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Abstract

The taxonomy of asteroids from the Permian of Australia is revised on the basis of new
and rediscovered historical material. A total of eight species belonging to four genera are
described from the Artinskian to Roadian stages, of which one is new (Ambigaster kapit-
anyi sp. nov.), and a new family, the Ambigasteridae, is described. The fauna represents the
most abundant and diverse asteroid fauna known from the Permian Period, with a total of
only four specimens belonging to three taxa known from other regions of the world. The
significance of this fauna, which immediately predates a major turnover in asteroids around
the Permo-Triassic boundary, approximately coincident with the appearance of the Triassic
to present day Neoasteroidea, is discussed. Although the affinities of the Permian asteroid
faunas are closest to Carboniferous forms, a number of species display derived characters
which may herald major morphological changes subsequently seen in Triassic taxa.

Introduction

The late Paleozoic to early Mesozoic was a criti-
cal interval for asteroids, because it was marked by
the disappearance of all known Paleozoic families,
genera and species, apparently by the end of the
Permian, and their replacement by a new group, the
Neoasteroidea Gale, 1987. This group (Triassic to
present day) possessed a more complex musculo-
skeletal system in the arms which permitted com-
plex movements, and a more flexible mouth frame
which probably enabled wider dilation (Gale 2011,
2012, 2015).

The evolutionary origin of the neoasteroids
from Paleozoic ancestors is obscure and remains
controversial. Blake and Hagdorn (2003) created a
Subclass Ambuloasteroidea for all post-Paleozoic
asteroids and included two genera of Carboniferous
asteroids (Compsaster and Calliasterella) within it,
by inference making these genera sister taxa to all
neoasteroids. In contrast, Villier et al. (2017, fig. 8)
undertook cladistic analysis of numerous asteroids

and placed all Carboniferous and Permian aster-
oids in the Ambuloasteroidea. There is a modern
consensus that features of the ambulacral groove
ossicles are critical to understanding the origin of
neoasteroids, but these are visible in very few Late
Paleozoic taxa. Gale (2015) also considered the
morphology and articulations of the mouth frame
ossicles to be important in understanding neoaster-
oid origins.

All known occurrences of Permian asteroids
are at mid- to high-latitudes in the southern hemi-
sphere (Fig. 1), and these are very sparse (Fig. 2).
An enigmatic form, Omanaster imbricatus Blake,
Angiolini and Tintori, 2014 was described from the
Sakmarian of Oman, and may have affinities with
the Ordovician Platanaster (Blake 2018); however,
the two specimens in question are poorly preserved
and its affinities remain uncertain. An incomplete
juvenile asteroid, referred to the Monasteridae, was
described from the Permian of Timor (Jell 1999),
and a single monasterid arm was recorded from the
Permian of Namibia (Lane and Frakes 1970).
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Fig. I—Reconstruction of the Kungurian world, at approximately 275 Ma, courtesy of Dr. Chris Scotese. 1-5 are localities which have
yielded Permian asteroids. 1, Dwyka, Beds, Sakmarian, Mariental, Namibia. 2, Saiman Formation, Sakmarian, Oman. 3, Tonino,
Timor. 4, Canning Basin, Western Australia, Kungian. 5, Farley, New South Wales.

All other Permian asteroid material comes from
Australia (Figs 1-2). De Koninck (1877, repub-
lished as De Koninck 1898) described Palaeaster
clarkei from a sandstone at Russell’s Shaft, Farley,
in New South Wales [NSW] on the basis of an
external mould showing both actinal and abactinal
surfaces (De Koninck 1877, pl. 7 fig. 6). Etheridge
(1892) described further specimens of Palaeaster
clarkei and placed the species in the subgenus
Monaster. He also described two further spe-
cies, P (M.) stutchburii and P. (M.) giganteus. The
material came from Nicholson’s Quarry, near West
Maitland and Ravensfield Quarry, Farley, NSW.
All specimens are preserved as external moulds in
sandstone. Subsequently, Gregory (1899, p. 345)
selected P (M.) giganteus as the type species of
Monaster, and made Palaeaster clarkei De Koninck,
1877 the type species of Etheridgaster. Schuchert
(1915) created the family Monasteridae for the
genus Monaster, and placed P. (M.) giganteus (and,
questionably, P (M.) stutchburii) in a new genus,
Australaster. Schuchert treated Etheridgaster as a
junior synonym of Monaster.

De Koninck’s type specimen of Palaeaster clarkei
was destroyed in a fire (Kesling 1969), and Etheridge’s
specimens were presumed to be lost. Most later dis-
cussion of the material was based on original illustra-
tions and an external mould of the abactinal surface
of Monaster clarkei in the NHMUK (E. 13098) from
Northumberland County, NSW (e. g. Blake 2018, pl.
15, figs 3-5). In the 1990s, Etheridge’s (1892) mate-
rial, and additional specimens, was rediscovered in
the Australian Museum and forms an important
part of this paper.

Kesling (1969) described well-preserved asteroids
from the Permian of the Minilya River, Wandagee,
in the Canning Basin, Western Australia as Monaster
wandageensis, M. carnarvonensis and Permaster
grandis. Webster and Jell (1992) added a further spe-
cies, M. coleyi, from the same locality as Kesling’s
(1969) material. Blake and Elliot (2003) placed M.
wandageensis (with which they considered M. coleyi
Webster and Jell, 1992 to be a probable synonym) and
M. carnarvonensis in a new genus, Ambigaster. Blake
(2018) created a new family, the Permasteridae, to
include both Permaster and Ambigaster.
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Fig. 2—Occurrences and ranges of Late Paleozoic and Early Mesozoic asteroids. The Permian taxa from Australia are the latest and
most diverse Late Paleozoic assemblages known. Note the 20 million year gap, in which no asteroids are known, that separates these
from the oldest Triassic occurrence: Superstesaster Viller et al. 2017 from the Olenekian. This is a neoasteroid, as are all Triassic to
present day asteroid taxa. The oldest example of an extant asteroid family is from the Carnian, and by the Lower Jurassic a number of
living families are present. Calliasterella mira (Trautschold, 1879) and Urasterella montana (Trautschold, 1879) — see Schondorf (1909)
for details — from the Moscovian of Moscow, Russia. Calliasterella americana Kesling and Strimple, 1966, Pennsylvanian, Illinois,
Delicaster enigmaticus (Kesling, 1967) upper Mississippian, lllinois. Details of Australian taxa are presented in this paper. Omanaster
imbricatus Blake et al. 2017a, Sakmarian of Oman. Muschelkalk faunas from Middle Triassic, Ladinian, Germany and northern
Italy, after Blake and Hagdorn (2003), Blake et al. (2006) and Blake et al. (2017b). Eoastropecten sechuanensis Gale, 2020, Carnian of
Sechuan, China. Noriaster barbaroi Blake et al. 2000, Norian of northern Italy. Jurassic occurrences after Gale (2011).
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Spencer and Wright (1966), in the Treatise on
Invertebrate Paleontology, placed the Monasteridae
in their Suborder Tumulosina (p. U54-US55), together
with the Mesozoic to Recent Stauranderasteridae
and Sphaerasteridae. They considered Australaster
to be a possible member of the Palaeasteidae. Blake
(2018, p. 46) recommended abandonment of the
Tumulosina as it is a paraphyletic grouping and con-
sidered Australaster to be incertae sedis. He placed
the Australian Permian asteroid genera in either
the Permasteridae (Permaster, Ambigaster) or the
Monasteridae (Monaster) and put both of these
families into his Order Kermasida.

