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Abstract

Cyrtocrinids are morphologically diverse crinoids of the Mesozoic, yet their origin and early evolution are still poorly
understood. Here, we attempt to disentangle the early evolutionary history of the cyrtocrinids taking into account phy-
logenetic, palacobiogeographic, and palacoecological evidences. In addition, we describe new finds of cyrtocrinids from an
upper Pliensbachian to lower Aalenian rock reef section of Feuguerolles, Calvados, France. The material includes the new
species Tetracrinus solidus n. sp. and Sacariacrinus amadei n. sp. The common Cotylederma docens, Eudesicrinus
mayalis, and Praetetracrinus inornatus are represented by ossicles of all growth stages, complementing previous
descriptions. A single ossicle is ascribed to Cotylederma miliaris. Columnals of P. inornatus and primibrachials of C.
docens bear yet unknown ichnological traces. In terms of faunal spectrum, the Feuguerolles assemblage is more closely
related to Lower Jurassic faunas of northeastern Europe than to Tethyan faunas from Switzerland, Italy and Turkey.
Finally, several lines of evidence suggest that the cyrtocrinids originated in the deep sea and invaded the shelf seas in the
course of the Early Jurassic.
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Introduction

Starting from near zero at the end of the Permian crinoids
diversified during the Triassic into several orders, creating
the base of the Subclass Articulata (Hagdorn 2011).
According to Simms (1990), “crinoid faunas between the
early Carnian and Early Jurassic experienced a
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considerable change, but the actual record for the inter-
vening interval is very poor, being distorted by both geo-
graphic and stratigraphic preservational and collecting
bias”. This is particularly true for the cyrtocrinid crinoids.
In fact, cyrtocrinids suddenly appeared in the fossil record
as an already highly diverse group in the Tethys Ocean of
the Mediterranean area during the Early Jurassic (Hess
2006). These first forms included odd-shaped species,
small flower-like phyllocrinids with tiny arms, taller forms
with radials prolonged stalk-like, species with well-devel-
oped column, crown symmetries varying from four to six
rays and forms with cups comprised of differently sized
radials (Hess in Hess and Messing 2011). The exception-
ally diverse morphological spectrum of the early cyr-
tocrinids together with their apparently sudden emergence
makes them an intriguing group to study.

An extraordinarily rich collection of previously unde-
scribed cyrtocrinid remains from the Early and Middle
Jurassic of Normandy, France, provides an excellent
opportunity to re-assess the early evolution of the cyr-
tocrinids. The new material, although largely disarticu-
lated, offers additional information about the species
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previously described from the nearby outcrop of May-sur-
Orne (Loriol 1882-1889), which Hess (2006) compared
with the slightly older fauna from Arzo, Switzerland.

In the present paper, we describe the new cyrtocrinid
material, introducing two new species. Furthermore, we
conduct a phylogenetic analysis of cyrtocrinids using
morphological characters and reconstruct palaeobiogeo-
graphic patterns of their initial diversification during the
Early Jurassic. Finally, based on the currently available
lines of evidence, we attempt to reconstruct the origin and
early evolution of the cyrtocrinids.

Geological context

The material described herein was collected in the now
abandoned and largely re-filled Guérin quarry on the left
bank of the river Orne near Feuguerolles, southwest of
Caen, Calvados Department in Normandy, France (Hess
and Thuy 2016, fig. 1). The Ordovician Armorican quart-
zites, which were the target of the quarrying activities, are
unconformally overlain by a highly condensed succession
of Lower to Middle Jurassic marls and limestones. The
oldest Jurassic sediments represent transgressive infillings
of the eroded surface of the tilted quartzites which, at the
time of deposition, formed a near-shore rock reefs with
numerous decimetre- to metre-scale cavities and depres-
sions (Rioult 1968). This particular depositional setting is
informally referred to as “rock reef”, because the relief and
internal structural complexity set it apart from other
hardgrounds, and because it was not sufficiently close to
the shoreline to be considered a rocky shore. These infill-
ings are overlain by a succession of thin marl and limestone
beds, which had considerable, small-scale spatial variation
in thickness and lateral extent as a result of the complex
palaeo-topography.

In spite of their obvious interest as deposits of an excep-
tional palaco-environmental setting, regrettably few studies
have dealt with the Lower and Middle Jurassic sediments of
Feuguerolles (Rioult 1968; Dugué et al. 1998; Vernhet et al.
2002; Weis et al. 2015; Hess and Thuy 2016). As outlined by
Hess and Thuy (2016), the chronozone-level (sensu Page
2003) stratigraphic subdivision of the Jurassic Feuguerolles
succession is reasonably robust. The transgressive infillings
within and on top of the Paleozoic quartzite cavities are
mostly dated to the late Pliensbachian Margaritatus
Chronozone, although some are slightly older (early
Pliensbachian Ibex and Davoei Chronozones). Evidence for
the Spinatum Chronozone is sparse and, as yet, insufficiently
documented. The overlying succession of marls and lime-
stones yielded ammonite and thecid evidence for the early
Toarcian  Tenuicostatum Chronozone (Semicelatum
Subchronozone), Serpentinum Chronozone (Exaratum and

Falciferum Subchronozones), and Bifrons, Variabilis,
Thouarsense, and Aalensis Chronozones (no data on
Subchronozones yet). The youngest crinoid material
described herein was recovered from sediments dated to the
Aalenian Opalinum Chronozone.

Materials and methods

The present paper deals with the cyrtocrinids of a crinoid
fauna collected by Marc Chesnier at the Guérin quarry of
Feuguerolles, southwest of Caen, Calvados Department
(Normandy). A previous paper was devoted to the rare but
diverse comatulids and pentacrinines (Hess and Thuy
2016). Together with the isocrinid Isocrinus (Chladocri-
nus)  basaltiformis (Miller) and the millericrinid
Amaltheocrinus amalthei (Quenstedt), the cyrtocrinids are
the dominant crinoids. A. amalthei is represented at Feu-
guerolles by attachment structures, columnals, cup plates
(radials, primibrachials), and secundibrachials, not treated
in the present paper (for descriptions, see Quenstedt 1876;
Jager 1993). Remains of 1. basaltiformis are not described
either (for descriptions see Loriol 1886 in 1882-1889;
Quenstedt 1876; Simms Simms 1989; Jager 1985).

Among cyrtocrinids, cup plates and brachials of a new
species of Sacariacrinus and an intact cup of a new species
of Tetracrinus are of particular interest. Cotylederma
docens Deslongchamps is well-represented by all ossicle
types, with many primibrachials bearing ichnological tra-
ces. The remains mayalis (Des-
longchamps) comprise basal elements, partly with attached
radial circlet including cups of different sizes, isolated
radials, and secundibrachials. Also noteworthy are
numerous ossicles, in particular columnals, basal circlets,
isolated radials and primibrachials, of Praetetracrinus
inornatus (Simms), previously known only from England
and Germany; attachment disks assignable to this species
are rare. The new species of Sacariacrinus is known from
only three samples (357, 425, and 540) by basal circlets,
radial circlets, isolated radials, first and second primi-
brachials, and secundibrachials. The new Tetracrinus spe-
cies is represented by a single cup.

For the stratigraphic range of the different species at
Feuguerolles including the cyrtocrinids, see Hess and Thuy
(2016).

