they also

suggested that some elongate species of Chelodes might be included therein. Mattheviids differ

from gotlandochitonids in having sclerites longer than wide (Bergenhayn 1943, 1955; Smith 1960;

Smith and Toomey 1964; Runnegar et al. 1979). Further consideration of taxonomy among the

EXPLANATION OF PLATE 1

Figs 1-2. Chelodes bergmani Davidson and King, 1874; Klinteberg Formation, upper Wenlock (Homerian),

Silurian; Klinteberget, Gotland. 1, holotype, RM Mo6027; intermediate sclerite; a-e, dorsal, ventral, right

lateral, posterior and anterior views respectively; x3. 2, RM Mo6028; intermediate sclerite; a-c, dorsal,

ventral and anterior views respectively; x 3; d, detail of dorsal surface, showing granular ornament; x 15.

Fig. 3. Chelodes cf. bergmani
;
RM Mo 160.056; Halla Formation, upper Wenlock (Homerian), Silurian;

Klintebys-1, Gotland; intermediate sclerite; a-e, dorsal, ventral, right lateral, posterior and anterior views

respectively; x3.

Fig. 4. Chelodes gotlandicus Lindstrom, 1884; RM Mo6029; Hamra Formation, upper Ludlow, Silurian;

Gannvik, Grotlingbo, Gotland ; intermediate sclerite ; detail of dorsal surface showing granular ornament

;

x 15.
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paleoloricates will await description of the remainder of the Gotland chitons. As currently

understood, Chelodes is a broadly defined genus of wide morphological variability and with a long

stratigraphical range (lower Ordovician-upper Silurian/Lower Devonian) and wide geographical

distribution (Sweden, Britain, Czech Republic, North America, Australia). Runnegar et al' s (1979)

emended diagnosis for the genus included a deep anterior embayment on body sclerites, and an

apical length of one-third to one-half of the sclerite length. However, the type species of Chelodes,

C. bergmani Davidson and King, 1874, is characterized by a straight anterior margin. The North
American Silurian species C. raaschi (Wenlock-Ludlow; Kluessendorf 1987) has an apical length

greater than half the shell length.

Chelodes bergmani Davidson and King, 1874

Plate 1, figures 1-2

v*1874 Chelodes bergmani Davidson and King, p. 167, pi. 18, figs 14, 14a-d.

v.1884 Chelodes bergmani Davidson and King; Lindstrom, p. 51, pi. 2, figs 1-8, 16-17.

1885 Chelodes bergmani Davidson and King; Fischer, p. 878.

1897 Chelodes bergmani Davidson and King; Etheridge, p. 68.

vp.1943 Chelodes bergmanni [sic] Davidson and King; Bergenhayn, p. 298.

vp.1955 Chelodes bergmanni [sic] Davidson and King; Bergenhayn, p. 12, pi. 1, figs 3a-b; pi. 2, fig. 2

[reconstruction].

1960 Chelodes bergmani Davidson and King; Smith, p. 149, fig. 34, 5a [reconstruction], 5b-c [cop.

Bergenhayn 1955],

1975 Chelodes bergmani Davidson and King; Van Belle, p. 123, pi. 1, fig. la-b [cop. Bergenhayn

1955],

1977 Chelodes bergmani Davidson and King; Sirenko and Starobogatov, p. 31, figs la-b, 2a

[reconstruction; cop. Bergenhayn 1955].

1987 Chelodes bergmani Davidson and King; Smith and Hoare, p. 15.

Material and locality. Two intermediate sclerites (one broken) : RM Mo6027 holotype (by monotypy) and RM
Mo6028; Klinteberget, Gotland; Klinteberg Limestone Formation, upper Wenlock (Homerian), Silurian;

Inassa/ludensis biozones.

Revised diagnosis (emended from Bergenhayn 1955, p. 12). Wedge-shaped, low arched intermediate

sclerites with transverse to weakly embayed anterior margin, elongate becoming massive. Ventral

apical area nearly half of length, anterior margin rounded, concave, slightly raised. Weak granular

ornament, strong, rounded growth lines. Shell fields lacking or weak.

Description (with measurements for holotype). Large (length 18-2 mm), wedge-shaped, elongate (length/width

ratio 1 -47) and massive intermediate sclerites with low arching. Anterior margin transverse, straight to weakly

embayed (median length/length 0-99), rounding strongly into short, straight, slightly divergent anterolateral

margins, tapering along long posterolateral margins, more rapidly from around mid-length to blunt posterior

apex (apical angle 58°; PI. 1, fig- la). Rounded growth ridges, weak granular ornament patchily preserved (PI. 1,

fig. 2d). Shell fields absent, or very weak with narrow, downward-sloping lateral fields (?P1. 1, fig. lc). Apical

length/length at least 0-44, with rounded concave anterior margin and growth lines; margin raised slightly

above smooth, thickened ventral surface (PI. 1, fig. lb). Longitudinal medial low furrow in anterior part of

ventral surface, flanked by thickened lateral shell pads (PI. 1, fig. lb). Longitudinal profile gently convex

dorsally, with slight geniculation at around mid-length (PI. 1, fig. lc), side slopes fairly shallow. Transverse

profile rounded, lunate, with marked ventral thickening (PI. 1, figs ld-e, 2c); jugal angle 124°, height/length

0-28.

Remarks. Davidson and King (1874)’s description was based only on the holotype, supplied by

Lindstrom, and was appended to a description of trimerellid brachiopods, although their preferred

assignment was to an operculate rugose coral. Lindstrom (1884) subsequently described C.



CHERNS: SILURIAN POLYPLACOPHORA 551

bergmani as a chiton (within the Gastropoda), figured both the Klinteberg specimens (Lindstrom

1884, pi. 2, figs 1-8) and noted also one specimen from Grotlingbo (Gannvik; ?Hamra Formation,

upper Ludlow). Bergenhayn (1955), also included in the species other, younger specimens, which in

his earlier paper (Bergenhayn 1943, p. 298) he noted as coming from Gannviken (= Gannvik; RM
Mo6029, Mo6030; Hamra Formation, upper Ludlow), and later (Bergenhayn 1955, p. 12) from

Burgsvik (‘Bursvik’, RM Mo6025, Mo6030; upper Burgsvik/Hamra Formation, upper Ludlow),

but he did not identify Lindstrom’s Gannvik specimen. Lindstrom (1884, p. 51) noted ‘traces of

punctuate ornamentation ’ on the growth lines, indicated on the figure of the holotype (Lindstrom

1884, pi. 2, fig. 1). That specimen shows coarse sporadic pitting near the anterior, although this is

apparently a secondary, solution feature. However, on the other Klinteberg specimen (Mo6028),

there is weak, fine granular ornament patchily preserved parallel to growth lines near the anterior

(PI. 1, fig. 2d).

C. bergmani is characterized by an elongate, wedge-shaped form, almost straight anterior margin

with no more than very slight medial embayment, only gentle transverse arching, and an apical

length close to half the length. These specific characters are evident only in the holotype and the

topotype. From Bergenhayn’s (1943, 1955) younger material, specimen RM Mo6030 was not

figured and is now missing, but Mo6029 is assigned to C. gotlandicus (Lindstrom 1884, pi. 2,

figs 18-21; PI. 2, fig. 2). RM Mo6025 is very worn, including its anterior edge, but a specific

assignment to C. bergmani seems questionable; although growth lines are poorly preserved, they

show some anterior embayment (median length/length 0-90), and the apical length/length is 0-39.