In recent years, Tom Kapitany has collected
numerous new asteroid specimens from the Cundlego
Formation at Gascoyne River, Gascoyne Junction in
Western Australia, now in the Western Australian
Museum, Perth. The present paper redescribes
and illustrates all Permian asteroid material from
Australia, including, most importantly, the redis-
covered Etheridge material from New South Wales,
and new specimens from the Cundlego Formation
of Western Australia (Figs 3—-12). We also discuss the
phylogenetic significance of the Australian Permian
asteroids.

New South Wales: stratigraphy, localities and
palaeoenvironments

Two locations in New South Wales [NSW] are rele-
vant to this study:

* Ravensfield Quarry, 2km southwest of Farley,
NSW at 32.74°S 151.50°E. Farley Formation,
Late Artinskian (Percival et al. 2012).

*  ‘Russell’s Shaft, Farley’. According to Branagan
and Diessel (1993) it was obtained from a shaft
put down near Farley in the 1850s by Hon.
Bourn Russell in ‘Stony Creek Coal Measures’
of Rev W.B. Clarke, according to Etheridge
(1892, p. 73). These are now called the Greta
Coal Measures. Late Roadian (Percival 2012).
The top of the unit has been dated at 271Ma
using CAIDTIMS (Metcalfe et al. 2012).

Farley Formation

The Farley Formation is about 300m in thickness
(Percival et al. 2012), consisting of a coarsening
up sequence of silty sandstone (McClung 1980).
At the base is the Ravensfield Sandstone Member,
4-6m thick, within which the asteroids occurred.

This sandstone was probably deposited above fair-
weather wave base (Evans and Migliucci 1991). In
addition to the asteroids, this member contains shell
beds of Megadesmus, Eurydesma and other bivalves,
orthoceratid nautiloids, gastropods and bellero-
phontids (McClung 1980). Such shell beds with
forms like Eurydesma that had thick and globose
shells, suggest adaptation to living in turbulent shal-
low marine waters (Runnegar 1979).

Oxygen isotope analysis of calcite in Eurydesma
shells in the slightly older (Artinskian) Allandale
Formation provides palaeotemperature data indicating
sea temperatures in the winter months near freezing,
rising to 8-12°C in the summer (Ivany and Runnegar
2010). The Allandale Formation was mainly depos-
ited during a cold phase related to the Late Paleozoic
Ice Age, which also encompassed the slightly younger
Farley Formation (Fielding ef al. 2008).

Greta Coal Measures

The Greta Coal Measures are up to 63m in thick-
ness and comprise conglomerates and sandstones
with minor, thin siltstone and mudstone layers, while
individual coal seams reach up to 11m in thickness
(McClung 1980). The Greta Coal Measures are
interpreted as having been deposited during a low-
stand regression event (Mayne et al. 1974) in an
alluvial fan delta environment (Evans and Migliucci
1991; Percival et al. 2012).

Western Australia: stratigraphy, localities and
palaeoenvironments

Two locations in Western Australia [WA] are rele-
vant to this study:

*  North of Minilya River and east of Coolkilya
Pool, WA. Wandagee Formation, Byro Group,
Kungurian (Kesling 1969).

* Gascoyne River, Gascoyne Junction, WA.
Cundlego Formation, Byro Group, Kungurian
(Haig 2004).

Wandagee Formation

This formation occurs in the upper part of the Byro
Group and is an upward fining sequence of lami-
nated sandstones and grey siltstones that reaches
a thickness of up to 244m (Playford et al. 1975). It
outcrops mainly along the northern banks of the
Minilya River in WA. It contains a rich invertebrate
fossil fauna, predominantly crinoids (in particular
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Calceolispongia), bryozoans, brachiopods, gas-
tropods, nautiloids, blastoids and ammonoids.
Asteroids are an uncommon element of the fauna.
Moore and Hocking (1983) considered these sedi-
ments to have been deposited in an offshore environ-
ment, mainly below storm wave base.

Cundlego Formation

The Cundlego Formation forms part of the early
Permian Byro Group and is a sequence of carbona-
ceous quartzwacke siltstones and shales, with minor
sandstones, outcropping between the Minilya River
and Gascoyne Junction in the Southern Carnarvon
Basin in WA. It reaches a maximum thickness of
412m in the region of Gascoyne Junction (Hocking
et al. 1987) and contains a rich invertebrate fauna
of brachiopods, gastropods, bivalves, nautiloids, cri-
noids, bryozoans, asteroids, ophiuroids and foramin-
ifera. In the Gascoyne Junction area, the unit is well
known for containing a very rich echinoderm fauna
and is commercially exploited (Percival 2014).

The asteroid species described herein is a rare
component of this particular echinoderm fauna,
which is dominated by the crinoids Jimbacrinus bos-
tocki Teichert, 1954 and Neocamptocrinus occiden-
talis Webster, 1990. A characteristic feature of the
Gascoyne Junction fauna is the complete preserva-
tion of echinoderm specimens. Individual blocks are
known that contain more than 100 complete speci-
mens of J. bostocki. A population density of up to
25 individuals per square metre is not unknown.
The two species of crinoid have morphological
features that suggest adaptation to occupation of
a high energy environment. Webster (1990) argued
that the dense feeding net of N. occidentalis indi-
cated that it was a rheophilic suspension feeder, in
an environment of ‘moderate current conditions’.
Moreover, its distinctive morphology of distally flat-
tened stem with side branches and curved proximal
stem, suggests it may have had a recumbent posture
in life, another possible adaptation to high hydrody-
namic energy conditions (Hunter and McNamara
2018). Similarly, Jimbacrinus bostocki has an almost
orthogonal bend between the stem and calyx, sug-
gesting that it too arranged its arms toward the pre-
vailing current direction (Webster 1990).

In addition to the crinoids and asteroid described
herein, the Cundlego Formation contains a spe-
cies of ophiuroid, Teleosaster creasyi Hunter and
McNamara, 2018. Like the asteroid specimens, all
the other echinoderm species occur as complete indi-
viduals, suggesting that these ‘echinoderm meadows’
represent life assemblages.

Further evidence that the echinoderm meadows
developed in areas of high hydrodynamic activity is
shown by associated sedimentary structures. Moore
and Hocking (1983) observed the frequent occurrence
of hummocky and swaley cross-stratification in the
Cundlego Formation, these structures being absent
from the Wandagee Formation. Indeed, these types
of cross—stratification, that formed during significant
storm events, occur more commonly in the Cundlego
Formation than in any of the other formations within
the Byro Group (Moore and Hocking 1983).

The Cundlego Formation is likely to have been
formed in lower—offshore to upper—shoreface envi-
ronments (Moore and Hocking 1983), in contrast to
the deeper water setting of the Wandagee Formation.
In addition to the presence of hummocky and swa-
ley cross-stratification, along with large rip-up mud
clasts, support the argument for deposition in a rel-
atively shallow marine environment of high hydrody-
namic energy. The occurrence of complete asteroids
and ophiuroids, preserved intact with either their oral
or aboral surfaces uppermost, indicate preservation in
obrution deposits, generated by severe storm events.