Crinoid remains were picked from the residues of 220
individual washed bulk samples taken bed by bed in vari-
ous sections of the Guérin quarry in Feuguerolles. The
samples vary widely in number of crinoid plates, and the
remains are poorly sorted in most cases as demonstrated by
the presence of all sizes, including juvenile specimens.
Crinoids are highly disarticulated but mostly well pre-
served. Selected specimens were mounted on aluminium
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stubs and gold-coated for scanning electron microscopy
using a Jeol Neoscope JCM-5000. All specimens figured
and/or described herein are housed at the Natural History
Museum of Le Mans (France) (collection acronym
MHNLM).

Cyrtocrinid origins—state of knowledge
(Fig. 1)
Unequivocal Cyrtocrinida have not been identified in Tri-

assic sediments. One might expect remains of these cri-
noids in platform sediments of the Late Triassic (upper

Quaternary

Ladinian/lower Carnian) reefs of the Cassian Beds, but
none have been identified despite extensive collecting for
nearly 180 years (e.g., Zardini 1976, 1988). Salamon et al.
(2009) ascribed small, probably juvenile, columnals from
the Rhaetian of the Tatra Mountains to cyrtocrinids. The
specimens have facets with thick, radiating crenulae and a
rather wide lumen. Similar facets are found among encri-
nids, e.g., Dadocrinus kunischi Wachsmuth and Springer
[see Hagdorn (1996, pl. 2, fig. d, e, g) and Hess in Hess and
Messing (2011, fig. 14)]. Therefore, assignment of these
Rhaetian ossicles to cyrtocrinids is doubtful. This is par-
ticularly relevant as Cohen and Pisera (2015) used the
putative first appearance of cyrtocrinid ossicles in Rhaetian
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strata described by Salamon et al. (2009) to calibrate the
timing of living crinoid diversification, which they estimate
at 258 Mya.

Thus, the origin of the Cyrtocrinida remains unresolved.
Based on cylindrical columns and attachment by a disk,
possible ancestors have been sought among the Milleri-
crinida or Encrinida. Molecular phylogenetic data indicate
that the extant Cyrtocrinida and Hyocrinida are sister-
group clades (Rouse et al. 2013; Hemery et al. 2013).
Hyocrinida were treated by Hess (in Hess and Messing
2011) as a separate order without a known fossil record. In
contrast, Roux (1980), followed by Manni and Nicosia
(1990) and Améziane et al. (1999), placed the Hyocrinidae
in the Cyrtocrinida based on a comparison of columnal
facets and their microstructure with those of Cyclocrinus
amalthei and Cyclocrinus hausmanni. However, the latter
species are now placed in Amaltheocrinus and, thus, in
Millericrinida (Hess in Hess and Messing 2011). Hyocri-
nids attach to rocky substrates by an encrusting disk and
mostly live in cold, deep water, where food supply is
limited. They have a delicate skeleton with heavily pin-
nulate arms exposed to the currents. This is in sharp con-
trast to cyrtocrinids that have developed extensive and at
times intricate skeletons during the course of their history,
perhaps as an antipredatory strategy (Hess 2014b).

In Sinemurian—Pliensbachian (Thuy et al. 2014), Late
Pliensbachian (Hess 2006) and Early Toarcian (Manni and
Nicosia 1990) sites of the western Tethys, diverse cyr-
tocrinids appeared rather suddenly. The Late Pliensbachian
site of Arzo is the earliest with a diverse cyrtocrinid fauna
(Hess 2006). The morphological spectrum is remarkable
and includes (1) comparatively large forms attached by a
basal element (Cotylederma inaequalis, Eudesicrinus
mayalis), (2) forms with stalk-like elongated cups (Dinar-
docrinus), (3) stalked forms with a high cup and primi-
brachials of variable height (Sacariacrinus), (4) stalked
forms with cryptic basals and a funnel shaped cup
(Quenstedticrinus), and (5) stalked forms with ornamented
columnals, cups and brachials (Bilecicrinus), similar to
later Cyrtocrinus. These forms are accompanied by tiny
cups of stalked Phyllocrinidae (Nerocrinus petri, Ti-
cinocrinus coronatus) that still have basals.

Manni and Nicosia (1999) suggested that Nerocrinus
(for which they created a separate family) was a “quite
primitive forefather of the cyrtocrinids”. We consider
Nerocrinus with three basals and Ticinocrinus with a cir-
clet of five basals to be members of the Phyllocrinidae. The
two genera share small articular facets, sunken between
interradial processes; a synapomorphy common to Phyl-
locrinus species (Hess 2012).

Manni and Nicosia (1996) assumed the ancestor of
cyrtocrinids to lie among the Dadocrinidae, comprising the
genera Dadocrinus and Neodadocrinus that share high

basals. In their classification, cyrtocrinids are members of
the order Dadocrinida, subdivided into several suborders.
However, Dadocrinus is considered to belong to the
Encrinida (Hagdorn 1996), and Neodadocrinus was
assigned to the Millericrinida, Family Neodadocrinidae, in
the Revised Treatise (Hess in Hess and Messing 2011).
Neodadocrinus is pentamerous; it has discrete, high basals,
and thick radials with distinct facets to basals, as well as
thick primibrachials. This species co-occurs at Arzo with
numerous cyrtocrinids, including the superficially similar
Sacariacrinus. It seems possible that ancestors of stalked
cyrtocrinids are to be found among Neodadocrinidae. In
fact, Kristan-Tollmann (1975; fig. 26, 3-5) described bra-
chials remarkably similar to those of Sacariacrinus altineri
from Arzo from the pelagic Hallstatt Limestones (upper
Ladinian to lower Carnian) of the Taurus Mountains
(Turkey) and assigned them to Entrochus tenuispinosus.
Did Kristan-Tollmann discover the cradle of a precursor to
cyrtocrinids?

Cyrtocrinid phylogeny (Fig. 2)

So far, the only comprehensive phylogenetic analysis of the
cyrtocrinids was performed by Romano et al. (2016) who
suggested a complete revision of cyrtocrinid taxonomy
thus imparting a sweeping blow to existing classifications,
including the one in the latest Treatise (Hess and Messing
2011), which is rooted in the previous work of several
authors with intimate knowledge of the group (e.g., Loriol,
Jaekel, Sieverts-Doreck, Arendt, tht; see references). The
parsimony-based analysis by Romano et al. (2016) pro-
duced well-resolved trees, but suffers from a number of
significant flaws: first, it includes data on recognised genera
as well as informal based on a preliminary and insuffi-
ciently substantiated subdivision of Eugeniacrinites; sec-
ond, the analysis includes 33 taxa and 39 characters,
resulting in a very low character/taxon ratio; and third, and
most important, the study fails to show support values for
the trees, thus precluding any meaningful interpretation of
the results.

We have undertaken a new cladistics analysis with an
ingroup of 24 fossil and 3 extant species (Table 1). We
focused on fossil forms encompassing a wide spectrum of
morphologies and those with the most completely known
morphologies. We preferred using nominal species, not
genera, because of species-level differences in a given
genus. We conducted analyses using a different outgroup
taxon (Holocrinus beyrichi versus Dadocrinus kunischi)
and either with or without Neodadocrinus brevis in line
with the comments above on the potential cyrtocrinid
ancestry.
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Fig. 2 Evolutionary tree of the cyrtocrinid crinoids based on Bayesian inference with taxa positioned with respect to their stratigraphic
distribution (thick black lines: range of the actual species; thick grey lines: range of the genus). Numbers at nodes indicate posterior probabilities

We compiled a character matrix consisting of 51 char-
acters (see “ESM Appendix”). Analyses were run with
characters unweighted and unordered in the absence of
evidence for a clear ontogenetic or size-related progression
between character states. When character states could not
be assessed due to a lack of data, the character was scored
with a “?”. Inapplicable characters were scored with a “~”.

