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Taxonomy and phylogeny of the ‘football stars’ (Asteroidea, Sphaerasteridae)
Andrew Scott Galea,b�
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(Received 4 May 2020; accepted 2 June 2021)

The phylogenetic relationships of spherical and sub-spherical asteroids, belonging to the valvatidan family
Sphaerasteridae (Early Jurassic–Recent), are revised in the light of abundant new fossil material from Europe and North
Africa. The family had radiated by the Early Jurassic and the family Stauranderasteridae is its sister group.
Morphological changes involved the formation of a domed body, the absence of differentiated marginal ossicles and the
transformation of dorsal abactinal ossicles into a tessellation of large, thin plates. The family Podosphaerasteridae is
placed in synonomy with the Sphaerasteridae. New taxa include Eosphaeraster amellagensis gen. et sp. nov.,
Bulbosphaeraster valettei gen. et sp. nov., Pouzaster pocknotata gen. et sp. nov., Rugosphaeraster rugenensis gen. et sp.
nov., Echinosphaeraster gen. nov. (type species: Asterias scutata Goldfuss, 1833) and Valettaster thuyi sp. nov. It is
suggested that the morphology of Sphaerasteridae is related to their close association with sponges.
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Introduction

Post-Palaeozoic asteroids are a monophyletic group
(Neoasteroidea) which probably evolved from a single
taxon surviving the Permian–Triassic boundary crisis
(Blake 1987; Gale 1987). A large part of the radiation
of neoasteroids had taken place by the Early Jurassic,
and many modern families first appear during the
Jurassic (Gale 2011). Amongst the morphologically
most unusual asteroids are spherical to sub-spherical
forms that superficially resemble regular echinoids;
these were placed in the family Sphaerasteridae
Sch€ondorf, 1906a. In these, the abactinal surface is
domed and formed of a tessellation of thin polygonal
plates (Fig. 1) that make the animals resemble footballs;
the name ‘football stars’ is therefore appropriate for
these asteroids (Clark & Wright 1962).
The first sphaerasterids to be described were species

of the Jurassic genus Sphaeraster Quenstedt, 1858,
which are known from abundant ossicles found in upper
Oxfordian and Kimmeridgian sponge reefs of southern
Germany, Switzerland and eastern France and were ori-
ginally figured by Goldfuss (1833). They were subse-
quently described by Quenstedt (1858) and in further
detail by Sch€ondorf (1906b). However, the genus is
only known from a few fragmentary specimens of the
abactinal surface, comprising a tessellation of thin, flat,

polygonal plates. The genus includes two valid species
(Hess 1975). Sch€ondorf’s (1906b) detailed reconstruc-
tion of S. punctatus used numerous isolated ossicles; the
tall plates that Sch€ondorf interpreted as marginals actu-
ally belong to an unrelated asteroid (Hess 1991; Villier
2010). Blake (1984) interpreted Sphaeraster as an epi-
faunal detritus-feeding asteroid. Clark & Wright (1962)
identified Podosphaeraster Clark, 1962 as a living
sphaerasterid, described on the basis of a single small
(1 cm diameter) specimen from the South China Sea.
Podosphaeraster is a perfect to slightly oblate spheroid
made up of thin, flat polygonal ossicles that carry short
conical spines. The polygonal ossicles are undifferenti-
ated abactinals, and the small block-like adambulacral
ossicles extend up to the ambitus. Clark & Wright
(1962) suggested that the Sphaerasteidae was derived
from the Mesozoic family Stauranderasteridae Spencer,
1913, by loss of extended arms. Subsequently, Spencer
& Wright (1966) added the Jurassic–Cretaceous genus
Valettaster Lambert, 1914 to the Sphaerasteridae. This
genus is best known from almost complete individuals
collected in the English Chalk (Coniacian–Santonian) in
the nineteenth century and figured by Spencer (1907);
the distinctive abactinal ossicles have the form of trun-
cated cones, and the body form is of a slightly prolate
sphere. Hess (1994) identified Testudinaster Hess 1983,
from the Middle Jurassic of Switzerland as a
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sphaerasterid, on the basis of its domed abactinal sur-
face, the central part of which is constructed of polyg-
onal plates.
Blake (1984) doubted the affinity of Podosphaeraster

with the Spherasteridae, on the basis that Sch€ondorf’s
(1906b) reconstruction of Sphaeraster tabulatus pos-
sessed large marginal ossicles, resembling those of the
asteroid family Goniasteridae. Subsequently, numerous
additional records of Podosphaeraster have been made,
and a total of six species described from the Pacific,
Atlantic and Indian oceans (Fujita & Rowe 2002). The
genus was placed in its own family,
Podosphaerasteridae, by Fujita & Rowe (2002), who
briefly discussed possible ancestry in the asteroid fami-
lies Goniasteridae or Asterodiscididae, following
Blake’s (1984) arguments about the presence of large
marginals in Sphaeraster.
The suggested relationships of Sphaerasteridae,

Podosphaerasteridae, Stauranderasteridae and
Goniasteridae can be summarized as two contrasting
hypotheses: (1) Sphaerasteridae, including
Podosphaerasteridae, are a Jurassic to present day mono-
phyletic group, derived from the Mesozoic
Stauranderasteridae by loss of extended arms and evolu-
tion of a spherical body form; (2) Podosphaerasteridae
evolved independently from Sphaerasteridae, and the
spherical to sub-spherical body forms are convergent.
Both were derived from valvatid asteroids close to, or
within, the families Goniasteridae and Asterodiscididae.
The present paper investigates the phylogenetic rela-

tionships between fossil Sphaerasteridae and the living
genus Podosphaeraster, utilizing the comparative
morphology of ossicles (Blake 1972; Gale 2011). This
study was aided by the discovery of new articulated
specimens of Sphaeraster tabulatus and S. scutatus from
the Oxfordian and Kimmeridgian of south-west
Germany. Additionally, new sphaerasterids from the
Lower and Middle Jurassic (Pliensbachian, Bathonian)
of France and Morocco provide important evidence of
the early diversification of the group.

Localities and stratigraphy

France
Sphaerasterid ossicles were collected from the lower
Bathonian Zigzagiceras zigzag Zone at La Pouza,
Ard�eche, France (see Hess 2012, fig. 2), from echino-
derm-ossicle-rich clays of levels LaP2 and LaP3, in
association with an abundant and highly diverse crinoid
fauna (Hess 2012). The ossicles were probably washed
into the deeper-water setting from shallower environ-
ments. A few sphaerasterid ossicles were collected from

washed residues from the lower Oxfordian Cardioceras
praecordatum Zone clays of Andelot-Morvan, Jura (see
Gale 2019, fig. 20, log height of 11 m).

Germany
The large quarry at Plettenberg (Swabian Alb, southern
Germany) exposes upper Oxfordian to lower
Kimmeridgian deep-shelf marls and limestones contain-
ing sponge:microbialite reefs (Olivier et al. 2004).
Ossicles of asteroids were collected by surface-picking
and examination of washed residues taken from the low-
est 10 m of the section (Olivier et al. 2004, fig. 3).

Morocco
Abundant sphaerasterid ossicles were collected from the
Lower Jurassic (upper Pliensbachian), from an outcrop
on the south side of the wadi, 0.5 km south of the
Kasbah of Amellago, on the immediate west side of the
road P7101 (31�59’10.62”N, 4�59’57.51”W), Atlas
Mountains, Morocco (Supplemental material, Fig. S1A).
The ossicles were obtained by surface collecting and
picking washed residues. The succession comprises
interbedded limestones and marls; ossicles occur in
coarse bioclastic lenses, which include abundant cidarid
radioles and fragments of algae and sponges. It is likely
that the material was derived from shallower-water
environments.

Skeletal homologies and ossicle
nomenclature

Various asteroid ossicle groups have proved to be par-
ticularly important in phylogenetic analyses (Gale
2011), and these are discussed in the context of sphaer-
asterid relationships.

Primary abactinal ossicles
The pattern of formation of primary abactinal ossicles in
the development of all non-paxillosid neoasteroids (Gale
2011) is well described and consistent. A centrally
placed centrale (ce) and a ring of five primary interra-
dials (pir) appear at the same time as the terminals,
shortly after metamorphosis (Komatsu 1975; Komatsu
et al. 1979; Gale 2011, text-fig. 32A, B). Subsequently,
five primary radials (pr) develop between and slightly
distal to the pir, and more distal radials and adradials
appear (Gale 2011, text-fig. 32C, D). The madreporite
forms later, adjacent to the distal pir in the C-D interra-
dius. However, the clear pattern of the primary circlet
(one ce, ring of five pir, five pr) is often lost in the
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adult asteroid on account of the intercalation of add-
itional abactinal ossicles, and often only the madreporite
provides a clue as to the position and presence of the
pir in interradius C-D (Figs 1, 2). In diverse asteroids,
including some sphaerasterids, the pr and pir form a
circlet enclosing the ce surrounded by inner calycinal
ossicles (ico; Figs 1, 2). The retention of a small num-
ber of large abactinals into the adult state is seen in
various extant families including the Zoroasteridae,
Stauranderasteridae and Oreasteridae, as well as the

Palaeozoic genera Calliasterella Schuchert, 1914 and
Protopalaeaster Hudson, 1912 (see Kesling &
Graham 1962).
Rowe (1985) and Fujita & Rowe (2002) identified

what they called the ‘apical system’ in Podosphaeraster,
comprising the ce and the ring of abactinal plates imme-
diately adjacent to this (Fig. 1D). The problem with this
usage is that it (unintentionally) implies homology with
the apical system in regular echinoids, which consists of
a ring of five ocular and five genital plates surrounding

Figure 1. Homology of abactinal plating in Podosphaeraster pulvinatus Rowe & Nichols, 1980. A–C, homology adopted in the
present paper, which identifies the primary ossicles (interradials, radials), inner calycinal ossicles and radials. Marginals cannot be
identified, and unpaired interradial plates (I-plate, V-plate) are indicated. D, E, plating scheme of Fujita & Rowe (2002, fig. 1), who
identified an ‘apical system’ and marginals. See text for discussion.
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the periproct (Smith 1984). The echinoid oculars are
homologous with the terminal ossicles of asteroids, and
the genital plates are possibly homologous with the pir,
because the madreporite is a modified ocular in the C-D
interradius. There is therefore no homology between the
apical system in echinoids and the plates adjacent to the
ce in Podosphaeraster; thus, the nomenclature of Fujita
& Rowe (2002) is unnecessarily confusing and should
not be continued.
Identification of the pir in Podosphaeraster can be

made using the madreporite. This is entirely enclosed
within a relatively large interradial ossicle, which repre-
sents either the C-D pir or the pir fused with the two
distal ossicles, as seen in echinasterids and asteriids
(Gale 2011). The other pir occupy equivalent positions
in the other interradii. The pr are identified as the

slightly larger radial ossicles intercalated between the
pir, but separated from them by an additional column of
ossicles. Confirmation of this identification must await
study of the ontogeny of Podosphaeraster. What is
clear, however, is that Podospheraster has numerous
inner calycinal abactinal ossicles (yellow in Fig. 1) in
comparison with Sphaeraster, as pointed out by Clark &
Wright (1962).

Marginal ossicles
The presence or absence and number of rows of mar-
ginal ossicles present have long been considered
important in the classification of asteroids (Spencer &
Wright 1966). However, in some instances the identi-
fication of marginals has been controversial, as in the

Figure 2. Homology of primary abactinal plates in valvatidan asteroids. A, Manfredaster bulbiferus (Forbes, 1848),
Stauranderasteridae; B, Sphaeraster tabulatus (Goldfuss, 1833), Sphaerasteridae; C, Echinosphaeraster (gen. nov.) scutatus (Goldfuss,
1833), Sphaerasteridae; D, Nymphaster arenatus (Perrier, 1881), Goniasteridae; E, Podosphaeraster pulvinatus Rowe & Nichols,
1980, Podosphaerasteridae. Colours as in Figure 1.
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case of the Zoroasteridae discussed by Blake & Elliot
(2003). Juvenile Zoroaster lack inferomarginals, but
plates identified as inferomarginals by Fisher (1928)
appear in an interradial position in larger juveniles
and increase in number in fully grown specimens.
Blake & Elliot (2003) argued that ‘true’ marginals
invariably extend to the terminal, and therefore, by
definition, the plates in zoroasterids are actinals. In
terminasterids, sister group to the zoroasterids, and
probably ancestral to them, inferomarginals extending
to the terminal plate are invariably present (Gale &
Ewin 2020).
Identification of marginal and other ossicles in the

genera Sphaeraster, Testudinaster and Podosphaeraster
has been a matter of some controversy. Sch€ondorf
(1906a, b) identified flat, squarish ossicles with a pus-
tular external sculpture (i.e. ‘Asterias’ stellifera
Goldfuss, 1833) as the superomarginals of Sphaeraster
punctatus, and broadly similar rectangular ossicles (i.e.
Asterias pustulosus Goldfuss, 1833) as the inferomar-
ginals. His reconstruction (Sch€ondorf 1906b, pl. 25) of
a well-developed margin in S. punctatus was based
upon these identifications. Subsequently, Valette
(1932) placed A. stellifera in a new genus,
Asteriaceros Valette, 1932. Hess (1991) described a
complete specimen of a new species of Asteriaceros,
A. cristatus Hess, 1991, from the middle Oxfordian of
Switzerland, confirming the distinctiveness of Valette’s
genus, and called into doubt the correctness of
Sch€ondorf’s (1906b) reconstruction. As demonstrated
below, marginal ossicles cannot be identified in
S. tabulatus.
Although they are not morphologically differentiated,

marginal ossicles were identified in Podosphaeraster by
Rowe (1985) and Fujita & Rowe (2002). These authors
based their argument on the fact that marginals were
invariably formed adjacent to the terminal ossicle, and
thus identified morphologically undifferentiated infero-
marginals, superomarginals and paired intermarginals.
However, actinal and abactinal ossicles also extend to
the terminal in various asteroids (Gale 2011), so this
argument is not compelling. It is concluded here that
marginal ossicles cannot be identified in any member of
the Sphaerasteridae.

Actinal ossicles
In more basal forms, such as Sphaeraster, ossicles
above the well-defined ambitus can be identified as
abactinals, and those below as actinals. Fujita & Rowe
(2002) identified actinals in Podosphaeraster, on the
basis that many asteroids possess actinals with an en
chevron arrangement like the 10 plates set in a double
chevron pattern on the actinal surface of

Podosphaeraster. However, because marginals are not
differentiated morphologically, separation of actinals
and abactinals in Podosphaeraster is only supposition.

Ossicles of the ambulacral groove
The skeletal homology of the ambulacral groove ossicles
has been described in detail by Gale (2011), and his
nomenclature is adopted herein and applied to the
Sphaerasteridae (Fig. 3A, D–I). The paired, opposing
ambulacrals (ambs) are united across the radial line by
paired muscles (actam, abtam) and articulate via a denti-
tion (de); successive ambs articulate upon a surface (lia)
and are united by a muscle (insertion, lim). The ambs
and adambs alternate and articulate upon four surfaces
(ada1a, ada1b, ada2, ada3), and are attached by prox-
imal and distal muscles (padam, dadam). The adambs
are linked by a muscle (adadm) and have an articulation
surface (adada). In sphaerasterids, the articulation surfa-
ces are often replaced by a cavity (Fig. 3F, car) which
probably bore a ligament. In derived sphaerasterids (e.g.
Valettaster) the ambs are short and deep.

Ossicles of the mouth frame
The mouth frame in asteroids comprises paired oral and
circumoral ossicles and an unpaired odontophore that
occupies an interradial position, between the inner surfa-
ces of the orals (Gale 2011, pl. 1, fig. 2). In sphaeraster-
ids, the oral ossicles (Fig. 3B, C) possess a well-
developed proximal blade (pb), and a tall distal margin.
The circumorals (Fig. 3J, K) possess an upright distal
circumoral articulation (dcoa) and a short proximal cir-
culoral articulation (pcoa). The odontophore is
unknown. The nomenclature used (Fig. 3) here is taken
from Gale (2011).

Phylogenetic analysis

Methods
Cladistic analysis of 30 characters and 13 terminal taxa
was undertaken (Supplemental material, Tables S1, S2),
including sphaerasterids selected because they are
known from sufficiently complete material (Sphaeraster
tabulatus, Echinosphaeraster scutatus, Eosphaeraster
amellagensis gen. et sp. nov., Testudinaster peregrinus,
Valettaster ocellatus, Podosphaeraster pulvinatus,
Bulbosphaeraster valettei gen. et sp. nov.). Pouzaster
gen. nov. and Rugisphaeraster gen. nov. were not
included, because so few characters are visible on the
available material. Outgroups include three stauranderas-
terids (Stauraster primaevus [von Zittel, 1880],
Stauranderaster squamatus [Forbes, 1848],
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Manfredaster bulbiferus [Forbes, 1848]), a goniasterid
(Nymphaster arenatus [Perrier, 1881]) and an asterodis-
cidid (Asterodiscides elegans [Gray, 1847]). The latter
two were selected because Fujita & Rowe (2002) sug-
gested that they are closely related to Podosphaeraster.
The analysis was performed in TNT v. 1.5, applying

a traditional search with 10,000 replicates, and tree
bisection and reconnection with 100 trees saved per rep-
lication. Decay indices (Bremer support, optimal¼ 3)
were also performed. The phylogenetic analysis resulted
in a strict consensus tree of 166 most parsimonious trees
with a consistency index (CI) of 0.857 and a retention
index (RI) of 0.854 (Fig. 4).