During the Kungurian the Southern Carnarvon
Basin was in a high latitude, sub—polar location
(Moore and Hocking 1983). Erratic boulders and
other glacigene sedimentary rocks in the underlying
Lyons Group indicate deposition during a period of
glaciation (Van de Graaff 1981). These cold climate
conditions persisted into the overlying Byro Group,
with alpine glaciation in the hinterland (Moore and
Hocking 1983). Oxygen isotope analysis of brachio-
pod shells point to ocean temperatures of 7-10°C
at this time (Mii ez al. 2012). In its Permian latitu-
dinal location of 60-65°S the Cundlego Formation
and Wandagee Formation (Fig. 1) seas were prob-
ably subjected to the effect of passing extreme low
pressure systems that frequently generated fierce
storms. These would have induced rapid erosion and
transport of large amounts of sediments in shallow
marine environments, which would have had disas-
trous consequences for the rich echinoderm mead-
ows that flourished at this time in the nearer shore
environments (Hunter and McNamara 2018).

Systematic palaeontology

Abbreviations for institutional repositories are as
follows:
AM: Australian National Museum, Canberra,
New South Wales, Australia
BAS: British Antarctic Survey, Cambridge, UK
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FMNH: Field Museum of Natural History,
Chicago, Illinois, USA

MHI: Muschelkalk — museum, Ingelfingen,
Germany

NHMUK: Natural History Museum, London,
UK

NMVP: Museum of Victoria, Australia

TCD: Trinity College palaeontological collec-
tions, Dublin, Republic of Ireland

UMMP: University of Michigan Museum of
Paleontology, Michigan, USA
USNM: United States National
Washington DC, USA

UWA: collections of the University of Western
Australia, Perth, Australia

WAM Western Australian Museum, Perth,
Australia

Museum,

Order KERMASIDA Blake, 2018

Remarks. Blake (2018) introduced the Order
Kermasida to include Late Paleozoic asteroids (families
Permasteridae, Clarkeasteridae, Illusioluididae and
Monasteridae) with the primary diagnostic character
that the ambulacral ossicles are small in comparison to
the adambulacrals and marginals. However, the order
includes very diverse morphologies, and ambulacrals
are poorly known or unknown in most taxa. The taxa
studied here (Permasteridae, Ambigasteridae nov.,
Monasteridae) display very different constructions
and are evidently not closely related.

Family PERMASTERIDAE Blake, 2018

Amended diagnosis. Arms elongated, disc small and
flat, primary radials large, flat and oval, enlarged
abactinals absent. Axillary with very small external
face, set between orals and first pair of marginals;
orals very large, broad.

Remarks. Blake (2018) included Permaster Kesling,
1969, Ambigaster Blake and Elliot, 2003, Delicaster
Blake and Elliot, 2003 and Emphereaster Blake
and Elliot, 2003 in this family. Whilst Ambigaster
(Figs 3E-G, 4, 5) and Emphereaster (Blake and
Elliot 2003, fig. 2) have a broadly similar construc-
tion (elongated arms made up of robust marginals
and radials, tumid disc with circlet of large pri-
mary radials and broad axillary), the other genera
are very different. Permaster (Fig. 3A-D) has a flat
abactinal disc, the primary radials are flat and oval,
there are no enlarged primary interradials, and the
radials of the arms, now missing, were probably

small. Additionally, the axillary has a very small
external face (Fig. 3D). Delicaster (Blake and Elliot
2003, fig. 3.4-3.7) is lightly constructed, the mar-
ginals are thin, flat and imbricate, and the abactinal
ossicles of the arms are very small and numerous.
Here, we restrict Permasteridae to its nominal genus,
and place Ambigaster and Emphereaster in a new
family, the Ambigasteridae.

Genus PERMASTER Kesling, 1969

Type species. Permaster grandis Kesling, 1969 by
original designation.

Diagnosis. As for family.

Permaster grandis Kesling, 1969
Fig. 3A-D

v 1969 Permaster grandis Kesling; p. 373, pl. 2,
figs 1-6

v 2011 Permaster grandis Kesling; Gale p.72, fig.
30F

v 2018 Permaster grandis Kesling; Blake, p. 47,
pl. 14, figs 7-8

Type material. A well-preserved specimen (UWA
26992¢) is the unique holotype. Wandagee
Formation, Kungurian, Minilya River, Wandagee
Station, WA.

Diagnosis. As for genus.

Description. Body flat with low lateral profile (Fig.
3B), arms very elongated (>R6: r1), disc small, with
acute interradial arcs. Adambulacrals short, broad,
block-like, do not imbricate, actinal and lateral
surfaces set at 90°. Ambulacrals small with few fea-
tures visible. Orals large, broad, each pair rhombic
in actinal view with large interoral contact; each
bears a pair of oral spines which extend over the
peristome. Axillary with very small, square exter-
nal face, set between first marginal pair and distal
margin of orals (Fig. 3D). Marginals rectangular,
weakly imbricate, lateral surfaces vertical, abactinal
surfaces broad (Fig. 3A-B). Primary radials tear-
drop shaped, flat, tapering proximally; paired tri-
angular, flat, triangular interradials articulate with
proximal margins of primary radials and abactinal
margins of first marginals. Central and interradial
regions of abactinal disc, and arms, lack ossicles,
possibly because these were small and separated
postmortem.
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Fig. 3-—A-D, Permaster grandis Kesling, 1969. A, abactinal view; B, distal view; of arm tip; C, actinal view; D, enlargement of actinal
surface of disc. Original of Kesling (1969, pl. 1 figs 9-11, pl. 2 figs 1-6); Gale (2011, fig. 30F); Blake (2018, pl. 14 figs 7-8) (UWA 26992e).
E-J, Ambigaster wandageensis (Kesling, 1969). E-G, holotype, in abactinal (E), actinal (F) and oblique lateral (G) views. Original of
Kesling (1969, pl. 1 figs 1-2) (UWA 26992a). H-I, disc, in actinal (H) and abactinal (I) views. Original of Kesling (1969, pl. 1 figs
3-4) (UWA 26992b). J, isolated arm, in actinal view. Original of Kesling (1969, pl. 1 figs 5-6) (UWA 26992c). Wandagee Formation
(Kungurian), Minilya River, Western Australia. White scale bars 10mm.
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Family AMBIGASTERIDAE nov.

Diagnosis. Robustly constructed asteroids in which
the arms are moderately elongated and constructed
actinally of brick-like adambulacrals, abactinally of
large marginals which alternate with a single row of
radials. Disc tumid, five large, abactinally swollen
primary radials surround a central region in which
a centrale is present. Axillary broad, extends from
distal margin of orals to ambitus.

Included genera. Ambigaster Blake and Elliot, 2003;
Emphereraster Blake and Elliot, 2003.

Genus AMBIGASTER Blake and Elliot, 2003

Diagnosis. Actinal surface constructed of broad
adambulacrals which form the ambitus; axillary
broad, extending from distal margin of orals to
ambitus; radials narrower than marginals.

Type species. Monaster wandageensis Kesling, 1969,
by original designation.

Included species. Monaster carnarvonensis Kesling,
1969, Ambigaster cristatus sp. nov., Ambigaster
kapitanyi sp. nov.

Remarks. Ambigaster differs from Emphereaster
from the Carboniferous Middle Mississippian of
Missouri, USA, inits larger axillary, narrower radials
in the arm, and larger adambulacrals which extend to
the ambitus and form the lateral margins of the arms
and disc. In Emphereraster, the adambulacrals are
narrow and confined to the sides of the ambulacral
groove. Ambigaster evidently underwent a significant
radiation in the Kungurian of western Australia, as
four species are identified.