Bayesian inference analysis was performed using
MrBayes (Huelsenbeck and Ronquist 2001) as an MCMC
simulation with default parameters for morphological data
following the approach of Thuy and St6hr (2016). MrBayes
uses a modified version of the Juke—Cantor model for
morphological data as outlined by Lewis (2001) with
variable character states from 2 to 10 (Wright and Hillis
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Table 1 Ingroup taxa included

in the phylogenetic estimate Superfamily/suborder

Family Species

Eugeniacrinitoidea

Plicatocrinoidea

Holopodina

Eugeniacrinitidae
Eugeniacrinites cariophilites
Lonchocrinus dumortieri
Phyllocrinidae
Phyllocrinus colloti
Phyllocrinus fenestratus
Nerocrinus petri
Ticinocrinus coronatus
Apsidocrinus remesi
Psalidocrinidae
Psalidocrinus armatus
Sclerocrinidae
Neogymnocrinus richeri
Cyrtocrinus nutans
Hemicrinus astierianus
Torynocrinus canon
Strambergocrinus remesi
Pilocrinus moussoni

Cyrtocrinus nutans

Plicatocrinidae
Plicatocrinus hexagonus
Sacariacrinus altineri
Tetracrinidae
Tetracrinus moniliformis
Praetetracrinus inornatus

Bilecicrinus arenosus

Holopodidae

Holopus rangii

Cyathidium holopus
Cotyledermatidae

Cotylederma docens
Eudesicrinidae

Eudesicrinus mayalis

Dinardocrinus tiburtinus
Hemibrachiocrinidae

Hemibrachiocrinus manesterensis
Pseudosaccocomidae

Pseudosaccocoma strambergensis

2014). All character states were considered to have equal
frequency, and prior probabilities were equal for all trees.
We assumed that evolutionary rates varied between sites
according to a discrete gamma distribution. Branch lengths
were unconstrained. Average standard deviations of split
frequencies stabilized at about 0.008 after 3 million

generations (mgen), sampled every 1000 generations. The
first 25% of the trees were discarded as burnin.

The resulting tree from Bayesian inference has a mod-
erate amount of structure, although many relationships
remain unresolved and/or poorly supported (Fig. 2). Tree
topology has a well-supported and resolved a phyllocrinid—
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psalidocrinid clade and a eugeniacrinitid clade that sur-
prisingly includes the sclerocrinid Pilocrinus moussoni.
Thus, our phylogeny endorses grouping of these families
on a higher systematic level. Another reasonably well-
supported but poorly resolved clade unites the plica-
tocrinids and tetracrinids, again endorsing the superfamily-
level grouping of these families. The sclerocrinids (except
P. moussoni) and the holopodine families, however, seem
to be more problematic. Most of the analysed members of
these groups form a poorly supported clade with an internal
topology failing to follow currently accepted superfamily-
and family-level classification concepts (Hess and Messing
2011). Curiously, the sclerocrinids Neogymnocrinus richeri
and Cyrtocrinus nutans have an unresolved position with
respect to the above-mentioned clades.

The resulting phylogeny helps disentangle some of the
cyrtocrinid morphologies, yet fails to fully reveal the
synapomorphies needed to clarify the evolutionary history
of the group. Possible main evolutionary driving forces in
cyrtocrinids are the reduction of skeletal features and
paedomorphosis as inferred for other echinoderm groups
(e.g., Stohr and Martynov 2016). Both factors can mask
true synapomorphies and thus hamper morphology-based
phylogenetic estimates (e.g., Thuy and Stohr 2016; Thuy,
personal observations), especially when the concerned
skeletal features are scored at face value rather than against
the background of their origin. In spite of these reserva-
tions, our analysis clearly indicates the basal split of main
cyrtocrinid morphologies, and tip dating of the tree sug-
gests that divergence of these morphologies must have
occurred well before the late Sinemurian (i.e., the age of
the oldest known unequivocal cyrtocrinids).

Palaeogeography of Lower Jurassic
cyrtocrinid locations (Fig. 3)

The oldest known unequivocal cyrtocrinids are from the
Sinemurian—Pliensbachian of northwestern Turkey and the
Glasenbach section in Austria (Delogu and Nicosia 1986;
Thuy et al. 2014). The cyrtocrinid localities in northwest-
ern Turkey are situated on the Sakarya microcontinent
(Sengor and Yilmaz 1981), a Mesozoic ‘island’ in a maze
of younger zones of subduction—accretion formed between
the deep-sea basins of the closing Palaeotethys to the north
and the opening Neotethys to the south (Sengor 1979). The
Glasenbach section, situated in the Austroalpine nappes of
the Northern Calcareous (Eastern) Alps, is interpreted as a
succession of hemipelagic/pelagic limestones and marls
with numerous intercalations of slump deposits and cal-
careous turbidites derived from the bathyal slope of a
submarine high on the former southern continental margin

of the Alpine Tethys (Bernoulli and Jenkyns 1970; Bohm
2003; Thuy et al. 2014). Interestingly, both settings were
within or adjacent to deep-sea basins during the Early
Jurassic.

In the course of the Pliensbachian, cyrtocrinids started
spreading to various parts of the shelves around the
northwestern tips of the Neotethys deep-sea basins, as
documented by occurrences from the Apennines (IT),
southern Germany, Normandy and southern England (see
references in Table 2). This was probably facilitated by
tectonic events in northwestern Europe during late Pliens-
bachian times that created connections with the Tethys as
documented by ammonites (Rioult and Chirat 1999). All
currently known Lower Jurassic cyrtocrinid localities are
interpreted as current-swept settings with at least partially
indurated substrate. Localities situated on the subsiding
continental margins, farther away from the oceanic basin of
the Neotethys, include non-volcanic seamounts and their
slopes within the deep carbonate plateaus of the Umbrian
Apennines (Tivoli, Gorgo a Cerbara) on the Adriatic
microplate. These environments were characterised by low
sedimentation rates and, in case of carbonate seamounts, by
early submarine limestone cementation, local hardground
formation and stratigraphic condensation (Manni and
Nicosia 1996). Other Lower Jurassic cyrtocrinid shallow-
sea localities at some distance from the deep basins include
open shelf areas with low sedimentation rates (Sulzkirchen
in southern Germany, West Bay in southern England) and
near-shore rock reefs (Feuguerolles in Normandy).