Results
The consensus tree (Fig. 4) shows good support for a
monophyletic Sphaerasteridae (Bremer value¼ 2; see
below), and weak support for the stauranderasterids as
sister taxon to this group. It implies that stauranderaster-
ids are paraphyletic, with Stauraster more closely
related to sphaerasterids than Manfredaster and
Stauranderaster. Culcita, Asterodiscites and Nymphaster
are basal to the StauranderasteridaeþSphaerasteridae.
Some relationships within the Sphaerasteridae are
strongly supported, including the relationships between
Bulbosphaerater valettei gen. et sp. nov., Eosphaeraster
amellagensis gen. et sp. nov., Testudinaster peregrinus,
Podosphaeraster pulvinatus and Valettaster spp.
(Bremer value of 3). The close relationship between
Valettaster and Podosphaeraster is very well supported
(Bremer value¼ 5). This analysis places
Podosphaeraster within the Sphaerasteridae, and the
Podosphaerasteridae Fujita & Rowe, 2002 is there-
fore abandoned.
It is remarkable that the earliest Valettaster (here

described as V. thuyi sp. nov.) appeared in the
Pliensbachian (Early Jurassic), dated at about 185Ma.

Thus, most of the cladogenesis in the group took place
in the earlier Early Jurassic or even in the Triassic, from
which there is no recorded fossil evidence of this lin-
eage. It is interesting in this respect that an oral ossicle
from the Carnian (Late Triassic) of northern Italy (Fig.
8G, see below) shows features of both the
Stauranderasteridae and Sphaerasteridae, in that the tall
proximal margin is set at right angles to the actinal mar-
gin, and the triangular spine-bearing actinal surface is
positioned on the lateral part of the ossicle. Evidence
provided here supports the stauranderasterids as sister
taxon to the Sphaerasteridae, upholding the original
ideas of Clark & Wright (1962).

General features of evolution
The origin of the Sphaerasteridae involved significant
inflation of the abactinal surface and loss of projecting
arms, furthering the development observed in the staur-
anderasterid sister group. Rather few living asteroids
possess strongly inflated abactinal surfaces and very
short arms; adults of the oreasterid Culcita novaeguiniae
(M€uller & Troschel, 1842) are a notable exception. In
the Sphaerasteridae, this inflation was accompanied by
the loss of differentiated marginal plates, with the result
that there was no morphological distinction between
abactinals and actinals, which can only be separated by
their position relative to the ambitus. Abactinal and acti-
nal plates became thinner and broader but developed a
thickened external layer of imperforate stereom (Blake
1984). At the same time, the boundaries of the abactinal
plates became strongly modified, by the development of
numerous papular pores and intervening strut-like articu-
lation surfaces.
The articulations between the adambulacrals and

ambulacrals in basal Sphaerasteridae (Sphaeraster)
became strongly modified, with the irregular replace-
ment of smooth articular surfaces (ada1a, b, ada2 and

3

Figure 3. Nomenclature of adambulacral, ambulacral, oral and circumoral ossicles from an individual of Sphaeraster tabulatus
(Goldfuss, 1833). A, ambulacral ossicle in actinal view (NHMUK EE 17623a); B, C, oral ossicle, in interradial and radial views,
respectively (NHMUK EE 17623b); D–G, adambulacral ossicles, in lateral, radial-interradial (D, E, NHMUK EE 17623c), abactinal
and actinal views, respectively (F, G, NHMUK EE 17623d, e); H, abactinal view of enlarged ambulacral head (NHMUK EE
17623h); I, abactinal view of ambulacral (NHMUK EE 17623f); J, K, circumoral, in actinal and abactinal views, respectively
(NHMUK EE 17623g). Nomenclature after Gale (2011). Material from the upper Oxfordian, Hypsilum ammonite Zone, Plettenberg,
near Balingen, Germany. Abbreviations: abiim, abactinal interradial interoral muscle (oral); abtam, abactinal transverse amb
muscle; actam, actinal transverse amb muscle; ada1a, distal adradial amb-adamb articulation; ada1b, distal abradial amb-adamb
articulation; ada2, proximal adradial amb-adamb articulation; ada3, proximal abradial adamb-amb or adamb-adamb articulation;
adadm, interadambulacral muscle; ads, adambulacral spine; ambb, base of ambulacral ossicle; ambh, head of ambulacral ossicle;
ambsh, shaft of ambulacral ossicle; apo, apophyse on oral; car, caries-like holes on articulation surfaces of amb, ada; dadam, distal
amb-adamb muscle; dcoa, distal circumoral articulation on oral; dcoa, distal circumoral process on circumoral; de, dentition (orals,
ambs, peds); fs, furrow spine; lia, longitudinal interambulacral articulation; lim, longitudinal interambulacral muscle; orada,
adambulacral articulation (on oral); oradm, oral adambulacral muscle; osp, attachment of oral spine; padam, proximal adamb-amb
muscle; pb, proximal blade (oral ossicle); pcoa, proximal oral-circumoral articulation; riom, radial interoral muscle; rng, ring nerve
groove on oral; rvg, ring vessel groove on oral. Scale bar¼ 5 mm.

Taxonomy and phylogeny of the ‘football stars’ 697



Figure 4. Cladogram of possible relationships of sphaerasterids and podosphaerasterids; a consensus tree based on a heuristic
analysis of 30 characters (Supplemental material, Tables S1, S2), with support values given (Bremer/bootstrap).
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ada3) by cavities, which perhaps contained connecting
ligaments. The ambulacral plates became shorter, and
there was a reduction in the muscularization of the
adambulacrals and ambulacrals. At the same time, the
external (actinal) surfaces of the adambulacrals devel-
oped a layer of weakly perforate rugose stereom.

Adaptive morphology and mode of life
The question remains as to the adaptive significance of
the unusual sub-spherical morphology, and the nature of
the selective processes that acted as drivers of the
clade’s unique evolution. Blake (1984) argued that
sphaerasterids lived epifaunally, and that the flat plates
formed a semirigid surface capable of hinge-like flexure
along ossicular boundaries.
Breton (1985, p. 93) suggested that the rounded form

of Valettaster would allow the asteroid to roll freely on
the seafloor, the weighty skeleton acting as ballast.
However, this appears to be a highly improbable life-
style for any asteroid, because all have a well-differenti-
ated oral region and tube-foot-bearing ambulacral
grooves extending to the ambitus.
However, almost all living and fossil Sphaerasteridae

have an association with sponges. Examples are:
� Eosphaeraster amellagensis gen. et sp. nov. occurs

in debris flows in a deep-water setting, derived
from shallower, reefal environments, and is associ-
ated with abundant fragments of sponges
(pers. obs.)

� Sphaeraster tabulatus and S. scutatus are confined
to sponge reef facies in the upper Oxfordian of
south-central Europe, and are never found in other
coeval facies (pers. obs.)

� Valettaster is most abundant in Cretaceous pelagic
chalk facies in which the benthos was dominated
by abundant and diverse hexactinellid and lithistid
sponges (Smith & Batten 2002)

� Finds of Podosphaeraster are usually associated
with abundant hexactinellid and lithistid sponges;
specimens have been collected from within the
interior of sponges (Rowe & Nichols 1980; Fujita
& Rowe 2002), although the genus has also been
observed on rocky ledges from submersibles (David
Pawson, pers. comm. 2019).

Asteroids commonly feed on sponges extraorally;
Jangoux (1982) listed over 35 species that included
them in their diet. In addition, some species feed exclu-
sively on sponges across a wide diversity of families
(odontasterids, goniasterids, ophidiasterids, oreasterids,
pterasterids, ganeriids, asteropseiids and echinasterids).
It is therefore not improbable that Sphaerasteridae were
(and are) specialist spongivores and lived in association
with sponges.

Most asteroids have a flattened actinal surface, prob-
ably because they live and walk on surfaces that are
two-dimensional, at least on the scale of the diameter of
the individual animal. Additionally, a flattened base pro-
vides maximum contact with the substrate and mini-
mizes the risk of overturning. Living inside the hollow
ostia and complexly folded branches of sponges pro-
vides a very different environment, which is three-
dimensional and presents a complex of concave surfaces
over which the animal has to move. Asteroids use elon-
gated arms for feeding by various mechanisms, for
bringing tube feet into contact with a maximum area of
substrate, and for righting. Arms would be of little use
in such confined environments, especially for larger ani-
mals, and righting would not be a problem. Movement
would be achieved by highly extensible tube feet with
flattened terminations, as found in the asteriid Pisaster
Gray, 1840, which can extend the tube feet over a dis-
tance equal to the major radius of the animal (J. M.
Lawrence, pers. comm. 2002). Movement would not
need to be very extensive, because of the ready avail-
ability of sponge tissues in the habitat.
Blake (1984) argued that the stressed, domed abacti-

nal surface of Sphaeraster was a defensive adaptation
against physical damage by the impact of debris. Living
within the shelter provided by sponges would, however,
minimize the risk of such events and also reduce the
likelihood of dislodgement. A spherical morphology,
with a thin test, has the significant effect of maximizing
the internal volume of the animal. Such a large volume
would provide space for copious gonads, and Rowe
(1985) recorded large abundant oocytes in the gonads of
female Podosphaeraster gustavei Rowe, 1985. He sug-
gested that the species had perennial reproduction, with
the development of moderately large eggs and non-
planktotrophic, possibly demersal, larvae. Direct devel-
opment would have a further advantage for an animal
living in a highly specialized, very localized environ-
ment, because the broadcast larvae would have a small
probability of settling in suitable sites.
The spherical morphology might, however, cause

problems for oxygen uptake and gaseous exchange,
because the distance between the innermost tissues and
the respiratory surface is maximized by this shape.
Oxygen simply diffuses within coelomic fluids in aste-
roids, although these are transported by cilia lining the
coelomic cavity (Binyon 1972). The proliferation of
large, numerous papular pores along the margins of the
abactinal ossicles in genera such as Sphaeraster,
Echinosphaeraster gen. nov. and Eosphaeraster gen.
nov. would have the effect of increasing oxygen uptake.
The supply of oxygen from fresh sea water would be
enhanced by the sponge’s ciliary pumping mechanism.

Taxonomy and phylogeny of the ‘football stars’ 699



The only sphaerasterid described here that differs
significantly from a sub-spherical morphology is
Echinosphaeraster scutatus. This taxon has a relatively
low-domed abactinal surface, and a flat actinal surface.
Taken together with the presence of about 50 large, con-
ical spines on the abactinal surface of this species, it can
be inferred that E. scutatus lived on the surface and had
need of effective defence against predation (Blake 1984).

Institutional abbreviations
GMHL, Geologisch Museum Hofland, Laren,
Netherlands; GPIT, University of T€ubingen, T€ubingen,
Germany; MfB, Museum f€ur Naturkunde, Berlin,
Germany; MHNLM, Mus�eum d’Histoire naturelle, Le
Mans, France; MnhnL, Mus�ee national d’histoire
naturelle, Luxembourg; MPUP, Mus�ee de
Pal�eontologie, Universit�e de Provence, Marseilles,
France; MZA, Museum zu Allerheiligen, Schaffhausen,
Switzerland; NHMUK, Natural History Museum,
London, UK; NMB, Naturhistorisches Museum Basel,
Switzerland; SNM, Statens Naturhistoriske Museum,
Copenhagen, Denmark; SNSB, Bavarian State
Collection of Palaeontology and Geology, Munich,
Germany; UdB, Universit�e de Bourgogne,
Dijon, France.

Systematic palaeontology

Order Valvatida Perrier, 1884
Family Stauranderasteridae Spencer, 1913

Genus Stauraster Valette, 1929

Type species. Stauraster billodense Valette, 1929 (¼
Pentaceros primaevus von Zittel, 1880, herein).

Diagnosis. Stauranderasterid with short, rapidly tapering
arms, made up of seven columns of similarly sized and
-shaped ossicles (radials, adradials, superomarginals,
inferomarginals). Disc including two circlets of ossicles;
outer ring made up of primary radials and interradials
and inner one of inner calycinal plates surrounding ce.
Radials transversely broad, sub-rectangular. Sculpture of
deeply impressed granule pits on abactinals and mar-
ginal ossicles.

Remarks. Spencer & Wright (1966) included Stauraster
as a possible synonym of Hadranderaster Spencer, 1907.
However, the discovery of more complete material dem-
onstrates that Stauraster is a distinct genus, which lacks
the small ossicles intercalated between the abactinals and
marginals that are present in Hadranderaster abbreviatus
(Geinitz, 1871; see Spencer 1907, pl. 24, fig. 1).

The sculpture of the body ossicles is also quite different
in the two genera; in H. abbreviatus, the shallow spine
pits are fine and very dense, whereas in S. primaevus
they are less dense and deeply impressed (Fig. 5A–G,
I–K); in addition, there is a smooth margin around the
ossicles. The characteristics and distinctiveness of
Stauraster were discussed by Villier et al. (2004a, b).
Because Stauraster billodense is considered a subjective
junior synonym of P. primaevus, the latter becomes the
type species of Stauraster (ICZN Article 11.6.1).

Stauraster primaevus (von Zittel, 1880)
(Fig. 5A–N)

�1880 Pentaceros primaevus von Zittel: 456, fig. 327c.
1886 Pentaceros primaevus von Zittel; Fraas: 256, pl.
30, figs 18, 19.

�1929 Stauraster billodense Valette: 36, pl. 4/3, 1–7.
1975 Stauraster primaevus (von Zittel); Hess: 36.
2003 Stauraster billodense Valette; Courville & Villier:
182, fig. 3D–G.

2004b Stauraster billodense Valette; Villier et al.: 39.

Type. The radial ossicle figured by von Zittel (1880,
fig. 327c) from the ‘Oberer Jura’ (upper Oxfordian) of
Streitberg, Franconia, Bavaria, Germany, is the lecto-
type. The present whereabouts are unknown.

Diagnosis. As for the genus.

Material. A well-preserved arm, from the upper
Oxfordian of Switzerland (MZA L246) and numerous
isolated ossicles (Fig. 5A–N, NHMUK EE
17624–17632, 17638) from the lower Oxfordian
(Couches de Passage, uppermost 3 m of section; Gale
2019, fig. 20) of Andelot-Morvan (Jura, France).

Remarks. The ossicle figured by von Zittel (1880, fig.
327c) in the form of a rather stylized woodcut is a prox-
imal radial ossicle that is closely similar in morphology
to material from France described by Valette as S. billo-
dense, in terms of shape, the presence of vertical, oval
articulation structures and rather deeply impressed spine
pits. Additionally, both species are of Oxfordian age.
The ossicles appear to be similar in shape and sculpture,
allowing for Von Zittel’s stylized illustration, and I
therefore follow Hess (1975) in synonomizing S. billo-
dense with von Zittel’s species. There is an age differ-
ence of approximately 3 million years between the two
occurrences, but both are Oxfordian in age; many
Jurassic asteroids have relatively long ranges, so this is
not unusual. The material figured by Fraas as
Pentaceros primaevus (Fraas 1886, pl. 30, figs 17–31)
appears to contain diverse taxa, including a bulbous pri-
mary radial or interradial (Frass 1886, fig. 17) which is
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an undescribed stauranderasterid. Two disc ossicles
(Frass 1886, figs 18, 19) may belong to S. billodense.
The discovery of an articulated arm of S. primaevus

demonstrates the morphology of Stauraster for the first
time (Fig. 5A–C), and the numerous ossicles from
Andelot-Morvan allow a tentative reconstruction of the disc
(Fig. 5O).

Included species. Stauraster primaevus.

?Stauranderasteridae
(Fig. 8G)

2011 possible stauranderasterid oral ossicle Gale: pl. 16,
figs 10, 11.

Material. Two oral ossicles (NHMUK EE 13584,
MnhnL OPH173) from the Carnian (Late Triassic) St.
Cassian Formation, Cortina d’Ampezzo, Italy.

Description. The two well-preserved oral ossicles (Gale
2011, pl. 16, figs 10, 11; herein Fig. 8G) possess convex
actinal and distal margins of equal length, set at right
angles. The external actinal surface bears a proximal row
of fine os attachments, and five larger, irregularly distrib-
uted suboral spine (sos) are present. The distal surface for
contact with the adamb (orada, oradm) is large and well
developed. The apophyse (apo) is short and blunt.