Ambigaster wandageensis (Kesling, 1969)
Fig. 3E-J, Fig. 4D, Fig. 5A-D

v 1969 Monaster wandageensis Kesling, p. 367,
text-figs 1-2, pl. 1 figs 1-6

1992 Monaster coleyi Webster and Jell, p. 369,
fig. 29D-F

2003 Ambigaster wandageensis (Kesling); Blake
and Elliot p. 483

2018 Ambigaster wandageensis (Kesling); Blake, p. 47

Diagnosis. Ambigaster in which the primary radial
ossicles are rectangular, tall, elevated above the

abactinal surface of the disc, and bear a nip-
ple-shaped abactinal process and narrow vertical
ridges.

Type specimen. The specimen figured by Kesling
(1969, pl. 1 figs 1-2; pl. 3 figs 2-4) is holotype (UWA
26992a). Wandagee Formation, Kungurian, Minilya
River, Wandagee Station, WA.

Synonyms. Monaster colei Webster and Jell,
1992, based on two specimens from Wandagee
(NMVP127200, NMVP127291) does not appear to
differ in any significant way from A. wandageensis.
Its exceptional preservation includes tiny superficial
ossicles, lost in the type material of 4. wandageen-
sis. The minor differences listed by Webster and Jell
(1992, p. 370) (“nontuberculate R1, smaller SM1,
interradial clefts between SM2 plates”) fall within
an expected range of intraspecific variation.

Material. In addition to the holotype, Kesling
(1969) figured a fragmentary arm (UWA 2992c) and
a weathered disc (UWA 26992b). Two additional
specimens were figured by Webster and Jell 1992
(NMVP127200, 127201).

Description. Arms very elongated with no taper in
proximal part (see also Webster and Jell 1992, fig.
32C, D, F), well demarcated from disc, interradii
concave (Fig. 3E-F). Primary radials rectangular,
robust, elevated above abactinal margin (Fig. 3G),
with rounded abactinal process and vertical stria-
tions on distal surface. Primary interradials large,
rounded, deeply inset beneath primary radials.
Proximal pair of marginals quadrangular, enlarged,
separated interradially by axillary. Central portion
of abactinal disc not preserved, but probable cen-
trale visible at base of hollow. Abactinal arms con-
structed of alternating rows of (opposed) triangular
marginals and (alternate) rectangular abactinals,
of similar sizes. Marginals low, do not form lateral
margin of disc and arms, external surface rugose.
Actinal surface of asteroid (Fig. 3F) flat, mostly con-
structed of large, block-like adambulacrals which
extend from the ambulacral groove to the ambitus;
the lateral surfaces of the adambulacrals form the
vertical margin of the disc and arms (Fig. 3F-G).
The proximal pair of adambulacrals are narrow
and excluded from the lateral margin by the second
pair and the axillary. Axillary broad, short, triangu-
lar, extending from distal margin of orals to inter-
radial margin. Orals small, triangular, madreporite
rounded, bearing radial striations (Webster and Jell
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1992, fig. 32H). The entire abactinal surface, and the
lateral parts of the adambulacrals were densely cov-
ered with granular spines (‘shagreen’ of Webster and
Jell 1992), and short adambulacral spines formed a
fringe to the ambulacral groove.

Remarks. This species differs from A. carnarvonensis
and A. kapitanyi sp. nov. in the more elongated,
slowly tapering arms, the very tall primary radials
which bear a central process. It also differs from A.
carnarvonensis in the shape of the axillary which
narrows distally in A. wandageensis but broadens in
A. carnarvonensis.

Ambigaster carnarvonensis (Kesling, 1969)
Fig. 4A-C

v1969 Monaster carnarvonensis Kesling, p. 370,
pl. 1 figs 7-8

1992 Monaster carnarvonensis Kesling; Webster
and Jell, p. 369

2003 Ambigaster carnarvonensis (Kesling); Blake
and Elliot, p. 483

Diagnosis. Ambigaster in which the disc is large
and the arms short, tapering rapidly. The axillary
broadens distally to the lateral margin, and the
marginals carry fine rugosities.

Type specimen. The unique holotype figured by
Kesling (1969, pl. 1 figs 7-8; UWA 26992d), Wandagee
Formation, Kungurian, Minilya River, Wandagee
Station, WA.

Description. Arms short, disc broad (R2: r1), inter-
radial margins bluntly concave (Fig. 4A-C). Arms
taper rapidly distally, and lateral sides are made up
of seven large, rectangular marginals which alter-
nate with smaller, oval abactinal ossicles set in single
row. Marginals and abactinals carry fine rugosities,
aligned on lateral surfaces of marginals. Primary
radial ossicles tall, robust, with square abactinal out-
line and bear coarse vertical ribs. Primary interradi-
als poorly exposed, inset between primary radials.
Axillary very large, broad laterally, tapering prox-
imally. Adambulacrals block-like, actinal surfaces
carry 3-4 transversely arranged spine pits to which
slender, short spines attached. Orals small, triangular.

Remarks. A. carnarvonensis differs from the other
species of the genus in its proportionately large disc
and short, rapidly tapering arms, and in the shape
of the exillary which broadens, rather than narrows,

laterally. Additionally, the marginals are strongly
sculptured, bearing vertically arranged rows of fine
rugae.

Ambigaster kapitanyi sp. nov.
Fig. 5A-D, Fig. 6A-E, Fig. 10B

Diagnosis. Ambigaster in which the primary radial
ossicles are only weakly tumid and lack vertical
striations. The arms are relatively short and taper
rapidly (R:r 4:1), the marginals and radials are
slightly tumid.

Type specimen. The specimen illustrated here in
Figure 6A is holotype (WAM 2023.48), the other
figured specimens are paratypes (WAM 2023.49-
52; WAM 2023.4-7, WAM). Cundlego Formation,
Byro Group, Kungurian, Gascoyne River, Gascoyne
Junction, WA.

Derivation of name. For Tom Kapitany, who
collected the asteroid specimens and donated them
to the Western Australian Museum.

Material. Over ten specimens from Gascoyne
Junction (WAM 2023.49-52; WAM 2023.4-7).

Description. Primary radial ossicles rectangular,
evenly tumid (Fig. 6A, B, D, E), overlap polygonal
primary interradials which carry a central spine
pit. Central region of abactinal disc occupied by an
open tessellation of small, irregularly shaped ossicles
which surround a slightly larger centrale. In each
interradius, a pair of elongated ossicles are over-
lapped by the primary radials and interradials. Arms
relatively short, tapering rapidly (R:r 4:1), abactinal
surface made up of alternating paired marginals
and tumid, rectangular radials. Marginals narrow
abactinally from ambitus, successive marginals of
row separated by a papular gap formed by the lateral
surface of the radial. Large rectangular papular gaps
present between successive radials. Adambulacrals
extend up to ambitus, and two correspond to each
marginal (Fig. 6E). Actinal surface (Figs 5A, C, D
and 6C) with broad ambulacral groove; adambu-
lacrals broaden proximally and the proximal pair
are occluded from the ambitus, articulating with the
broad, parallel-sided axillary. Oral ossicles small,
triangular. The material includes small individuals
(Fig. 6B) with a R of 15mm (7-8 marginals on each
side of the arm) and specimens up to a maximum R
of 70mm (Fig. 10B) which have 14-15 marginals on
each side of the arm. The major ontogenetic changes
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Fig. 4—A-C, Ambigaster carnarvonensis (Kesling, 1969). A, abactinal; B, lateral and C, actinal views of holotype, original of Kesling
(1969, pl. 1 figs 7-8) (UWA 26992d). Wandagee Formation (Kungurian), Minilya River, Western Australia. D, Ambigaster sp. - abacti-
nal surface of cast (WAM 03.10). Cundlego Formation (Kungurian), Gascoyne River, Gascoyne Junction, Western Australia. White
scale bars 10mm.
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Fig. 5—A-D, Ambigaster kapitanyi sp. nov. A, C, D, actinal views and B, abactinal view of paratypes (WAM 2023.4- 2023.7). Cundlego
Formation (Kungurian), Gascoyne River, Gascoyne Junction, Western Australia. White scale bars 10mm.

are the addition of more marginals and radials at the
arm tips and an increase in the tumidity of margin-
als and radials (Fig. 10B).