Of particular, relevance to the question of cyrtocrinid
origins is the locality of Arzo in southern Switzerland
(Hess 2006). During the Early Jurassic, Arzo was situ-
ated on the Adriatic microplate that was to become the
southern margin of the Alpine Tethys after rifting in late
Norian and early Liassic times and after continental
break-up during the Toarcian—Bajocian interval (Ber-
noulli and Jenkyns 2009, fig. 30). The Broccatello
limestone underlying the cyrtocrinid-yielding strata in
Arzo is interpreted as an ancient carbonate mudmound
that developed at subphotic depths (Neuweiler and Ber-
noulli 2005; Hess 2006). It was lithified at an early stage
and provided sheltered cavities at 100 or more metres
water depth suitable for colonization by crinoids, whose
remains accumulated in depressions of the seafloor.
Strikingly, the Arzo cyrtocrinid assemblage is not only
one of the deepest from the Early Jurassic but also by
far the most diverse, and shares only a few species with
coeval or slightly younger cyrtocrinid assemblages from
the surrounding shelf settings (Hess 2006). Generally
speaking, while many cyrtocrinid genera were wide-
spread during the Early Jurassic, cyrtocrinid species
seem to have been endemic to certain localities or
regions within the same part of the shelf seas (e.g.,
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Localities: 1: NW-Turkey; 2: Glasenbach; 3: Arzo; 4: Umbiria;

5: Feuguerolles; 6: Sulzkirchen; 7: West Bay

Fig. 3 Early Jurassic palacogeography with discussed sites (see Table 2)

Nerocrinus petri and Dinardocrinus tiburtinus in south-
ern Switzerland and central Italy, Praetetracrinus inor-
natus in northwestern Europe), suggesting only limited
dispersal across the shelf seas. In summary, the palaeo-
geographic evidence available to date converges to a pre-
Sinemurian Tethyan deep-sea origin of the cyrtocrinids
with a subsequent rise to shallow circum-Tethyan shelf
seas in several regions.

Subsequent evolutionary history
of cyrtocrinids

Early Jurassic crinoids without a stalk were attached to the
substrate by an expanded aboral element (Cotyledermati-
dae: Cotylederma, Paracotylederma; Eudesicrinidae:
Eudesicrinus); and such barnacle-like morphology with
reduced arms covered by primibrachials in the non-feeding



Emergence and early radiation of cyrtocrinids

141

Table 2 Stratigraphic position of selected lower and middle Jurassic localities with cyrtocrinids used in Fig. 3

Localities References Stage

Genera

NW Turkey (Sogiit) Delogu and Nicosia

(1986)

Glasenbach (Austria) Thuy et al. (2014)

S England (West Bay)
Central Italy (Tivoli)

Simms (1989)

Manni and Nicosia
(1990)

NW Turkey (various) Nicosia (1991)

S Germany (Sulzkirchen) Jager (1991)

Jager (1993)

Jager (1995)

Manni and Nicosia
(1999)

Hess (2006)

S Germany (Sulzkirchen)
Germany (various)
Central Italy (Piobbico, Terni)

Southern Switzerland (Arzo)

NW France (Feuguerolles,
May)

This paper Loriol (1882)

France (Ardéche) Hess (2012)

Pliensbachian
Sinemurian—Pliensbachian

Upper Toarcian

Lower Toarcian

Upper Sinemurian/lower
Pliensbachian

Upper Pliensbachian
Upper Pliensbachian
Upper Toarcian—Aalenian
Pliensbachian

Upper Pliensbachian

Upper Pliensbachian—lower
Aalenian

Bathonian

Capsicocrinus

Eudesicrinus, Cotylederma, Sacariacrinus,
Fusicrinus

Praetetracrinus

Cotylederma, Paracotylederma,
Eudesicrinus, Dinardocrinus

Cotylederma, Eudesicrinus, Sacariacrinus,
Tetracrinus, Quenstedticrinus, Bilecicrinus

Cotylederma, Eudesicrinus

Eudesicrinus, Plicatocrinus

Praetetracrinus

Nerocrinus

Cotylederma, Eudesicrinus, Sacariacrinus,
Quenstedticrinus, Tetracrinus, Bilecicrinus,
Arzocrinus, Nerocrinus, Ticinocrinus,
Fusicrinus, Castaneacrinus

Cotylederma, Eudesicrinus, Tetracrinus,
Praetetracrinus, Sacariacrinus,
(Quenstedticrinus)

Lonchocrinus, Phyllocrinus, Scutellacrinus,

Praetetracrinus, Cyrtocrinus,
Dolichocrinus

stage proved is also found in Cretaceous (Rasmussen
1961), Paleocene (Donovan and Jakobsen 2004) and extant
successors (Wisshak et al. 2009; Syverson et al. 2015).
Living Holopodina include two families, the Holopodidae
(Cyathidium,  Holopus) and the  Eudesicrinidae
(Proeudesicrinus). Flat trapezoidal secundibrachials with-
out pinnule sockets apparently sealed the radial cavity in
Cotylederma docens (see Fig. 6b—e). This is in contrast to
fossil and extant species of Cyathidium that have reduced
but pinnulate arms. Both at Arzo and at Feuguerolles,
Cotylederma is an important part of the cyrtocrinid fauna.
These sites offered habitats such as hardground cliffs and
under overhangs or in caves, as in extant representatives of
the group living in deep-shelf environments (Wisshak et al.
2009; Syverson et al. 2015). Donovan and Jakobsen (2004)
described a Cyathidium-barnacle association from the
Paleocene (Danian) of Denmark and questioned whether
the tight closure of the crinoid was the result of
antipredator behaviour only. In shallow water or intertidal
environments, a watertight seal would have served crinoids
such as C. docens. In deeper water, such as at Arzo, tight
closure would have protected C. inaequalis from predators
and unfavourable environmental conditions.

Thus, holopodine cyrtocrinids living at the lowest tier
could seal their radial cavity against benthic predators.
Nerocrinus and Ticinocrinus are stalked and very small,

and their deep body cavity prevented easy access. Larger
stalked cyrtocrinids collected food at higher tiers, away
from benthic predators. Early Jurassic forms such as
Sacariacrinus had cups and arms offering little protection
against predators. Subsequent forms show various
antipredator measures. Bilecicrinus and Arzocrinus had
sturdy arms that may have carried spike-like pinnules,
unfortunately not preserved. However, two non-cyrtocrinid
forms from Arzo have quite spectacular antipredator mor-
phology. They include Pustulocrinus iguana with crested
pinnulars and Serracrinus planus with spiked brachials
(Hess 2006).

Antipredator measures increased during the Middle
Jurassic (Hess 2012). Some members of the Phyllocrinidae
(Scutellacrinus, Phyllocrinus colloti, and P. voultensis)
carried interradial extensions similar to Nerocrinus. Phyl-
locrinus  fenestratus developed spike-like interradial
extensions protecting the radial cavity that housed small
arms. Lonchocrinus had cup and columnals comparable to
the Oxfordian Eugeniacrinites, and soft parts were pro-
tected by spike-like primibrachials pointing outward and
upward. The first species of the widespread genus Cyr-
tocrinus, C. praenutans, had arms suitable for inward-
coiling, similar to those of the later Cyrtocrinus nutans and
the living Neogymnocrinus richeri (Hess 2012, fig. 16).
Presumably non-lethal epizoic pits on ossicles of C.
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praenutans indicate increased ecological interactions (Hess
2012, figs. 18-20).

During Oxfordian times sponge—algal reefs offered ideal
habitats to cyrtocrinids. Eugeniacrinites cariophilites car-
ried modified second primibrachials with the ability to
form a roof over soft parts and inward-curled small arms.
Nevertheless, this spectacular autapomorphy did not pre-
vent predators, presumably fishes, from attacking the vital
parts, leaving bite marks and causing malformations on the
skeleton (Hess 2014b). In Plicatocrinus and Tetracrinus,
arms were unsuitable for curling or folding together, but
spike-like fused pinnules may have deterred predators
(Hess in Hess and Messing, 2011, Fig. 95, 1f).