Remarks. These oral ossicles are similar in shape to
those of Sphaeraster (e.g. Fig. 8A–E) and the staurander-
asterid Manfredaster bulbiferus (Forbes, 1848) (Fig. 8N)
in that the tall proximal margin is set at right angles to
the actinal margin. The triangular spine-bearing actinal
surface is positioned on the lateral part of the ossicle, as
in stauranderasterids, to which they are provisionally
assigned. If this is the case, the origination of the
Stauranderasteridae probably lies in the Middle Triassic.

Family Sphaerasteridae Sch€ondorf, 1906a

Diagnosis. A group of asteroids with spherical to sub-
spherical body form, in which the abactinal surface is
strongly domed and made up of relatively few, large,
polygonal abactinal and actinal ossicles. Marginals are

not differentiated. Primary (extra-ambulacral groove)
ossicles are tabular to sub-conical in form.
Adambulacral-ambulacral articulations and inter-adam-
bulacral contacts have cavities for probable attachment
of ligaments. The primary ossicles are made up of three
discrete stereom layers: an external one of dense perfor-
ate stereom, a middle one of rectilinear stereom and an
internal one of labyrinthic material.

Remarks. Ossicle material that was described as a
stauranderasterid, Poncetaster crateri, by Villier et al.
(2004b), characterized by crater-shaped spine pits,
appears to be an actinal ossicle of an indeterminate
sphaerasterid; this sculpture is widespread in sphaeras-
terids. The family Podosphaerasteridae Fujita & Rowe,
2002 is synonymized with Sphaerasteridae because the
only significant supposed morphological difference, the
presence of large marginal plates in the latter family,
does not exist. The detailed ossicular homologies
between Podosphaeraster and fossil sphaerasterids (e.g.
Figs 1, 2) outlined in this paper support this position,
and the very close relationship between
Podosphaeraster and Valettaster (Bremer support of 5,
Fig. 4) extends to details of many ossicle types, includ-
ing orals and abactinals.

Genus Sphaeraster Quenstedt, 1875

Type species. Although Clark & Wright (1962) desig-
nated Sphaerites punctatus Quenstedt, 1875 as type spe-
cies, this is an objective junior synonym of Asterias
tabulatus Goldfuss, 1833, which is therefore the type
species. Following Hess (1975), the name S. tabulatus
has been used for the common
Oxfordian–Kimmeridgian species of Sphaeraster.

Diagnosis. Large Sphaerasteridae in which the abactinal
surface forms a high dome, composed of numerous
(450þ) abactinal ossicles which are set in rows with an
interradial chevron arrangement and taper towards the
ambitus; primary circlet approximately one-third of
diameter; larger individuals possess a ring of six to
seven spines on the primary abactinal ossicles.

3

Figure 5. Morphology of the stauranderasterid outgroup, Stauraster primitivus (von Zittel, 1880). A–C, arm, in abactinal, lateral and
actinal views, respectively (MZA L246). D–N, isolated ossicles; D–G, I, ossicles from primary circlet; D, E, primary interradial
(NHMUK EE 17624); F, G, centrale (NHMUK EE 17625); H, ambulacral ossicle, actinal view (NHMUK EE 17626); I, inner
calycinal ossicle (NHMUK EE 17627); J–L, radials (NHMUK EE 17628–17630); M, N, adambulacral ossicles, in abactinal and
proximal/distal views, respectively (NHMUK EE 17631–17632). O, reconstruction of apical region of Stauraster. Provenance: A–C,
upper Oxfordian of Switzerland. D–N are from the lower Oxfordian, Cardioceras bukowskii ammonite Subzone, basal Couches de
Passage, Andelot-Morval, Jura, France (see Gale 2019, for locality details). Colours as in Figure 1. Scale bars: A–C ¼ 10mm; D–G,
I–L ¼ 5mm; H, M, N ¼ 0.5mm.
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Included species. Sphaeraster tabulatus.

Sphaeraster tabulatus (Goldfuss, 1833)
(Figs 3A–K, 6A–D, 7C–H, L, N, Q, 8A–E, 9A–Q, 10A,

B, 11, 12, 13A–H, P)

�1833 Asterias tabulatus Goldfuss: 210, pl. 63,
fig. 7c–q.

1875 Sphaerites punctatus Quenstedt: 651, pl. 80,
figs 23–27.

1875 Sphaerites punctatus juvensis Quenstedt: 650, pl.
80, figs 28–38.

1875 Sphaerites tabulatus (Goldfuss); Quenstedt: 651,
pl. 80, figs 39–47.

1906b Sphaeraster punctatus (Quenstedt); Sch€ondorf:
263, pl. 24, figs 1–4; pl. 25, figs 14–20, 29, 30.

1906b Sphaeraster juvensis (Quenstedt); Sch€ondorf:
260, pl. 24, figs 5, 6.

1906b Sphaeraster annulosus (Quenstedt); Sch€ondorf:
264, text-fig. 4.

1906b Sphaeraster tabulatus (Goldfuss); Sch€ondorf:
263, text-figs 2, 3.

1975 Sphaeraster tabulatus (Goldfuss); Hess: 37, pl. 7,
figs 7, 8.

1984 Sphaeraster punctatus (Goldfuss); Blake: 76, fig.
1A, D.

1984 Sphaeraster tabulatus (Quenstedt); Blake: 76, figs
1H, 2C, 3, 4B–D, 5, 8D.

2009 Sphaeraster punctatus (Quenstedt); Neumann: 92,
figs 1–3.

Type. The abactinal ossicle figured by Goldfuss (1833,
pl. 63, fig. 7c–e) is here selected as lectotype. The pre-
sent whereabouts of this specimen are uncertain; pos-
sibly it is in the Berlin (MfB) or Munich (SNSB)
collections. The synonymy proposed by Hess (1975),
who placed S. punctatus, S. juvensis and S. annulosus as
subjective junior synonyms of Goldfuss’ species, is fol-
lowed here.

Diagnosis. As for the genus.

Material. Ossicles of the ambulacral groove (Figs
3A–K, 6A–D, 7) and mouth frame (Fig. 8A–E) were
found in associated material from the Oxfordian of
Plettenberg, which also yielded abactinal ossicles (Fig.
8). Large abactinal ossicles are found in the collections
at Stuttgart and T€ubingen and in private collections.
Several specimens show the construction of the abacti-
nal surface, with 10–20 ossicles in situ (Figs 10–12).
The best of these individuals was figured by Quenstedt
(1875, pl. 80), Sch€ondorf (1906a, pl. 24, figs 1, 2) and
Blake (1984, fig. 1D); this is an undistorted upper por-
tion of the disc including pi and pir and inner calycinal
plates with periproct and madreporite (GPIT/67882). A
further specimen showing in-place abactinal plating
from the Kimmeridgian (Malm v) of Geisingen (south-
ern Germany) is in the private collection of G.
Heinssen-Levens at Haseldorf (Neumann 2009). Two
specimens from the upper Oxfordian (hypsilum ammon-
ite Zone of Plettenberg, southern Germany) have been
particularly important for the present paper. One of
these (NHMUK EE 17655) shows articulated distal
abactinal ossicles, down to R7, while the other com-
prises about 500 associated ossicles including abactinals,
actinals, ambulacral, adambulacral, circumoral and oral
ossicles (NHMUK EE 17623). Other ossicles from the
same locality include juveniles (NHMUK EE
17648–17653; 17680–17687). The species is also known
from Switzerland (Hess 1975) and France (lower
Oxfordian at Andelot-Morvan, French Jura, two ossicles,
pers. obs. Gale 2019).

Description. The overall form of the abactinal surface
was reconstructed and well described by Sch€ondorf
(1906b, fig. 16). The upper part of the abactinal surface
is strongly domed (Fig. 11C; precisely as shown by
Sch€ondorf 1906b, pl. 25) and the arrangement of the
ossicles is clearly shown. Twelve inner calycinal
ossicles (ico) are present. The ce is small and pen-
tagonal, and in four interradii (A-B, C-D, D-E, E-A) it
articulates with a single, slightly elongated hexagonal

3

Figure 6. Ambulacrals of sphaerasterids. A–D, Sphaeraster tabulatus (Goldfuss, 1833); A, B, proximal ambulacral in actinal and
proximal/distal aspects, respectively (NHMUK EE 17633); C, D, actinal views of ambulacrals from mid-radius (NHMUK EE
17623a, 17634). E, P, Q, Podosphaeraster pulvinatus Rowe & Nichols, 1980; E, enlargement of actinal view of base of ambulacral;
P, Q, actinal and proximal/distal views of ambulacral, respectively (Mnhnl OPH176). F, G, Eosphaeraster amellagensis gen. et sp.
nov., ambulacral in actinal and proximal/distal views, respectively (NHMUK EE 17635). H–K, N, O, Valettaster argus (Spencer,
1907). H–K, proximal/distal views of ambulacral, note cavity replacing articulation facet (I); L, M, Bulbosphaeraster valettei gen. et
sp. nov., ambulacral in actinal and proximal/distal views, respectively (NHMUK EE 17636); N, O, actinal views of ambulacrals
(NHMUK EE 17637a, b). Provenance: A–D are from the upper Oxfordian, Hypsilum ammonite Zone, Plettenberg, near Balingen,
Germany. F, G are from the upper Pliensbachian, outcrop on south side of wadi immediately to west of road, 0.5 km south of the
Kasbah of Amellago, Atlas Mountains, Morocco. L, M are from the lower Bathonian, Zigzagiceras zigzag ammonite Zone at La
Pouza, near La Voulte-sur-Rhône, Ard�eche, France. H–K, N–O are from the coranguinum Zone, Santonian, Broadstairs, Kent, UK.
E, P, Q are Recent, Philippines. Scale bars: A, B, D, F, G, J–Q ¼ 0.5mm; C ¼ 1mm; E, H, I ¼ 0.2mm.
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ico. In the B-C interradius, however, it articulates with
two elongated plates, and these plates and the centrale
are notched to form the periproct, and the rim adjacent
to the periproct is raised and thickened. The ico are pro-
portionately small and lack spine pits. The pir are large,
gently convex and heptagonal in outline, and articulate
distally with two hexagonal, slightly asymmetrical
plates. In the madreporic interradius, a small triangular
madreporite is present (Fig. 9A) and triangular grooves
adjacent to this ossicle run across the three plates. Each
more distal row of interradial plates is hexagonal and
these decrease in size progressively towards the ambitus.
The pr (Fig. 9P, Q) are large and hexagonal, with
strongly notched proximal and distal articular faces.
More distal radials are also hexagonal and decrease pro-
gressively in width and proportional height towards the
ambitus (Fig. 9B). The distal radials and interradials are
thickened and imbricate proximally (Fig. 9C, D, G).
Differentiated marginals are not discernable in this

species, nor in any other sphaerasterid, even though
shown by Sch€ondorf (1909b) in his reconstruction of
this species. It was subsequently demonstrated by Hess
(1991) that Sch€ondorf’s marginals actually belonged to
the asteroid genus Asteriaceros. The interradial and
radial abactinal ossicles taper distally to the ambitus,
and up to 15 rows were probably present in the adult
form (Fig. 11C).
The tabular, polygonal (usually hexagonal) abactinal

ossicles of S. tabulatus are the most common and con-
spicuous elements in collections. The external surfaces of
these from smaller individuals may possess an even cov-
ering of fine granule pits, which are rarely seen to carry
spherical granular spines (Fig. 9L). Mature individuals
carry six, or rarely more, enlarged crater-rimmed spine
bases, situated adjacent to the corners of the ossicles
(Fig. 9P, Q). The spines, which articulated within the
pits, are rarely present in residues; these have bulbous
bases and rapidly tapering, short and round shafts (Fig.
9I, J). Distal abactinal ossicles also carried irregularly
developed conical and granular spines (Fig. 9C).

The first two or four papular pores adjacent to the
angled margins of the large abactinal plates (Fig. 9Q)
arise by division of a single internal groove that splits
towards the external surface. Between five and 10
notches for papulae are present along the margins of the
abactinal plates; these produce a regular crenulation to
the borders of the plates (Fig. 9M, N, P, Q). The pores
may be vertical or oblique in orientation when viewed
laterally. The intervening articular ridges comprise sim-
ple vertical or inclined struts of stereom, but larger tri-
angular surfaces are sometimes present in the centres of
the plate sides. The narrower articular ridges each carry
a single, small round concavity close to the external bor-
ders of the plates, but the larger surfaces have three or
more of these structures positioned in a vertical column.
The actinal ossicles are preserved both in articulated

groups and as isolated plates. They formed alternating
rows of weakly imbricated, thickened ossicles which
carried granular spines of diverse sizes, set in crater-like
pits (Fig. 9E).
Ambulacral groove ossicles of S. tabulatus were fig-

ured by Sch€ondorf (1906b), and new material is now
known from Plettenberg (southern Germany) and
Trimbach (Switzerland; H. Hess Collection, NHMB,
unregistered). The adambulacrals are very tall (2–3
times taller than broad), the adradial face is convex and
the abradial face is gently concave (Figs 3D–G, 7C–H).
The abactinal face is approximately square, and well-
defined articulation structures for the ambulacrals are
present. These define the corners of the face, and ada1a
and ada1b are smaller than ada2 and ada3 (Fig. 3).
Clear oval insertion sites for padam and dadam muscles
are present; padam is shorter and transversely broad,
dadam smaller. The construction of the ambulacral-
adambulacral articulation is thus typically valvatid (Gale
2011). An irregularly oval insertion site for adadm is
present on the distal actinal face of the adambulacral,
and a corresponding pit is present on the proximal face.
The actinal, abradial margin of the adambulacral carries
a row of four to five small pits for furrow spines, and

3

Figure 7. Adambulacrals of sphaerasterids. A, B, Stauraster primaevus (von Zittel, 1880), adambulacrals in abactinal and proximal/
distal views, respectively (NHMUK EE 17638, 17632). C–H, L, N, Q, Sphaeraster tabulatus (Goldfuss, 1831); C, G, L, N,
abactinal views (NHMUK EE 17623h–k); D, F, proximal/distal views (NHMUK EE 17623l, m); H, internal, Q, external views
(NHMUK EE 17623n). I–K, M, Eosphaeraster amellagensis gen. et sp. nov.; I, J, proximal/distal and internal views (NHMUK EE
17639); K, M, proximal/distal views (NHMNUK EE 17640, 17641). O, S, T, Podosphaeraster pulvinatus Rowe & Nichols, 1980,
adambulacrals in proximal/distal, internal and actinal views, respectively (MhnhL OPH174–176). P, R, Valettaster argus (Spencer,
1907), adambulacrals in abactinal and actinal views, respectively (NHMUK EE 17637f, g). Provenance: A, B are from the lower
Oxfordian, Cardioceras bukowskii ammonite Subzone, basal Couches de Passage, Andelot Morval, Jura, France. C–H, L, N, Q are
from the upper Oxfordian, hypsilum ammonite Zone, Plettenberg, near Balingen, Germany. I–K, M are from the upper Pliensbachian,
outcrop on south side of wadi immediately to west of road, 0.5 km south of the Kasbah of Amellago, Atlas Mountains, Morocco. P,
R are from the coranguinum Zone, Santonian, Broadstairs, Kent, UK. O, S, T are Recent, Philippines. Scale bars: A, C–E, L–O, Q–T
¼ 0.5mm; B, F–K ¼ 1mm; P ¼ 0.2mm.
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on the rounded actinal portion of the external face, there
are two poorly defined rows of concave attachment sites
for five to six sub-adambulacral spines.
The ambulacrals are stout ossicles in which head,

shaft and base are clearly distinguished (Figs 3A, H, I,
6A–D). The head is slightly asymmetrical in actinal
aspect, with an enlarged proximal extension. Dentition
and sites of the transverse abtam and actam are well
developed, as are sites for longitudinal ambulacral struc-
tures lim and lia. The waist is slightly narrowed, and an
actinal ridge separates adjacent podial basins. The base
is poorly preserved on the available material, but the
adradial articulation surfaces ada1a and ada2 are clear.
The overall form of the ambulacral is similar to that of
goniasterids and stauranderasterids (compare Fig. 3A
with Fig. 4H).
Mouth frame ossicles include oral (Figs 3B, C,

8A–E) and circumoral plates (Fig. 3J, K). Small orals
(Fig. 8A, B, D, E) are proportionately low, and the pb
is blunt. Larger specimens (Figs 3B, C, 8C) are taller,
with a proportionately large oradm and a nearly vertical
orada. Well-defined oral spine (osp) sites are present.
The radial face is flat (Fig. 3C) and the abactinal inter-
radial interoral muscle (abiim) insertion site is large.
The circumoral (Fig. 3J, K) is robust, with a triangular
actam site, and a vertical proximal bar.