On museum labels, Bergenhayn identified two further sclerites from Grotlingbo as C. bergmani (RM
Mo6033, Mo6034); although both are worn and small, they lack features characteristic of that

species. An extended stratigraphical range for the species beyond that of the type locality (i.e. upper

Wenlock) through the Ludlow cannot therefore be confirmed.

Chelodes cf. bergmani Davidson and King, 1874

Plate 1, figure 3

Material and locality. One silicified intermediate sclerite, RM Mo 160.056; Klintebys, Gotland; Halla

Formation, upper Wenlock (Homerian), Silurian.

Description. Small (length 11-5 mm), wedge-shaped and elongate (length/width 1-58) intermediate sclerite with

blunt posterior apex (apical angle 74°), anterior margin straight, transverse (median length/length 0-98).

Rounding strongly into short, straight anterolateral margins that are parallel to weakly divergent, long, gently

tapering, posterolateral margins, slightly convex. Ornament of growth lines only. Shell fields lacking. Apical

length/length 0-32, with rounded to V-shaped, concave anterior margin; ventral surface smooth, little

thickened. Lateral profile straight dorsally, side slopes short, tapering to apex. Jugal angle 100°; transverse

profile with jugal ridge flattening anteriorly, becoming rounded; height/length 0-26.

Remarks. This specimen is similar to C. bergmani in its wedge-shaped, elongate form, which lacks

the anterior embayment of other Gotland Chelodes species, in having a blunt apex, relatively short

side slopes, and a fairly long apical area. However, this apical area is shorter than in C. bergmani,

the anterolateral margins correspondingly somewhat longer, and the specimen is small and little

thickened. A length-width graph (Text-fig. 6) of growth stages in this specimen illustrates the

narrow form (length/width 1 -58) compared with C. gotlandicus (length/width 1T6). Other Chelodes

specimens from the same locality, all of which are beekitized and poorly preserved, include two
broad cordate sclerites, probably Chelodes actinis sp. nov. (described below). The Klintebys-

1

locality is in the Halla Formation (late Wenlock), and thus is similar in age or only slightly older

than the Klinteberg Limestone at Klinteberget.
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Chelodes gotlandicus Lindstrom, 1884

Plate 1, figure 4; Plate 2; Text-figure 3

vp*1884 Chelodes gotlandicus Lindstrom, p. 51, pi. 2, figs 9-27.

1897 Chelodes gotlandicus Lindstrom; Etheridge, p. 69.

vp.1943 Chelodes gotlandicus Lindstrom; Bergenhayn, p. 298.

v.1955 Chelodes gotlandicus Lindstrom; Bergenhayn, p. 9, pi. 1, figs 1, 2a-b; pi. 2, fig. 1 [lectotype

selected].

v.1955 Chelodes variegatus Bergenhayn, p. 13, pi. 1, fig. 4; pi. 2, fig. 3 [reconstruction],

v.1955 Gotlandochiton laterodepressus Bergenhayn, p. 17, pi. 1, fig. 8; pi. 2, fig. 5 [reconstruction].

v.1955 Gotlandochiton troedssoni Bergenhayn, p. 19, pi. 1, fig. 9; pi. 2, fig. 7 [reconstruction].

1960 Gotlandochiton laterodepressus Bergenhayn; Smith, p. 150, fig. 34, 8 [cop. Bergenhayn 1955],

1960 Gotlandochiton troedssoni Bergenhayn; Smith, p. 150, fig. 34, 7 [cop. Bergenhayn 1955],

1975 Gotlandochiton troedssoni Bergenhayn; Van Belle, pi. 1, fig. 7 [cop. Bergenhayn 1955].

1977 Chelodes gotlandicus Lindstrom; Sirenko and Starobogatov, p. 31.

1977 Chelodes variegatus Bergenhayn; Sirenko and Starobogatov, p. 31.

1977 Gotlandochiton laterodepressus Bergenhayn; Sirenko and Starobogatov, p. 31, fig. 2b [cop.

Bergenhayn 1955],

1977 Gotlandochiton troedssoni Bergenhayn; Sirenko and Starobogatov, p. 31.

71987 Morphotype B Kluessendorf, p. 439, pi. 1, fig. 4.

1987 Chelodes gotlandicus Lindstrom; Smith and Hoare, p. 30.

1987 Chelodes variegatus Bergenhayn; Smith and Hoare, p. 58.

1987 Gotlandochiton laterodepressus Bergenhayn; Smith and Hoare, p. 38.

1987 Gotlandochiton troedssoni Bergenhayn; Smith and Hoare, p. 56.

Material and locality. Twenty-six intermediate sclerites from Grotlingbo (Gannvik), Burgsvik (Bursvik) and
Rone, Gotland; upper Hemse Group-lower Hamra Formation, upper Ludlow, Silurian; lectotype RM
Mo5098 from Gannvik, lower Hamra Formation, upper Ludlow. Syntypes RM Mo5099-6001, 6003-6011,

6015-6020, 6025-6026, 6029, 6032-6034, 6036.

Diagnosis (emended from Bergenhayn 1955, p. 9). Cordate and arched intermediate sclerites with

anterior embayment and blunt posterior apex; dorsal low radial folds defining broad elevated

central shell field flanked by narrower lateral fields
;
ornament of rounded ridges and grooves, and

growth lines, sometimes fine granular ornament; ventral apical area around one-third of sclerite

length.

Description. Large, heart-shaped and arched, fairly broad intermediate sclerites (lectotype length 19-3 mm;
mean length 12-65 mm, s.d. = 3-63 mm, n = 22; length/width 1-16, s.d. = 0-27, n = 19) with marked anterior

embayment (median length/length 0-91, s.d. = 0-04, n = 22), rounding anterolaterally into fairly short, convex,

divergent to parallel anterolateral margins, then into longer, gently convex posterolateral margins that taper

to blunt posterior apex; apical angle 80° (s.d. = 17°, n = 18). Dorsal shell fields; broad, elevated and triangular

central field flanked by low radial folds, 0-66 of width (s.d. = 0-1

1

, n = 15), narrower and downward sloping

lateral fields ; central field with weak low folds elevating a jugal field in RM Mo6029 (PI. 2, fig. 2a-c). Ornament

EXPLANATION OF PLATE 2

Figs 1-4. Chelodes gotlandicus Lindstrom, 1884; upper Ludlow, Silurian; Gotland. 1, holotype, RM Mo5098;
Hamra Formation; Gannvik, Grotlingbo; intermediate sclerite; a-e, dorsal, ventral, right lateral, posterior

and anterior views respectively; x 3. 2, RM Mo6029; intermediate sclerite; Hamra Formation; Gannvik,

Grotlingbo; a-d, dorsal, ventral, left lateral and posterior views respectively; x3. 3, RM M06OO6;
intermediate sclerite; Hamra Formation; Burgsvik (Bursvik); a-c, dorsal, right lateral and anterior views

respectively; x 3. 4, RM M06OIO; intermediate sclerite; ?upper Hemse Group; Rone; a-b, dorsal and left

lateral views respectively; x 3.
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text-fig. 3. Chelodes gotlandicus Lindstrom, 1884; upper Ludlow, Silurian; Gotland, a, RM Mo6009; ?upper

