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The purpose of this paper is to examine the evidence afforded by the chimaeroids and fossil holo-
cephalans on the origin and evolution of the Holocephali, and, in particular, on the hypothesis
recently proposed by @rvig of a relationship between chimaeroids and ptyctodont arthrodires.

Members of all the fossil holocephalan groups which are known by moderately complete
specimens except the petalodonts and edestids are described, particular attention being paid to the
histology of the dermal skeleton. Three species from the English Lower Lias, Squaloraja poly-
spondyla Agassiz, Myriacanthus paradoxus Agassiz and Metopacanthus granulatus (Agassiz) (a species
previously placed in Myriacanthus) are described in detail. From the British Lower Carboniferous
Deltoptychius armigerus (Traquair), previously placed in Oracanthus, is described in detail and two
new species, Deltoptychius moythomasi sp.nov. and Menaspacanthus armaghensis gen. and sp.nov., are
described on fragmentary material. The genus Oracanthus Agassiz is reviewed: it is shown that the
type species is probably acanthodian but that many species have been wrongly included in the genus.

There is found to be strong evidence that the chimaeroids are derived, through the Jurassic
myriacanthids and allied forms, from a Palaeozoic group which includes the Permian Menaspis and
whose most primitive known genus is Deltoptychius. The most striking feature of Deltoptychius is the
dermal armour of dentine-like tissue on the head which includes a complete head shield bearing a
pair of sensory canals. This armour is of a peculiar type which is not homologous with the armour of
the arthrodires, and appears to be confined to the Chimaeriformes. It is suggested that Helodus is not
directly related to the Chimaeriformes. These conclusions are embodied in a new classification of the
Holocephali in which Helodus is made the type of a new order Helodontiformes and in which the
Chimaeriformes is divided into four sub-orders, Chimaeroidei, Squalorajoidei, Myriacanthoideiand
Menaspoidei, with new families being made in the last two sub-orders.

On the basis of the information obtained from the systematic part, the origin and evolution of the
various characters of chimaeroids are discussed. The ethmoid canal appears to be a recent acquisi-
tion which occurs only in Chimaeroidei. The tritors on chimaeroid tooth plates are another recent
adaptation. There is no convincing evidence that the teeth of Holocephali were primitively
numerous, as they are in Helodus, petalodonts and edestids: this ‘selachian’ type of dentition is quite
possibly secondarily derived from a ‘chimaeroid’ type of dentition. The dorsal fin spine of the
chimaeroids appears to be a recent adaptation which first appears in the myriacanthoids and has
arisen independently, being unrelated to the fin spine of Helodus. A series of changes has taken
place in the structure of the fin spine in Chimaeriformes which is similar to the changes which have
occurred in the fin spines of sharks. The scales of Deltoptychius are cyclomorial: the change from a
cyclomorial to a placoid (synchronomorial) scale has taken place independently among elasmo-
branchs at least three times: in the selachians, in the edestids, and in the Chimaeriformes. The
scales of Helodus are synchronomorial: this is the only Palaeozoic elasmobranch in which this condi-
tion has yet been found. The crescentic calcifications surrounding the sensory canals of chimaeroids
are shown to be modified scales. The pre-pelvic tenacula of male chimaeroids have evolved from
groups of enlarged scales without skeletal support which occur in myriacanthoids. It is suggested
that the frontal clasper of male chimaeroids has evolved from paired structures, defensive in
function, which occurred in both sexes in Palaeozoic Chimaeriformes. The dermal armour of
Chimaeriformes is formed by fusion of scales. It has undergone a series of changes in histological
structure which is similar to that undergone by the dorsal fin spine, but which took place much
earlier in time.

The evidence for a relationship between Holocephali and the selachians or arthrodires is
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reviewed. It is concluded that there is evidence of relationship between holocephalans and
arthrodires, but that the resemblances between the two groups are in general features only.
Mainly because of the structure of the exoskeleton in Delfoptychius, a relationship with the ptyctodonts
is very unlikely. The holocephalans seem to be closest to the most primitive arthrodires (rhenanids
and stensioellids), suggesting that the two groups share a common ancestor but are not directly
related.

I. INTRODUCTION

The chimaeroids, the only living holocephalans, are a small group of marine fishes which
appear to be the specialized survivors of a large and varied group, marine throughout its
history, which in late Palaeozoic times contained the dominant durophagous fishes, re-
placing the arthrodires in this role, and in turn being replaced by the rays and by
specialized actinopterygians. Studies on the phylogeny of the holocephalans are limited by
two factors, difficulty in obtaining embryological material of living forms and the great
rarity of fossils in which more than tooth plates is preserved. For these reasons, ideas on
the ancestry of the chimaeroids have been varied and largely hypothetical. But recently
new information on possible arthrodire ancestors of the holocephalans has been published :
this new information suggested that a re-examination of the known fossil holocephalans
might be of value.

In 1935 de Beer & Moy-Thomas (p. 295) confirmed Schauinsland’s (1903, p. 10)
observation that in the living chimaeroid Callorhynchus the hyoid arch is complete and
unmodified, with a pharyngohyal,* and is similar in shape to the branchial arches. From
this it follows that the Holocephali were never hyostylic or amphistylic, and cannot be
derived from a shark-like ancestor, as many earlier authors, especially Dean (1906), had
believed. Any similarities between Holocephali and Selachii must either have evolved
independently in the two groups, or must be retained from ancestors in which the palato-
quadrate was neither supported by the hyomandibular nor fused with the braincase
(autodiastylic, de Beer & Moy-Thomas, 1935, p. 307). De Beer & Moy-Thomas held the
view that the Holocephali are related to the arthrodires, a hypothesis first suggested by
Stensio (1925, p. 189). Holmgren (1942, p. 187) carried this idea further and showed that
there were grounds for regarding the holocephalans as derived from the neighbourhood
of the Ptyctodontida, a group of Middle and Upper Devonian arthrodires of which only
Rhamphodopsis Watson (1938) was then well known. Recently, @rvig (1960, 1962) has given
a detailed description of a second ptyctodont, Cienurella gladbachensis Drvig, and has pro-
duced additional evidence in support of a relationship between Holocephali and Ptycto-
dontida. @rvig believes that the ptyctodonts are related only to the chimaeroids, not to
the bradyodonts. Moy-Thomas (1939, p. 11), on the other hand, believed that there was
a close relationship between the bradyodonts and the chimaeroids. The results of the
present work strongly support Moy-Thomas’s view.

* Watson (1937, p. 141) has criticized de Beer & Moy-Thomas’s interpretation of the pharyngohyal,
because in their figure of a reconstructed embryo of Callorhynchus the tip of the pharyngohyal lies lateral to
the efferent hyoidean artery while the pharyngobranchials lie medial to their efferent arteries, and that it is
by just such a variation in position relative to the artery that de Beer (1932, p. 310) recognized the pseudohyal
in rays. To my knowledge this criticism has not yet been answered, and Moy-Thomas (1939, p. 4) seems to
have accepted it in suggesting that the non-suspensory hyoid of holocephalans is secondary. Stensit (1963,
p. 377) also finds the condition of the hyoid arch to be secondary, basing this conclusion on his interpretation
of the hyomandibular in ptyctodonts and more generalized arthrodires.