Reconstruction. Sch€ondorf (1906b) used articulated
fragments and isolated ossicles to reconstruct the overall
form of S. tabulatus. However, the reconstruction of the
margin and actinal surface of the species was highly
inferential, and based on the interpretation of ossicles
called S. pustulosus as marginals of S. tabulatus. These
came from a different locality (Nattheim, southern
Germany) to the other material. Sch€ondorf (1906b) also
interpreted ossicles that he called S. stellifera (Goldfuss,
1875) as worn inferomarginals of S. tabulatus.
Sphaeraster stellifera was subsequently placed in
Asteriaceros by Valette (1932), a genus assigned to the
Stauranderasteridae by Hess (1991). None of the

subsequently collected specimens of S. tabulatus (e.g.
Neumann 2009) show enlarged marginal ossicles, and
the new specimens figured here (Fig. 9B) definitively
demonstrate that the abactinals simply decrease in size
to the ambitus, without differentiated marginals
(Fig. 11C).
The upper part of the body of S. tabulatus had the

form of a tapered dome, as shown by Sch€ondorf
(1906b), but the articulation of the thickened, imbricat-
ing distal radials and interradials indicates outward
curvature of the sides to the ambitus (Fig. 11A). The
actinal ossicles indicate that the actinal surface was
essentially flat, but probably curved upwards at the
ambitus, as in Testudinaster. The distinction between
the distalmost abactinals and lateral actinals would not
be obvious.

Ontogeny. Sphaeraster tabulatus has a complex
ontogeny, particularly in terms of the development of
external sculpture and papular notches. The diversity of
sculpture in particular led Quenstedt (1875) to coin dif-
ferent names (S. tabulatus juvensis, S. tabulatus and S.
punctatus) for successive growth stages. Assessment of
abundant new material from Plettenberg and elsewhere
in southern Germany shows that all these forms inter-
grade continuously in an ontogenetic series, confirming
the conclusions of Hess (1975). In residues from the
hypsilum ammonite Subzone (Oxfordian) at Plettenberg,
ossicles down to 0.5mm are present originating in indi-
viduals with a diameter of less than 10mm (Figs 9H, L,
O, 13B–G). In contrast, large abactinal plates have a
maximum dimension of 20mm, and fully grown indi-
viduals have an estimated diameter of 300mm. The gen-
eral features of this ontogenetic series include changes
in sculpture, with progressive acquisition of granular
and conical spines, and the increase in number and size
of papular notches.

Stage 1. Abactinal ossicle diameter 0.5–2mm. Abactinal
ossicles (upper part of abactinal surface) carry a central
area of raised anastomosing ridges and intervening pits,

3

Figure 8. Oral ossicles of sphaerasterids. A–E, Sphaeraster tabulatus (Goldfuss, 1833); A, D, interradial view of orals of smaller
individuals (NHMUK EE 17642, 17643); B, E, interradial (B) and radial (E) views of small oral (NHMUK EE 17644); C, large
oral, interradial view (NHMUK EE 17623b). F, I, Eosphaeraster amellagensis gen. et sp. nov., oral in interradial and radial views,
respectively (NHMUK EE 17645). G, oral ossicle of possible stauranderasterid or sphaerasterid, interradial view (MnhnL OPH173).
H, oral ossicle, probably from Bulbosphaeraster valettei gen. et sp. nov., interradial view (NHMUK EE 17646). J, L, oral ossicle of
Podosphaeraster pulvinatus Rowe & Nichols, 1980, in interradial and radial views, respectively (MhnhL OPH174–176). K, M, oral
ossicle of Valettaster argus (Spencer, 1907), in interradial and radial views, respectively (NHMUK EE 17637h). N, interradial view
of oral ossicle of Manfredaster bulbiferus (Forbes, 1848) (NHMUK EE 17647a). Provenance: A–E are from the upper Oxfordian,
Hypsilum ammonite Zone, Plettenberg, near Balingen, Germany. F, I are from the upper Pliensbachian, outcrop on south side of wadi
immediately to west of road, 0.5 km south of the Kasbah of Amellago, Atlas Mountains, Morocco. G is from the Carnian (Upper
Triassic), Cortina d’Ampezzo, Italy. H is from the lower Bathonian, Zigzagiceras zigzag ammonite Zone at La Pouza, near La
Voulte-sur-Rhône, Ard�eche, France. K, M, N are from the coranguinum Zone, Santonian, Broadstairs, Kent, UK. J, L are Recent,
Philippines. Scale bars: A, D, G, H, K, M ¼ 0.5mm; B, E ¼ 0.2mm; C, F, I, J, L, N ¼ 1mm.
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surrounded by a dense smooth zone of imperforate ster-
eom, resembling a coat of glossy paint (Fig. 13B–E).
The more actinally positioned ossicles are entirely
smooth. No papular notches.

Stage 2. (‘juvensis’ form) Ossicle diameter 2–5mm;
external surface smooth, or irregularly marked with tiny
pits (Fig. 9O).

Stage 3. (‘tabulatus’ form) Smooth, or with indistinct
spine pits (Fig. 9H, L), diameter 5–10mm.

Stage 4. (‘punctatus’ form) Largest abactinal ossicles
carry an external sculpture comprising, typically, six
large crater-rimmed spine bases adjacent to each corner
of the plates. A scatter of variably sized smaller pits is
commonly present on the central part of the plates (Fig.
9M, N, P, Q). The papular notches are evenly distrib-
uted along the margins of the plates (5–11 per side) and
are separated by vertical to slanted articular bars.

Genus Echinosphaeraster gen. nov.

Type species. Asterias scutatus Goldfuss, 1833.

Diagnosis. A sphaerasterid in which the large abactinal
ossicles of the abactinal surface each carry a tall, con-
ical, centrally placed spine on a raised, crater-shaped
circular facet. A small number (approximatey 50) of
large abactinal plates, of similar breadth, are present
between the ambitus and the primary circlet, set in four
rows per radius. The primary circlet is broad and
extends across half the diameter of the abactinal surface.
The abactinal surface forms a low dome, and the actinal
surface is flat.

Derivation of name. Echinos, Greek, meaning spiny.

Included species. Asterias scutatus Goldfuss, 1833.

Remarks. Echinosphaeraster gen. nov. differs in
important features from Sphaeraster, most importantly
the smaller number of abactinal plates (about 50) set in
four columns per radius that do not taper towards the
ambitus and in the presence of very large conical spines
placed centrally on the abactinal ossicles above
the ambitus.

Echinosphaeraster scutatus (Goldfuss, 1833)
(Figs 10C, D, 14A–C, 15A–K, 16A–D)

�1833 Asterias scutatus Goldfuss: 210, pl. 63, fig. 8a–g.
1875 Spherites scutatus (Goldfuss); Quenstedt: 725, pl.
88, figs 35–47.

1906b Sphaeraster scutatus (Goldfuss); Sch€ondorf: 266,
figs 8–13, 22, 24, 25, 27, 32; pl. 24, figs 8–11.

1975 Sphaeraster scutatus (Goldfuss); Hess: 37, pl. 8,
fig. 17.

1984 Sphaeraster scutatus (Goldfuss); Blake: 76, figs
1C, E, F, 2D, 4A, 7, 8E.

2003 Sphaeraster scutatus (Goldfuss); Radwa�nska: 67,
pl. 1, figs 1–16.

Types. The abactinal ossicle figured by Goldfuss (1833,
pl. 63, fig. 8a–c) is here selected as lectotype. The pre-
sent whereabouts of this specimen are unknown, but
according to Sch€ondorf (1906b), it is in either the
Munich or Berlin collections.

Diagnosis. As for the genus.

Material. Abundant ossicles from the Kimmeridgian of
south-west Germany and Switzerland are present in the
collections of the University of T€ubingen (GPIT/80/94-
12; GPIT/A5/51; GPIT/A5/52, south-west Germany),
the Naturhistorisches Museum Basel (Switzerland,
unreg.) and the Natural History Museum, London
(NHMUK EE 17699–17701, material from the lower
Kimmeridgian of Plettenberg, Germany). The present
description is largely based on photographs and a high-
quality cast (GMHL 1929) of an almost complete,
articulated individual in the collection of the late Mr J.
Buijs of Huizen, the Netherlands, collected from the
Kimmeridgian of the Swiss Jura, which has not been
described previously (Buijs 2011). This specimen forms
the basis for the first accurate reconstruction of
E. scutatus.

Description. The well-preserved individual (GMHL
1929, Fig. 14) is approximately 9 cm in diameter, and
displays almost the entire abactinal surface, a large part
of which shows the ossicles in original position, as well
as scattered, disarticulated spines. The base of the speci-
men is crushed, and obscured by matrix. The primary

3

Figure 9. Sphaeraster tabulatus (Goldfuss, 1833). A, B, reconstructed fragments of the abactinal surface of an individual (NHMUK
EE 17623h, i); A, shows the space occupied by the madreporite; B, largely consists of a row of radial plates. E, actinal fragment of
same specimen (NHMUK EE 17623j). C, D, G, isolated distal abactinal or actinal plates (NHMUK EE 17623k–m). F, abactinal
showing growth banding (NHMUK EE 17648). H, K, radial plate showing in vivo breakage (NHMUK EE 17649). I, J, spine
originally attached to abactinal plate (NHMUK EE 17623n). L, O, small radial plates (NHMUK EE 17652, 17653). M, P, radial
plate (NHMUK EE 17650). N, Q, very large primary radial plate, showing ring of spine attachment sites (NHMUK EE 17651).
Provenance: upper Oxfordian, Hypsilum ammonite Zone, Plettenberg, near Balingen, Germany. Scale bars: A, B, F, M, N, P, Q ¼
10mm; C–E, G, H, L, O ¼ 5mm; I, J ¼ 1mm; K ¼ 0.2mm.
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abactinal ossicles (radials, interradials and centrale) are
seen in place, although partly obscured by matrix. The
undistorted portion of the abactinal surface is gently
domed, but less strongly than in S. tabulatus (see
above). The arrangement of primary radial and interra-
dial ossicles is essentially similar to that in S. tabulatus
(compare Fig. 11C with Fig. 16A).
A circlet made up of five pr and five pir (Fig. 16A)

occupies over half the diameter of the adapical surface.
Within this, 11 ico surround the small, pentagonal ce.
The ce articulates with four similarly sized ico in all
interradii except B-C, in which a pair of elongated
plates are present. These possess proximal semicircular
notches that define a triangular periproct; the third side
of the periproct is formed by the notched distal side of
the ce. All ico and the ce lack spine bases.
The pir are heptagonal and distally articulate with

two similarly sized interradial hexagonal ossicles (Fig.
16A), which in turn articulate with three similar plates.
The next row is made up of four plates, of which the
more radially positioned pair are smaller than the

interradially positioned ossicles and lack central spine
attachments. Thus, only seven ossicles in each interra-
dius carry large spines. The pr are hexagonal (Fig.
15C), and more distal radials form a single column of
hexagonal plates. The primary radial and the two adja-
cent plates are of nearly equal size, and each carries a
large central, circular spine base. The radials and inter-
radials that carry large spines are present on the distal
part of the abactinal face of S. scutatus and are similarly
sized and shaped. They bore an outwardly (abactinolat-
erally) directed array of 50 large conical spines, with
five smaller spines on the ossicles. The fifth row of
interradial ossicles and the fourth to fifth rows of radials
form the ambitus (Fig. 16A, C).
Isolated large abactinal ossicles are the best-known

fossils of E. scutatus, and these have been well illus-
trated (see synonymy list). They are hexagonal or rarely
heptagonal (primary interradials), slightly broader than
tall, and on the external face carry a large spine base,
which is set on a centrally placed mound (Fig. 15C, D,
F, H). The spine base has a crater-like circular rim and

Figure 10. A, B, Sphaeraster tabulatus (Goldfuss, 1833), partly articulated individual, with interpretative drawing (B) (NHMUK EE
17655). C, D, Echinosphaeraster scutatus (Goldfuss, 1833), fragmentary specimen, with interpretative drawing (D) (GPIT/2460).
Provenance: A, B are from the upper Oxfordian, Hypsilum ammonite Zone, Plettenberg, near Balingen, Germany. C, D are from the
upper Oxfordian, southern Germany. Colours as in Figure 1.
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a depressed central region. The margins of the abactinal
plates are deeply and evenly notched by papular pores
(four to six per side); vertical articular ridges run
between the pores and each carries a centrally placed,
single circular pit. The spines that articulate with the
bases have been well described (Blake 1984, fig. 2D)
(Fig. 15E, K). They are conical and taper rather

irregularly to a sharp point, and the base is slightly
flared for articulation with the crater-like rim of the
spine base (Fig. 15E, K). The centre of the base of the
spine is hollow, presumably for the insertion of connect-
ive tissue or muscle fibres.
Fragments of the actinal surface and isolated ossicles

described and figured by Sch€ondorf (1906b) provide

Figure 11. Reconstruction of Sphaeraster tabulatus (Goldfuss, 1833) to show morphology. A, cross section; B, primary radial plate,
to show position of papular pores; C, abactinal reconstruction. Colours as in Figure 1.

Figure 12. Outlines of Sphaeraster tabulatus (Goldfuss, 1833) to show positions of various fragmentary specimens referred to in
the text.
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some information on the lower surface of the species.
The actinal ossicles are small, numerous and equidimen-
sional to slightly elongated (Fig. 15A, B). The external
surfaces are very irregular in shape, and the embay-
ments and protuberances interlock to form a strongly
articulated, imbricate tesselation of aligned ossicles. The
flat external surfaces of the plates bear four to eight
small crater-like spine bases, and the articulated portions
of actinal surface show that this was flat. The adambu-
lacral ossicles are 2–3 times as tall as long or broad,
and the adradial surface is concave, the abradial gently
convex. The abactinal surface, which contacts the ambu-
lacral, is square and typically valvatidan. Ambulacrals
are very similar to those of S. tabulatus (see
Sch€ondorf 1906a).
An oral ossicle of E. scutatus was figured by

Sch€ondorf (1906b, fig. 28). The oral ossicle is taller
than long, with a nearly square junction between the
actinal and distal margins and a short, pointed pb. The
oradm is tall and vertically oriented. The inner (interra-
dial) face displays small rounded surfaces for articula-
tion with the corresponding oral ossicle across the
interradial line. The oral ossicle differs from those of
most valvatid families, which typically are low and have
a long pb (see Gale 2011), but more closely resembles
those of the stauranderasterids Manfredaster bulbiferus
(see Fig. 8N) and Hadranderaster simplex (Geinitz,
1871) in important respects. Firstly, all possess a short
pb and an actinal margin set at right angles to the prox-
imal margin. Secondly, the enlarged, tall, vertical adam-
bulacral articulation structure is found in all
three genera.

Comparison with Sphaeraster tabulatus. The new
material enables a detailed comparison to be made with
Sphaeraster tabulatus. The major differences are:
1. Sphaeraster tabulatus has a very tall, domed form of

the abactinal surface compared to the much lower
dome of E. scutatus.

2. Echinosphaeraster scutatus has a very broad circlet
formed by the pr and pir extending across half of
the abactinal surface (Fig. 16A); this is

proportionately smaller in S. tabulatus, representing
one-third of the abactinal diameter (Fig. 11C).

3. Echinosphaeraster scutatus has a small number
(approximatey 50) of large abactinal plates, of
similar breadth, between the ambitus and the
primary circlet, set in four rows per radius (Fig.
16A); S. tabulatus has a much larger number of
abactinal plates (about 450), which are set in four
interradial chevrons per radius and taper in breadth
towards the ambitus (Fig. 11C).

4. Echinosphaeraster scutatus has large, centrally
placed, conical spines on the large abactinal ossicles
whilst S. tabulatus has six smaller spine bases
placed on each angle of the hexagonal plates.

5. The adambulacrals of E. scutatus are much taller
than those of S. tabulatus.
Although the arrangement, size and shape of the

ossicles of the central circlet is identical in the two taxa,
they differ very significantly in the proportionate
breadth of the primary circlet, the number of abactinal
plates, their arrangement, spination and size, and the
way they taper towards the ambitus.

Genus Eosphaeraster gen. nov.

Type species. Eosphaeraster amellagensis sp. nov.

Diagnosis. Sphaerasterida in which the large proximal
abactinals (pr, pir) carry two to six ramifying, candela-
bra-like papular notches on the corners only; more distal
abactinals have numerous, evenly spaced vertical papu-
lar notches on all margins.

Derivation of name. Greek, Eo-, meaning dawn, as it is
the oldest sphaerasterid.