Hemse Group; Rone; ventral view; x 3. B, RM Mo6020; Hamra Formation; Gannvik, Grotlingbo; left lateral

view; x 3. c-F, RM Mo6036; Hamra Formation; Gannvik, Grotlingbo; dorsal, ventral, right lateral and

posterior views, respectively; x 5. g-h, RM M06OII; ?Hamra Formation; ?Gannvik, Grotlingbo. G, left

lateral view; x 3. H, detail of ornament; x 15.

of growth ridges and furrows, and growth lines, mostly better preserved in lateral shell areas (PI. 2, figs lc, 3b,

4b). Fine granular ornament parallel to growth lines well preserved in M06OII (Text-fig. 3g-h), patchily

preserved and weak in RM Mo6029 (PI. 1, fig. 4). Apical length/length approximately 0-33 (s.d. = 0-05,

n = 5) ; anterior margin rounded and concave to V-shaped, slightly elevated. Ventral surface smooth, thickened,

developing shallow medial anterior furrow flanked by lateral shell pads. Lateral profile slightly convex dorsally,

convex anterior to anterolateral margin, posterolateral margin less convex, tapering ; side slopes fairly deep to

deep. Transverse profile arched, rounded
;
jugal angle 84° (s.d. = 17°, n = 19), jugal field flattening anteriorly;

height/length 0-44 (s.d. = 0-08, n = 18).

Remarks. C. gotlandicus was described by Lindstrom (1884), based on more extensive material than

C. bergmani, using a type series of specimens from Grotlingbo (Gannvik), Burgsvik and Rone, and

from Visby (Kalens kvarn; Hogklint Formation, lower Wenlock). He noted that both C. bergmani

and C. gotlandicus occurred at Grotlingbo (Gannvik), although it is not known which specimens

from this locality he assigned to C. bergmani (see above). Bergenhayn (1943, p. 298) selected two

of Lindstrom’s specimens as the type (RM Mo5098, Mo5099), and later (Bergenhayn 1955) one of
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them, which represents the lectotype (RM Mo5098; Lindstrom 1884, pi. 2, figs 11-15; Bergenhayn

1955, pi. 1, fig. 1; PI. 2, fig. 1). Compared with C. bergmani, C. gotlandicus has more arched,

broader, heart-shaped sclerites with a marked anterior embayment, and C. bergmani has shallow,

wedge-shaped sclerites with an almost straight anterior margin, and a longer apical area. Lindstrom

(1884, p. 51) noted the variable shape of sclerites in C. gotlandicus , from elongate to broad. He
described marked ridges on the dorsal surface coincident with growth lines, and two longitudinal

grooves that delimit the central area from narrower lateral shell areas. The latter are features evident

only in the better preserved sclerites, e.g. the apical portion of the lectotype, and in RM Mo6029
which shows, in addition, a low jugal, radial fold within the central field (Lindstrom 1884, pi. 2, figs

18-21 ; PI. 2, fig. 2a, c). The fairly evenly spaced, ridged ornament is preserved more commonly on

the lateral shell fields, becoming eroded from the arched central field of several specimens. The fine,

granular ornament described above, which appears similar to that in C. bergmani (PI. 1, fig- 4 cf.

PI. 1, fig. 2d), is rarely preserved and, in more worn specimens, the shell between growth ridges

appears smooth.

In his revision of Gotland chitons, Bergenhayn (1955) erected the species C. variegatus for two

intermediate sclerites from Lindstrom’s type series of C. gotlandicus ;
the holotype (RM M06OII

;

Lindstrom 1884, pi. 2, figs 9-10; Text-fig. 3g-h) is alleged to come from Atlingbo (Slite Group,

Wenlock) and a paratype from Grotlingbo (RM Mo6005 ;
Gannvik), but there is some confusion

over Atlingbo as the type locality. The locality given in Lindstrom’s (1884, pi. 2, figs 9-10) plate

description is Grotlingbo, and Lindstrom’s (1884, pp. 52, 16-17) description and distribution table

show that his C. gotlandicus material, including this specimen, came only from Grotlingbo,

Burgsvik and Visby. The locality Atlingbo (which is one of Lindstrom’s gastropod localities, in the

older, Slite Group) is given on the boxed museum label now with this specimen, but the museum
label on the specimen itself shows Grotlingbo subsequently altered to Atlingbo. The preservation

of the specimen and matrix lithology are similar to other Grotlingbo (Gannvik) specimens.

C. variegatus was distinguished from other Chelodes species by its distinct medial and lateral shell

fields, the latter curved down ventrally, and by equally spaced growth ridges, and from

C. gotlandicus by the lobe-and-saddle form of the anterior margin and pronounced growth ridges.

The holotype is partially embedded in limestone, with only the left side of the dorsal shell exposed,

and the ventral surface obscured. The emended diagnosis given here for C. gotlandicus emphasizes the

distinction of central (medial) and lateral shell fields, and of pronounced growth ridges as ornament.

These features characterize Bergenhayn’s (1955) two C. variegatus specimens, both of which are

somewhat compressed laterally but fall within the range of variation of C. gotlandicus. The holotype

has fine granular ornament, similar to, but better preserved than that observed on RM Mo6029 (see

above). The second specimen of C. variegatus (RM Mo6005) is worn and appears smooth between

growth ridges. One or perhaps both specimens of C. variegatus come from the C. gotlandicus type

locality at Gannvik, and C. variegatus is regarded here as a junior synonym of C. gotlandicus.

Bergenhayn (1955, p. 10, pi. 1, fig. 2a-b; Text fig. 3a) figured and described one specimen (RM
Mo6009) as a tail sclerite. Re-examination of the specimen shows that the poorly preserved plate

is compressed laterally, distorting the ventral surface, which was the side figured as dorsal. The
ventral apical area is evident in Bergenhayn’s (1955) figures. The new silicified collections from

Gotland include no additional chiton material from Ludlow localities, and no C. gotlandicus.

Lindstrom’s collections are apparently all intermediate sclerites, unless possibly one notably

elongate (length/width 1-58 cf. average for species 1T6), arched and narrow sclerite (RM M06OO6;
PI. 2, fig. 3), unfortunately embedded in matrix so that the ventral side is obscured, represents a tail

plate (see discussion under C. actinis below).