13-2
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The method employed here is to list the peculiar characters of living chimaeroids and
then to pass back in time reviewing each fossil group and comparing it with chimaeroids.
Throughout this work the term ‘chimaeroid’ refers to the sub-order Chimaeroidei as
defined on p. 109. The material used is mainly in the British Museum (Natural History),
referred to as BMINH, and where a specimen is cited by a number without prefix or with
the prefix ‘P’ it is in this collection. Specimens from the Royal Scottish Museum, Edinburgh,
are cited with the prefix RSM, and from the collection of H.M. Geological Survey,
London, with the prefix GSM.

II. CLASSIFICATION

In 1921 Smith Woodward (p. 34) proposed that the four Palaeozoic elasmobranch
families Petalodontidae, Cochliodontidae, Psammodontidae and Copodontidae should be
united in an order Bradyodonti, characterized by slowness of tooth replacement, with not
more than seven or eight successional teeth during the life of the individual. Smith
Woodward suggested that the bradyodonts were intermediate between the primitive
elasmobranchs and the chimaeroids.

Nielsen (1932, p. 20) described well-preserved material of the edestids Agassizodus and
Fadenia, and proposed that the Edestidae should be included in the Bradyodonti because
of the bradyodont-like arrangement and microstructure of their teeth. Nielsen also held
that the Carboniferous genus Orodus, known only by isolated teeth, should be placed in
the Bradyodonti as the only member of a family Orodontidae, because of the similarity
of its teeth in shape and microstructure to the lateral teeth of edestids. Moy-Thomas
(19365) showed that the Upper Carboniferous cochliodont Helodus simplex (in which only
one or two of the successional tooth rows are fused into tooth plates) resembles the
chimaeroids in its holostylic suspension, the shape and general structure of its skull, the
anatomy of its pectoral fin, the separation of the two halves of its pelvic girdle, and the
presence of a single spine in front of the first dorsal fin. Moy-Thomas (19364, p. 500)
therefore proposed that the bradyodonts as defined by Nielsen, the chimaeroids and the
chondrenchelyids (Moy-Thomas, 19355, p. 402) form a natural group characterized by
the microstructure of their teeth and possibly also by holostylic jaw suspension. In 1939
Moy-Thomas expanded these ideas, and proposed the following classification:

Sub-class Elasmobranchii

Division Bradyodonti

Order 1 Eubradyodonti
Sub-order 1 Cochliodonti
Sub-order 2 Holocephali
Sub-order 3 Petalodonti
Sub-order 4 Psammodonti

Sub-order 5 Copodonti
Sub-order 6 Edestidi

Order 2 Chondrenchelyidi

Moy-Thomas considered that the Holocephali are the direct descendants of the Cochlio-
donti. The edestids he thought might be a heterogeneous group, some being bradyodont
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(in the sense of tooth structure), others selachian. Similarly, he agreed with Nielsen that
Orodus ramosus should be placed in the bradyodonts on account of its tooth structure, but
thought that some forms described as Orodus might in fact be selachians. Nielsen (1952,
p- 19) has since shown that the edestid Sarcoprion is holostylic, and has confirmed the
position of the edestids.

Since 1939 three other classifications of the bradyodont group have been published, by
Berg (1940, p. 139, modified in 1955, p. 74), by Arambourg & Bertin (1958, p. 2057), these
two classifications being part of general classifications of fishes, and by Obruchev (1953,
p. 57) in a work on the edestids. These classifications are set out below.

Berg (1955) Arambourg & Bertin Obruchev
class Holocephali class Chondrichthyes sub-class Holocephali
sub-class Chondrenchelyes sub-class Bradyodonti super-order Chondrenchelyes
sub-class Chimaerae super-order Eubradyodonti super-order Chimaerae
order Chimaeriformes family Cochliodontidae order Cochliodontiformes
family Cochliodontidae family Petalodontidae order Janassiformes
family Menaspidae family Psammodontidae order Psammodontiformes
family Petalodontidae family Copodontidae order Copodontiformes
family Janassidae family Edestidae order Menaspiformes
family Psammodontidae family Chondrenchelyidae order Edestiformes
family Copodontidae super-order Holocephali order Chimaeriformes
family Myriacanthidae family Myriacanthidae
family Squalorajidae family Squalorajidae
family Chimaeridae, etc. family Chimaeridae, etc.
family incertae sedis:
Edestidae
Helicoprionidae
Radamantidae

Arambourg & Bertin still include the bradyodonts with the selachians as sub-classes of
the Chondrichthyes, but Berg makes the holocephalans and selachians separate classes.
Since there is no evidence that the two groups are directly related (see p. 206), there is no
valid reason for associating them in opposition to the arthrodires. Stensié (1936, p. 30)
has proposed a ‘branch’ Elasmobranchii to include four ‘sub-branches’, the arthrodires,
acanthodians, selachians and holocephalans: the less ambiguous term Elasmobranchio-
morphi (Jarvik 1960, p. 20) is to be preferred for this group. More recently Stensié (1963,
p. 410) has radically revised his grouping in the Elasmobranchiomorphi. He now places
the acanthodians in a separate class, an opinion endorsed by Miles (1964, p. 459), and
divides the Elasmobranchiomorphi as follows:

sub-class 1 Elasmobranchii
Cratoselachii, Cladoselachii, Ichthyotomi, Bradyodonti, Selachii, Rajiformes

sub-class 2 Placodermata
super-order Arthrodira
super-order Holocephali

This wide separation of the holocephalans and bradyodonts is not supported by the
material described below. In this paper the Elasmobranchiomorphi will be regarded as
comprising the three classes Arthrodira, Holocephali and Selachii.
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Whether the group containing the bradyodonts and chimaeroids should be called the
Bradyodonti or Holocephali is not yet fixed. Of the two names, Holocephali is certainly
the older, and as Nielsen (1932, p. 20) notes, the name Bradyodonti is unsuitable for a
group containing the edestids, in which tooth replacement was often very rapid. In the
absence of evidence that any member of the group is not holostylic, Berg’s and Obruchev’s
use of the name Holocephali is preferable. Within the Holocephali, again the classifica-
tions of Berg and Obruchev appear more logical, since they combine the typical bradyo-
donts and the chimaeroids in the same group, rather than separating them as do Aram-
bourg & Bertin. The old family groups of the bradyodonts, which Moy-Thomas raised
to sub-ordinal rank, are retained as families by Berg and by Arambourg & Bertin but are
made orders by Obruchev. Obruchev’s procedure has three advantages, it brings the
classification of the Holocephali into line with that of other classes of fishes, it allows
families to be recognized within the groups, as has already been done within the Chimaeri-
formes, and as is done in the Edestiformes by Obruchev, and it recognizes that in those
cases where much of the anatomy is known ordinal status appears justified.

The present study suggests that the relationships between the holocephalans is expressed
more precisely in the following new classification.