Eosphaeraster amellagensis sp. nov.
(Figs 6F, G, 7I–K, M, 8F, I, 17A–M, 18A–F, 19A, C)

Types. The primary interradial ossicle figured here (Fig.
17B) is the holotype (NHMUK EE 17657), the other
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Figure 13. A–H, P, Sphaeraster tabulatus (Goldfuss, 1833); A, actinal ossicle, to show crater-rimmed spine pits (NHMUK EE
17680); B, G, abactinal ossicles of small individuals which have smooth external faces (NHMUK EE 17682, 17683); C, D, abactinal
ossicles of very small individuals (NHMUK EE 17684, 17685); E, lateral view of small abactinal plate (NHMUK EE 17686); F,
abactinal ossicle with weak radial sculpture (NHMUK EE 17681); H, enlargement of sculpture of abactinal ossicle A; P, lateral view
of abactinal plates of small individual, to show lack of papular pores and articulation structures (compare with Fig. 9M, N; NHMUK
EE 17687). I–O, Q–S, Pouzaster pocknotata gen. et sp. nov., abactinal ossicles; I–O, paratype abactinals (I, J, NHMUK EE 17689;
K, NHMUK EE 17690; L, M, NHMUK EE 17691; N, NHMUK EE 17692; O, NHMUK EE 17693; R, S, NHMUK EE 17695). Q,
holotype, abactinal (NHMUK EE 17688); S, enlargement of surface detail of K. Provenance: A–H, P are from the upper Oxfordian,
Hypsilum ammonite Zone, Plettenberg, near Balingen, Germany. I–O, Q–S are from the lower Bathonian, Zigzagiceras zigzag
ammonite Zone at La Pouza, near La-Voulte-sur-Rhône, Ard�eche, France. Scale bars: A, F, O ¼ 1mm; B–E, G, I–N, P–R ¼
0.5mm; H, S ¼ 0.2mm.
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Figure 14. A–C, Echinosphaeraster scutatus (Goldfuss, 1833). Cast of large articulated individual in abactinal, lateral and actinal
views, respectively. Provenance: Oxfordian, Swiss Jura (GMHL 1929, original in the collection of Mr J. Buijs). Scale bar ¼ 50mm.
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figured ossicles are paratypes (NHMUK EE17654,
17655, 17658–17669).

Diagnosis. As for the genus.

Derivation of name. After the village of Amellago,
Morocco, where the type material was found.

Material. 200þ dissociated abactinal ossicles, predom-
inantly abactinals, plus 30 adambulacrals, 10 ambulac-
rals and two orals (NHMUK EE 17702). The material is
believed to belong to a single species because ossicles
have an identical surface sculpture of fine, evenly
spaced granule pits and there are transitional forms
between different abactinal ossicle types.

Occurrence. Early Jurassic (upper Pliensbachian) of an
outcrop on the south side of the wadi immediately to
the west of the road, 0.5 km south of the Kasbah of
Amellago, Atlas Mountains, Morocco (Supplemental
material, Fig. S1A).

Description. Abactinal ossicles fall into two categories,
and can be positioned by reference to more complete
material of Sphaeraster tabulatus. Large abactinal
ossicles from high on the disc are flat to slightly con-
vex, either hexagonal or heptagonal in outline, and each
has a central dimple (‘dorsal abactinals’). They carry an
evenly spaced cover of spine pits set in a poorly defined
rosette pattern and include plates identified as pir
because they are characteristically heptagonal and con-
tacted two interradial ossicles distally (Fig. 16A, D);
symmetrical, hexagonal pr (Fig. 17B, M) and irregularly
hexagonal abactinals.
The sides of the larger abactinals each carry a single,

large, trapezoidal to oval articulation surface, on which
are set five to 10 small rounded pits (Fig. 17F, H). A
symmetrically arranged group of papular pores (two to
five) is present on each corner of these plates, which
originate by bifurcation from a single internal groove
(Figs 18B, C, 19A), resembling a candelabra. The pr
(Fig. 17A, D) are vertically symmetrical, hexagonal,
with a broad proximal articulation surface and a nar-
rower distal one for articulation with the adjacent radial.
The pir (Fig. 17B, M) are heptagonal. Distinctively
elongated, dimpled interradial abactinals are present; the
precise position of these is uncertain (Fig. 17C). The
interior surfaces of the primary abactinal ossicles are
smooth with a concavity at each corner in which is set a
ridge separating the papular notches (Fig. 17I). These
concavities are deepest on the inner calycinal ossicles.
Smaller, hexagonal abactinals (Fig. 17J–L) with very

different articulation structures (more actinally posi-
tioned abactinals) formed the sides of the domed body
and are comparable with those in S. tabulatus. These
vary from equidimensional to elongated hexagons in

internal/external aspect, and the external surface carries
spine pits in well-marked rows sub-parallel with the
sides of the ossicle. The lateral articulation surfaces are
highly modified, with three to six papular pores along
each side, separated by vertical bars that articulate
between ossicles (Fig. 17G, K). Each bar contains a sin-
gle rounded concavity situated slightly exteriorly to the
midpoint of the ossicle wall. The corners of the plates
are formed of a curved buttress-like structure with a
symmetrically placed shallow vertical groove. The more
elongated hexagonal plates (I-plates) possess an internal
swelling at one end that may protrude slightly (Fig.
17K, L), which could be a vertical interradial support
structure. Ossicles intermediate in morphology between
the larger ‘dorsal’ abactinal ossicles and the smaller
‘ventral’ ones are present. In these, one side carries only
two articular bars, and the four to six articu-
lar structures.
The adambulacrals are highly variable in form along

the length of the groove (Fig. 7I–K, M). All adambulc-
rals have similar faces contacting the ambulacrals.
These are rectangular and the ambulacral articulation
surfaces are positioned on the corners. The ada1a and
ada1b are rounded and set on the distal margin of the
ossicle, ada2 and ada3 on the proximal margin. Scars
for insertion of padam and dadam are posi-
tioned centrally.
Type 3 adambulacrals, which are broader than tall,

with discrete actinal and lateral surfaces, are set at about
120� to each other. The adadm scar is oval and placed
close to the actinal/abradial margin. These ossicles are
remarkably similar in shape to those of
Podosphaeraster. The adambulacrals of type 3 are
smallest, and therefore perhaps were positioned closest
to the terminal. In this case, the unusual tall ossicles of
type 1 would have been most proximal in position.
The ambulacrals are very short and have an irregular,

rectangular to triangular shape in proximal and distal
view (Fig. 6F, G). Proximal and distal surfaces are
broadly flat, with a gentle depression for passage of the
tube feet. The head, shaft and base are poorly differenti-
ated, and the heads imbricate slightly proximally. The
dentition comprises two to three coarse ridges and
grooves set obliquely to the long axis of the ossicles.
Abtam and actam insertion sites are small and incon-
spicuous. A well-developed depression for lim is seen
on the adradial, abactinal portion of the ossicles. The
articulation surfaces for the adambulacrals are set on the
actinal, abradial margins of the ambulacrals, on either
side of an arched margin. The abradial articulation
structures (ada1b, ada3) are set on one side of this arch,
the adradial ones (ada2, ada1a) on the other. The ambu-
lacrals taper very rapidly to the abradial margin, and the
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part of the ambulacral base involved in adambulacral
articulation is consequently very short. The ambulacrals
have a very prominent crest on the abradial, abactinal
margin, similar to that in Valettaster (see below).
The body of the oral ossicle is triangular in outline

(Fig. 8F, I), and the convex actinal and distal margins
are set at right angles to each other. The articulation and
muscle insertion for the first adambulacral (orada, ora-
dam) are tall and parallel to the distal margin of the
ossicle. The pb is short and carries a flat surface for
articulation with the radial face of the adjacent oral
ossicle. The external actinal face is small and triangular.
The apophyse is rounded and directed proximally. The
site for insertion of the riom (radial interoral muscle) on
the proximal apophyse is small, and the pcoa and dcoa
articulations are large and conspicuous. The interradial
face of the oral has a slight concavity for articulation of
the odontophore, and the insertion site of aciim (actinal
interradial interoral muscle) is a narrow strip along the
actinal/proximal border of the ossicle. The oral ossicle
is similar to that of E. scutatus and of stauranderaster-
ids, in the presence of a short pb and large, vertically
oriented odadm.

Reconstruction of body form. The abactinal ossicles
include plate morphologies similar to those of S. tabula-
tus, and indicate that the arrangement of large primary
and inner calycinal ossicles was essentially similar (Fig.
19C). However, the highly specialized, candelabra-like
papular notches (Fig. 19A), concentrated on the plate
corners, and articular structures are very different to
those present in S. tabulatus. The ‘ventral’ type of abac-
tinal ossicles are similar to those of S. tabulatus, includ-
ing numerous gently convex hexagonal ossicles, with
margins notched by numerous papular pores. It is there-
fore reasonable to conclude that the central abactinal
region was domed as in S. tabulatus, and that the larger,
flat ossicles formed the upper part of the disc. The sides
of the dome were constructed of smaller, hexagonal
abactinals, bordered by numerous papular pores, as in
S. tabulatus.

Affinities. As described above, the abactinal portion of
the disc is similar to that of S. tabulatus in the size,
number and arrangement of the ossicles, but differs in
the nature of the papular notches and the presence of
elongated interradial ossicles. The ambulacrals are short

and comparable to those of Valettaster, and the adambu-
lacrals resemble those of both Podosphaeraster and
Valettaster.

Genus Bulbosphaeraster gen. nov.

Type species. Bulbosphaeraster valettei sp. nov.

Diagnosis. Sphaerasteridae in which the pir and pr carry
centrally placed, rounded, bulbous swellings; external
ornament of abactinals consisting of coarse, evenly dis-
tributed, circular, crater-rimmed spine pits. Simple papu-
lar notches present on corners of plates.

Derivation of name. From the Latin bulba, meaning
swelling, with reference to the swollen abacti-
nal ossicles.

Bulbosphaeraster valettei sp. nov.
(Figs 6L, M, 8H, 19B, 20A–M)

Types. The primary interradial ossicle figured here is
the holotype (Fig. 20B, NHMUK EE 17670); the other
figured ossicles are paratypes (NHMUK
EE 17671–17679).

Diagnosis. As for the genus.

Derivation of name. In honour of the late Dom
Aur�elien Valette, who identified that the material
belonged to a different genus and species, in his labels
with the specimens in the Dijon collection.

Material. Two abactinal ossicles in the Valette
Collection, Dijon (UdB, unregistered), 25 abactinal
ossicles (NHMUK EE 17670–17679, 17703) from the
Bathonian, Zigzagiceras zigzag ammonite Zone of La
Pouza, near La Voulte-sur-Rhône (Ard�eche, France).

Description. The species is known from primary abacti-
nal ossicles that can be identified with reference to
articulated material of Sphaeraster tabulatus (ce, pr,
pir). All abactinal ossicles have a similar sculpture of
evenly placed, rather widely spaced spine pits, each of
which has a broad, raised, crater-like rim (Fig. 20A–M).
The ossicles articulate by means of rectangular to oval
surfaces centrally placed on each lateral surface, which
are irregularly pitted (Fig. 20D, E). The pir are

3

Figure 15. Echinosphaeraster scutatus (Goldfuss, 1833). A, B, fragments of actinal surface; A, original of Quenstedt (1858, pl. 94,
fig. 12) and Sch€ondorf (1906a, pl. 1, figs 7, 8) (GPIT/80/94-12); B, original of Quenstedt (1858, pl. 94, figs 13, 14) and Sch€ondorf
(1906a, pl. 1, figs 9, 10) (GPIT/80/94-12). C, D, primary radial plate, in lateral (D) and external (C) views (GPIT/A5/52). E, K,
large spine from abactinal plates, in basal (E) and lateral (K) views (GPIT/A5/51). F, G, I, J, abactinal plates (GPIT/A5/52). H,
radial plate, external view (GPIT/A5/52). All specimens from the Weisser Jura e or Malm of the Swabian Alb, southern Germany.
Scale bars: A–D, F, I, J ¼ 10mm; E, K ¼ 2mm; G ¼ 5mm.
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vertically symmetrical, heptagonal, slightly broader
than tall, and carry an evenly rounded, bulbous swel-
ling on the upper central part of the outer face (Fig.
20A, B, E). The swelling carries large, irregular spine
pits and shows probable in vivo abrasion. The pr are
hexagonal and rounded in outline, vertically symmet-
rical and gently swollen centrally (Fig. 20A). The
proximal articular facet is broader than the distal one.
The ce (Fig. 20L) is equilaterally pentagonal and gen-
tly convex, and the proximal margin carries a rounded
notch for the periproct. Each side carries two to four
papular notches concentrated at the corners (Fig. 20C).
Possible ico ossicles (Fig. 20C) are pentagonal with a

dense cover of spine pits. Distal abactinal ossicles
(Fig. 20G) are broad and concavo-convex. The pos-
ition of other abactinal ossicles figured (Fig. 20F, H,
J, L, M) is uncertain, but they all share the same dis-
tinctive sculpture. Ambulacrals (Fig. 6L, M) are short
and broad, with a straight basal margin, and the
padam and dadam sites are positioned on the lateral
surfaces. A single oral ossicle (Fig. 8H) is tall, and
the apophyse is directed proximally; the oradam is tall
and narrow.

Remarks. Bulbosphaeraster gen. nov. can be distin-
guished from its closest relative, Eosphaeraster gen.

Figure 16. Echinosphaeraster scutatus (Goldfuss, 1833). Reconstructions and interpretative drawings. A, abactinal view of
individual, colouration as in Figure 1. B, primary radial plate, to show papular openings. C, cross section of individual. D, drawing
of specimen figured in Figure 13.
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nov., by the swollen central areas on the pr and pir, the
triplet of papular openings at each triple plate boundary
(there are up to 12 in Eosphaeraster gen. nov.) and the
nature of the articulation of the distal abactinal ossicles.
In Bulbosphaeraster gen. nov. the articulations are prox-
imally imbricating and possess a single central articular
facet. In Eosphaeraster gen. nov. they consist of vertical
articular bars separated by papular notches.
Ambulacrals, adambulacrals and orals are similar. The
crater-rimmed spine pits present on all abactinal/actinal
ossicles are found only on actinal ossicles of other
sphaerasterids (Figs 9E, 15A, B).

Genus Pouzaster gen. nov.

Type species. Pouzaster pocknotata sp. nov.

Diagnosis. Sphaerasterida in which the abactinal plates
carry a sculpture of irregular pitting, arranged radially
towards plate margins. Detailed plate arrange-
ment unknown.

Remarks. The distinctive sculpture of the abactinals
separates this genus from all other known
sphaerasterids.

Pouzaster pocknotata sp. nov.
(Figs 13I–O, Q–S, 22F, I)

Types. The holotype (Fig. 13Q) is a primary radial
ossicle (NHMUK EE 17688) from the lower Bathonian,
Zigzagiceras zigzag ammonite Zone of La Pouza, near
La Voulte-sur-Rhône (Ard�eche, France). A total of nine
similar ossicles from the same locality are paratypes
(NHMUK EE 17689–17695).

Diagnosis. As for the genus.

Additional material. Two ossicles from the serpentinus
ammonite Zone (Toarcian) of Fougerolles, near Caen,
France (MHNLM 20201.2 and 20201.3).

Derivation of name. Latin for pockmarked (pock¼ scar,
notata¼marked), in reference to the surface sculpture.

Description. The abactinal plates are variable in shape,
and hexagonal to oval in outline. All possess a

distinctive sculpture of irregular pitting, which has a
weak radial alignment in some specimens (e.g. Fig. 13I,
N, Q, R). The position of possible pr can be identified
from comparison with that in other Sphaerasteridae (Fig.
13O, R). They are hexagonal and symmetical about the
vertical axis, and the articular facet contacting the suc-
cessive radial is broad. The external face is gently con-
vex, and appears to be smooth in one specimen (Fig.
13O); however, under low-oblique lighting it displays
radiating ridges around the margin of the plate. The
ossicles are half as thick as broad, and each side has a
well-defined rounded rectangular articular surface which
bears a scatter of fine pits. A single poorly defined
papular notch is present on each corner (Fig. 19D).
Other abactinals with a similar sculpture include rather
tall, narrow, hexagonal to lozenge-shaped plates (e.g.
Figs 13J–N, 22F, I) which were probably unpaired and
occupied an interradial position, and broad hexagonal
plates (Fig. 13M) which might be distal radials.

Remarks. The distinctive sculpture of the plates, irregular
pitting with a weak radial element towards the margins,
distinguish this species from all others. Reconstruction is
not possible without further material.

Genus Testudinaster Hess, 1983

Type species. Testudinaster pereginus Hess, 1983, by
original designation.

Diagnosis. Sphaerasterida in which the abactinal surface
is made up of numerous, rather small polygonal ossicles.
Actinal ossicles small, very numerous, rounded or rhom-
bic in outline, and very thick.

Testudinaster peregrinus Hess, 1983
(Fig. 21A–C)

�1983 Testudinaster peregrinus Hess: 921, pl. 1,
figs 1–3.

1994 Testudinaster peregrinus Hess; Hess: 988, figs 1, 2.

Type. The holotype (Fig. 21A, B; NMB M 9689),
showing a partial abactinal surface, is from Schinznach,
in the northern Swiss Jura (the original of Hess, 1983,
pl. 1, figs 1–3).