The Early Cretaceous (Valanginian) includes the famous
Stramberk fauna with innumerable spoon-like and odd-
shaped cups (e.g., Arendt 1974, Zitt
1974a, b, 1975, 1978a, b, 1979a, b, 1983). Well-known
forms are stalked Phyllocrinidae (Phyllocrinus, Apsi-
docrinus), Psalidocrinidae (Psalidocrinus) and Sclero-
crinidae (Sclerocrinus, Hemicrinus, Strambergocrinus, and
Torynocrinus). In contrast, Hemibrachiocrinidae were
fused to the substrate by an expanded base, similar to
Cyathidium, and the small arms were folded together over
the radial cavity (Hess in Hess and Messing 2011). Cyr-
tocrinids declined in disparity and numbers during the
Cretaceous. The Cenozoic fossil record is exceedingly
sparse; extant cyrtocrinids are of low diversity, environ-
mentally, and bathymetrically restricted.

Ichnological traces (Figs. 4, 5)

A well-preserved parabolic pit on a radial of Cotylederma
docens is assigned to Qoichnus paraboloides Bromley
(Fig. 4; see Donovan 2017). The moderately deep pit is on
the aboral, granular surface of the ossicle. Granules extend

Fig. 4 Cotylederma docens,
aboral view of radial with
concave pit of Qoichnus
paraboloides Bromley. The pit
was probably caused by an
unknown epibiont; MHNLM
2015.1.39, sample 350-1, early
Toarcian (Serpentinum
Chronozone), Feuguerolles
(Normandy)

into the pit and are partly enlarged at the rim, indicating that
infestation by the indeterminate epibiont was non-lethal. This
radial is the only occurrence of such a pit in the examined
material. Donovan and Tenny (2015) figured a pluricolumnal
from the Mississippian with QOoichnus paraboloides pits.
That specimen has concave pits flush with the surface on one
side and raised swellings with pits on the other side. The
authors assumed that the column was recumbent in life; pits
atop cyst-like swellings indicate infestation on the crinoid
during life. Flush pits on the other side show no growth
reactions and were made after death. The pit on the C.
docens specimen is flush with the surface, but granules in the
pit suggest reaction growth either during or shortly after
infestation. Qoichnus parabolides occur throughout the
Phanerozoic and were caused by unknown invertebrates.
Spectacular examples were described from the middle
Jurassic of Ardeche (Hess 2012), where they found on 7.5%
of cups and 3.6% of columnals of Cyrtocrinus praenutans.
Some of these pits are associated with skeletal growth and
swelling, but an elevated rim around the pit is exceptional.

Our material also includes nearly concentric marks on
the aboral surface of primibrachials of Cotylederma doc-
ens, which to our knowledge have not been reported in the
literature (S. K. Donovan, personal communication). On
first primibrachials, the marks are mostly around the
smooth central bulge and consist of smooth folds accom-
panied by scratch marks (Fig. 5¢). Similar marks are found
on a second primibrachial (Fig. 5b). A smaller ossicle of
this type (Fig. 5a) has concentric folds around the centre,
where some deeper scratch marks also occur. Deep scrat-
ches are on the bulge of first primibrachials (Fig. 5e) and
on the sides of the bulge (Fig. 5d). Raised, smooth folds,
suggest some repair growth. The origin of the concentric
marks and the scratches is unknown. Multiple scratch
marks are made by grazing chitons, as illustrated in, e.g.,
Kazmér and Tabarosi (2012). Another scenario could
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c-e = IBr1

1 mm

Fig. 5 Cotylederma docens primibrachials with traces. a—e Cotyled-
erma docens Deslongchamps. a Aboral (exterior) view of asymmetric
second primibrachial with concentric folds; MHNLM 2015.1.40,
sample 350-2, early Toarcian (Serpentinum Chronozone), Feuguer-
olles (Normandy). b Second primibrachial aboral, with folds and
scratch marks; MHNLM 2015.1.41, sample 350-1, early Toarcian
(Serpentinum Chronozone), Feuguerolles (Normandy). ¢ First prim-
ibrachial in proximal-aboral view, note circular folds and scratch

involve a parasitic or commensal gastropod, responsible for
the concentric marks, subsequently targeted by fish leaving
the scratch marks as collateral damage to the crinoid.

aboral views

marks; MHNLM 2015.1.42, sample 368-1, middle Toarcian (Bifrons
Chronozone), Feuguerolles (Normandy). d First primibrachial aboral,
note concentric scratch marks; MHNLM 2015.1.43, sample 349-1,
early Toarcian (Tenuicostatum Chronozone), Feuguerolles (Nor-
mandy), photo Hess. e First primibrachial aboral, note scratch marks
on hump; MHNLM 2015.1.44, sample 358-1, early Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy), photo Hess

Scratch marks on columnals of Praetetracrinus inor-
natus are discussed and illustrated in the systematic
section.
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Conclusions

Cyrtocrinids appeared suddenly in the Tethys Ocean in the
Sinemurian. Even the oldest known assemblages already
include the highly distinctive variety of morphologies,
ranging from stalkless forms attached by basal element
(Holopodina) to stalked forms attached by a disk (Cyr-
tocrinina). By the end of the Early Jurassic, cyrtocrinids
had spread to various shelf seas, especially in the north-
western Peritethys. The early cyrtocrinid fossil record is
remarkable in several ways: (1) phylogenetic estimates
suggest that the early radiation of the group took place well
before the Sinemurian, predating the oldest known
unequivocal cyrtocrinid fossils; (2) the putative ancestor of
cyrtocrinids appears to be a neodadocrinid from Triassic
pelagic deep-water settings of Turkey (Kristan-Tollmann
1975); (3) the oldest unequivocal cyrtocrinids are from
bathyal slope settings (Glasenbach) and shelf settings near
deep-sea slopes (northwestern Turkey); (4) the most
diverse Lower Jurassic cyrtocrinid assemblage was from a
bathyal setting (Arzo); and (5) from the late Pliensbachian
onward, cyrtocrinids occur in various shelf settings but
with fewer species than the Arzo assemblage and generally
with species endemic to individual localities or regions.
These various lines of evidence suggest a Tethyan deep-
sea origin of the cyrtocrinids followed by a successive rise
to shallower depths from the Sinemurian onward and a
spreading to suitable environments (current-swept hard
substrates) in the shelf seas of the northern and north-
western Peritethys. This scenario is strikingly similar to the
evolutionary history of the ophiacanthid ophiuroids that
originated and diversified in the deep sea and temporarily
invaded shelf environments in the course of the Jurassic as
suggested by the fossil record of the group (Thuy 2013)
and recently by molecular evidence (Bribiesca-Contreras
et al. 2017). Thus, the cyrtocrinids add to the emerging
evidence that deep-sea origination and range extension to
shallower depths played a major role in shaping marine
biodiversity and that the Early Jurassic was a time of
enhanced faunal exchange along the bathymetric gradient.

Systematic palaeontology

Order Cyrtocrinida Sieverts-Doreck 1952.
Suborder Holopodina Arendt 1974.
Family Cotyledermatidae Wright 1876.
Cotylederma Quenstedt 1852.

Cotylederma docens Deslongchamps in Deslongchamps
and Deslongchamps 1858, Figs. 4, 5, 6, 7.

Material MHNLM 2015.1.39-2015.1.49 and
2015.1.51-2015.1.54. This species ranges from the upper
Pliensbachian to upper Toarcian (Hess and Thuy 2016) and
is represented by numerous disarticulated basal elements,
radials, first and second primibrachials, and secundibra-
chials. Only in two specimens are radial circlets still
attached to the basal element. Remains are especially
common in the upper Pliensbachian (sample 355) and
lower Toarcian (Tenuicostatum Chronozone, samples 267,
268, 354, 356-358, 425; and Serpentinum Chronozone,
sample 350). Height of elements with similar diameter
varies, and the largest basal elements reach a diameter of
nearly 15 mm (samples 355-357). The species was thor-
oughly described by Loriol (1882) who noted the distinc-
tive swollen first primibrachials. The present material
includes primibrachials with peculiar concentric traces.