Lindstrom’s specimens from Visby (Kalens qvarn = Kolens kvarn) together with several from

Grotlingbo (Gannvik), which he had included in C. gotlandicus , were reassigned by Bergenhayn

(1955) to the new genus Gotlandochiton. This, with type species G. interplicatus Bergenhayn, 1955,

was characterized by intermediate sclerites that are wider than long, with distinct shell fields, and

with jugal to complete overlap along the anterior margins between sclerites. Gotlandochiton

laterodepressus Bergenhayn, 1955 was based on a single intermediate sclerite from Grotlingbo
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(Gannvik) embedded in limestone matrix with only the left dorsal side exposed (RM Mo6020;
Bergenhayn 1955, pi. 1, fig. 8; Text-fig. 3b). The left side of the (broken) sclerite is wider than long,

differentiated into a slightly elevated, triangular central field which has a broad anterior margin and
tapers to the apex, and narrower lateral area with rounded anterolateral margin, long straight

posterolateral margin tapering rapidly to the apex. Growth lines are more accentuated across the

lateral area as shallow ridges and furrows. Across the anterior margin, curvature of the growth lines

suggests a shallow embayment (cf. Bergenhayn’s (1955, p. 17) description as straight). Bergenhayn

(1955) distinguished this species on the basis of the much wider than long form, depressed lateral

area and ornament of ridges and furrows. The redescription of C. gotlandicus herein emphasizes as

specific features the development of shell fields, and ridged ornament, which is more commonly
evident on the less abraded, lateral areas. The holotype of G. laterodepressus, as well as showing

these features, appears to have some anterior embayment as found in C. gotlandicus, and it comes
from the type locality of the latter (indeed, it was originally one of Lindstrom’s (1884) syntypes

for C. gotlandicus). There is a large variation in length/width in C. gotlandicus, and although the

G. laterodepressus specimen is notably short and wide after compression, all other shell features

suggest that G. laterodepressus should be regarded as a junior subjective synonym of C. gotlandicus.

Gotlandochiton troedssoni Bergenhayn, 1955 was based on two small, worn intermediate sclerites

from Grotlingbo (Gannvik; RM Mo6032, Mo6036). Bergenhayn (1955, p. 19) noted also an

unnumbered Riksmuseum specimen of a half sclerite from ‘Landspitze von Grotlingbo’, not now
identifiable among the collections. Bergenhayn’s (1955) diagnosis was of intermediate sclerites half

as long as wide, with anterior and posterior margins obtuse-angled and parallel, distinct medial and
lateral shell fields, and complete overlap along the anterior margin between adjacent plates. He
noted strong growth ridges parallel to the lateral margins. The two sclerites are wider than long, and
there is a medial embayment of the broad anterior margin. The short anterolateral (= lateral)

margins are rounded and convex, curving into long, straight, rapidly tapering posterolateral

(= posterior) margins transected by growth lines. The posterior apex in both examples is worn; only

RM Mo6036 (Text-fig. 3c-f) shows any indication of a ventral apical area, as a poorly defined

broad triangular band a minimum of 0-22 of the length of the sclerite. The worn dorsal surface

shows a slightly elevated central shell field, flanked by narrower lateral areas on which growth ridges

and furrows are better preserved (Text-fig. 3c; Bergenhayn 1955, pi. 1, fig. 9). These dorsal shell

features and embayed anterior margin occur in C. gotlandicus, from which the transverse form of

these small sclerites is the only notable difference. The apparently rounded, broad shape to the apex

can be ascribed to abrasion. The form of C. gotlandicus sclerites is very variable, only reliably

becoming longer than wide with age (PI. 2; Text-fig. 6). The type localities of C. gotlandicus and

G. troeddsoni are the same, and the latter is considered here to be a junior subjective synonym of

the former.

From Lindstrom’s (1884) collections, the Visby and Kalens kvarn (Text-fig. 1) specimens are

retained within Gotlandochiton. On the assumption that Bergenhayn’s (1955) C. variegatus holotype

is from Grotlingbo, not Atlingbo (see above), the stratigraphical range of C. gotlandicus is restricted

to the upper Ludlow.

EXPLANATION OF PLATE 3

Figs 1-3. Chelodes actinis sp. nov.
;
Halla Formation, upper Wenlock (Homerian), Silurian; Mollbos-l,

Gotland. 1, holotype, RM Mo 160.004; intermediate sclerite; a-e, dorsal, ventral, right lateral, posterior and

anterior views respectively; x 3. 2, RM Mo 159.802; intermediate sclerite; a-e, dorsal, ventral, right lateral,

posterior and anterior views respectively; x 3. 3, RM Mol59.858; intermediate sclerite; a-e, dorsal, ventral,

right lateral, posterior and anterior views respectively; x 3.
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text-fig. 4. Chelodes actinis, sp. nov. ; Halla Formation; upper Wenlock (Homerian), Silurian; Mollbos-l,

Gotland; head sclerites; dorsal, ventral, left lateral, anterior and posterior views respectively; x5. a-e, RM
Mol59.818. f-j, RM Mol60.003.

Chelodes actinis sp. nov.

Plates 3-6; Text-figure 4

Derivation of name. From the Greek aktis, a ray, with reference to the weak dorsal radial folds.

Material and locality. One hundred and fourteen (102 used in biometric data) intermediate sclerites, and two
head sclerites from Mollbos, Gotland; Halla Formation, upper Wenlock (Homerian), Silurian; Rm
Mol59.802-159.824, 159.858-159.864, 159.869-159.873, 159.875, 159.895, 159.902-159.903, 159.905-159.910,

159.918-159.919, 159.922, 159.926-159.935, 159.938-159.941, 159.943, 159.945-159.947, 159.950-159.951,

159.953, 159.957-159.959, 159.961-159.967, 159.970-159.971, 159.975-159.982, 159.985, 159.988-159.995,

160.003-160.008 (160.004 is holotype), 160.012-160.015, 160.018, 160.021-160.024, 160.027, 160.031. Three

intermediate sclerites from Klintebys-1, Gotland; Halla Formation, upper Wenlock (Homerian); RM
Mol60.042, 160.054-160.055.
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Diagnosis. Cordate and arched intermediate sclerites, shallow anterior embayment, pointed

posterior apex; low radial folds giving weak definition of narrow lateral and broad central shell

fields, and jugal field; ornament of fine growth lines; ventral apical area about one-third of length.

Head sclerites fairly small, ovoid, elongate, weakly arched; transverse anterior margin,

posterolateral margins tapering, becoming transverse
;
posterior apex slightly elevated ; low dorsal

radial folds, slightly elevated central shell field, lateral folds flanked by shallow furrows; ornament

of fine growth lines; fairly short, transverse ventral apical area.

Description. Intermediate sclerites cordate and arched, highly variable in form, from broader to more elongated

(holotype length 17-8 mm; mean length 11-58 mm, s.d. = 5-23 mm, n = 83; length/width 112, s.d. = 0-13,

n = 71), anterior margin with shallow embayment (median length/length 0-96, s.d. = 0-03, n = 79). Rounded
anterolateral corners, fairly short parallel anterolateral margins, curving into gently convex, long posterolateral

margins tapering to pointed posterior apex; apical angle 76° (s.d. = 11°, n = 84). Maximum width

anterolateral, well in front of mid-length. Ornament of fine growth lines (PI. 5, fig. 2f); pronounced growth

increments on some sclerites show anterior embayment maintained throughout growth, variable elongation

relative to broadening of sclerite, although generally becoming longer than wide, whereas smaller sclerites and

younger growth stages commonly wider than, or as wide as, long (Pis 3-5; Text-fig. 5). On better preserved

sclerites, weak dorsal radial folds from apex indicating fairly narrow lateral and broad central fields, the latter

with low medial fold representing rounded jugal field; however, fields poorly defined, sometimes with

additional radial folds within fields (e.g. PI. 3, fig. la, lc; PI. 5, figs la, 2a, 2f).