Remarks. A. kapitanyi sp. nov. is morphologically close
to A. wandageensis from Wandagee, but there are con-
sistent differences. Firstly, although the primary radi-
als are tumid, they are less so, and are not raised far
above the abactinal surface, as in 4. wandageensis (Fig.
3G) and they also lack the central prominence and
fine vertical ridges of this species. Secondly, the arms
in A. kapitanyi sp. nov. taper more rapidly and were
probably shorter than those of A. wandageensis (com-
pare Fig. 3E-F with Fig. 5A-E) although those of the

latter species are incomplete. Thirdly, the marginals and
radials are tumid in A. kapitanyi sp. nov, but flat in A4.
wandageensis.

Ambigaster sp.
Fig. 4D

Material. A single external mould of a nearly com-
plete specimen from the Cundlego Formation, Byro
Group, Kungurian, Gascoyne River, Gascoyne
Junction, WA (WAM 03.10).

Remarks. This specimen appears to be closer to
Ambigaster wandageensis than the other specimens
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Fig. 6—A-E, Ambigaster kapitanyi sp. nov. A, Abactinal view of large individual (holotype, WAM 2023.48). B, abactinal view of small,
complete specimen (paratype, WAM 2023.49). C, actinal view of large specimen (paratype, WAM 2023.50). D, abactinal view of small-
est specimen (paratype, WAM 2023. 51). C, E, F, actinal (C), and oblique abactinal views (E, F) of specimen (WAM 2023.52). White
scale bars 10mm.
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from Gascoyne Junction (referred to A. kapitanyi
sp. nov.), in that the primary radials are rectangular
and both distal radials and marginals are not tumid.
However, it differs from A. wandageensis in the
possession of irregularly arranged, small radials in
the mid-radius, which form alternating rows.

Order HADROSIDA Blake, 2018
7URASTERELLIDAE Schuchert, 1914

Material. A single small, partly disarticulated spec-
imen from the Cundlego Formation, Byro Group,
Kungurian, Gascoyne River, Gascoyne Junction,
WA (Tom Kapitany collection).

Description. Arms short, blunt, rapidly tapering (R:r
approximately 3.1). Exposed abactinal surface made
up of numerous small, square to polygonal ossicles,
evenly sized, mostly disarticulated, which form irreg-
ular rows parallel with the radius. The rows are bet-
ter defined on the sides of the arm.

Remarks. The specimen shows some similarities
with urasterellids, most specifically with the juvenile
specimen of Anthrooasterias huxleyi (Billings,
1865) illustrated by Blake and Koniecki (2020,
fig. 2.1), in that the abactinal ossicles are small
and regular in size. However, it is likely that many
urasterellids possessed similar juveniles with small,
poorly differentiated abactinal ossicles. Certain
identification must await the discovery of better,
larger specimens.

Family UNCERTAIN
Genus AUSTRALASTER Schuchert, 1914

Type species. Palaeaster (Monaster) giganteus
Etheridge, 1898, by original designation.

Diagnosis. Arms elongated; disc small with gently
curved interradial margins. Adambulacrals broad,
short, bearing 3-4 transversely arranged conical
spines. Distal marginals small, polygonal-ovoid,
enlarging proximally, enlarged marginals pres-
ent in each interradius. Abactinal ossicles small,
irregular in size and outline, forming a flat-topped
tessellation.

Remarks. Australaster differs from all known
Paleozoic asteroids in the size and shape of the mar-
ginal ossicles and the irregular arrangement of the
abactinal ossicles. It does not fall into any of the
families described by Blake (2018).

Australaster giganteus (Etheridge, 1892)
Figs 7A-B, 8A-B, 12A

1892 Palaeaster ( Monaster) giganteus, Etheridge,
p. 74, pl. 12

v 1892  Palaeaster ( Monaster)
Etheridge, p. 73, pl. 13 fig.1

1914 Australaster giganteus Etheridge, Schuchert,
p- 12

1915 Australaster giganteus Etheridge, Schuchert,
p. 72, pl. 4 fig. 4

1966 Australaster giganteus (Etheridge), Spencer
and Wright, p. U50, fig. 47.2

stutchburii,

Diagnosis. As for genus.

Type species. The large complete, but indifferently
preserved specimen figured by Etheridge (1892, pl.
12) is in the AM (F 35461) but is being treated for
advanced pyrite decay and was not available for this
study. A copy of Etheridge’s original figure is given
in Figure 7A.

Material. A smaller, less complete but better pre-
served specimen (AM F18938) shows numerous
similar features, including the large interradial
marginals (Fig. 7B). Two further specimens, also
from Ravensfield quarry, are referred to the same
species. One is a relatively poorly-preserved exter-
nal mould of the actinal surface (AM F35448, Fig.
12A), the other is the type of Palaeaster ( Monaster)
stutchburyii Etheridge, 1892 (his pl. 13 fig. 1). This
specimen (AM F3544, Fig. 8) has an unusual preser-
vation, in that the majority of the skeleton has disag-
gregated, leaving only the spines from the abactinal
surface and the partial tips of the arms, which show
the ambulacral, adambulacral, marginal and abacti-
nal ossicles in place. The dead individual, partially
dissociated, was perhaps bound by a microbial bio-
film on the sea floor before burial.

Description. Arms elongated (RS5: rl), tapering
distally; disc small with weakly curved interradial
margins. Adambs broad, short, approximately 30
in each half radius, making up entire actinal sur-
face of arms (Figs 7, 12A). Adambs block-like, do
not imbricate, lateral and actinal surfaces demar-
cated; adamb spines conical, short, set in 3-4 trans-
verse rows (Fig. 9A). Ambs and adambs alternate
(Fig. 9A-B), articular surfaces for ambs include
adal, ada3, and site of insertion of padam mus-
cle. Amb head well demarcated, broad, bearing site
for insertion of abtam, dentition articulates with
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Fig. 8—Australaster giganteus (Etheridge, 1892). A, general abactinal view and B, distal arm detail of a partially disaggregated speci-
men, the original of Etheridge (1892, pl. 13 fig. 1), figured as Palaeaster ( Monaster) stutchburii (AM F 3544). Ravensfield Sandstone
Member, Farley Formation (late Artinskian), Ravensfield Quarry, 2km SW of Farley, New South Wales. Black scale bars 10mm.

opposing amb (Fig. 9B). Actinal ridge asymmetri-
cal, tapering abradially, forming margin of podial
basin (Fig. 9B). Marginals of arm small, ovoid,
with articulation facets for abactinal ossicles. Most
proximal pair of marginals large, triangular, form-
ing margin of actinal interradius (Fig. 7). Abactinal
ossicles small, polygonal, form tessellation of irreg-
ularly sized and shaped plates (Fig. 8B). Mouth
frame poorly preserved, orals small, axillary not
visible, possibly internal (Fig. 7).