Super-class Elasmobranchiomorphi
Class Holocephali

Order 1 Chimaeriformes (definition see p. 109)
Sub-order Chimaeroidei (definition see p. 109)
Sub-order Squalorajoidei (definition see p. 116)
Sub-order Myriacanthoidei (definition see p. 127)
Sub-order Menaspoidei (definition see p. 148)

incertae sedis Family Cochliodontidae

Order 2 Copodontiforrﬁes

Order 3 Psammodontiformes

Order 4 Helodontiformes (definition see p. 177)

Order 5 Petalodontiformes

Order 6 Edestiformes

Order 7 Chondrenchelyiformes (definition see p. 184)

The cochliodontids (Cochliodus, Deltodus, Sandalodus, etc.) are placed as Chimaeriformes
incertae sedis since they are known only by tooth plates, and only in Cochliodus is the denti-
tion known more or less completely. The dentition of cochliodonts agrees with the Chimaeri-
formes, but until more of the anatomy is known, particularly whether they bore armour
on the head, their precise position and rank within the Chimaeriformes will not be
known.

The Copodontiformes and Psammodontiformes are each known only by isolated teeth
and are of doubtful position. The Petalodontiformes and Edestiformes are known by more
or less complete specimens: they are not dealt with here but are to be treated in a forth-
coming publication by Dr S. E. Bendix-Almgreen of Copenhagen.
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III. TOOTH STRUCTURE

Both Nielsen (1932, p. 27) and Moy-Thomas (1939, p. 2) held that the microstructure
of the teeth was the major character of the Bradyodonti. @rvig (1951, p. 342) refers to the
tissue of the crown of the tooth in bradyodonts and dipnoans as tubular dentine. In
tubular dentine there are many parallel vascular canals which run towards the grinding
surface of the tooth, ending just below this surface in unworn teeth. Each vascular canal
is surrounded by a dentinal osteon, and the osteons are separated from each other by a
tissue which Nielsen (1932, p. 33) calls enamel (in bradyodonts) and which Lison (1941,
p. 286) calls petrodentine in dipnoans.

Radinsky (1961, p. 80) has recently criticized this concept of a special dental structure
in bradyodonts. He suggests that the development of tubular dentine is an adaptive
feature which has occurred independently in several groups where crushing teeth are
present (Asteracanthus, Ptychodus, rays, etc.), and that the term bradyodont should only be
applied in Smith Woodward’s original sense, to groups in which tooth replacement is slow.
That tubular dentine is an adaptive feature in a crushing or grinding dentition is certainly
true. This is well shown in the bradyodonts, where the layer of tubular dentine becomes
thin in acuminate teeth like those of the petalodonts. But the question is whether there is
any constant histological feature by which the teeth of bradyodonts in the sense of Nielsen
and Moy-Thomas may be distinguished from the teeth of durophagous selachians like
Asteracanthus, Ptychodus and the rays. There seems no doubt that the osteodentine of the
root and the vertical vascular canals lined with dentinal osteons of the crown are identical
in the two types of tooth. The two parts of the tooth which might be distinguishable are
the tissue separating the dentinal osteons of the crown, and the tissue at the surface of the
crown in unworn teeth.

(a) The interosteonal tissue of the crown

Orvig (1951, p. 342) is in no doubt that there is a difference between the interosteonal
tissue in the crowns of bradyodont and ray teeth. In rays and Pfychodus he finds the inter-
osteonal tissue of the crown to be the same as the interosteonal tissue in the osteodentine of
the root. He defines this tissue (1951, p. 337) as ‘bone without cells’, and finds that it
differs from osteonal dentine in (i) containing fairly coarse fibres, (ii) in being penetrated
by short cell processes, not long ones as in dentine, and (iii) in being secreted by cells which
are osteoblast-like in shape. rvig contrasts the interosteonal tissue of the crowns of
bradyodont teeth with this ‘bone without cells’, and calls it ‘a special kind of hard tissue’,
saying ‘the true nature of this hard tissue is still unknown’. Orvig does not say how
this tissue differs from acellular bone, but proposes to discuss this in detail in Part IT of
his ‘Histologic studies of placoderms and fossil elasmobranchs’.

Nielsen (1932, p. 30) describes the interosteonal tissue of the crown in edestid teeth as
being light in colour, penetrated by the terminal parts of the dentinal tubules of the
adjacent osteons (these tubules occasionally anastomosing within the tissue with tubules
from other osteons), the tissue differs from dentine in its reaction in polarized light, and
it is formed earlier than and independently of the dentine of the root. Nielsen’s photo-
graphs of thin sections of edestid teeth (1932, pl. 9, fig. 1; pl. 10, figs. 1, 2; pl. 11, figs. 2, 3)
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show clearly that there is a marked contrast between the interosteonal tissue of the crown
and the much less abundant interosteonal tissue of the root, and that the two tissues are
everywhere separated by a layer of osteonal dentine. All these features are also to be seen
in sections in the British Museum (Natural History) of teeth of Helodus simplex (P 40126),
and the chimaeroid Ischyodus (P 33823). In sections of teeth of Psammodus rugosus (P 31742,
P 31899) the contrast between the interosteonal tissue of the crown and root is less obvious,
but under polarized light there is a marked difference between the very active tissue of the
crown and the almost inactive tissue of the root, and there are traces of a layer of osteonal
dentine along the line of junction of the two. In sections of teeth of Asteracanthus (P 5301)
and Ptychodus (P 5302) the interosteonal tissue of the crown seems to agree exactly with
that of the bradyodonts mentioned above except that as the substance is traced downwards
from the grinding surface of the tooth, it changes gradually as the junction of root and
crown is approached, the dentine tubules becoming coarser and more obvious and the
activity in polarized light decreasing. The only difference that I can detect between the
interosteonal tissue of the crown in the teeth of bradyodonts and durophagous selachians is
that in selachians, though near the surface of the tooth the tissue may simulate exactly
that of the bradyodonts, the nature of the tissue changes as the root/crown junction is
approached, while in bradyodonts the tissue is homogeneous throughout its depth.

(i1) The surface tissue of the crown

Radinsky (1961, p. 80) was unable to find an external layer of pallial dentine (@Drvig,
1951, p. 332) or enamel in any of the bradyodont teeth he examined (Helodus, Streblodus,
Sandalodus, Psammodus, Petalodus, Polyrhizodus, Orodus), while in the selachians Asteracanthus,
Heterodontus, Myliobatis and Ptychodus, he found that although enamel may be absent, there
is always a layer of pallial dentine in unworn teeth. Radinsky thinks this difference is of
little importance, since as pallial dentine may be very thin in some selachians (Myliobatis),
its absence in others would not be surprising. Nevertheless, until a selachian without
pallial dentine or a bradyodont with pallial dentine is found, it appears to be a real dif-
ference between the two groups. The only bradyodont in which enamel has been described
is Helicoprion (Karpinsky 1899, p. 417), where, as Teichert (1940, p. 146) notes, Karpinsky’s
description and figures indicate that a layer apparently identical with the enamel of
selachians is present. But Helicoprion is clearly linked with more generalized forms like the
edestids described by Nielsen (1932), in which the tooth structure agrees with other bradyo-
donts in the absence of enamel and pallial dentine. Below the enamel in Helicoprion there
is a layer of tissue which Karpinsky called ‘ R6hrchen-Vasodentin’. Teichert (1940, p. 146)
interprets this tissue as what is now called pallial dentine, since he refers to the parallel
canals in the tissue as dentinal tubes, and compares the tissue to the outer layer of a pike’s
tooth. But Karpinsky’s figs. 45 and 46 show clearly that the parallel canals are vascular,
and the ‘Rohrchen-Vasodentin’ is in fact a poorly developed layer of tubular dentine.
No histological investigation of Helicoprion has been made since Karpinsky’s work, and
a decision on the nature of the enamel layer must await such an investigation. At present,
leaving the symphysial teeth of Helicoprion aside, the tooth structure of bradyodonts can be
defined as: no pallial dentine, no enamel, the crown made up partially or wholly of vertical,
roughly parallel vascular canals surrounded by dentinal osteons, the osteons separated by
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abundant, homogeneous, optically active interosteonal tissue which is sharply marked off
from the interosteonal tissue of the root.