Diagnosis Aboral element thin-walled, hollow, of variable
height and shape; upper margin with five weak depressions
for radial circlet. Radial cavity wide and deep, extending
into basal element. Radials symmetric, widening upward
from narrow lower margin, joined by synostosis; articular
facet with pair of small, deep, inward-sloping muscle fos-
sae separated by a notch; ligament areas indistinct. First
primibrachials trapezoidal in outline, often somewhat
asymmetric; bulge on aboral side, leading to triangular
profile in proximal or distal view; bulbous apex smooth and
directed proximally; proximal and distal facets muscular,
similar. Second primibrachials thick, trapezoidal. Secun-
dibrachials thin, outline rectangular to skewed trapezoidal,
food groove deep, articular facets muscular, no pinnule
sockets.

Description The present material includes an aboral ele-
ment with misformed cup of just one radial; the specimen’s
first primibrachial (Fig. 6a) is in the body cavity, and on
one side two budding extensions are visible that seem to be
juvenile basal elements. Such elements were described by
Rasmussen (1961, pl. 35, figs. 3, 4; as thecae) and Dono-
van and Jakobsen (2004, fig. 3a, c) from cups growing
inside older cups of Cyathidium holopus from the Danian.
Radials are narrow and vary in height (Fig. 5b, c, e);
articular facets to first primibrachials have small aboral
ligament fossae, flat interarticular ligament areas and small,
circular and deep muscle fossae separated by a notch; and
muscle fossae extend onto the adoral side and are rimmed.
This morphology is mirrored in the proximal facet of the
first primibrachials (Fig. 6d) that have muscular facets
proximally and distally. First primibrachials are trapezoidal
in outline, and food groove is narrow (Figs. Sc—e, 6d). A
considerable number of first primibrachials have concentric
furrows and folds around the bulge (Fig. 5c—e), and some
have also scratch marks (Fig. 5d, e), see above. Second
primibrachials are trapezoidal (Fig. 5b) to nearly triangular
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Fig. 6 Cotylederma docens aboral element, first primibrachials;
Cotylederma miliaris, first primibrachial. a—e Cotylederma docens
Deslongchamps. a Aboral element with attached radial, al lateral
view, a2 adoral view with radial facet on top and first primibrachial in
radial-aboral cavity; MHNLM 2015.1.45, sample 357-12, early
Toarcian (Tenuicostatum Chronozone), Feuguerolles (Normandy).
b Low radial, bl adoral (interior), b2 distal; MHNLM 2015.1.46,
sample 279-1, early Toarcian (Tenuicostatum Chronozone), Feuguer-
olles (Normandy). ¢ High radial, adoral (interior) view; MHNLM
2015.1.47, sample 357-18, early Toarcian (Tenuicostatum Chrono-
zone), Feuguerolles (Normandy). d First primibrachial, d1 aboral, d2

proximal with facet to radial; MHNLM 2015.1.48, sample 279-2,
early Toarcian (Tenuicostatum Chronozone), Feuguerolles (Nor-
mandy). e Thick radial distal, note scratch marks; MHNLM
2015.1.49, sample 350-3, early Toarcian (Serpentinum Chronozone),
Feuguerolles (Normandy). f Cotylederma miliaris Deslongchamps;
first primibrachial, f1 adoral (interior), f2 proximal/aboral with
granules, note small facet to adjoining ossicle and scratch marks,
photo Hess; MHNLM 2015.1.50, sample 297, early Toarcian
(Tenuicostatum/Serpentinum Chronozones), Feuguerolles
(Normandy)
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Fig. 7 Cotylederma docens second primibrachial, secundibrachials.
a—e Cotylederma docens Deslongchamps. a Asymmetric second
sprimibrachial, al adoral (interior), a2 aboral (exterior) with
concentric traces, magnified in Fig. 5a; MHNLM 2015.1.40, sample
350-2, early Toarcian (Serpentinum Chronozone), Feuguerolles
(Normandy). b Thick secundibrachial adoral; MHNLM 2015.1.51,
sample 357-23, early Toarcian (Tenuicostatum Chronozone), Feu-
guerolles (Normandy). ¢ Thin, weakly trapezoidal secundibrachial,

(Figs. 5a, 7a) and are slightly convex; some carry ichno-
logical traces as discussed above. Second primibrachials
are thin and rectangular (Fig. 7¢) to skewed trapezoidal in
outline (Fig. 7b, d, e) with muscular facets at both ends.
The aboral surface is finely granular; an ossicle has distinct
marginal crenulae (Fig. 7c).

Remarks The upper Pliensbachian C. inaequalis Hess
(2006) differs from C. docens by having mostly asym-
metric radials; primibrachials are highly variable in outline,
and first primibrachials lack a bulge. Cotylederma ambi-
guum Manni and Nicosia (1990) from the lower Toarcian
(Serpentinum Chronozone) of Italy seems to be conspecific
with C. docens. C. docens is morphologically similar to
upper Cretaceous to extant Cyathidium (see Heinzeller
et al. 1996; Donovan and Jakobsen 2004; Hess in Hess and
Messing 2011). In contrast to Cyathidium species,
Cotylederma docens has unfused primibrachials, and the
brachials lack cirri. Nevertheless, it appears to be a pre-
cursor to Cyathidium. Early growth stages of Cyathidium
foresti have two primibrachials that fuse in later stages into
a single element, and early stages lack pinnules that
develop on first secundibrachials only in juveniles larger
than 6 mm in diameter (Heinzeller et al. 1997). In the
extant form, brachials close the gap left by the fused
primibrachials and, thus, seal the body cavity (Heinzeller
et al. 1997, fig. 2e); such sealing can be assumed for fossil
Cotylederma. According to the diagnosis of Améziane

aboral with crenulated margin; MHNLM 2015.1.52, sample 259,
early Toarcian (Serpentinum Chronozone), Feuguerolles (Normandy).
d Trapezoidal secundibrachial adoral; MHNLM 2015.1.53, sample
357-22, early Toarcian (Tenuicostatum Chronozone), Feuguerolles
(Normandy). e Trapezoidal secundibrachial, el adoral, e2 aboral;
MHNLM 2015.1.54, sample 357-22, early Toarcian (Tenuicostatum
Chronozone), Feuguerolles (Normandy)

et al. (1999), extant Holopodidae (including fossil Cy-
athidium) have a cup comprised of five fused radials
attached directly to the substrate. In contrast, Cotylederma
has a hollow, variable aboral element attached to the sub-
strate; its narrow upper edge articulates to the radial circlet,
forming a thin-walled bowl.

Cotederma miliaris Deslongchamps, 1858, Fig. 6f.
Material MHNLM 2015.1.50. One first primibrachial.

Description The ossicle is wide and narrow, and food
groove is strongly displaced to one side making this part
only half as wide as the other; the narrow part is raised
distally at an angle of 10° and is indented at the outer
margin, presumably for articulation with adjoining ossicle.
Aboral surface is covered by coarse granules. Aboral
ligament pit and axial canal are elliptical and separated by
thin ridge. Muscle fossae are small and deep, and they are
separated from the adoral notch by a small peak. Interar-
ticular ligament areas are large and flat and on the proximal
side are with scratch marks.