The type specimen (Fig. 7A) differs in import-
ant respects from the cast (AM F18938) figured
here (Fig. 7B), notably in the nature of the actinal
interradius. In the holotype (Fig. 7A) a single, large,
unpaired interradial marginal is present, which is
separated from the orals. Distally, the marginals
rapidly narrow and decrease in breadth. In contrast
(Fig. 7B) in the other specimen, a pair of asym-
metrical triangular marginals occupy each interra-
dius, and in similar fashion, decrease rapidly in size
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distally. This latter condition could be pathological
because the interradius is invariably symmetrical in
Paleozoic asteroids.

Remarks. Australaster giganteus is a large, highly dis-
tinctive asteroid, bearing elongated arms and a small
disc. The distal marginals are inconspicuous, and
the small distal abactinal ossicles form a tessellation
between the marginals on each side of the arm. The
proximal marginals are large and decrease in size dis-
tally; the axillary must have been small. The ossicles
of the ambulacral groove (Fig. 9A-B) display a num-
ber of derived characters (see below).

Family MONASTERIDAE Schuchert, 1915
Remarks. Monogeneric, includes only Monaster.
Genus MONASTER Etheridge, 1892

Diagnosis. Arms short, disc broad, actinal surface
made up of broad adambulacrals which narrow
distally and bear large, paired spines. Axillary
small, two short, broad interradial ossicles present
between axillary and marginals of ambitus. Raised
abactinal disc comprised of large primary radials
and interradials with central, pentagonal space.
Distal abactinal arms club-like, made up of enlarged
distal marginals and radials.

Synonym. Etheridgaster Gregory, 1899.

Type species. Palaeaster clarkei De Koninck, 1877,
by original designation.

Monaster clarkei (De Koninck, 1877)
Figs 10A, 11A-B, 12B, 13A

1877 Palaeaster clarkei, De Koninck, p. 166, pl. 6, 6*
1892 Palaeaster ( Monaster) clarkei De Koninck;
Etheridge, p.71, pl. 14 figs 1-2, pl. 15 fig. 4

1898 Palaeaster clarkei De Koninck, p. 127,
pl. 127, pl. 7 fig. 6, 6*

1915 Monaster clarkei (De Koninck); Schuchert,
p. 170

1927 Monaster clarkei (De Koninck); Spencer, p. 359
1966 Monaster clarkei (De Koninck); Spencer
and Wright, p. US55, fig. 51.1

2018. Monaster clarkei (De Koninck); Blake,
p. 49, pl. 15 figs 3-5

Types specimen. The specimen figured by De Koninck
(1877, pl 6, 6*) in the Clarke collection were destroyed

in a fire (Schuchert 1915; Kesling 1969). The original
specimen came from “Russell’s Shaft” in the Greta
Coal Measures and is late Rhodian in age.

Material. Two casts of abactinal surfaces of spec-
imens and three actinal surfaces all preserved as
external moulds, from the Ravensfield Sandstone
Member, Farley Formation, Ravensfield Quarry,
2km SW of Farley, New South Wales (AM F 27109,
35432,35451, 35439, 50872). A single external mould
in the NHMUK, probably from the same locality
(NHMUK E. 13098). Late Artinskian.

Diagnosis. As for genus.

Description. Arms short, tapering rapidly (R1.5:
rl), interradial margin angled at interradial line
(Figs 10A, 11A, 12B). Actinal surface made up of
broad, short adambs which narrow distally; each
carries a pair of spines, one attached to the inter-
radial margin, the other to the lateral margin of
the ossicle. The adradial spines are long and cylin-
drical, with an expanded base, and lie in grooves
between successive adambs. The lateral spines are
flattened and actinally convex. Spine attachments
on the adambs (Figs 10A, 11A) bear a central pit
for the insertion of a muscle. Amb groove broad,
narrowing proximally and distally. No details of
ambs visible. Oral ossicles broad, short; axillary
small, tear-drop shaped, articulates proximally
with orals (Fig. 11A). Two short, broad, ossicles
articulate with the distal side of the axillary and
extend to the margin where they articulate with
paired marginals (Fig. 14E). Abactinal surface
(Figs 11B, 13A) with central disc slightly elevated,
flat-topped, made up of broad, flat primary radials
and smaller, polygonal primary interradials which
form a rim to a pentagonal central void (originally
covered by a membrane) in which the heads of the
circumoral ossicles are visible. Primary ossicles
bear small crater-shaped rimmed pits for granu-
lar spine attachment. Distal arms expanded, club-
like, composed of enlarged, tumid distal marginals
(8-9) and radials (6) which decrease in size at arm
tip (Figs 11B, 13A). Distal marginals and radials
bear a fine sculpture of fine rugosities in weakly
arranged radial pattern. The abactinal disc and
proximal arms are partially covered by scattered
spherical granules.

Remarks. Monaster clarkei is convergent in gross
morphology with the Cretaceous stauranderasterid
Manfredaster Villier et al., 2004, in its high and
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Fig. 9—A-B, enlargement of distal arm of Australaster giganteus (Etheridge, 1892, AM F 3544, see Fig. 7) in abactinal view to show
construction of ambulacral and adambulacral ossicles. Enlargement of specimen AM F 3544 illustrated in Fig. 7. C, Abactinal view of
arm of Spaniaster sp. denuded of ambulacral and abactinal ossicles, to show simple, oval articulations of opposing adambulacrals and
ambulacrals (NHMUK E 2685). D, Cnemidactis girvanensis (Schuchert, 1915) (NHMUK E 53835). Starfish Bed, Drummond Group
(Ashgillian, late Ordovician), Thraive Glen, Girvan, Ayrshire, Scotland. White scale bars 2mm. Abbreviations: actam, actinal trans-
verse ambulacral muscle; adamb, adambulacral; adal, adambulacral-ambulacral articulation 1; ada3, adambulacral-ambulacral artic-
ulation 3; amb, ambulacral; ax, axillary; dadam, distal adambulacral-ambulacral muscle; de, dentition; m, marginal; pb, podial basin.
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Fig. 10—A, Monaster clarkei (De Koninck, 1877), actinal surface of individual, original of Etheridge (1892, pl. 15 fig. 4) (AM F
35439). Ravensfield Sandstone Member, Farley Formation (late Artinskian), Ravensfield Quarry, 2km SW of Farley, New South Wales.
B, Ambigaster kapitanyi sp. nov. Abactinal view of paratype (WAM 07.261). Cundlego Formation (Kungurian). Gascoyne River,

Gascoyne Junction, Western Australia. Scale bars 10mm.

domed disc, enlarged primary radials and swollen
distal arms composed of large marginals and radi-
als (Spencer and Wright 1966). The actinal surface,
however, is completely different: in M. clarkei it
is made up of short, broad adambulacrals which
extend from the groove to the ambitus, whereas in
stauranderasterids these are small and block-like
and this family possesses two marginal rows. The
presence of a small axillary and two unpaired inter-
radial ossicles, extending from the distal margin

of the axillary to an interradial marginal, is very
unusual (Fig. 14E; Gale 2015) and resembles the
development in some Triassic asteroids such as
Trichasteropsis and Migmaster. In these, however,
the axillary/odontophore is small and internal. The
actinal surface in M. clarkei also resembles that of
the korethrasterids Protremaster and Korethraster,
in which the broad, short adambulacrals also
extend to the ambitus, and become increasingly
broad distally from the interradius (Gale 2018,
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Fig. 11—A, B, Monaster clarkei (Etheridge, 1877). A, actinal surface of well-preserved individual (AM F 50872). B, abactinal surface
(AM F 35451), original of Etheridge (1892, pl 14 fig. 1). Both casts made from natural external moulds, Ravensfield Sandstone Member,
Farley Formation (late Artinskian), Ravensfield Quarry, 2km SW of Farley, New South Wales. White scale bars 10mm.

fig. SH, I). However, the abactinal surface in kore-
thrasterids is made up of small imbricating abacti-
nal ossicles, which are very different to the large
marginals and radials of M. clarkei. 1t is unfortu-
nate that the ambulacral ossicles are not visible in
the available material of M. clarkei, because these
provide important information on possible affini-
ties. M. clarkei has a unique morphology amongst
Paleozoic asteroids and is significantly more derived
than genera such as Ambigaster.