Ventral surface concave, flexed gently medially; apical area with slightly raised, concave anterior margin,

rounded to broadly flexed medially, apical length/length variable, mean 0-34 (s.d. = 0-08, n = 78; e.g. PI. 3, figs

lb, 2b). Marked growth increments record expansion and elongation of apical area (PI. 3, figs lb, 2b; PI. 4,

fig. lb; PI. 5, fig. lb). Shallow groove more or less developed beneath apical margin and, in some larger,

thickened sclerites, continuing inside the anterolateral and anterior margins (e.g. PI. 3, fig. 2b; PI. 4, figs 2b,

3b). Ventral surface outside apical area smooth, in larger sclerites becoming thickened and sculpted towards

anterior into lateral pads outside shallow median longitudinal groove (PI. 4, fig. 3b, d-e).

Lateral profile wedge-shaped, side slopes fairly shallow to deep (e.g. PI. 3, figs lc, 2c cf. 3c; PI. 5, fig. lc cf.

2c). Dorsally gently convex to straight, or rarely slightly concave (PI. 5, fig. 2c) ; anterior to anterolateral margin

convex, smoothly rounded; posterolateral margin fairly straight, tapering across apical area to apex. Posterior

transverse profile arched and rounded dorsally, ventrally more flexed across jugum, side slopes tapering

laterally; jugal angle 109° (s.d. = 6°, n = 98); height/length ratio 0-35 (s.d. = 0-04, n = 74). Anterior transverse

profile more rounded
;
median longitudinal groove and secondary lateral shell pads evident on ventral surface

of thickened sclerites (PI. 4, fig. 3e; PI. 3, fig. 2e).

Head sclerites (based on two specimens: RM Mol 59. 8 18, 160.003; Text-fig. 4) mean length 10-55 mm, ovoid,

elongate (length/width 1-61, s.d. = 0-17, n = 2), weakly arched. Transverse anterior margin rounding into

gently convex, longer anterolateral margins, which round into short, tapering posterolateral margins becoming

transverse to posterior, slightly elevated apex; apical angle 180°. Low rounded radial folds from apex to

anterior and lateral margins, flanked by shallow rounded furrows; low elevated central field (0-37 of width,

s.d. = 0-07, n = 2) and less well defined pair of narrower lateral folds. Ornament of fine growth lines, parallel to

anterior and anterolateral margins, crossing posterolateral margins. Ventral apical area (preserved only on RM
Mol59.818) fairly short, apical length/length 0-22, flattened to slightly concave; transverse anterior margin

slightly raised, curving anteriorly close to posterolateral margins. Ventral surface smooth and concave, with

shallow and weak radial folds
;
median furrow flanked by narrower lateral pair, reflected in low folds of dorsal

surface. Lateral profile shallow
;
dorsal low ridge straight, shell deepest at posterolateral corners, anterolateral

margin tapering slightly anteriorly. Transverse profile flexed across median ridge, jugal angle 1 18° (s.d. = 7°,

n = 2) flattening anteriorly; anterior edge showing weak corrugation. Tail sclerite unknown.

Remarks. This species differs from both C. bergmani and C. gotlandicus in having an ornament of

fine growth lines only. In addition, it differs (Table 1) from C. bergmani in having broader and more
arched, heart-shaped sclerites with an anterior embayment and a pointed broader apex, low dorsal

radial folds which define weak shell fields, and a shorter ventral apical region. Compared with the

cordate species C. gotlandicus, C. actinis shows weaker definition of central and lateral shell fields,

oblique, shallower arching, a shallower anterior embayment and pointed apex.

C. raaschi Kluessendorf, 1987 from the Wenlock-Ludlow Racine Dolomite of North America

has a narrower, more elongate form (Table 1), much longer apical area, and more acute apex than
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C. actinis. C. bohemicus (Barrande, 1867), from the upper Wenlock (basal Homerian, lundgreni

Biozone) of Bohemia (Barrande 1867, p. 175, pi. 16, figs 19-28) is a large, weakly cordate species

that has well-defined, dorsal, low radial folds delineating narrow lateral fields and a broad elevated

central field with a jugal fold, and there is an ornament of fine growth lines together with elongate

granules.

The relatively large numbers of robust specimens from Mollbus might reasonably be expected to

include tail sclerites. Two fairly small specimens with markedly different form from the intermediate

sclerites are interpreted as head sclerites (Text-fig. 4); by comparison with other chitons, tail sclerites

are commonly more similar in morphology to the intermediate sclerites, although typically with a

raised apex, or mucro. For the early Ordovician C. whitehousei, Runnegar et al. (1979, pi. 2, figs

36-38, 54-59) figured triangular to rectangular, arched sclerites of similar size to the intermediate

sclerites as representing the tail sclerites. In the late Cambrian Matthevia variabilis, the tail sclerites

by comparison with the conical intermediate sclerites are shorter and laterally compressed, and they

and the head sclerites each occur in the ratio of 1 : 5 against the intermediate sclerites (Runnegar et

al. 1979; see discussion of C. actinis below). Bergenhayn (1960) described, but did not figure,

laterally compressed valves with an elevated mucro as tail valves for the early Ordovician

C. intermedius, and figured, without description, a broken specimen showing few features which he

identified as a tail valve of Chelodes‘1 sp. indet. (Bergenhayn 1960, p. 175, text-fig. 1, figs 17-18).

Tail sclerites are not recognized among the other Gotland (Silurian) Chelodes species (see above

for discussion of the supposed tail sclerite for C. gotlandicus (RM Mo6009), identified by
Bergenhayn 1955). C. gotlandicus sclerites are variable in length and transverse profile, and
compared with the broad and fairly gently arched form of the holotype and several other specimens,

RM M06OO6 is long, relatively narrow and acutely arched (PI. 2, fig. 3; cf. figs 1-2, 4). Barrande’s

(1867) figured specimens of Silurian C. bohemicus from Bohemia are similarly variable in form,

including one elongate specimen with a notably more tightly arched and narrow form than the other

specimens (Barrande 1867, pi. 16, fig. 23). However, these individual specimens of the two species

are within the general range of intraspecific variation, not greatly different from others, and may
still represent intermediate sclerites.

For C. actinis , there is a similarly wide variation in form and, except where the head sclerites are

included, graphical plots of the various shell parameters do not distinguish subgroups of data (e.g.

length/width in Text-fig. 5). The lateral dorsal profile of sclerites is commonly slightly convex to

straight, rarely slightly concave so that the apex becomes elevated (Pis 3-6, all figs c). One specimen

showing the latter characteristic is RM Mo 159.951, which also has notably deep side slopes and well-

defined shell fields including a jugal fold (PI. 5, fig. 2c-d; cf. Pis 3-6, all figs c-d). Within C.

gotlandicus
,
RM Mo6029 (PI. 2, fig. 2) is comparable in most respects, although the apex is not

raised. However, again there is insufficient distinction from other specimens to identify any group

of particular morphological characteristics as representing tail plates.

The new silicified collections include a group of small, broad and triangulate sclerites that lack

any anterior embayment, are only shallowly arched and have a short, wide apical area. These

sclerites occur as single specimens among collections with C. actinis, which suggests that they could

represent the tail sclerites of that species, yet their morphology is considerably different both from

the C. actinis intermediate sclerites and from the tail sclerites proposed for other members of the

EXPLANATION OF PLATE 4

Figs 1-3. Chelodes actinis sp. nov.; Halla Formation, upper Wenlock (Homerian), Silurian; Mollbos-l,

Gotland. 1, RM Mol59.971; intermediate sclerite; a-e, dorsal, ventral, left lateral, posterior and anterior

views respectively; x 3. 2, RM Mol59.922; intermediate sclerite; a-e, dorsal, ventral, left lateral, posterior

and anterior views respectively; x 3. RM Mo 159.946; intermediate sclerite; a-e, dorsal, ventral, left lateral,

posterior and anterior views respectively; x 3.