3

Figure 17. Eosphaeraster amellagensis gen. et sp. nov., abactinal ossicles. A, D, primary radials, paratypes (NHMUK EE 17654,
17656). B, primary interradial; holotype (NHMUK EE 17657), C, interradial, paratype (NHMUK EE 17660). E, abactinal plate of
uncertain position (NHMUK EE 17663). I, centrale, paratype (NHMUK EE 17659). F–H, plates in lateral aspect, paratypes
(NHMUK EE 17665, 17666, 17667). J, abactinal plate of uncertain position, paratype (NHMUK EE 17664). K, L, median
interradial plates (I-plates) from actinal surface, paratypes (NHMUK EE 17661, 17662). M, primary interradial, paratype (NHMUK
EE 17658). The internal process is arrowed. Provenance: all ossicles are from the upper Pliensbachian at an outcrop on south side of
wadi immediately to west of road, 0.5 km south of the Kasbah of Amellago, Atlas Mountains, Morocco. Scale bars ¼ 10mm.
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Material. Three specimens from the upper Bajocian
(upper Hauptrogenstein), Switzerland. Two further
specimens showing the actinal surface come from the
same formation and age, at Auenstein (Canton of
Aargau; NMB M 9923), as figured by Hess (1994, figs
1, 2).

Description. The external morphology of T. peregrinus
is almost completely known on the basis of two speci-
mens showing, respectively, the actinal (NMB M 9923)
and abactinal (NMB M 9689) surfaces (Hess 1983,
1994). The specimens are crushed abactinally-actinally,
but can be reconstructed by the use of displaced ossicle

Figure 18. A–F, Eosphaeraster amellagensis gen. et sp. nov., large abactinal ossicles; A, B, D, ossicle in external and lateral view
and enlargement of surface, respectively, paratype (NHMUK EE 17668); C, E, F, abactinal ossicle with strongly marked growth
increments, in external (F), internal (E) and lateral (C) views, paratype (NHMUK EE 17669). Provenance: all from the upper
Pliensbachian at outcrop on south side of wadi immediately to west of road, 0.5 km south of the Kasbah of Amellago, Atlas
Mountains, Morocco. Scale bars ¼ 10mm.
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articulations. The abactinal surface was originally hemi-
spherical, and the outer actinal surface slightly inflated.
The central part of the actinal surface was flat.
Extensive dislocation and displacement of actinal
ossicles along the ambitus was a result of postmortem
collapse of an inflated body form (NMB M 9923). The
adambulacral ossicles have small, square actinal surfa-
ces, and fit together closely, tightly covering the groove.
The actinal ossicles are small and massive, very numer-
ous, and arranged in a chevron pattern, ‘V’-ing towards
the peristome. The proximal actinals are more irregular

in distribution and approximately rhombic in outline.
The more distal actinals, towards the ambitus, form dis-
crete transverse rows of elongated, rectangular plates,
which form a bowed double arc, symmetrical about the
interradius. Displaced ossicles show that the ambital
actinals are taller than long and formed a thick
body wall.
The abactinal surface is divided into a central area

and well-demarcated distal radial regions. The central
area is a tesselation of numerous (over 100) evenly
sized but irregularly shaped polygonal abactinal ossicles.

Figure 19. A, C, interpretative drawings of Eosphaeraster amellagensis gen. et sp. nov. A, lateral view of large abactinal plate to
show candelabra-like, outward-branching papular pores on rim of plate; C, reconstruction of part of abactinal surface; the large
central ossicle is the primary interradial. Note concentration of papular pores towards corners of plates. B, Bolbosphaeraster valettei
gen. et sp. nov. Note concentration of few papular pores at corners of plates. D, Pouzaster pocknotata gen. et sp. nov., to show
single papular pores at plate junctions.
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These are relatively thin (maximum dimension 2–3
times height), and the margins are notched by two to
four papular pores along each articular surface. The pri-
mary abactinal ossicles cannot be identified with cer-
tainty. The distal radial regions are made up of sub-
parallel, well-defined rows of short, broad ossicles,
which narrow distally, in which direction the ossicles
also become shorter and taller. The radial row is sym-
metrical along the radius, and the ossicles are slightly
concavo-convex (distal-proximal). The external surface
of all abactinal ossicles appears to be smooth.

Remarks. Although originally assigned provisionally to
the Asterinidae Gray, 1840 by Hess (1983), T. peregri-
nus was subsequently linked to the Sphaerasteridae on
the similarity of body form and the tabular abactinal
ossicles with conspicuous papular pores (Hess 1994).
However, the absence of large marginals in
Testudinaster comparable with those in Sch€ondorf’s
(1906b) reconstruction of the species S. tabulatus made
Hess wary of the relationship. The discovery that the
large marginals in S. tabulatus are a result of imagina-
tive reconstruction, and are not actually present, brings
Testudinaster closer to S. tabulatus. It differs from that
species in the more numerous abactinal plates of the
dorsal surface and the development of rows of abacti-
nals towards the ambitus (Fig. 21A). Additionally, the
plates of the actinal surface are very numerous and elon-
gated (Fig. 21C).

Genus Valettaster Lambert, 1914

Type species. Oreaster ocellatus Forbes, 1848, by sub-
sequent designation of Wienberg Rasmussen (1950,
p. 93).

Diagnosis. Sphaerasteridae in which the undifferentiated
primary body ossicles have the form of a truncated
cone. The flat top of the cone forms the external face of
the ossicle, and carries beads of imperforate stereom.
The interstices between the faces of the abactinal
ossicles are packed with smaller ossicles which also
carry a beaded sculpture. Together, the primaries and
the interstitial ossicles form a flush outer surface. Tiny
papular pores are formed by embayments in two or
three interstitial ossicles.

Included species. Oreaster argus Forbes, 1848, O. ocel-
latus Forbes, 1848, Sphaerites digitatus Quenstedt,
1858, Valettaster granulatus Brunnich Nielsen, 1943, V.
stipes Villier, 2010, V. thuyi sp. nov. Valettaster dan-
geardi Mercier, 1935 (1935, 38, pl. 2, fig. 7) from the
Bathonian of Calvados, Normandy, was based upon a
single, conical abactinal ossicle, with some resemblance
to those of V. argus. Breton (1985) noted that the illus-
tration is stylized, the material was lost and the species
must therefore be considered as doubtful.

Reconstruction and description of Valettaster.
Although material of Valettaster has been known since
the middle of the nineteenth century, most descriptions
have concentrated on the highly distinctive primary
ossicles (undifferentiated actinals/marginals/abactinals).
The ambulacral and adambulacral morphology of the
Late Cretaceous species V. ocellatus was described
briefly by Breton (1985), who also commented on the
construction of the external surface and possible
life habits.
The morphology of the genus can be reconstructed on

the basis of well-preserved material of V. ocellatus from
the Upper Cretaceous (Coniacian–Santonian) Chalk of
southern England (NHMUK E 5012, E 5019).
Additionally, a specimen of V. argus from the
Santonian coranguinum Zone of Thanet, Kent (NHMUK
EE 17637) comprises fragments of the external surface
with all ossicles in situ, and abundant dissociated
ossicles, including ambulacrals, adambulacrals and an
oral. Several specimens of V. argus (e.g. NHMUK E
4344, E 20294) show the overall form to be spherical to
sub-spherical but provide few further details.
The individual of V. ocellatus from the upper

Santonian Marsupites Zone of Brighton (NHMUK E
5012), previously figured by Spencer (1907, pl. 25, fig.
4, 4a) and Breton (1985, fig. 5) shows the form and
ossicle arrangement of the actinal portion of this species
(compare Figs 23A, 24A, B). The abactinal surface is
crushed, but can be seen to be made up of relatively
few, large ossicles. The abactinal ossicles have the form
of truncated cones, with an embayed polygonal outline.
The actinal surface is largely undistorted, and has the
form of a slightly prolate hemisphere, in which the
ambulacral grooves extend up to the ambitus. The
arrangement of the primary actinal plates can be

3

Figure 20. Bulbosphaeraster valettei gen. et sp. nov., abactinal ossicles. A, probable primary radial ossicle, paratype (NHMUK EE
17672); B, E, holotype, primary interradial ossicle, in external and lateral views, respectively (NHMUK EE 17670); C, D, probable
inner calycinal ossicle, paratype (NHMUK EE 17671). The other specimens (F, G, H, J, L, M) are abactinal ossicles of
indeterminate position, all paratypes (NHMUK EE 17674–79). I, probable centrale (NHMUK EE 17673); K, enlargement of surface
of H. Provenance: all are from the lower Bathonian, Zigzagiceras zigzag ammonite Zone at La Pouza, near La Voulte-sur-Rhône,
Ard�eche, France. Scale bars: A–J, L, M ¼ 5mm; K ¼ 0.2mm.
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precisely reconstructed in NHMUK E 5012 (Fig. 24C,
D). The ossicles closest to the peristome form a double
chevron, abactinal to which a single enlarged interradial
ossicle is present.
The arrangement of abactinal ossicles is shown by a

single specimen of V. ocellatus (NHMUK E 5019) from
the coranguinum Zone (upper Coniacian–lower
Santonian) of Micheldever, Hampshire. Although the
specimen is fragmentary, and some ossicles are dis-
placed, landmark features can be identified and thus
allow reconstruction of the plating of the abactinal sur-
face of Valettaster for the first time (Fig. 24D).
Importantly, the pir can be identified, because these are
abactinal to and articulate with an abactinally-actinally
elongated pair of symmetrical ossicles that share a
straight interradial margin. The pr are identified from
their radial position and possess large, oval, external
faces. The more distal radials have rounded-rectangular
external faces and are proportionately broad. Four radi-
als are present between the pr and the abactinal termin-
ation of the ambulacral groove. The terminal is not
visible, but the most distal adambulacrals are more or
less in place. The interstital ossicles that infill the spaces
between the larger conical primaries are very variably
sized and irregular in outline, and a number are still in
their original place.
A most distinctive feature of Valettaster is the morph-

ology of the (undifferentiated) abactinal ossicles, which
have the form of truncated cones in V. digitatus, V.
ocellatus and V. granulatus (Br€unnich Nielsen, 1943)
and cones in V. argus (see below). In the abactinal
hemisphere the primary ossicles have rounded, irregu-
larly embayed outlines and lack clear articulation surfa-
ces with each other. The actinal ossicles immediately
adjacent to the peristome and the ambulacral groove
articulate with each other by means of flattened surfa-
ces. The external faces of the primary ossicles possess a
variably sized flattened exterior face (always smaller
than the dimension of the inner face of the ossicles)
which has a sculpture (constructed of perforate stereom)
of granules (V. granulatus) or radiating rows of bead-
like structures (V. ocellatus, V. argus).
The bevelled sides of the abactinal ossicles of

Valettaster carry numerous irregularly sized and -shaped
small articulation surfaces, each of which carries a cen-
tral depression, which possibly housed a ligamentary
structure. The spaces between the external faces are
infilled with smaller secondary ossicles, which articulate

with the primary ossicles by means of the small articula-
tion structures with central pits (Fig. 23H, I, J). In V.
argus, a few abactinal ossicles have an external face,
but much of the surface is made up of smaller infilling
secondary ossicles which possess a reticulate sculpture
with poorly defined radial elements.
Breton (1985, fig. 4) reconstructed Valettaster with a

peripheral zone of external ossicles which were enclosed
in a soft dermal tissue, and decreased in size towards
the exterior. An exceptionally preserved specimen of V.
argus (Fig. 23H) demonstrates that this was not the
case, supported by the presence of in situ smaller
ossicles in a specimen of V. ocellatus (NHMUK E
5012; see Fig. 23A). The smaller infilling ossicles pos-
sess small, flattened external surfaces, with similar
sculpture to that of the primaries, and together, the
external faces of the primary and secondary ossicles
form a flush external surface (Fig. 23H). The larger sur-
faces of the primary ossicles are set in a background of
smaller secondary plates.
Very small papular pores are present on the external

surface of V. argus (Fig. 23J), as rounded triangular or
slit-like openings between secondary ossicles, 200–300
mm in diameter, defined by two or three concave faces.
The madreporite is small and irregularly triangular in
outline in V. argus. The surface bears coarse radial
ridges. The ossicle is surrounded by the pir and two dis-
tal ossicles (Fig. 23K).
Because the morphology of Valettaster ocellatus has

now been reconstructed, it is possible to relate individ-
ual morphologies of the (undifferentiated) abactinal/acti-
nal primary ossicles to different positions on surface of
the animal:
1. Oval to sub-rectangular, proportionately flat ossicles

with a large external face and a narrow marginal,
bevelled rim characterize the upper abactinal region
and include the pr and pir.

2. Ambital ossicles are thick, elongated and irregular in
outline, with a small oval external face. On the
ambitus, this face is placed centrally, but
immediately beneath the ambitus the face is
positioned eccentrically, on the actinal portion of
the ossicles.

3. Ossicles of the actinal interradius are moderately
thick, rounded pentagonal to rectangular in outline,
with a moderately sized external face and a broad,
steep bevelled margin.

3

Figure 21. Testudinaster peregrinus Hess, 1983. A, holotype, abactinal view, upper Hauptrogenstein (upper Bajocian), Schinznach,
Switzerland (NMB M 9689); B, interpretative drawing, colours as in Figure 1; C, actinal view of another specimen, upper
Hauptrogenstein (upper Bajocian), Auenstein, Canton of Aargau, Switzerland (NMB M 9923). Scale bars ¼ 10mm.
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4. The unpaired actinal ossicle adjacent to the orals is
rhombic in outline, symmetrical, with a moderately
large external face.

The ambulacrals and adambulacrals of Valettaster
have been described and figured for V. ocellatus by
Breton (1985), and the description is here extended to a
specimen of V. argus. The adambulacrals are tall and
curved, the adradial face convex, the abradial concave
(Fig. 7P, R). A depressed, oval insertion site for adadm
is present on the proximal and distal faces. The abacti-
nal surface (for contact with ambulacrals) is nearly flat
and squarish in abactinal view. Articulation surfaces
ada1a, ada1b, ada2 and ada3 are rounded to oval in out-
line and smooth, and define the corners of the abactinal
face. Muscle sites padam and dadam are positioned cen-
trally. Dadam is oval and transversely oriented, and
padam is obliquely set to the long axis of the ambula-
cral. This arrangement is typical of valvatidan asteroids
(Gale 2011). However, on a number of adambulacrals,
the centres of the articulation surfaces are concave, and
in one, the proximal facets are reduced to a single nar-
row transverse strip of perforate stereom and a short
crescent representing the proximal margin of ada3 (Fig.
7P). The concavities may possibly have acted as sites
for ligaments to strengthen the ambulacral-adambulacral
connection, and are comparable with those developed in
Sphaeraster tabulatus (Fig. 7C). The actinal face of the
adambulacrals bears a row of small spine bases (seven
to nine) for the furrow spines on the adradial margin.
The remainder of the actinal face comprises irregular
rounded and oval, variably conjoined patches of raised
perforate stereom.
The ambulacrals are short, compressed and broad and

very variable in shape in the proximal/distal aspect. In
actinal view, the abtam and actam insertion sites are
well defined, and dentition is clearly well developed as
a series of coarse oblique ridges and grooves (Fig.
6H–K). The ambulacral head, shaft and base are of
equal length and poorly defined. A transverse ridge, sep-
arating proximal and distal podial basins, is present. The
articulation area with the adambulacral is set nearly at
right angles (90–120�) to the actinal face of the ossicle,
and articulation surfaces ada1a and ada2 (adradially)

and ada1b and ada3 (abradially) are separated by a con-
cave region. The abradial articulations are borne on an
actinal flattened area which has a sharply defined,
straight abradial margin. On some ossicles, the articula-
tion surfaces for the adambulacrals (ada2, ada3, ada1a,
b) possess central concavities. Small muscle facets for
padam and dadam are present on proximal and distal
faces. In proximal/distal view, small facets for lim are
present on the head of the ambulacrals. An abactinal-lat-
eral process is present on the base of all ossicles, but
varies considerably in shape and size. On some ossicles
of material of V. argus studied (and all the ambulacrals
of V. ocellatus in NHMUK E 5012), a large globular,
actinally directed process is present actinal to the actam
(Fig. 23F, G). Proximally, the surface of this structure is
rounded and distally has a central hollow, contiguous
with the podial notch of the ambulacral shaft. The tis-
sues associated with this structure, and its function, are
unknown. The ambulacrals of Valettaster are among the
most bizarre encountered among all asteroids.
Two oral ossicles of V. argus are known (Fig. 8K,

M). The body of the oral is oval and twice as long as
deep, the radial face is convex, the interradial face
slightly concave. The facet for insertion of the oradm is
sub-parallel with the axis of the body. An oval swelling
on the abactinal proximal margin of the ossicle is called
a proximal protuberance (pp). A radial projection of the
circumoral articulation (dcoa) is present. The apophyse
is small and ‘Y’-shaped, comprising a short distal pcoa,
and thin, wing-like striated proximal process for inser-
tion of the riom. The ring vessel groove (rvg) is very
shallow. The interradial face of the oral displays a
region for insertion of the abiim on the proximal region
of the apophyse. A narrow strip for insertion of the
aciim on the proximal, actinal margin of the oral is pre-
sent. The odontophore and circumoral are unknown in
Valettaster.