Remarks The ossicle differs from first primibrachials of C.
docens in lacking an aboral bulge and in having a surface
with coarse granules. Loriol (1882, pl. 19, fig. 18) descri-
bed a similar ossicle from the site of May-sur-Orne and
ascribed it to C. miliaris Deslongchamps. Loriol’s material
included two such ossicles assumed to be first
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Fig. 8 Eudesicrinus mayalis, cups with basal elements. a—f Eudesi-
crinus mayalis (Deslongchamps). a Symmetric juvenile cup fused to
low basal element (arrows); MHNLM 2015.1.55, sample 357-13 early
Toarcian (Tenuicostatum Chronozone), Feuguerolles (Normandy).
b Asymmetric juvenile cup fused to basal element, bl lower side,
attachment to substrate by two circular facets at left, b2 distal, two
low radials lack articular facet; MHNLM 2015.1.56, sample 357-11,
early Toarcian (Tenuicostatum Chronozone), Feuguerolles (Nor-
mandy). ¢ Oblique distal view of post-juvenile cup; MHNLM
2015.1.57, sample 358-1, early Toarcian (Tenuicostatum Chrono-
zone), Feuguerolles (Normandy). d Radial circlet fused to skew basal

primibrachials; his material contained neither radials nor
axillary second primibrachials. The present ossicle differs
from the one described by Loriol by its asymmetric profile
and wider food groove. It is possible that Loriol’s specimen
represents a secundibrachial. Granular basal elements were
also described by Loriol; they differ not only by their

element, d1 distal view showing large radial, d2 lateral; MHNLM
2015.1.58, sample 358-5, early Toarcian (Tenuicostatum Chrono-
zone), Feuguerolles (Normandy). e Cup (radial circlet) separated from
basal element, el distal facet with large radial, e2 proximal facet
connecting to basal element by ridges; MHNLM 2015.1.59, sample
358-2, early Toarcian (Tenuicostatum Chronozone), Feuguerolles
(Normandy). f Large cup (radial circlet separated from basal
element), f1 distal, f2 proximal with concave facet to basal element;
MHNLM 2015.1.60, sample 425-5, middle Toarcian (Bifrons
Chronozone), Feuguerolles (Normandy)

granulation but also by their vase-like profile from those of
C. docens. In summary, ossicles of C. miliaris fall outside
the range of C. docens, so that two species of the genus are
represented at May-sur-Orne and Feuguerolles.

Family Eudesicrinidae Bather 1899.
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«Fig. 9 Sacariacrinus amadei n. sp., cups and radials. a-h Sacari-
acrinus amadei n. sp. a Large cup, al proximal, a2 distal, a3 lateral;
MHNLM 2015.1.61; holotype, sample 357-1, early Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy). b Incom-
plete cup contained of three fused radials, bl proximal, b2 distal;
MHNLM 2015.1.62 paratype, sample 357-2, early Toarcian
(Tenuicostatum Zone), Feuguerolles (Normandy). ¢ Basal circlet, ¢l
proximal (lower), ¢2 distal (upper, with facets to 5 radials); MHNLM
2015.1.63, sample 425-3, early Toarcian (Tenuicostatum Chrono-
zone), Feuguerolles (Normandy). d Radial, d1 aboral, d2 adoral, d3
facet; MHNLM 2015.1.64, sample 375-6, early Toarcian (Tenuicosta-
tum Chronozone), Feuguerolles (Normandy). e Aboral/proximal view
of radial, facet to basal circlet with weak ridge; MHNLM 2015.1.65,
sample 425-1, early Toarcian (Tenuicostatum Chronozone), Feuguer-
olles (Normandy). f Smooth radial, f1 aboral, f2 distal note strong
relief;, MHNLM 2015.1.66, sample 357-7, early Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy). g Small
radial, aboral view, note profile of ridge on lower facet; MHNLM
2015.1.67, sample 357-9, early Toarcian (Tenuicostatum Chrono-
zone), Feuguerolles (Normandy). h Radial, hl aboral with granular
surface, h2 facet; MHNLM 2015.1.68, sample 357-3, early Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy)

Eudesicrinus Loriol, 1882 in Loriol 1882—-1889.

Eudesicrinus mayalis Deslongchamps in Deslongchamps
and Deslongchamps, 1858, Fig. 8.

Material MHNLM 2015.1.55-2015.1.60. Remains of this
species include basal elements, mostly with attached radial
circlet, cups (radial circlets), isolated radials, and secundi-
brachials. The best and most complete specimens are from
the Tenuicostatum Chronozone (samples 357, 358, 425).

Description Our material of this well-known species is of
interest, because it includes a juvenile cup less than 1 mm
in diameter and height (Fig. 8a). In this specimen, radials
are comparatively high and have identical size and facets;
the basal element to which the radial circlet is fused is low.
Cups with a diameter exceeding 1 mm have one radial
enlarged (Fig. 8b, c), and such differentiation continues
with growth to create the distinctive, inclined profile of the
cup (Fig. 8d, e). The smallest specimen of the species from
the Pliensbachian of Sulzkirchen (Jiger 1991, fig. 6) has a
diameter of approximately 1 mm, with one radial enlarged
and cup inclined, demonstrating that tilting of the cup may
start in juveniles of similar ages. Articulation with the basal
element is by radial ridges and depressions (Fig. 8, e2; see
also Jager 1991, figs. 1-4). However, the lower side of a
large cup is concave and lacks ridges (Fig. 8, £2). Thus, the
facet is similar to specimens figured by Loriol from the site
of May-sur-Orne (1882; pl. 8, figs. 1d and 5b). However, the
radial in pl.8, fig. 2b seems to have ridges on the lower side.
The lower surface of basal elements commonly is concave
and wider than the upper part that connects to the radial
circlet (Fig. 8,d2). A number of radial circlets are fused with

the basal element. Primibrachials and secundibrachials
correspond to those figured by Loriol (1882) and Hess (2006,
pl. 29, figs. 5-7), and their surface is granulated.

Remarks Radial circlets are fused to basal element or are
provided with ridges and depressions, indicating rather
strong articulation. This is in contrast to the specimens of
Cotylederma docens, where the aboral element is thin-
walled and often preserved isolated.

Suborder Cyrtocrinina Sieverts-Doreck 1952.
Superfamily Plicatocrinoidea Zittel 1879.

Diagnosis Cup consisting of fused basal circlet and circlet
of 3-8 radials, commonly 4-6; radials may be partly or
completely fused. Primibrachials 1 and 2 fused to axillary
that carries unbranched arms, or joined by synostosis in
lower Jurassic Plicatocrinus sulzkirchenensis, Sacariacri-
nus amadei n. sp., Praetetracrinus inornatus and P. dor-
eckae, or muscular in Praetetracrinus kutscheri. Pinnules
comprised of pinnulars that may be fused to form long
spines or slightly curved rods. Column never fused to cup,
columnals cylindrical or barrel-shaped to lenticular, facets
with radiating marginal crenulaec commonly arranged in
groups or with irregular granules. Attachment by disk.
(Modified from Hess in Hess and Messing 2011.)

Family Plicatocrinidae Zittel 1879.
Sacariacrinus Nicosia 1991.