In durophagous selachians there is always a layer of pallial dentine at the coronal
surface, and the interosteonal tissue of the crown is not homogeneous throughout its depth.

IV. SYSTEMATIC DESCRIPTIONS
Crass HorLocEPHALL

Elasmobranchiomorph fishes in which the jaw suspension is holostylic, with the palato-
quadrate completely fused to the neurocranium; hyoid arch complete and unmodified;
teeth with a superficial layer of tubular dentine; branchial arches lying below the neuro-
cranium; endoskeleton of cartilage, normally calcified in prisms; exoskeleton of dentine
or dentine-like tissue, without cellular bone.

ORDER CHIMAERIFORMES

Amended diagnosis: Holocephali in which the dentition consists of a few large tooth
plates, normally in a single series along the length of each ramus of the jaws, and with
three or less pairs of tooth plates in the upper jaw and a single pair in the lower jaw; tritors
present on tooth plates only in advanced forms; dermal armour commonly present on the
head; frontal clasper present in all but the most primitive forms; notochord uncalcified
or with calcifications which are more numerous than the trunk segments, synarcual
present(?); a dorsal fin spine in more advanced forms; pectoral fin dibasal, pelvic with
a single basal; pelvic claspers present; pre-pelvic tenacula present in advanced forms;
squamation complete except in advanced forms, specialized scales surrounding the sensory
canals.

SUB-ORDER CHIMAEROIDEI

Amended diagnosis: Chimaeriformes in which the head and trunk are laterally com-
pressed; two pairs of tooth plates in the upper jaw, one pair in the lower jaw, tritors
present on all tooth plates, tooth plates thick and massive; rostrum large or small, frontal
clasper small and present only in males, ethmoid canal present; no dermal plates on the
head; calcified rings normally present in the sheath of the notochord; dorsal fin spine
present, spine smooth, with a narrow outer zone of osteodentine; tenacula present with
independent cartilagenous skeleton; scales placoid (synchronomorial), squamation much
reduced.

The six known genera of living chimaeroids are placed in three families, the Chimaeridae
Rhinochimaeridae and Callorhynchidae. These families differ from each other only in
the form of the snout and tooth plates, in the absence of notochordal calcifications in
Callorhynchidae, and in a few other details. Descriptions of living chimaeroids are given
by Garman (19o4), Dean (19o6) and Bigelow & Schroeder (1953).

The Chimaeridae contains the living genera Chimaera and Hydrolagus, the first known
since the Lower Eocene, and several fossil genera (Ischyodus, Ganodus, Edaphodon, Brachy-
mylus, Pachymylus) ranging back to the Middle Jurassic.

The Rhinochimaeridae contains the living genera Rhinochimaera (figure 1), Harriota and
Neoharriota. These genera are unknown as fossils, but Smith Woodward (1932, p. 97) says

14 Vor. 249. B.
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that the Oligocene Amylodon lies very close to Rhinochimaera, and Dean (1906, p. 150)
suggests that the Cretaceous and Lower Tertiary genera Elasmodus and Elasmodectes should
be placed in the Rhinochimaeridae.

The Callorhynchidae contains the living Callorhynchus, known since the Upper Cretaceous.

Of the fossil members of these three families, only the Kimmeridgian Ischyodus quenstedti
and /. avitus (Dean 1909), and the Portlandian 1. schuebleri (Heimberg 1949) (figure 2) are
known by more than isolated tooth plates and fin spines. These three Upper Jurassic
species of Ischyodus are known by almost complete specimens. They differ from the living
forms only in details of the snout and tooth plates, in the broader pectoral girdle, the

Ficure 2. Ischyodus schuebler: (Quenstedt). Restoration of female in lateral view
(x % approx.). After Heimberg (1949).

presence of a series of small cartilages along the distal edge of the basal of the first dorsal
fin, the larger frontal clasper, and in the wider zone of osteodentine around the periphery
of the dorsal fin spine (figure 4). Itis clear that the chimaeroids have changed very little
since their appearance in the Middle Jurassic, and that all the holocephalans which sur-
vived beyond the Jurassic belong in the Chimaeroidei.

The major characters which are peculiar to the living chimaeroids are the following:

(1) The jaw suspension is holostylic.

(2) There is an ethmoid canal in the neurocranium (a.e.c., figures 1, 3).

(3) There is an interorbital septum lying dorsal to the forebrain.

(4) The dentition consists of two pairs of tooth plates in the upper jaw and one pair in
the lower jaw.

(5) The crowns of the tooth plates contain tubular dentine (defined on p. 108).

(6) The tubular dentine is confined to limited areas of the tooth plates, the tritors.

(7) The hyoid arch is complete and unmodified, with a pharyngohyal.

(8) The branchial arches lie below the occipital part of the neurocranium (figure 1),
not behind the neurocranium as they do in selachians.

14-2
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(9) The spiracle closes very early in ontogeny, and is absent in the adult.

(10) The gills are covered by an operculum of soft tissue which is supported by an
opercular cartilage (figure 1) borne on the hyoid arch.

(11) There are three well-developed rostral cartilages (figure 1) which in the adult are
articulated with the neurocranium. The median rostral cartilage lies dorsal to the paired
cartilages.

3 m.rc.
lrc §
1§ pri.
pmx.
aec.
SMX.
imx.
den.
fe mdb.
on.f
Jv

dend

Ficure 3. Callorhynchus sp. Skull of a male individual in dorsal view (x } approx.). After de Beer
& Moy-Thomas (1935). a.e.c., Anterior opening of ethmoid canal; den., denticles opposing those
on the frontal clasper; d.end., opening of ductus endolymphaticus; fr.c., frontal clasper; imx.,
inframaxillary labial cartilage; j.v., foramen transmitting jugular vein, orbital artery and
hyomandibular and palatine nerves; Lr.c., m.r.c., lateral and median rostral cartilages; mdb.,
mandible; on.f., orbitonasal canal; pmx., smx., premaxillary and supramaxillary labial cartilages;
p.rl., prelabial cartilage.

(12) The labial cartilages are large and well developed. In Chimaeridae and Rhino-
chimaeridae (figure 1) there are four pairs of labials, in Callorhynchidae (figure 3) there
are six pairs.