Permian asteroids and the origin of the
Neoasteroidea

The Triassic to present day neoasteroids are char-
acterised by an extensive suite of synapomorphies
(Gale 1987, 2011, 2012, 2015; Villier et al. 2017)
including numerous characters of the ambulacral
groove ossicles, the mouth frame, the development
of actinal interareas made up of actinal ossicles
and the presence of two rows of marginal ossicles
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Fig. 12—A, actinal surface of Australaster giganteus (Etheridge, 1892) (AM F 18938). B, actinal surface of Monaster clarkei (De
Koninck, 1877) (AM F 27109). Both casts made from natural external moulds, Ravensfield Sandstone Member, Farley Formation (late
Artinskian), Ravensfield Quarry, 2km SW of Farley, New South Wales. White scale bars 10mm.

(infero- and superomarginals). The adambulacrals
and ambulacrals alternate and there are numerous
specialised articular surfaces and muscles unit-
ing successive ambulacrals, ambulacral pairs and
with adambulacrals (Gale 2011). The ambulacrals
are as broad as, or broader than, the adambu-
lacrals, which imbricate proximally. The unpaired
interradial ossicle (axillary/odontophore, a mod-
ified first inferomarginal; Gale 2015) positioned
between the oral ossicles is small in neoasteroids
(e.g. Fig. 14C), largely or completely internal,

and articulates with the oral ossicles to which it is
joined by muscles.

A number of characters of the ambulacral
groove ossicles have been identified in the
Carboniferous asteroid Calliasterella Schuchert,
1914, most notably the alternation of ambulacrals
and adambulacrals, and Blake (2018) has united
Calliasterella and another Carboniferous aster-
oid, Compsaster Worthen and Miller, 1883 with
the neoasteroids in the subclass Ambuloasteroidea
Blake and Hagdorn, 2003. However, in most
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Fig. 13—A, abactinal surface of Monaster clarkei (De Koninck, 1877), cast from natural external mould (AM F 35432). Ravensfield
Sandstone Member, Farley Formation (late Artinskian), Ravensfield Quarry, 2km SW of Farley, New South Wales. B, C, Monaster
sp. juvenile, original of Jell (1999, p. 340 fig. 1A-B), Tonino, Timor, Artinskian-Kungurian (UMMP 51702). D, E, Australaster sp.,
original of Lane and Frakes (1970, text-fig. 2A-B) (USNM 165259). Dwyka Beds, Sakmarian, Mariental, Namibia. F, enlargement of
distal arm of Australaster giganteus (Etheridge, 1892) (AM F 3544), also illustrated in Figure 8. Ravensfield Sandstone Member, Farley
Formation (late Artinskian), Ravensfield Quarry, 2km SW of Farley, New South Wales. Scale bars: A, 10mm; B-F, Smm.

respects, Calliasterella differs very significantly
from any neoasteroid. There is only a single row
of marginals, the axillary is very large, there are
no actinal ossicles or interareas and the adambu-
lacrals are much broader than the ambulacrals
and do not imbricate. One problem is that the
detailed structures of the ambulacral groove ossi-
cles are very poorly known in almost all Late
Paleozoic asteroids except Calliasterella. We are
not convinced by Blake’s claim that the ambu-
lacrals and adambulacrals alternate in Compsaster
(Blake 2003). Blake (2018) erected an order, the

Kermasida, to accommodate all Upper Paleozoic
asteroids in which the ambulacrals are narrow and
much smaller than the adambulacrals, but it is not
known whether these ossicles do in fact alternate or
are opposed. In any case, the relative proportions
of these ossicles do not differ significantly between
members of the Kermasida and Calliasterella.

The Australian Permian material described and
illustrated herein possesses characters which are typ-
ical of numerous Paleozoic taxa. These include the
single marginal row, the absence of an actinal inter-
area and actinal ossicles, the large external axillary,
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Fig. 14—Actinal interradial views of asteroids. A, Ambigaster carnarvonensis; B, Permaster grandis, both from the Permian of Western
Australia, after Kesling (1969). C, Porcellanaster sp., present day. D, Echinaster sp. present day, Brazil. E, Monaster clarkei, Permian,
New South Wales. F, Korethraster hispidus, present day. G, 1, Protremaster uniserialis, actinal surface, Lower Jurassic, Antarctica,
after Gale (2017, fig. 6e) (BAS KG 2986). H, Trichasteropsis weissmani (Minster, 1841), actinal surface, after Blake ez al. (2017, fig.
2-3) (FMNH PE 78510), Triassic of Italy. J, Monaster clarkei (Etheridge, 1877), oral surface of individual (AM F 50872); Permian,
Artinskian, New South Wales, Australia. K, Migmaster angularis Blake et al. 2006, actinal surface of holotype (MHI 1809), Ladinian,
Germany. In A-C, E, oral ossicles red, odontophore green, inferomarginals blue. Actinal plates and adambulacrals are white. White
arrows point to unpaired interradial actinal ossicles. A-C, E-G not to scale. White scale bars shown in D and H-K are all 0.5mm.

and the fact that the actinal surface is constructed
largely of adambulacrals. Ambigaster spp. (Figs
3E-G, 4B, 5A,C-D, 14A) displays a large, elongated
axillary ossicle, greatly reduced in Permaster (Figs
3C-D, 14B), in which the size of the external face
is similar to that of extant Paxillosida (Fig. 14C).
In Monaster clarkei, however, the axillary is very
small and teardrop-shaped, and is connected to
the marginals by two elongated interradial ossicles
(Fig. 14E; Gale 2015). This arrangement is similar
to that developed in the Triassic (Ladinian) asteroids
Migmaster angularis Blake, Bielert and Bielert, 2006
(Fig. 14K) and Trichasteropsis weissmani Miinster,
1843; Fig. 14H) and is not seen in other Paleozoic
asteroids Additionally, the broad, short adambu-
lacral ossicles present in M. angularis (Fig. 14K) are
similar in shape and spination to those found in var-
ious Paleozoic taxa (e. g. Australaster giganteus, Figs
7, 12A; see Thuy et al. 2017).