PLATE 4

CHERNS, Chelodes



562 PALAEONTOLOGY, VOLUME 41

20 — text-fig. 5. Length-width graph for intermediate and
head sclerites of Chelodes actinis sp. nov.+
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Mattheviidae (described above). Alternatively, these plates are sufficiently distinct to represent a

separate genus.

Derivation of name. From Latin spica, ear of grain, to describe the raised granular ornament.

Type species. S. pilatis sp. nov.

Diagnosis. Cordate, elongate, arched intermediate sclerites with pointed posterior apex, strong,

coarse granular dorsal ornament; becoming thickened. Long tapering posterolateral margins;

ventral apical area V-shaped, strongly flexed and about one-third of length at midline, tapering

outwards along posterolateral margins. Low dorsal radial folds, narrow central and broader lateral

shell fields weakly defined.

Spicuchelodes pilatis gen. et sp. nov.

Plate 7

Derivation of name. From the Latin pilum, javelin, to describe the slender pointed apex.

Material and locality. Nineteen mostly fragmental intermediate sclerites; Klinteberg Formation, upper

Wenlock (Homerian), Silurian; Krakfot, Gotland. RM Mo 160.062 (holotype)-l 60.079.

Diagnosis. As for the genus.

Figs 1-3. Chelodes actinis sp. nov.; Halla Formation, upper Wenlock (Homerian), Silurian; Mollbos-l,

Gotland. 1, RM Mo 160.005; intermediate sclerite; a-e, dorsal, ventral, left lateral, posterior and

anterior views respectively; x 4. 2, RM Mol59.951
;
intermediate sclerite; a-e, dorsal, ventral, right lateral,

posterior and anterior views respectively; x4; f, detail of dorsal surface, showing ornament; x8. 3, RM
Mo 159.869; intermediate sclerite; a-e, dorsal, ventral, left lateral, posterior and anterior views respectively;

x 5.

spicuchelodes gen. nov.

EXPLANATION OF PLATE 5
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Description. Beekitized specimens showing the posterior, apical portions of cordate, thickened intermediate

sclerites, some with prominent coarse, spaced granular dorsal ornament arranged along growth lines (PI. 7, figs

la, 2a, d). Sclerites low arched, elongate and fairly slender (length/width 1-23, s.d. = 0T3, n = 2), with an
embayed anterior margin (median length/length 0-93, s.d. = 0-04, n = 2) and short, rounded anterolateral

corners. Posterolateral margins long, fairly straight, tapering slowly to posterior, pointed and acute apex

(apical angle 54°, s.d. = 6°, n = 8). Low radial dorsal folds delineating weak shell fields, elevating narrow
central field across embayment, lateral fields broader (PI. 7, fig. 2a).

Ventral apical area V-shaped, with strong, angular to slightly rounded posterior flexure, apical length/length

0-36 (s.d. = 0-00, n = 2), tapering outwards along posterolateral margins, extending to well beyond midlength

(PI. 7, figs lb, 2b, 3b, 4a). Anterior rim slightly elevated above smooth, concave ventral surface, which has

median depression corresponding to central field (PI. 7, fig. 3b). Ventral surface becoming thickened, median
pad flanked by two shallow furrows extending into groove beneath flexure of apical rim (PI. 7, fig. 4a).

Lateral profile shallow, wedge-shaped ; straight dorsally, straight tapering posterolateral margin, embayed
anterior margin rounding into short anterolateral margin. Transverse profile only gently arched and rounded,

jugal angle 109° (s.d. = 9°, n = 4), height/length 0-30 (s.d. = 0-02, n = 2) (PI. 7, figs lc, 2c, 3d, 4b).

Remarks. In spite of the poor preservation and largely fragmented material, the well-developed,

coarse granular ornament, and acutely V-shaped apical area that extends anteriorly along long

posterolateral margins distinguish S. pilatis from all Chelodes species, and justify the erection of

a new genus. The cordate, elongate and thickened shell with a posterior apex, and presence of weak
shell fields indicate, however, a close relationship with Chelodes.

SILICIFICATION OF GOTLAND CHITONS

The large Chelodes sclerites from Mollbos show a pattern of silicification in which the skeletal rims

are formed by fine quartz crystals that grow inward normal to the surface (e.g. Schmitt and Boyd
1981, pattern 1). Crystal size increases inwards, and fibrous and drusy megaquartz fill the cavity

where opposing layers meet. Where incompletely filled, the jagged margin of the inner edge results

from growth of individual quartz crystals. Any original internal shell structure is lost, although

surface details are well preserved. The original skeletal aragonite may have been replaced earlier by

a fill of sparry calcite either after dissolution or by calcitization.

In specimens from Klintebys, the shell is preserved in a coarser quartz mosaic, beekitized, with

consequently poor preservation of detail. Replacement by quartz growing into a mould formed in

coarser or less well cemented sediment could explain this, although reworking before or after

replacement might also affect preservation. The S. pilatis specimens from Krakfot are patchily

beekitized, with loss of surface detail (Schmitt and Boyd 1981, pattern 4). However, some specimens

still preserve a distinctive dorsal ornament, and the grain size of the surface quartz except for the

beekite discs is much finer than the internal shell fill, as at Mollbos. The material is fragmented, and

it is apparent from the fine-grained entire surfaces forming many of the broken edges of sclerites

that fragmentation preceded silicification.

All the chiton material appears to have been silicified after formation of dissolution cavities, i.e.

EXPLANATION OF PLATE 6

Figs 1-5. Chelodes actinis sp. nov. ;
Halla Formation, upper Wenlock (Homerian), Silurian; Mollbos-l,

Gotland
;
five intermediate sclerites from one sample, interpreted as belonging to the same individual

;
a-d,

dorsal, ventral, left lateral and posterior views respectively; x 3. 1, RM Mol59.926. 2, RM M0159.928. 3,

RM Mol59.927. 4, RM Mol59.929. 5, RM Mol59.930.
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by delayed replacement. The specimens maintain thickness, which suggests that replacement

preceded significant compaction. Higher silica concentrations would have favoured rapid

precipitation of chalcedony and fine quartz, whereas the coarser internal fabric in shells indicates

slower precipitation and lower silica concentrations. The good preservation of surface detail in

specimens from Mollbos, particularly for originally aragonitic shells, suggests early cementation of

the micritic carbonate sediment.

GROWTH IN C. ACTINIS AND OTHER CHELODES SPP.

C. actinis has a heart-shaped outline that in small specimens is as wide or wider than long, but with

increasing size becomes more elongate. The length-width relationship, shown in Text-figure 5, is

significantly non-linear (using correlation coefficient). Similar relationships are shown for median
length-width measured in individual sclerites of C. gotlandicus and C. cf. bergmani (Text-fig. 6).