(13) The notochord is not constricted or segmented in the adult. In Chimaeridae and
Rhinochimaeridae the sheath of the notochord becomes calcified in rings which are more
numerous than the segments of the trunk (figure 1). In Callorhynchidae there are no
notochordal calcifications.

(14) The anterior part of the notochord is surrounded by a cartilagenous synarcual
(Stensi6 1959, fig. 61), formed by fusion of segmental arcual elements, which bears a
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median dorsal crest with which the spine and basal of the first dorsal fin articulate
(figure 1).

(15) The pectoral fin is dibasal, with a small propterygium, a large metapterygium, and
the anterior radials fused {figure 1).

(16) The halves of the pelvic girdle are not fused in the mid-line.

(17) The first dorsal fin has an erectile spine and a single triangular basal cartilage
(figure 1).

il o
eI
A

Ficure 4. Transverse sections cut near the middle of the dorsal fin spine in: 4, Chimaera monstrosa
Linné, Recent ( x 20 approx.); B, Ischyodus quenstedti Wagner, Kimmeridgian ( x 11 approx.).
Both after Stromer (1927). cp.d., lamellar tissue; osd., osteodentine; p.c., pulp cavity; v.can.,
vascular canals.

(18) The fin spine consists of a narrow and incomplete outer zone of osteodentine and
a broad inner zone of tissue laid down in concentric lamellae around the central cavity
(figure 4; figure 45, plate 22). This tissue is penetrated by long, sinuous, much-branched
tubules which are always described as dentine tubules. The tissue is called ‘Pulpadentin’
by Stromer (1927), orthodentine by Orvig (1951, p. 344), Peyer (1957, p. 161) and Bertin
(1958, p. 508), and the ‘Pulpaosteon’ (in acanthodians) by Gross (1957, p. 17). I hope to
discuss this tissue at a later date, but it should be noted that in living sharks and
chimaeroids (though not in Palaeozoic and most Mesozoic forms) the tissue has an outer
layer in which the tubules pass inwards, thus differentiating it clearly from both osteonal
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dentine and orthodentine. In this paper the tissue will be referred to by the non-
committal term ‘lamellar tissue’, pending investigation of its true nature (see also p. 133).
The spine is smooth, and has a short series of paired denticles on the distal part of the
posterior face. '

(19) The second dorsal fin has no spine and a single series of parallel, rod-like radials
(figure 1).

(20) The scales are placoid and similar to the scales of recent selachians in structure
(figure 5).

L O5mm
Ficure 5. Scales of Recent Callorhynchus. A, Callorhynchus sp., scales from the head (right) and
trunk (left) of an embryo, dorsal view. After Schauinsland (1903). B, Callorhynchus antarcticus
Lacépéde, scale from the frontal clasper of a male individual in longitudinal section. P 45954.

(21) The squamation is greatly reduced. There are scales on the secondarysexual organs
of the male, and a few scales on the dorsal surface of the trunk in Callorhynchidae and
Rhinochimaeridae.

(22) The pattern of the sensory canals on the head (figure 6) is peculiar, and not easily
homologized with any other vertebrate group.

(23) The sensory canals lie in open grooves which are lined with crescentic calcified
structures (figure 7). These calcifications are referred to by Schauinsland (1903, p. 13) as
being calcified and bony, capped with dentine, by Dean (1909, p. 262) as cartilage, by
Smith Woodward (1932, p. 94) as calcified cartilage, and by @rvig (1962, p. 56) as bone.
These structures are modified scales (see p. 198).

(24) In males there is a pair of pelvic claspers supported by rods of calcified cartilage
which articulate with the basipterygium of the pelvic fin (figure 1).

(25) In males there is a pair of pre-pelvic claspers, the tenacula, armed with enlarged
scales, and supported by cartilages articulating with the pelvic girdle (figure 1).

(26) In males there is a frontal clasper armed with enlarged scales and supported by
calcified fibro-cartilage (figure 51, plate 23) which articulates with the neurocranium in
the mid-dorsal line just in front of the orbit (figures 1 and 3).

Of these 26 characters of living chimaeroids, evidence concerning numbers 7, 9 and 10
is unlikely to be found in fossil forms. Characters numbers 7, 12, 16 and 19 are certainly
primitive, the remainder are probably specialized.
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d.end. stc.

Ficure 6. The arrangement of the sensory lines on the head in 4, Callorhynchus; B, Rhinochimaera.
After Holmgren & Pehrson (1949). d.end., Opening of ductus endolymphaticus; L./., lateral line
of trunk; md.l., mandibular line; o.l., oral line; po.io., pr.i0., postnasal and prenasal divisions of
the infraorbital line; st.c., supratemporal commissure; suo., supraorbital line.

Ficure 7. Chimaera monstrosa Linné, modified scale from the infraorbital sensory canal.
P 45955.
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SUB-ORDER SQUALORAJOIDEI NOV.

Diagnosis: Chimaeriformes in which the head is dorso-ventrally flattened ; two pairs of
tooth plates in the upper jaw, one pair in the lower jaw, tooth plates without localized
tritors but with the crown made up of alternate parallel bands of osteonal and inter-
osteonal dentine, tooth plates thin; rostrum and frontal clasper very large, frontal clasper
possibly present in all individuals, no ethmoid canal; no dermal plates on the head;
synarcual present, notochordal calcifications very thick; no dorsal fin spine, first dorsal
fin absent or reduced; tenacula present, supported by an anterior process of the pelvic
girdle; scales placoid, squamation not much reduced.

FamiLy SQUALORAJIDAE Smith Woodward (1886, p. 538)
Diagnosis: as sub-order, only family.

The Squalorajidae contains the single genus Squaloraja Riley (1833, p. 484), with two
species from the Lower Lias of Lyme Regis, Dorset, S. polyspondyla Agassiz, the type species,
and S. fenuispina Smith Woodward (1886, p. 530), the latter known only by a single frontal
clasper.

Berg (1955, p. 77) suggests that Macrodontacanthus kingi Romer (1942, p. 226, pl. 1,
figs. 13, 14), from the Permo-Carboniferous of Texas, should be placed in the Squalora-
jidae. The holotype and only known specimen of M. kingi is an incomplete spine bearing
large, symmetrically placed denticles on each side, and with a longitudinal groove on one
side. Romer compares the spine with the frontal claspers of Squaloraja and Myriacanthus,
and suggests that it belongs to a bradyodont. The microstructure of the spine is unknown,
but only if it consists of calcified fibro-cartilage can it be a holocephalan frontal clasper.
The longitudinal groove suggests that the whole of the grooved surface was in contact with
the dermis and that the structure did not project freely, as do holocephalan frontal claspers.
There seems to be some resemblance, however, to the structure in Acanthorhina jaekeli Fraas
which is here (p. 146) suggested to be the frontal clasper. Until the microstructure of
M. kingi is known, it is best left as an ichthyodorulite incertae sedis.

Squaloraja polyspondyla Agassiz
Figure 52, plate 23; figures 55, 56, plate 24; figures 8 to 12.