Affinity and taxonomic position of Valettaster. The
new description of articulated specimens of V. ocellatus
forms the basis for the reconstructions made here (Fig.
24E, G), and enables the detailed arrangement of the
primary ossicles to be compared with those developed
in Podosphaeraster (e.g. Fujita & Rowe 2002, fig. 1).

3

Figure 22. A–D, G, J, Valettaster digitatus (Quenstedt, 1858), abactinal ossicles, in external view (A, C, D, G, J) and lateral view
(B) (GPIT/A5/50). E, Valettaster ocellatus (Forbes, 1848), abactinal ossicle, in external view (NHMUK EE 17696). F, I, Pouzaster
pocknotata gen. et sp. nov., abactinal ossicles in external view (MHNML 2020.1.2, 1.3). H, K, Valettaster granulatus (Br€unnich
Nielsen, 1943), abactinal ossicles, external view (SNSB-BSGP 2020 XLV1, 2). L, Valettaster argus (Spencer, 1907), articulated
group of abactinal ossicles (NHMUK EE 17637f). M, N, Valettaster thuyi sp. nov., holotype, abactinal ossicle in external and lateral
views, respectively (MHNML 2020.1.1). Provenance: A–D, G, J are from the Oxfordian of Oerlingen, south Germany. B is from the
Santonian of East Kent, UK. F, I are from the serpentinus ammonite Zone, Toarcian at Fougerolles, France. H, K are from the lower
Maastrichtian of R€ugen, Germany. M, N are from the bifrons ammonite Zone, Toarcian, Fougerolles, France. L is from the
coranguinum Zone, Santonian, Broadstairs, Kent, UK. Scale bars: A–E, G, H, J, K ¼ 5mm; F, I, L ¼ 0.5mm; M, N ¼ 0.2mm.
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On the actinal surface, a single rhombic interradial
ossicle is present adjacent to the oral ossicles, and the
more distal interradial ossicles are arranged in a double
(inset) chevron pattern in both genera (Fig. 23A). The
primary abactinal ossicles adjacent to the groove have
long, flat articulations with the adambulacrals in both
genera; in V. ocellatus, seven of these ossicles are pre-
sent, but only five are present in P. pulvinatus. On the
abactinal surface, both possess oval, slightly elongated
pir, which articulate distally with a pair of interradially
symmetrical elongated ossicles. The pr are slighly larger
in V. ocellatus. The number and arrangement of the
other ossicles of the abactinal surface appear to be iden-
tical, although the ossicles adjacent to the periproct are
unknown in V. ocellatus.
Valettaster is morphologically close to Podosphaeraster

in terms of body shape (oblate spheroid) and overall con-
struction, and the detailed arrangement and numbers of
the relatively few, undifferentiated primary ossicles are
identical. For example, only four radial ossicles distal to
the pr are present in both genera (V. ocellatus, P. pulvina-
tus); the number and position of the ico between the pr
and pir are identical; the ossicle pair adjacent to the distal
margin of the pir are symmetrical and elongated in both
genera; and the actinal primary ossicles are of similar
arrangement and outline, with a single, rhombic ossicle
adjacent to the orals, and an inset double chevron of
plates present in the actinal interradius (Fig. 24E).
The articular faces of some of the abactinal ossicles

in P. pulvinatus display a bevelled rim made up of
irregular processes and embayments carrying rounded
ligament pits that are closely similar to those developed
in V. ocellatus (Fig. 25, compare F, G). Valettaster dif-
fers most importantly in the conical form of the primary
ossicles, the external interstices of which are packed
with small ossicles, forming a flush surface from which
papulae protruded through special openings. It also dif-
fers in the presence of a free madreporite that articulates
with three ossicles. In Podsphaeraster, the highly dis-
tinctive, small madreporite is enclosed within the pir
ossicle or a group of fused ossicles (Fig. 23K).

All other Sphaerasteridae have tabulate primary
ossicles, notched along the margin for papulae.
Valettaster also differs significantly from other
Sphaerasteridae (except Eosphaeraster gen. nov.) in the
compressed, highly modified ambulacral ossicles. The
ambulacrals compare well with those of Podosphaeraster
in the shape of the ambulacral base and the orientation of
the adambulacral articulation structures. The adambulac-
rals of Valettaster are very similar to those of
Sphaeraster in their shape, articular surfaces and muscu-
larization. However, they compare with those of
Podosphaeraster in the development of a rugose external
actinal face made up of patches of perforate stereom.
The close relationship between Valettaster and

Podosphaeraster suggested by the overall constructional
similarities is strongly supported by the detailed similar-
ities between the peculiar and highly specialized oral
ossicles of the two genera (Fig. 8J–M). The shape of
the oral body and apophyse are similar, and the presence
of numerous unique shared structures, including the
proximal protuberance, the radially directed dcoa, and
the striated insertion for the riom strengthen the relation-
ship between the two genera. The presence of
Valettaster in the Pliensbachian (Early Jurassic) indi-
cates that the division between the two genera must pre-
date this, and may well have occurred in the Triassic or
earliest Jurassic (Fig. 4). It is also important to mention
that Valettaster grew to considerably larger dimensions
than any known species of Podosphaeraster. The speci-
men of V. ocellatus described here has a major radius
(R) of between 2 and 2.5 cm and, judging from the
dimensions of isolated ossicles of this species, it could
probably achieve even larger sizes.
A number of features of Valettaster are unique

amongst the Asteroidea. These include the cavities in
the ambulacral-adambulacral articulation surfaces,
which possibly housed ligaments conjoining the
ossicles, and the curious globular processes on the acti-
nal surfaces of some ambulacrals, of unknown func-
tional significance.

3

Figure 23. A, Valettaster ocellatus (Forbes, 1848), oblique actinal view of well-preserved individual (NHMUK E 5012). B–P,
associated ossicles and fragments of Valettaster argus (Spencer, 1907); B–E, articulated adambulacrals, bearing subadambulacral
spines (NHMUK EE 17637i–l); F, G, ambulacral ossicle, in proximal and distal views, to show bulbous swelling from ambulacral
base ((NHMUK EE 17637m); H, external surface with ossicles in place (NHMUK EE 17637n). Note smaller secondary ossicles
infilling gaps between external surfaces of larger abactinals, creating a smooth surface; I, J, fragments with articulated abactinal
ossicles (NHMUK EE 17637o, p), showing smaller secondary plates and possible papular notches; K, fragment with madreporite and
two abactinal ossicles (NHMUK EE 17637q); L, adambulacral in proximal/distal view, to show lack of adadm site and internally
directed ledge (NHMUK EE 17637r); M–P, adambulacral ossicles; M, abactinal view of ossicle in which three of the articular
surfaces each bear a cavity (NHMUK EE 17637f); N, proximal/distal view to show adadm site (oval depression) (NHMUK EE
17637s); O, oblique actinal view (NHMUK EE 17637t); P, actinal view, to show rugose perforate stereom and furrow spine
attachment sites (NKMUK EE 17637g). Provenance: A, Santonian, Marsupites Zone, Brighton, Sussex, UK. B–P, Santonian,
coranguinum Zone, level of Whitaker’s Flint, Broadstairs, Kent, UK. Distal adambulacrals marked with arrow. Scale bars:
A¼ 10mm; C¼ 1mm; B, D–P¼ 0.5mm.
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Valettaster argus (Spencer, 1907)
(Figs 6H–K, N, O, 7P, R, 8K, M, 22L, 23B–P)

1850 fragment of an Oreaster Forbes in Dixon: pl. 21,
fig. 16.

�1907 Stauranderaster argus Spencer: 99, pl. 29, fig. 8.
1913 Tholaster argus (Spencer); Spencer: 138, pl 13,

fig. 25.
1914 Valettaster ocellatus (Forbes); Valette: 60, fig. 20.
1985 Valettaster argus (Spencer); Breton: 91, fig. 6.

Type. An individual (not figured) from the Marsupites
Zone of Brighton, southern England (NHMUK E 5109)
is the holotype.

Diagnosis. Valettaster in which the abactinal ossicles
possess small external faces and bear a reticu-
late sculpture.

Material. A well-preserved specimen from the corangui-
num Zone of Micheldever, Hampshire (NHMUK E
20294) and a partly articulated specimen from the same
zone at Thanet, Kent, provide many details of the ossicles
and nature of the abactinal surface (NHMUK EE 17637).

Occurrence. Valettaster argus is present in the
Turonian to Campanian Chalk of the United Kingdom.

Remarks. The new material provides information on the
nature of the exterior surface of this species (Fig.
23H–K). The spaces between the large abactinal ossicles
are packed with smaller, secondary ossicles of various
sizes (Fig. 23H), creating a smooth surface made up of
the exposed summits of the larger ossicles and the
smaller plates (Fig. 23 I, J). There are spaces between the
smaller ossicles, which might represent papular pores
(Fig. 23J), or where secondary ossicles have fallen out. It
is important to point out that the reconstruction of Breton
(1985, fig. 4), which shows the surface of the asteroid
with a thick dermis, containing numerous small ossicles,
is incorrect.

Valettaster ocellatus (Forbes, 1848)
(Figs 22E, 23A, 25G)

�1848 Oreaster ocellatus Forbes: 468.
1850 Oreaster ocellatus Forbes in Dixon: 329, pl. 21,
fig. 13.

1907 Pentaceros ocellatus (Forbes); Spencer: 85, pl. 25,
fig. 4.

1913 Tholaster ocellatus (Forbes); Spencer: 138, pl. 13,
fig. 24.

1914 Valettaster ocellatus (Forbes); Valette: 57, fig. 19.
1943 Valettaster ocellatus (Forbes); Br€unnich Nielsen:

65, pl. 4, fig. 29.
1950 Valettaster ocellatus (Forbes); Wienberg

Rasmussen: 94, pl. 10, figs 22–23.
1985 Valettaster ocellatus (Spencer); Breton: 91,
figs 2–5.

2000 Valettaster gr. ocellatus (Forbes); Jagt: 91, pl. 20,
fig. 29; pl. 21, figs 1–7.

Type. The partly articulated individual figured by
Forbes (in Dixon 1850, pl. 21, fig. 13) is the holotype.
‘Upper Chalk, Sussex and Kent’. The present where-
abouts of this specimen are unknown.

Diagnosis. Abactinal ossicles with a broad flat outer
surface that bears dense, irregularly radiating ridges and
beads of imperforate stereom.

Material. A partly articulated individual from the cor-
anguinum Zone of Micheldever, Hampshire (NHMUK E
5019) and a well-preserved specimen from the
Marsupites Zone of Brighton, Sussex (NHMUK E
5012) are described. Additionally, isolated abactinal
plates from the coranguinum Zone of Thanet, Kent are
identified (NHMUK EE 17696–17697).

Occurrence. Valettaster ocellatus is present in the
Cenomanian to Maastrichtian of the Anglo-Paris Basin
(UK and France), and the Maastrichtian of Germany,
the Netherlands and Denmark.

Remarks. Valettaster ocellatus differs from V. argus in
the broad external surface of the abactinal ossicles and
the fine radial sculpture (Fig. 22E); in V. argus, the
imperforate stereom forms an irregular reticulum (Fig.
22L). Specimens figured by Jagt (2000, pl. 20, figs
25–28) perhaps represent a form transitional to V. gran-
ulatus (see below). Breton (1985) reconstructed the sur-
face of V. ocellatus as possessing a thick epidermis in
which were set smaller secondary ossicles, decreasing in
size progressively towards the outer surface (Breton
1985, fig. 4). The new material figured here demon-
strates that the secondary ossicles were positioned in

3

Figure 24. A–G, Valettaster ocellatus (Forbes, 1848); A, B, interpretative drawings of NHMUK E 5012; C, D, interpretative
drawings of abactinal surface of individual NHMUK E 5019. E, reconstruction of actinal surface, based on A. F, reconstructed detail
of abactinal surface, to show smaller ossicles. G, reconstruction of abactinal surface, to show ossicle types. Provenance; A, B, from
the Santonian, Marsupites Zone, Brighton, Sussex, UK; C, D, from the Coniacian or Santonian, coranguinum Zone, Micheldever,
Hampshire, UK. Colours as in Figure 1. Note close similarity of ossicle arrangement to that of Podosphaeraster pulvinatus (Fig. 1).
The interradial I-plate is arrowed. Scale bar ¼ 10mm.
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grooves between the external surfaces of the primary
abactinals, and their sculptured external surfaces were
flush with those of the primary ossicles.

Valettaster granulatus (Br€unnich Nielsen, 1943)
(Fig. 22H, K)

�1943 Valettaster granulatus Br€unnich Nielsen: 65, pl.
4, fig. 37.

1950 Valettaster granulatus Br€unnich Nielsen; Wienberg
Rasmussen: 94, pl. 10, fig. 24.

2000 Valettaster gr. ocellatus (Forbes); Jagt: 428, pl. 20,
figs 25–28.

Type. The ossicle figured by Br€unnich Nielsen (1943,
pl. 4, fig. 37) is the holotype, from the upper Danian of
Saltholm, Denmark (MMH collections, unregistered).

Diagnosis. Valettaster in which the abactinal ossicles
bear scattered granules.

Material. Two abactinal ossicles from the lower
Maastrichtian of R€ugen, Germany (SNSB-PGSB
2020XLV1-2).

Occurrence. The species is known from the
Maastrichtian of Germany and Belgium and the Danian
of Denmark.

Remarks. It is unclear whether the Maastrichtian speci-
mens from R€ugen (Fig. 22H, K) and north-east Belgium
(Jagt 2000, pl. 20, figs 25–28) should be referred to this
species, described originally from the upper Danian of
Denmark. The illustrations of Br€unnich Nielsen and
Wienberg Rasmussen are inadequate to get a good
impression of the surface sculpture, which appears to
consist of sparse, rounded granules standing clear of the
surface. The late Campanian material figured by Jagt
has dense, tiny granules, while the specimens from
R€ugen have widely spaced, small crater-rimmed rugosi-
ties. These may well both prove to be new species.

Valettaster digitatus (Quenstedt, 1858)
(Fig. 22A–D, G, J)

�1858 Sphaerites digitatus Quenstedt: 726, pl. 88,
figs 48–52.

1985 ?Valettaster digitatus Quenstedt; Breton: 93.

Types. Of the abactinal ossicles figured by Quenstedt
(1858, pl. 88, figs 48–52), from the ‘Weisse Jura’ at
Derlingen, Thale, Germany, the specimen illustrated as
fig. 48 is here selected as lectotype, the present where-
abouts of which are unknown.

Diagnosis. Abactinals large, flat, bearing irregularly
developed digitate processes on margins; outer surfaces

with sculpture of dense, evenly sized, crater-
rimmed pits.

Material. A lot including 25 abactinal ossicles from the
Oxfordian of southern Germany (GPIT/A5/50).

Occurrence. Oxfordian of southern Germany.

Description. Abactinals flat, truncated cones, irregular
in outline, with thin flanged processes forming margins.
The sloping marginal zone bears pits for articulation of
smaller secondary ossicles. External faces irregularly
oval, bearing evenly sized, densely packed pits, each
with a crater rim.

Remarks. This species has received little attention in
the literature, but is distinctive in its large, flat abacti-
nals, with marginal processes and a sculpture of dense,
fine crater-rimmed pits.

Valettaster stipes Villier, 2010

2010 Valettaster stipes Villier: 714, fig. 7, pl. 1p–r.

Diagnosis. Primary abactinal ossicles low, with irregular
digitate outline. External surface flat, lacking ornament.

Types. The holotype is an abactinal ossicle, MPUP
VILL026. Paratypes, MPUP VILL027-029, VILL049-051.

Occurrence. All are from the Barremian of Serre de
Blayton, near Arnayon, France.

Remarks. Valettaster stipes resembles V. digitatus in
the flattened form of the abactinal ossicles and the digi-
tate margin, but differs in the smooth external surface,
which in V. digitatus carries fine, closely spaced crater-
like spine pits (Fig. 22A–D, G, J).

Valettaster thuyi sp. nov.
(Fig. 22M, N)

Type. The specimen figured here (Fig. 22M, N) is the
holotype, from the Hildoceras bifrons ammonite Zone
(Toarcian) at Fougerolles, France (MHNML 2020.1.1).

Diagnosis. Valettaster with tabulate abactinal ossicles,
the broad outer surface of which bears a branching
reticulum of imperforate stereom.

Derivation of name. After Ben Thuy, who sent the
holotype specimen to the author.