Stepped growth increments, resulting from variable rates of growth, illustrate the changing

proportions of lateral to anterior extension (Pis 3-6). Length and height of sclerites also have a

significantly non-linear relationship. Apical length and length are less significant: many larger,

elongate specimens have relatively long apical areas (e.g. PI. 3, fig. 2b), although there is wide

variation (cf. PI. 3, fig. lb). Growth lines across the apical area, including marked growth increments

which can be matched to those on the dorsal surface, record the increasing length. By contrast, the

degree of embayment of the anterior margin (i.e. median length/length ratio) remains consistent

throughout the population, and on individual sclerites (as recorded by growth lines). Growth style

is demonstrated here for the large population of C. actinis, using a range of shell parameters. For

the smaller population of C. gotlandicus, where length, width and height are the only parameters

yielding sufficient data, length and width have a significantly nonlinear relationship, but length and

height do not produce a significant correlation coefficient. The comparable graphs for individual

sclerites of C. gotlandicus and C. cf. bergmani (Text-fig. 6) suggest that similar growth style also

characterizes C. bergmani.

The apical area, adjacent to the apex on the ventral surface, represents an extension of the dorsal

shell (tegmentum) and, in at least most chitons, is found in all sclerites except the tail (Smith and

Toomey 1964). It typically has a raised rim above the smooth ventral surface (hypostracum), which

becomes thickened generally as well as more locally, particularly anteriorly. Growth of the shell is

thus mixoperipheral, the growth lines continuing from the dorsal shell across the lateral margins

onto the ventral apical area, and involving anterior growth away from the apex on both dorsal and

ventral surfaces. The isolated silicified sclerites of C. actinis demonstrate that successive major

growth increments involved secretion of a new marginal band around the flattened cone form of the

shell. Each new marginal increment protrudes beyond the existing shell, and also enlarges the apical

area. In the more massive, calcite preservation of C. gotlandicus and C. bergmani, these details of

growth are less clear, although both smaller and larger growth increments are evident (e.g. PI. 1,

fig. 2a; PI. 2, fig. 4a).

The growth bands indicate variable rates of shell secretion, with fine-, medium- and large-scale

cycles representing different periodicities. The Gotland Silurian chitons represent low latitude

assemblages, so that marked fluctuations in growth due to climate may be less probable than

through periodic spawning, as in living molluscs (e.g. Pannella and MacClintock 1968). Living

chitons attain sexual maturity after one to a few years, and then spawn annually. They reach mature

size at or after sexual maturity. Typically the Gotland Silurian chitons show two to five marked

steps in growth, decreasing in spacing and extent after two or three, which therefore are probably

annual increments. Smaller growth bands, represented by fine growth lines and subtle colour

banding produced by their periodic crowding (e.g. PI. 5, fig. 2a, f ), might represent daily and lunar

cyclicity.
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table 1 . Comparative biometric data for intermediate sclerites of Silurian Chelodes spp.

Chelodes sp. (no. of

intermediate

sclerites in data)

Length/

width

Median
length/length

Apical

length/length Height/length Apical angle Jugal angle

C. actinis (101) 112 0-96 0-34 0-35 76° 109°

C. bergmani (1 or 2) 1-47 0-99 0-44 0-28 58° 129°

C. cf. bergmani (1) 1-58 0-98 0-32 0-26 74° 100°

C. gotlandicus (26) 116 0-91 0-33 0-44 80° 84°

C. raaschi (holotype

only)

2-0 0-60 40°

SCLERITE VARIATION WITHIN ONE INDIVIDUAL OF CHELODES ACTINIS

Five intermediate sclerites (RM Mo 159.926-1 59.930) in one sample from Mollbos, showing a

similar, distinctive growth increment on both dorsal and ventral surfaces, may have belonged to the

same individual (PI. 6, figs 1-5
;
Table 2). All also show weak colour-banding on a more minor scale,

and fine growth lines. These sclerites vary in size by at least 10 per cent, (means and s.d. of length,

width, height and apical length), but ratios of shell parameters (length/width, apical length/length,

height/length) are more consistent. The mean apical and jugal (PI. 6, all figs d) angles also show low

variation. Weak dorsal shell fields (broad central and narrow lateral fields) are more evident on

three sclerites (PI. 6, figs 1-3), and the lateral dorsal profile varies from weakly convex to straight

or weakly concave (PI. 6, figs lc, 3c, 4c). On the heart-shaped ventral surface, where all plates have

a distinct anterior and anterolateral rim around the more thickened central area, two of the sclerites

show a longitudinal median furrow between thickened pads (PI. 6, figs 4b, 5b), on the latter (PI. 6,

fig. 5b) with an additional median pad flanked by two furrows extending into the shallow groove

beneath the apical area (cf. PI. 4, fig. 3b). The total complement of sclerites in this animal is a

minimum of seven, at least five intermediate plus head and tail plates.

Recent chitons have eight plates, six intermediate that vary in size along the body but are similar

in form, and a head and tail plate that, morphologically, may differ considerably from the

intermediate plates and from each other (e.g. Text-fig. 7). Fossil chitons belonging to the extinct

order Paleoloricata (Upper Cambrian-Upper Cretaceous) differ from the Neoloricata

(Carboniferous-Recent) in the lack of sutural plates formed from a middle shell layer, the

articulamentum. Articulated fossil specimens are rare but, where known, those from both orders

had eight plates (e.g. Hoare and Mapes 1989; Rolfe 1981). Rolfe (1981) identified a very small,

eighth sclerite in the upper Ordovician Septemchiton grayiae (Woodward, 1885), previously thought

to have only seven sclerites {= S. vermiformis Bergenhayn, 1955; Rolfe, 1981), and upon which the

paleoloricate suborder Septemchitonina Bergenhayn, 1955 was founded. Hyman (1967, p. 121) had

noted that seven sclerites appear in the late trochophore stage of chiton ontogeny, the eighth

developing later, and thus pointed to Septemchiton as representing an early phylogenetic state.

Among population of isolated sclerites, Runnegar et al. (1979) estimated the sclerite complement

in upper Cambrian M. vafiabilis as seven (1:5:1), and accepted this as the total, based on

comparison with a seven-plated Septemchiton. They followed Hyman (1967) in suggesting that the

late ontogenetic acquisition of the eighth, tail plate observed in some living chitons (Okuda 1947)

might have phylogenetic significance, although their data point to one fewer intermediate plates

rather than lack of a tail plate.

The population of isolated head and intermediate sclerites of C. actinis does not yield further

information on the sclerite complement, but in one sample (PI. 6) at least five intermediate sclerites

may have belonged to the same animal. The order of these plates along the body remains unclear;

on Plate 6, they have been arranged according to development of shell fields and degree of sculpting

of the ventral surface. The largest sclerites in Recent Chiton are typically around the third to fifth.
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with size diminishing to front and rear (Text-fig. 7). However, in the measured Recent specimen, the

shell parameters do not vary altogether consistently (Table 3). Rolfe (1981) measured length of

sclerites in articulated specimens of S. grayiae, and noted a marked increase through sclerites 1 to

4, then fairly similar lengths for sclerites 4 to 8 with 6 being the longest. Variation between

individuals and taxa preclude any one shell dimension being taken to specify sclerite position among
isolated specimens.