1833  Squaloraia dolichognathos Riley, p. 484.

1836  Spinacorhinus polyspondylus Agassiz, 3, pls. 42, 43; Feuill., p. 94.

1890  Squaloraja polyspondyla Agassiz; Howes, p. 687.

1891 a Squaloraja polyspondyla Agassiz; Smith Woodward, p. 41, pl. 3, fig. 2; lists
earlier references.

1895  Squaloraja polyspondyla Agassiz; Reis, p. 385, pl. 12, figs. 1, 2, 4, 5, 6.

1906  Squaloraja polyspondyla Agassiz; Dean, p. 141, text-figs. 120, 133, 137, 137A,
138, 139.

1922 Squaloraja polyspondyla Agassiz; Leigh-Sharpe, p. 193, text-fig. 3.

1935 Squaloraja polyspondyla Agassiz; de Beer & Moy-Thomas, p. 304, text-fig. 19.

1951  Squaloraja polyspondyla Agassiz; Qrvig, p. 416, text-fig. 19.
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Note: This species was first described by Riley (1833, p. 484) as S. dolichognathos; the
trivial name was changed to polyspondyla by Agassiz because Riley’s name is inappropriate,
but this does not render a name unavailable. Under the present (1961) edition of the
Code of zoological nomenclature Riley’s trivial name must become a nomen oblitum since it has
not been used as a senior synonym in primary literature for over fifty years. But if, as
seems likely, Article VI of the Code is emended by the 1963 International Congress of
Zoology, the species must become S. dolichognathos Riley.

Diagnosis: Squaloraja reaching about 60 cm in length, frontal clasper strongly expanded
proximally, bluntly pointed distally.

Holotype: incomplete skeleton in Bristol Museum.

Horizon and locality: Lower Lias, Lyme Regis, Dorset.

Squaloraja polyspondyla is known by about half a dozen almost complete skeletons. The
most important descriptions of the species are those by Davies (1872), Smith Woodward
(1886, 18914), Reis (1895) and Dean (1906). The pectoral girdle and fin are figured by
Leigh-Sharpe (1922), and the skull is restored and described by de Beer & Moy-Thomas

(1935).

Description

A restoration of the skeleton in dorsal view is shown in figure 8. With regard to the skull,
there is little to add to the description given by de Beer & Moy-Thomas. In de Beer &
Moy-Thomas’s reconstruction of the skull, the lateral rostral cartilages (l.r.c.) are shown
passing ventral to the mandible, but in fact they join the neurocranium antero-dorsal to
the mandibular symphysis. The three rostral cartilages of Squaloraja are fused to the neuro-
cranium. In living chimaeroids there is some confusion as to whether the rostral cartilages
are fused with or articulated with the neurocranium, but according to Garman (1904,
p. 270) they are articulated in the adult, though they may be fused in the embryo
(Schauinsland 1903, p. 8). Allis (1917, p. 134) found that in adult Chimaera the median
rostral is articulated with the skull but the lateral rostrals are fused. The great length and
breadth of the snout in Squaloraja seems sufficient explanation for this difference from the
living forms. The three labial cartilages of Squaloraja are evidently homologous with the
premaxillary (pmx.), supramaxillary (smx.) and inframaxillary (imx.) of Callorhynchus
(Holmgren 1942, p. 244). There is no sign in Squaloraja of the prelabial cartilage which in
living chimaeroids lies along the proximal part of the lateral rostral cartilage, nor of the
premandibular cartilages which occur in living chimaeroids (Holmgren 1942, p. 241). The
prelabial cartilage is possibly fused into the very wide base of the lateral rostral cartilage,
and the absence of pre-mandibular cartilages is probably due to imperfect preservation.

By comparison with Callorhynchus, de Beer & Moy-Thomas identified the anterior of the
two foramina in the floor of the orbit (e.ps.a) as the orbito-nasal foramen, and the posterior
(j.v.) as the cranio-quadrate fissure. Holmgren (1942, p. 192) interprets the floor and
lateral wall of the orbit in chimaeroids as a subocular shelf, not an otic process as de Beer
& Moy-Thomas thought it to be. These different interpretations are based on the same
evidence, the descriptions of chimaeroid embryos by Schauinsland (1903), Dean (1906)
and de Beer & Moy-Thomas, and the question can only be settled by new information on

15 VoL. 249. B.
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Ficure 8. Squaloraja polyspondyla Agassiz. Restoration of the skeleton in dorsal view, the tail drawn
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in lateral view (x % approx.). d.end., Opening of ductus endolymphaticus; e.ps.a., foramen
probably transmitting the efferent pseudobranchial artery; fr.c., frontal clasper; imx., infra-

maxillary labial cartilage; j.v., foramen transmitting the jugular vein, orbital artery and hyo-

syn., synarcual; fen., pre-pelvic tenaculum.

mandibular and palatine nerves; Lr.c., m.r.c., lateral and median rostral cartilages; mbd.,
r.d. 2, r.ec., radials of the second dorsal fin and the epichordal lobe of the caudal fin respectively;

mandible; p.cl., pelvic clasper; pmx., smx., premaxillary and supramaxillary labial cartilages;
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embryology. In either case, the posterior foramen must have transmitted the hyo-
mandibular nerve, the palatine nerve, the orbital artery and the jugular vein. The anterior
foramen, called by de Beer & Moy-Thomas the orbito-nasal foramen, opens on the under-
side of the neurocranium well behind the sockets of the anterior tooth plates of the upper
jaw, and can have had no connexion with the nasal capsule, which lay well in front of these
tooth plates in an embayment below the base of the lateral rostral process (41353;
figure 9). The foramen possibly transmitted the mandibular branch of the trigeminal
nerve, or the efferent pseudobranchial artery, which might lie rather far laterally in a
dorso-ventrally flattened form like Squaloraja, or both of these structures, since there are no
other visible foramina in this region. 41353 and P 3184 show that there was a median
hypophysial fenestra on a ridge on the ventral face of the neurocranium at the level of
the mandibular articulation. The internal carotids, which are very small in living chimae-
roids, probably also entered through this fenestra.

De Beer & Moy-Thomas did not discuss the presence or absence of an ethmoid canal in
Squaloraja. The ethmoid canal in living chimaeroids is a median cavity lying above the
forebrain and in front of the orbits. The superficial ophthalmic nerves and the profundus
nerve enter the cavity from the orbit posteriorly, and leave it to pass on to the surface of
the snout anteriorly. Interpretations of the canal vary. Allis (1917, p. 113) first held that
the canal was formed by the roofing over and subsequent coalescence of the grooves which
house the superficial ophthalmic nerves on the roof of the selachian skull, but later (1926,
p- 337) he suggested that the ethmoid canal was part of the forebrain cavity, and that it was
floored by the trabeculae. De Beer & Moy-Thomas (1935, p. 299) follow Allis’s earlier
opinion in regarding the canal as an extracranial space, but they consider it to be formed
by upgrowth of the lamina orbito-nasalis, as a sequel to the raising of the skull roof caused
by the formation of the interorbital septum. Holmgren (1942, p. 196) considers the canal
to be an intracranial space secondarily segmented off from the main cranial cavity as a
consequence of the formation of the interorbital septum. The variety of these interpreta-
tions is again due to the lack of early embryological material of living chimaeroids. The
only one of these interpretations to have received any support from palaeontology is that
of de Beer & Moy-Thomas: in the Carboniferous Helodus simplex Moy-Thomas (19365,
p. 501) found that the roof of the ethmoid region is lower than that of the rest of the skull,
and that the laminae orbitonasalis are raised up lateral to the ethmoid roof, enclosing the
foramina of the superficial ophthalmic nerves between them. This is discussed on p. 187.