Details of ambulacral-adambulacral morphol-
ogy, articulation and musculature are important
for understanding the evolution of neoasteroid
characters (Gale 2011, 2012), but these ossicles are
visible in very few Upper Paleozoic specimens. In
Australaster giganteus (Fig. 9A-B), however, con-
siderable detail is present, which demonstrates that
the ambulacrals and adambulacrals had specialised
articulations (ada 1 and ada 3); muscles linking the
ossicles (dadam, padam) were present, as were mus-
cles between successive adambulacrals (adadm) and
ambulacral pairs (abtam). The ambulacrals, however,
lack an elongated base, are narrower than the adam-
bulacrals, which do not imbricate. The ambulacral
ossicles in Australaster are only partially exposed on
their actinal surfaces (Fig. 8B). However, remark-
ably similar isolated and very well-preserved ambu-
lacrals from the Mississippian (Viséan stage, Asbian
regional substage) of Gleniff, County Sligo, Ireland



Gale and McNamara— Permian Asteroids ( Echinodermata) from Australia 23

(Fig. 15; see Gale 1987, fig. 9 therein) provide much
additional morphological detail. These show that
the ambs and adambs opposed, and did not alter-
nate, but that specialised articulations and muscles,
homologous with those in neoasteroids (Gale 2011)
were present. Thus, successive ambs in a column had
a specialised articulation surface (lia, Fig. 15B), a
longitudinal muscle (lim, Fig. 15A-B), and oppos-
ing pairs of ambs articulated by means of dentition
(de, Fig. 15E, 1); the amb groove could be opened
and closed by means of paired muscles (abtam and
actam, Fig. 151). The identification of homologous
amb-adamb articulations and muscles is less certain,
but pits probably acted as insertion sites for padam
and dadam (Fig. 15A, H), and two articulation sur-
faces can be identified (adal and ada3, Fig. 14D). In
comparing a Late Paleozoic amb (Fig. 15E) with a
neoasteroid one (Fig. 15H) in actinal view, the most
striking difference is the neoasteroid elongated amb
base, directed actinally, which bears proximal and
distal wings onto which padam and dadam insert.
In the Paleozoic form, surface with the articulations
and muscle insertions faces abradially.

The evolutionary transition from opposed to
alternating ambs and adambs must have involved
major reconstruction of articulations and muscula-
ture and we have no idea how this development took
place.

In summary, Australaster and the Asbian-aged
Gleniff asteroid display derived ambulacral groove
characters, some similar to those described in the
Carboniferous Calliasterella mira (Trautschold,
1879; see Gale 2011), but which still differ signifi-
cantly from the structures seen in neoasteroids.

There is a longstanding argument about which
group of neoasteroidsis basal to the group. Gale (1987,
2011) argued for the Paxillosida (which lack numerous
characters possessed by other neoasteroids), whereas
Blake (1987) identified the Forcipulatida as basal
neoasteroids, largely based upon speculative compar-
isons with Calliasterella (see also Downey 1970). The
advent of molecular phylogeny produced the surpris-
ing, and apparently consistent result that the Jurassic
to present day Velatida (families Korethrasteridae
and Pterasteridae) are basal neoasteroids (see review
in Linchangco et al. 2017).

The skeletal morphology of the Velatida was
described in detail by Gale (2018). They have a
highly derived, delicately constructed skeleton, lack
actinal ossicles and marginals, and possess interra-
dial ossicles which floor a groove used to incubate
young in some taxa. The korethrasterids are basal
to the pterasterids, from both morphological and

molecular analyses. Korethrasterids appear in the
early Jurassic and are characterised by an actinal
surface made up entirely of broad, short adambu-
lacrals which extend from the ambulacral groove
to the ambitus (Fig. 14F, G, I), and an abactinal
surface composed of small, imbricating abactinal
ossicles (Fig. 141). The actinal surface is remarkably
similar to that of the Permian Monaster clarkei in
the form of the adambulacrals (Fig. 14E, J) which
form almost the entire actinal surface. However,
the abactinal surface of Monaster, which has large
marginals and enlarged distal radials, is very dif-
ferent to that of korethrasterids. It is unfortunate
that ambulacrals, and the adambulacral-ambulacral
articulation of M. clarkei is not visible on any of the
specimens.

On the basis of this evidence, could Monaster
clarkei be an early representative of a lineage which
lead to the Mesozoic Velatida, suggesting a split
in the neoasteroid lineage predating the Permian—
Triassic boundary? This seems improbable for a num-
ber of reasons. Firstly, it would mean that numerous
neoasteroid characters, most notably those of the
ambulacral groove ossicles and mouth frame have
evolved convergently in both Velatida and the other
main neoasteroid lineages. Secondly, the remarkable
scale of homoplastic convergence in asteroid mor-
phologies, such as that between the abactinal surface
of Monaster and the Mesozoic stauranderasterid
Manfredaster, the Carboniferous Compsaster with
extant asteriids (Blake 2002) suggests that it is neces-
sary to take great care in identifying asteroid ances-
tor-descendant relationships purely on the basis of
body form.

However, it is interesting that in the calibrated
mitogenomal molecular asteroid tree of Sun et al.
(2022) the velatids are shown to have originated in
the early Carboniferous, and the major split between
Forcipulatida and other neoasteroids took place
in the late Carboniferous (Fig. 16). Trees based on
nuclear genes show similar topologies (Linchangco
et al. 2017). There are, admittedly, serious problems
with the calibration provided by Sun er al. (2017),
including the fact that they placed the oldest asteroid
in the Devonian, whereas the group extends back to
the Ordovician. The implications of Sun et al. (2017)
are that the neoasteroids evolved about 100 million
years before the Permian—Triassic boundary and
left no fossil record (‘ghost ranges’ in Fig. 16). All
known Carboniferous and Permian asteroids have
what can be termed ‘Paleozoic morphology’, and
neoasteroid morphotypes only appear in the early
Triassic (Villier et al. 2017).
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padam

abtam

Fig. 15—A-G, indeterminate asteroid ambulacrals and adambulacrals from the Meenymore Formation (Mississippian, Viséan,
Asbian), Gleniff, Slievemore, County Sligo, Republic of Ireland. A, F, ambulacral ossicle in oblique distal (A) and abradial (F) views.
Original of Gale (1987, fig. 9 Bi-ii) (TCD 25681). B, D, ambulacral ossicle in distal (B) and abradial (D) views (TCD 25683). C, adam-
bulacral ossicle in distal or proximal view. Original of Gale (1987, fig. 9C-D) (TCD 25682). E, G, ambulacral in actinal (E) and adradial
(G) views. Original of Gale (1987, fig. 9Ai-ii) (TCD 25680). H, actinal view of ambulacral of neoasteroid Astropecten sp., present day.
Abbreviations; actam, actinal transverse ambulacral muscle; actr, actinal ridge; abtam, abactinal transverse ambulacral muscle; adal,
adambulacral-ambulacral articulation 1; ada3, adambulacral-ambulacral articulation 3; amn, ambulacral notch; dadam, distal adam-
bulacral-ambulacral muscle; de, dentition; /ia, longitudinal ambulacral-ambulacral articulation; /im, longitudinal ambulacral-ambu-
lacral articulation; padam, proximal adambulacral-ambulacral muscle. Black scale bar at top is 0.5mm and is applicable to all images.

Conclusions

Permian (Artinskian—Roadian) asteroids from
Australia are described on the basis of new, and
rediscovered specimens from New South Wales
and Western Australia. They include seven species

assigned to four genera and represent the most diverse
Permian asteroid faunas known worldwide. Although
their closest counterparts are probably in the
Carboniferous, some taxa, notably Monaster clarkei
and Australaster giganteus, show derived aspects of
their morphology (ambulacral groove ossicles and
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Fig. 16—Stratigraphically calibrated molecular asteroid tree of Sun ez al. (2022, fig. 5), based on analysis of mitogenomes. Known fossil
ranges of extant asteroid groups are shown in black, ‘ghost ranges’ in grey. On the far right, the temporal distribution of asteroids of
Paleozoic morphology (see text) and the occurrence of neoasteroids is shown. The latter group appeared suddenly in the early Triassic.

actinal disc construction). Significantly, these fore-
shadow features which later appeared in the crown
group Neoasteroidea (Triassic to present day).
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