Material. Holotype, a single abactinal ossicle, obtained
by Marc Chesnier from washed residues from the
Gu�erin quarry at Fougerolles, Normandy, France (see
Hess & Thuy 2016 for details).
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Description. Abactinal ossicle with outline irregularly
semicircular, 3mm in maximum dimension; one side is
straight, the other bearing irregular short lobes. The
ossicle is flat, with a broad external surface slightly nar-
rower than basal breadth. The external surface shows a
radial network of irregularly bifurcating ridges of
smooth imperforate stereom.

Remarks. This is by a considerable margin the oldest
known representative of Valettaster (185–190Ma), and
the similarity of its highly specialized sculpture (reticu-
lum of imperforate stereom) to that of the Cretaceous V.
argus and V. ocellatus confirms its placement in the
genus. It differs from V. ocellatus in the thinner abacti-
nals, the very broad external surface and the irregularly
bifurcating, radial ribbing. In V. ocellatus the abactinals
are stout truncated cones, and the sculpture comprises
fine radial ridges and pustules (Fig. 22E).

Genus Podosphaeraster Clark & Wright, 1962

Type species. Podosphaeraster polyplax Clark &
Wright, 1962, by original designation.

Diagnosis. Small spherical to sub-spherical (oblate)
sphaerasterids that lack small ossicles intercalated
between the large undifferentiated primary ossicles. The
surface of these ossicles is composed of dense, smooth
perforate stereom, raised into irregular ridges or conflu-
ent rugosities. The adambulacrals have broad rectangular
external faces. The muscles dadam, padam and lim
between the adambulacrals and ambulacrals are absent.
The small madreporite is enclosed centrally within a
large interradial ossicle.

Remarks. This Recent genus is now known from six
species of worldwide distribution, which have very simi-
lar overall construction. Podosphaeraster polyplax is
known from off northern Australia and the South China
Sea, P. pulvinatus Rowe & Nichols,1980 from the
Loyalty Islands, South Pacific, Guam in the North Pacific
and the Philippines. The species P. thalassae
Cherbonnier, 1970 was recovered from the north-east
Atlantic, and Fujita & Rowe (2002) described P. toyosh-
iomaruae from southern Japan. Finally, McKnight (2006)
described P. somnambulator from New Zealand. The pre-
sent description is based on numerous specimens of P.
pulvinatus from the Philippines, obtained by purchase
(MhnhL OPH174–176). The genus Podosphaeraster is
re-placed within the Sphaerasteridae (see above).

Podosphaeraster pulvinatus Rowe & Nichols, 1980
(Figs 1A–E, 2E, 6E, P, Q, 7O, S, T, 8J, L, 25A–F,

H, J–L)

�1980 Podosphaeraster pulvinatus Rowe & Nichols:
290, figs 1–3.

2002 Podosphaeraster pulvinatus Rowe & Nichols;
Fujita & Rowe: 327.

Material. This species is perhaps the most abundant of
the genus, and a number of specimens were obtained
from the Philippines for the study of ossicular morph-
ology (MhnhL OPH174–176). The overall morphology
has been described by Rowe & Nichols (1980), and
here the focus will be on the homologies of the primary
ossicles and the morphology of the ambulacral groove
and mouth frame ossicles.

Description. The undifferentiated primary ossicles of
the body wall are polygonal and vary significantly in
size, shape and arrangement (Fig. 25A–C; see also
Fujita & Rowe 2002). However, all have a similar con-
struction and ultrastructure. The external surface is
made up of smooth perforate stereom (Smith 1980),
which displays irregular low ridges and grooves and
resembles a rippled surface (Fig. 25F, H). Irregularly
sized pores are scattered across the surface. In broken
profile, the perforate stereom can be seen to form a
superficial layer less than 80 mm in thickness (Fig. 25J).
Beneath it is a thick zone of fine rectilinear stereom
(200 mm in the centre of the plate, thickening to 500
mm towards the margins). A central internal zone is
made up of coarse labyrinthic stereom. These zones are
broadly similar to those described in Sphaeraster by
Blake (1984). The abactinal ossicles articulate by means
of vertical ridges that separate the papular pores (Fig.
25H). Between three and eight ridges are present on any
one side of a primary ossicle, and these are between
200 and 400 mm across. Each ridge carries a circular or
oval concavity, less than 100 mm in diameter, placed
approximately halfway between the internal and exter-
nal margins
The homologies of the abactinal, putative marginals

and actinals of Podosphaeraster were discussed by
Rowe (1985) and Fujita & Rowe (2002). The ‘apical
system’ described by these authors is an inappropriate
term (see above and Fig. 1D, E).
The arrangement of the ico around the ce and peri-

proct in Podosphaeraster (Rowe et al. 1982, fig 2A) is
closely similar in detail to those developed in
Sphaeraster and Echinosphaeraster gen. nov. (Figs 1,
2). The ce is small and pentagonal, and the first interra-
dials are somewhat elongated and occlude the first radi-
als in some specimens, exactly as in the two Jurassic
genera. Similarly, the twin interradial and ce also sur-
round the periproct. However, the arrangement and
number of ossicles of the ico is highly variable within
and between species of Podosphaeraster (Rowe 1985,
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fig. 2; Fujita & Rowe 2002) with the intercalation of up
to 10 small ossicles with the 11 standard plates.
The primary interradials in Podosphaeraster can be

identified using the Madreporic Plating Rule (Gale
2011). The madreporite is enclosed within a large inter-
radial ossicle, which articulates distally with a pair of
tall ossicles (Fig. 25E). Equivalent ossicles are found in
each interradius, and the large ossicles are therefore the
pir. The pr are slightly enlarged ossicles in a radial pos-
ition, separated from the pir by a pair of intercalated
ossicles (Fig. 1).
The madreporite is highly modified in

Podosphaeraster. The plate is fused with, and situated
centrally within, a large interradial ossicle. The surface of
the madreporite is slightly raised and very porous, and
carries about 15 narrow, bifurcating grooves that radiate
from the centre of the ossicle (Fig. 25E). Fusion of the
madreporite with the primary interradial and the two dis-
tal ossicles is seen in echinasterid and asteriid species
(Gale 2011). Whether this has happened in P. pulvinatus,
or whether the madreporite has become incorporated
within the primary interradial ossicle, is unknown.
However, the consistent association of the madreporite
with the primary interradial in the C-D interradius in all
neoasteroids permits identification of the pir as the
slightly larger, interradial ossicles (Figs 1, 2).
The adambulacrals of P. pulvinatus are all of similar

size and shape (Fig. 7O, S, T). In proximal/distal pro-
file, the ossicles are rhombic, and a low adradial face is
set at right angles to the abactinal surface that contacts
the ambulacrals. The external face is gently undulating,
rectangular, twice as broad as long, and has weakly sig-
moidal proximal and distal margins. The surface is
made up of circular and oval rugosities of approximately
even size (50 mm), composed of perforate stereom, sur-
rounded by small pores. The proximal and distal faces
are nearly flat, and a sharply defined oval depression for
the adadm muscle is present. On the abactinal face,
poorly defined articulation surfaces (ada1a, ada1b, ada2,
ada3) can be identified as smooth areas of slightly
coarser stereom, but areas for muscle insertion (padam,
dadam) cannot be identified.
The ambulacrals are short, proportionately tall and

rectangular in actinal aspect (Fig. 6E, P, Q). Head, waist
and base can be distinguished, but the waist is not signifi-
cantly narrow. Dentition and abtam are present, and the
actam inserts within a tall, hollow conical process. The
base broadens abradially, and the abradial margin is
straight. In proximal/distal aspect, the ossicle expands
abradially towards the base, which is the the tallest part
of the ossicle. The articular surface for the adambulacral
is set at 100� to the actinal face, and articulation surfaces
(ada1a, ada1b, ada2, ada3) are clearly visible as smooth

areas of thicker trabeculae. The adradial surfaces (ada1a,
ada2) are closely spaced, positioned on the actinal margin
and well separated from the abradial ones (ada1b, ada3),
which are more widely separated. No muscle insertion
sites for padam, dadam and lim are visible, but a large
surface of smooth stereom for the lia is visible.
The oral ossicles of P. pulvinatus are unusual (Fig. 8J,

L). The body of the oral is oval, with a rounded proximal
margin and a pointed distal one. On the radial face, a
small oval insertion site for adadm and a round, diffuse
adada are present. The dcoa forms a short, conical, radially
directed projection, and an oval swelling; the pp is present
centrally on the abactinal border of the oral body. The
apophyse is small and ‘Y’-shaped, and a shallow rvg runs
through the arms of the ‘Y’. The proximal arm of the apo-
physe is thin and striated, and the riom insertion is present
on its surface. The inner (interradial) face has a concave
surface for articulation of the odontophore, and an elon-
gated, shallow insertion site for aciim on the actinal, prox-
imal border. The abiim on the apophyse is well marked.
In summary, the morphology of the ambulacral

groove ossicles in P. pulvinatus is highly modified com-
pared with that known from any other valvatidan. The
apparent absence of padam, dadam and lim is unique, as
is the presence of the conical process on the apophyse
in which the actam is inserted. However, P. pulvinatus
shares certain features of the ambulacrals and adambu-
lacrals with other members of the Sphaerasteridae,
including the presence of a small, oval insertion site for
the adadm on the proximal and distal faces of the adam-
bulacrals. The relationship between Valettaster and
Podosphaeraster is discussed above.

Genus Rugosphaeraster gen. nov.

Type species. Rugosphaeraster ruegenensis sp. nov.

Diagnosis. Robust abactinal ossicles block-like, irregu-
larly polygonal to rhombic, mostly equidimensional,
with notches for papulae at the corners. Surface of the
abactinal ossicles bearing transverse strips or irregularly
radial pustules of imperforate stereom. Adambulacrals
bear large, irregularly arranged, bifid spine bases.

Derivation of name. From the Latin ruga, with refer-
ence to the rugose and striated surfaces of
the abactinals.

Remarks. Other than abactinals, only adambulacrals are
known. The affinities of the genus are obscure, but the
structure of the large abactinals and adambulacrals indicates
that this genus belongs to the Sphaerasteridae. The robust
structure of the abactinal plates, with vertical sides and
large papular notches, is quite different to that found in
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Valettaster, in which the plates have the form of truncated
cones, the spaces between which are packed with second-
ary ossicles to form a flat exterior surface (Figs 23H–J,
24F, G). In the very thick form, with large papular notches,

the abactinal plates bear a resemblance to those of
Stauraster primitivus (Fig. 5D, F, L), but this is probably
convergent, and no broad radial plates like those of S.
primitivus are present in the material. The morphology of

Figure 25. A–F, H, J–L, Podosphaeraster pulvinatus Rowe & Nichols, 1980; A–C, entire individual, in actinal, lateral and abactinal
views, respectively (MnhnL OPH174); D, interior of individual to show papular pores and interradial structures (MnhnL OPH175);
E, madreporite; F, external view of isolated abactinal ossicle; H, abactinal ossicle in lateral view to show papular pores and
articulation structures; J, broken surface of abactinal plate, to show separate layers of stereom; dense perforate stereom (top); dense
labyrinthic stereom (middle); open reticular stereom (bottom); K, L, abactinal spines (E, F, H, J–L, MnhnL OPH176). G, Valettaster
ocellatus (Forbes, 1848), abactinal ossicle to show similarities to P. pulvillus (NHMUK EE 17697). I, Valettaster sp., oral ossicle,
radial view (SNSB-BSGP 2020 XLV3). Provenance: A–F, H, J–L are Recent, Philippines. G is from the Santonian, east Kent, UK. I
is from the lower Maastrichtian of R€ugen, Germany. Scale bars: A–D ¼ 10mm; E–H ¼ 1mm; I, K, L ¼ 0.5mm; J ¼ 0.2mm.
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Figure 26. Rugosphaeraster ruegensis gen. et sp. nov. A, associated ossicles on surface of a flint nodule, holotype (SNSB-BGSP
2020 XLV4). B–N, isolated paratype abactinal/actinal ossicles, in lateral view (F, J, L) and external view (all others) (B–M, SNSB-
BGSP 2020 XLV5-15; N, NHMUK EE 17698). O–Q, adambulacral ossicles in lateral (O), distal (P) and abactinal (Q) views
(SNSB-BGSP 2020 XLV16-18). A–M, O–Q are from the lower Maastrichtian Chalk of R€ugen, Germany. N is from the Campanian
of Iv€o Klack, Skåne, southern Sweden. Abbreviations: ada1, single distal amb-adamb articulation; ada2, proximal adradial amb-
adamb articulation; ada3, proximal abradial adamb-amb or adamb-adamb articulation; adadm, interadambulacral muscle; padam,
proximal adamb-amb muscle. Scale bars: A ¼ 10mm; B–H, J–L ¼ 0.5mm; I ¼ 0.2mm.
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some abactinal plate types of R. rugensis gen. et sp. nov. is
closely comparable with those of other sphaerasterids. The
rhombic to six-sided large, elongated abactinals are similar
to actinal interradial ‘I plates’ (see below), and the small
plates with slanting sides, indicating imbrication, are similar
to actinally positioned ossicles of other sphaerasterids. The
adambulacrals are typical of sphaerasterids, in the presence
of tall abradial surfaces, a square actinal surface, proximal
and distal:proximal pits for ligamentary attachment, and
replacement of muscles by carious ligament pits; however,
these characters are plesiomorphic for sphaerasterids and
do not suggest generic affinities.
A well-preserved specimen of Rugisphaeraster rue-

gensis gen. et sp. nov. from the Campanian of Germany
is present in the collections of the Berlin Museum,
which shows the form of the abactinal surface, but is
currently unavailable for study.

Rugosphaeraster ruegensis sp. nov.
(Fig. 26A–Q)

Types. The group of associated ossicles, including abac-
tinals and several poorly preserved ambulacrals, plus a
single adambulacral (Fig. 26A), is the holotype (SNSB-
BGSP 2020 XLV4); the other figured ossicles are para-
types (SNSB-BGSP 2020 XLV5-18). All are from the
Lower Maastrictian of R€ugen, Germany.

Derivation of name. After the Island of R€ugen,
Germany, where the species is common in Lower
Maastrichtian chalks.

Material. There are over 200 isolated abactinal ossicles
in the M. Kutscher Collection (SNSB-BGSP) from the
Lower Maastrichtian of R€ugen, and three adambulacrals,
collected by picking natural beach residues. A single
abactinal is known from the Campanian of Iv€o Klack,
Skåne, southern Sweden (NHMUK EE 17698).

Occurrence. Lower Maastrichtian of R€ugen, Germany,
and the Campanian of Iv€o Klack, Skåne, southern Sweden.

Description. All abactinals are robust (height approxi-
mately half maximum breadth) and are of even thickness,
with no taper to the margins. The lateral surfaces bear oval
articulation surfaces (e.g. Fig. 26F, J), which carry centrally
positioned small holes that probably bore ligaments to
attach adjacent plates. Broad papular notches, with rounded
margins, are present between the articular surfaces. Some
plates (e.g. Fig. 26A, central ossicle, G, L) bear a deep
depression at one end, unique to this taxon. The external
surfaces of the ossicles are flat, and bear coarse rugosities
(Fig. 26C, G), or radially to transversely arranged ridges of
imperforate stereom (Fig. 26B, C, E, H, I, K).

Abactinal plates (Fig. 26B–L) fall into a number of
discrete categories. Plates originally from the central
portion of the disc (Fig. 26D, G) are rounded in abacti-
nal outline and have five to six short lobes of even size,
and bear rounded rugosities arranged radially. Oval
plates (Fig. 26C, E) were probably positioned on the
sides of the body, with the pointed end directed acti-
nally. Plates of irregular outline, bearing strips of raised
stereom (Fig. 26K–N) were also likely to have been
positioned laterally. Rhombic plates, in which the low
ridges are parallel with the long axis, are analogous to
the ‘I plates' developed in taxa such as Eosphaeraster
amellagensis gen. et sp. nov. (Fig. 17K, L) and
Podosphaeraster pulvillus (Fig. 1C) and would have
been positioned on the central part of the actinal surface.
Irregularly rhombic plates, with significant imbrication
(slanting sides) and with deep grooves between the
ridges (Fig. 26H, K, N), were also actinal in position
and comparable with actinal plates of Sphaeraster tabu-
latus (Fig. 9E) and Echinosphaeraster scutatus (Fig.
15A, B). Tall ossicles with one straight margin (Fig.
26M) were probably positioned on the actinal surface,
in articulation with the adambulacrals.
The adambulacrals (Fig. 26O–Q) are rectangular in

abradial aspect, and taller than broad. The actinal sur-
face is square, and carries a single row of small furrow
spine bases, and large, irregularly arranged, bifid sub-
ambulacral spine bases (Fig. 26O, P). In proximal:distal
aspect, a deep-set ligament pit is present (Fig. 26P) in
place of adadm. In abactinal aspect (Fig. 26Q), padam
is well developed, and dadam is replaced by a ligament
pit. Ada1a, b are strongly inclined to the ambital sur-
face, and ada2 and ada3 are horizontal.
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