In living chimaeroids (Chimaera, Allis 1917, pl. 2: Callorhynchus, de Beer & Moy-Thomas
1935, figs. 1, 18: Rhinochimaera, figure 1) the ethmoid canal opens into the orbit just below
and behind the point of insertion of the frontal clasper, and opens anteriorly immediately
lateral to the base of the median rostral process (figures 1, 3). The size of the anterior
opening of the canal varies with the size of the rostrum: the opening is larger in the long
snouted Callorhynchus and Rhinochimaera than it is in Chimaera. In Squalorgja, where the
snout is even longer and broader than it is in Rhinochimaera, one would expect the opening
to be large. In Squaloraja it is difficult to fix the base of the median rostral process since
the process is fused with the neurocranium, but the base must have lain at about the
posterior limit of the lateral denticles on the process, since behind this level the dorsal
surface of the rostrum bore muscles which served in life to depress the frontal clasper

15-2
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(Davies 1872, p. 147). The dorso-lateral edges of the median rostral process bear a pair of
elongated plates of the same densely calcified cartilage as the frontal clasper (Reis 1895,
p. 386; Orvig 1951, text-fig. 19). At the proximal end of the process these plates expand
into a concave pad (figure 9) whose edges bear large denticles pointing dorso-medially.
Below the hind edge of this pad there is a deep crevice which agrees in position with the
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FIGURE 9. Squaloraja polyspondyla Agassiz. Restoration of the skull in dorsal view with the frontal
clasper removed ( x % approx.). The course of the sensory canals is indicated on the right side.
¢.c.den., Strip of calcified cartilage bearing denticles which oppose those on the frontal clasper;
f-5.0.n., efferent foramen of the superficial ophthalmic nerves; f.v., foramen transmitting nutritive
vessels to the depressor muscles of the frontal clasper; L./., lateral line of the trunk; md.l., mandi-
bular line; n.c., position of nasal capsule; o.l., oral line; o.l./., otic innervated portion of lateral

line; po.io., pr.io., postnasal and prenasal divisions of the infraorbital line; st.c., supratemporal
commissure; suo., supraorbital line.
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anterior opening of the ethmoid canal in living chimaeroids, but excavation of this crevice
in 41354 shows that there is no foramen in it. 41854 (figure 56, plate 24) is the rostrum of
an individual which shows the area of insertion of the frontal clasper because the clasper
itself is missing. On each side of a median ridge in this area there is a cluster of small
foramina (f., figure 9), but these are too small to have transmitted the superficial
ophthalmic nerves, and must have served for blood vessels to the depressor muscles of the
clasper. Behind the base of the clasper there is a strong transverse ridge on the skull roof.
At the foot of the lateral part of this ridge (f.s.0.n.) there is a deep crevice, and excavation
of this has failed to reveal a hind wall; I believe this to be the foramen of the superficial
ophthalmic nerves. If this is so, then this foramen is homologous not with the anterior

F1Gure 10. Squaloraja polyspondyla Agassiz. Dentition restored as if seen from in front with the mouth
wide open ( x 1 approx.). Modified from Dean (1906).

opening of the ethmoid canal in living chimaeroids, but with the foramen for the superficial
ophthalmic nerves in Helodus (Moy-Thomas 19365, p. 495; figure 38), with which it
exactly corresponds in position, and there can have been no ethmoid canal in Squaloraja.
But whereas in Helodus Moy-Thomas found a pair of vertical laminae which suggested
that an ethmoid canal was incipient, in Squaloraja there is no sign of such upgrowths, and
the form of the rostrum and frontal clasper seem to exclude the possibility of them.
Squaloraja gives support to no one of the theories concerning the origin of the ethmoid
canal, but suggests that the canal arose late in holocephalan history.

It is not possible in Squaloraja to discover whether an interorbital septum of chimaeroid
type was present, but the width and separation of the orbits suggests that the eyes would
not have been closely approximated in the mid-line.

‘The branchial arches of Squaloraja are known only by fragments, but from the position
of the pectoral girdle close behind the occiput it is clear that the branchial arches lay
beneath the neurocranium, as they do in living chimaeroids.

The dentition has been described by Smith Woodward (18914, p. 41) and Dean (1906,
p- 140), and is restored in figure 10. As in chimaeroids, there is a single pair of tooth
plates in the lower jaw and two pairs in the upper jaw. There are no localized tritors:
the ‘parallel longitudinal ridges, which represent the tritors’ (Smith Woodward) and the
‘tritors...in the form of conspicuous lamellae’ (Dean) which cover the surface of the tooth
plates are not tritors but alternate bands of osteonal and interosteonal dentine. The whole
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surface of the tooth plate is made up of tubular dentine in which the dentinal osteons
surrounding the vertical vascular canals have become united in a series of parallel bands.
The same type of tubular dentine occurs in the tritors of some chimaeroids (Elasmodus).

In the vertebral column, as in chimaeroids, there are no true centra but ring-like
calcifications in the sheath of the notochord which are much more numerous than the
segments of the trunk. These calcifications have been described by Hasse (1884, p. 4, pl. 1,
figs. 2, 3). That the calcifications are notochordal structures is evident from the fact that
they continue into the occipital region of the neurocranium, where the notochord was
enclosed (P 2079). In Squaloraja the calcifications extend much further into the notochord
than they do in living chimaeroids (figure 11). Surrounding the anterior 8 or 4 cm of the
notochord there is a synarcual of calcified cartilage (figure 8). In P 2979 and P 2276 there
are traces of a median dorsal crest on the synarcual. Dean (1906, p. 142) described traces
of segmentation in the synarcual of P 2276, but these are not present in any other specimen
and appear to be due to post mortem damage.

id.

Ficure 11. Squaloraja polyspondyla Agassiz. Restoration of a part of the vertebral column in the
abdominal region, in sagittal section ( x 3 approx.). From P 2080. &d., Basidorsal; ¢d., inter-
dorsal; z.c., notochordal calcification; sd., supradorsal.

Only a single specimen, P 2080, a fragment of vertebral column, shows any trace of the
arcualia: figure 11 is based on this specimen. The pattern of the elements corresponds well
with those in Chimaera (Goodrich 1909, text-fig. 136), but there is no sign of any calcifica-
tion ventral to the notochord. There are between four and five notochordal calcifications
in each segment, but there appears to be no constant relationship between the arcualia and
the calcifications.

The pectoral girdle and fin are shown in dorsal view in figure 8. The details of the girdle
are not well known: there is a fairly large scapular process and the coracoid is moderately
broad. It is not known whether the two halves of the girdle were fused, as they are in
living chimaeroids, but they were certainly in contact ventrally.