MUSCULATURE IN CHELODES ACTINIS AND SPICUCHELODES PILATIS

In living chitons, the musculature is complex, repeated on each intermediate sclerite, and modified

on the head and tail sclerites (e.g. Hyman 1967). Multiple muscles, attached to the edges, insertion

and sutural plates, hold the sclerites and can draw them closer together. Two groups of muscles run

from the anterior edge down into the body-wall beneath the sclerite in front, one group cushioning

the overlap of sclerites between the sutural plates and ventral posterior margin in front, and one

group running marginally between sclerites from the sutural plates on to the lateral edge of the

sclerite in front. From the ventral surface, which lacks evident muscle insertion sites, muscles pass

into the mantle and foot. The mantle commonly embeds and partly covers the sclerites. In

paleoloricate chitons, which lack an articulamentum with sutural plates, there is limited evidence of

the musculature. Runnegar et al. (1979) interpreted deep ventral pits in late Cambrian Matthevia

as housing dorsoventral muscles from shell to foot, but doubted whether adjacent plates were

connected. They suggested an evolutionary progression in shell form from the tall conical plates

of M. variabilis towards flattening in early Ordovician C. whitehousei. Associated with this, the

ventral muscle attachment sites evolved from M. variabilis with a deep anterior and posterior cavity

per plate, through M. walcotti which has a single, posterior cavity, to early Ordovician Hemithecella

and only some C. whitehousei in which the posterior cavity is much reduced. Other Chelodes,

including the species from the Gotland Silurian, lack any ventral muscle pit.

In C. actinis, although the relative length of the apical area varies between sclerites, the shape of

the smooth ventral surface anterior to it remains fairly similar, cordate anteriorly, convex laterally

and tapering to a rounded posterior. On the sclerites which show more sculpted thickening, the

ventral surface shows a longitudinal median depression or furrow between two thickened pads

anteriorly, and a narrow median pad flanked by two shallow longitudinal furrows beneath the

raised rim of the apical area (PI. 4, fig. 3b, d-e; PI. 6, fig. 5b; also, for S. pilatis, PI. 7, fig. 4a). A
distinct marginal rim around the ventral surface, outside the more general thickening, continues

from the slight groove beneath the apical rim (e.g. PI. 3, fig. 2b). The depressed areas of the sculpted

ventral surface, and its rim, may have housed muscles for attachment to the body-wall and to

adjacent sclerites. The pattern of localized thickening of sclerites may have accommodated paired

muscles extending beneath the apical rim, median longitudinal and anterior muscles (e.g. PI. 4, fig.

3b). The pattern beneath the apical rim differs from the deep to shallow median cavity below the

apical area described above from late Cambrian and early Ordovician hemithecellids, Matthevia

spp., and C. whitehousei (Runnegar et al. 1979; Stinchcomb and Darrough 1995).

In most Recent neoloricate species, the apical area is much reduced compared with that of

Palaeozoic paleoloricates such as Chelodes , where it occupies up to half or more of the sclerite

length. Furthermore, its length and width represent the extent of overlap of successive sclerites in

EXPLANATION OF PLATE 7

Figs 1-4. Spicuchelodes pilatis gen. et sp. nov. ; Klinteberg Formation, upper Wenlock (Homerian), Silurian;

Krakfot-1, Gotland; intermediate sclerites. 1, RM Mo 160.063; a-c, dorsal, ventral and posterior views

respectively; x 5. 2, RM Mol60.062, holotype; a-c, dorsal, ventral and posterior views respectively; x 5;

d, detail of dorsal surface showing ornament; x 10. 3, RM Mol60.074; a-d, dorsal, ventral, right lateral and

posterior views respectively; x 5. 4, RM Mol60.075; a-b, ventral and posterior views respectively; x 5.
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table 2. Biometric data for five intermediate sclerites of Chelodes actinis sp. nov. interpreted as belonging to

the same individual, RM Mol59.926-159.930, Mollbos-l (PI. 6). *broken.

Dimension
PI. 6

RM Mo
159.926

fig. 1

RM Mo
159.928

fig. 2

RM Mo
159.927

fig. 3

RM Mo
159.929

fig. 4

RM Mo
159.930

fig. 5 Mean s.d. n

Length (mm) 12-2 12-4 131 12-3 11-8 12-36 0-47 5

Width (mm) 12-4 11-5 111* 11-2 1 1-3 11-6 0-55 4

Length/width 0-98 1-08 M0 104 1-05 0-05 4

Apical length (mm) 3-3 4-2 4.4 3-8 2-5 3-64 0-76 5

Apical length/length 0-27 0-34 0-34 0-31 0-21 0-29 005 5

Height (mm) 4-6 3-8 4.4 4-6 4-2 4-22 0-38 5

Height/length 0-38 0-31 0-30 0-37 0-36 0-34 0-04 5

Apical angle (°) 92 92 92 89 93 91-6 1-52 5

Jugal angle (°) 109 117 107 113 116 1 12-4 4-34 5

+ O

H
++

.<>oo

text-fig. 6. Median length-width graphs for in-

dividual intermediate sclerites of Chelodes gotlandicus

(RM Mo6029 and Mo6015) and C. cf. bergmani (RM
Mol60.056).

+ /-

aa

+ C. gotlandicus (RM Mo6029)

0 C. gotlandicus (RM M06OI 5)

A C. cf. bergmani (RM Mo 160.056)

“'
1 T r
8 12

Median length (mm)

text-fig. 7. Recent Chiton sp. from the Red Sea; x 1.

a, dorsal view of articulated specimen, head sclerite

slightly askew in preservation, plates set into spiculate

muscular body wall, b, isolated head, intermediate

and tail sclerites, note sutural plates for articulation

on intermediate and tail sclerites.
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table 3. Biometric data for individual sclerites of Recent Chiton sp. from the Red Sea.

Sclerite

Length

(mm)
Width
(mm)

Height

(mm)
Apical length

(mm) Apical angle (°) Jugal angle (°)

Head 7-3 14-9 5-4

2 11-7 17-6 6-8 3-5 115 110

3 9-6 211 7-0 3-6 120 112

4 10-7 21-2 7-5 4-0 121 114

5 8-5 20-2 6-9 2-5 151 117

6 7-5 19-8 60 2-2 125 118

7 7-4 18-5 4-9 2-0 168 126

Tail 6-4 14-7 4-3 —
Mean 2-7 9-23 19-73 6-67 2-97 133-33 116-17

s.d. 2-7 1-75 1-44 0-90 0-84 21-21 5-67

life, indicating the degree of imbrication of the commonly massive Chelodes sclerites. It seems

unlikely that overlapping plates would not have been connected by muscles, by contrast to

Matthevia where convex posterior faces to the conical sclerites indicate a lack of contact (Runnegar

et al. 1979). In Chelodes, the close proximity of the apical rim to the anterior edge of the partly

covered next sclerite, each with sculpted muscle attachment sites, makes muscular attachment

between the sclerites probable.

The degree of flexibility of the body was limited by the weight and size of the plates, as well as

their musculature. The large, massive plates of Chelodes provided effective armour, but also

restricted movement. The facies relationships and distribution of Gotland Silurian chitons indicate

life habits and ecology comparable to Recent assemblages (Cherns 1996). Living chitons are mostly

sluggish, intertidal animals, creeping across rocky surfaces to feed, and relying on the plated shell

and strength of adhesion against the substrate for protection.
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