As Smith Woodward (1886, p. 535) saw, the pectoral fin is dibasal. Howes (18qo, p. 687)
noted the similarity of the two basals to the two basals of living chimaeroids, which he
homologized with the propterygium and metapterygium of selachians. Articulating with
the propterygium is a single, large, unsegmented cartilage. This evidently represents the
fused anterior radials of the fin, and agrees exactly with Chimaera and Rhinochimaera
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(figure 1). In Callorhynchus the fusion of the radials is not so extensive (Garman 19o4,
pl. 10). Articulating with the metapterygium there are 22 radials. The first 15 radials are
segmented once near the proximal end. The remainder were possibly segmented but their
bases are not preserved in any specimen. In number and in their basal segmentation the
pectoral radials of Squaloraja agree almost exactly with those of living chimaeroids but
there is no sign of the separate distal cartilages or the multiple segmentation of the posterior
radials which are characteristic of the living forms.

The pelvic girdle and fin are shown in figure 8. Once again, the agreement with living
chimaeroids is very close. The two halves of the pelvic girdle were not fused (43307,
P 2276). The tenacula consist of paired groups of enlarged scales borne on broad,
flattened anterior processes of the girdle (figure 55, plate 24). There is only a single
basipterygium: the partially separate ‘propterygium’ which Howes (1890, pl. 3, fig. 12)
recognized in young Chimaera is not present. Articulating with the basipterygium there
are 12 radials, all apparently unsegmented. The radials are approximately equal in
number to those of living chimaeroids, but in the living forms the anterior radials are fused,
there is a row of separate distal cartilages, and the posterior radials are segmented. The
“anterior radials’ which Dean (1906, p. 141, fig. 138) described as articulating with the
pelvic girdle in P 2276 are merely displaced scales. Between the basipterygium and the
cartilage of the clasper there is a separate cartilage, as there is in Chimaera (Goodrich 1909,
text-fig. 139). The clasper is similar in shape to that of Callorhynchus (Leigh-Sharpe 1922,
fig. 10), but has a knob-like termination armed with about 6 recurved denticles, as in
Rhinochimaera (Leigh-Sharpe 1922, fig. 13).

There is no trace of the median fins in any of the specimens of Squalorgja in the British
Museum, but in RSM 1887.30.1 there is a long series of parallel radials lying above the
notochord behind the pelvic fins (figure 8). These radials are in two groups; the first
begins at the level of the hind edge of the clasper and contains 21 radials, the second group
begins about 35 mm behind the end of the first and contains 47 radials. All the radials
are simple, unsegmented cartilages, between 3 and 7 mm long. Of the two sets of radials,
the first must represent the skeleton of the second dorsal fin of living chimaeroids, and the
second the skeleton of the epichordal lobe of the caudal fin, as in Ischyodus (Heimberg 1949 ;
figure 2). In no specimen of Squaloraja is there any sign of a dorsal fin spine, and this was
certainly absent. Nor is there any trace of the skeleton of an anterior dorsal fin, but since
Squaloraja still retains a synarcual with a dorsal crest it is possible that the loss of the dorsal
fin spine and the loss or reduction of the first dorsal fin are specializations associated with
flattening of the body and the adoption of a benthic habit, as in rhenanid and phyllolepid
arthrodires (Stensié 1963, p. 26).

As Dean (1906, p. 140) noted, the squamation of Squalorgja is much more extensive than
that of living chimaeroids. The scales are placoid (synchronomorial) and are modified in
various parts of the body. On the dorsal surface of the frontal clasper, near the mid-line
on the dorsal surface of the trunk, and below the eye the scales are of the type shown in
figure 12, varying only in size. On the edges of the rostrum, the underside of the frontal
clasper, the flanks of the abdominal region, and in a single row along each side of the tail
near the lateral line the crowns of the scales are produced into smooth, laterally com-
pressed hooks, and are much enlarged except on the flanks of the abdominal region. The
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scales on the pre-pelvic tenacula are also of this type, but larger, and on the tip of the pelvic
clasper they are similar in shape, but with the point directed forwards. The ventral
surface of the fish was apparently naked, and the tail was naked except for the single row
of scales along each side.

Ficure 12. Squaloraja polyspondyla Agassiz. Scales from the dorsal surface of the trunk in lateral,
dorsal and ventral view ( x 10 approx.). After Agassiz (1836).

Smith Woodward (1887) first noticed that in Squaloraja the sensory canals were sur-
rounded by ‘calcified rings’, as they are in living chimaeroids. The preservation of these
structures allows the course of the sensory canals to be reconstructed (figure 9). Con-
sidered simply as a pattern of sensory lines, the system in Squaloraja is easily homologized
with that of chimaeroids (Callorkynchus, Rhinochimaera, figure 6). The terminology of
Holmgren & Pehrson (1949, p. 293) is used. The lateral line from the trunk passed on to
the skull roof just lateral to the occipital condyle and there divided into two. The medial
branch is the supratemporal commissure which probably anastomosed with the supraorbital
canal (the posterior part of the latter and the medial part of the supratemporal com-
missure have not yet been seen), and the lateral branch is the otic innervated part of the
main lateral line. This canal passed forwards below the eye and divided at the anterior
edge of the orbit into a lateral branch, the mandibular line, and an anterior branch, the
infraorbital line. The infraorbital line passed forwards over the lateral rostral process and
there divided into the postnasal and prenasal ventral branches of the line, the postnasal
branch passing antero-laterally and giving off the oral line and three short branches. This

EXPLANATION OF PLATE 22

Ficure 45. Chimaera sp. Transverse section of dorsal fin spine (x 22). P 45957. Recent. See
figure 44 for interpretation.

FicurE 46. Myriacanthus paradoxus Agassiz. Transverse section of dorsal fin spine ( x 4-75). P 1736.1.
Lower Lias, Lyme Regis. See figure 17 for interpretation.

FiGURE 47. Metopacanthus granulatus (Agassiz). Incomplete transverse section of dorsal fin spine
(x 14). 43065.1. Lower Lias, Lyme Regis. See figure 22 for interpretation.

FicURE 48. Helodus simplex Agassiz. Transverse section of dorsal fin spine (x 7-5). P 2908.I. Coal
Measures, Knowles Ironstone, Longton, Staffs. See figure 40 for interpretation.

FIGURE 49. Oracanthus milleri Agassiz. Transverse section cut near the base of the spine (x 11).
P. 10981.1. Carboniferous Limestone, Forest of Dean. See figure 26 for interpretation.

Ficure 50. ? Oracanthus milleri Agassiz. Transverse section of a median fin spine, possibly of this
species (see p. 152) (x 8). P 45768.1. Lower Carboniferous Limestone, Armagh.
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Ficure 51. Callorhynchus antarcticus Lacépéde. A fragment of the frontal clasper in section ( x 55).
P 45956, Recent.

Ficure 52. Sgqualoraja polyspondyla Agassiz. Incomplete transverse section of the frontal clasper
(x 26). P 4323¢. Lower Lias, Lyme Regis.

FiGure 53. Menaspacanthus armaghensis gen. and sp.nov. Transverse section of frontal spine ( x 18).
P 45766.1 (holotype). Lower Carboniferous Limestone, Armagh.
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