Diagnosis Cup circular in section, comprised of 5-6-thick
radials of variable height, with distinct sutures or fused,
aboral surface smooth or weakly granulated, interradial
embayments weak or absent; basal circlet compact, of
variable height, may be fused with radial circlet. Radial
articular facet rounded trapezoidal to elliptical, occupying
full width of radial plate, inward sloping, and muscle fos-
sae small and deep, surrounded by lip. Synostosis between
primibrachials 1 and 2. First primibrachials of variable
height. Secundibrachials joined by muscular articulation,
proximal brachials bearing distinct pinnule sockets; distal
brachials high, without pinnule sockets. Column unknown.
(Modified from Hess in Hess and Messing 2011.)

Sacariacrinus amadei n. sp., Figs. 9 and 10.

Material MHNLM 2015.1.61-2015.1.80. Three basal cir-
clets, two with five facets to radials, one with six; three
radial circlets, two incomplete and attached to basal circlet,
isolated radials, first and second primibrachials, secundi-
brachials. Samples 357, 358, 425, 540; early Toarcian
(Tenuicostatum Zone).

Holotype MHNLM 2015.1.61. Radial circlet, Fig. 9a.
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Fig. 10 Sacariacrinus amadei n. sp., cups, radials, first and second
primibrachials, secundibrachials. a-1 Sacariacrinus amadei n. sp.
a Radial with slightly angular facet to basal circlet, al aboral, a2
adoral; MHNLM 2015.1.69, sample 540-3, early Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy). b Sculptured
radial with slightly angular facet to basal circlet, b1 aboral, b2 adoral;
MHNLM 2015.1.70, sample 540-4, early Toarcian (Tenuicostatum
Chronozone), Feuguerolles (Normandy). ¢ Incomplete cup with fused
radials, one radial missing, ¢l proximal, ¢2 distal; MHNLM
2015.1.71, sample 540-6, early Toarcian (Tenuicostatum Chrono-
zone), Feuguerolles (Normandy). d Second primibrachial adoral;
MHNLM 2015.1.72, sample 357-4, early Toarcian (Tenuicostatum
Chronozone), Feuguerolles (Normandy). e Second primibrachial
adoral; MHNLM 2015.1.73, sample 540-5, early Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy). f Small
second primibrachial, aboral/proximal view showing synostosial facet
with marginal crenulae; MHNLM 2015.1.74, sample 425-5, early

Toarcian (Tenuicostatum Chronozone), Feuguerolles (Normandy).
g Aboral/distal view of first primibrachial; MHNLM 2015.1.75,
sample 540-2, early Toarcian (Tenuicostatum Chronozone), Feuguer-
olles (Normandy). h First primibrachial, hl aboral, h2 adoral, h3
oblique proximal; paratype, MHNLM 2015.1.76, sample 357-8, early
Toarcian (Tenuicostatum Chronozone), Feuguerolles (Normandy).
i Proximal secundibrachial adoral, note large pinnule socket;
MHNLM 2015.1.77, sample 357-24, early Toarcian (Tenuicostatum
Chronozone), Feuguerolles (Normandy). j Secundibrachial with
pinnule socket, adoral view; MHNLM 2015.1.78, sample 357-25,
early Toarcian (Tenuicostatum Chronozone), Feuguerolles (Nor-
mandy). k High first primibrachial adoral; MHNLM 2015.1.79,
sample 357-27, early Toarcian (Tenuicostatum Chronozone), Feu-
guerolles (Normandy). 1 Adoral view of distal secundibrachial lacking
pinnule socket; MHNLM 2015.1.80, sample 357-26, Toarcian
(Tenuicostatum Chronozone), Feuguerolles (Normandy)
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Fig. 11 Tetracrinus solidus n. sp., cup.Tetracrinus solidus n. sp. a Holotype proximal, b distal, ¢ lateral; MHNLM 2015.1.81, sample 358, early

Toarcian (Tenuicostatum Zone), Feuguerolles (Normandy)

Paratypes MHNLM 2015.1.62 Incomplete radial circlet
attached to intact basal circlet, Fig. 9b; MHNLM
2015.1.76, first primibrachial, Fig. 10h.

Etymology Species named in honour of both Wolfgang
Amadeus Mozart, arguably the rock star among the com-
posers of the Classical Era, and of Falco who paid tribute to
Mozart’s subliminal rock’n’roll attitude with his song
“Rock me Amadeus”.

Type locality and horizon Feuguerolles, early Toarcian
(Tenuicostatum Zone).

Diagnosis Radial circlet comprised of 5-6 low compact
plates that may be completely or partly fused; basal circlet
low. Width of radial cavity about 30% of cup diameter.
First and second primibrachials joined by synostosis, rarely
weakly muscular. Proximal secundibrachials with pinnule
sockets.

Description The holotype (Fig. 9a) is a rather low circlet
comprised of five smooth radials with distinct sutures; the
profile is circular with weak interradial embayments.
Articulation to the basal circlet is by five synostosial facets
that have scattered granules near the outer margin. The
aboral surface is smooth. Radial articular facets are roun-
ded trapezoidal and framed by a rim toward the radial
cavity that narrows to the basal circlet. Aboral ligament
fossa is wide and slightly outward-sloping; it occupies up
to half the facet, and the ligament pit is elliptical. The
adoral part of the facet with triangular interarticular liga-
ment fossae is inward-sloping and separated from the
aboral part by a distinct transverse ridge pierced by the
axial canal. Muscle fossae are small, rimmed, and sepa-
rated by a narrow notch. A strong lip separated by an
interradial notch borders the facets from the radial cavity.

The paratype (Fig. 9b) is an incomplete radial circlet of
three tightly joined smooth pieces on top of an intact basal
circlet. Radials originally numbered six, leading to
hexagonal profile. Outline of the basal circlet is rounded
hexagonal. A third, partly intact radial circlet (Fig. 10c)
misses one radial out of five; it is rounded pentagonal in
outline; and the radials are tightly fused, without interradial
embayments. An isolated basal circlet (Fig. 9c) has the
upper (distal) side with five facets to radials; the lower
(proximal) side is concave and smooth. This ossicle
demonstrates that the radial cavity is prolonged basally into
the uppermost columnal. Most radials are sturdy and
smooth aborally, but some are more or less granular
(Figs. 9d, h, 10b). Whereas their upper facets are all sim-
ilar, the lower facets to the basal circlet are somewhat
variable, ranging from more or less angular (Figs. 9e, g,
10a, b) to nearly straight (Fig. 9d, f, h). Such a difference
seems to indicate that articulation between basal and radial
circlets varied in strength, and this is also demonstrated by
preservation of radials still attached to the basal circlet.
Radials are joined by smooth synostosial facets; the inner,
adoral part is concave and of somewhat variable width.
However, all radials are low and lack interradial exten-
sions. A number of first primibrachials are assigned to the
species. They vary considerably in height (Fig. 10g, h, k),
but all have narrow food grooves, a proximal facet
matching the radial facet, and a synostosial distal facet
(Fig. 10g). The ossicles are weakly convex in profile, and
the aboral side is smooth. Second primibrachials are lower
(Fig. 10d, e); they are smooth aborally and have synos-
tosial proximal and muscular distal facets (Fig. 10d). These
extend adorally with rimmed muscle fossae, similar to
those of the radials. A small second primibrachial has a
weakly cryptosyzygial proximal facet (Fig. 10f).
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Secundibrachials vary widely in height (Fig. 10i, j, D).
Their facets are muscular, and proximal brachials carry a
large pinnule socket (Fig. 10i).

Remarks The present species is distinguished from S.
altineri Nicosia (1991) by lower radials and basal circlet.
Nicosia mentioned the occurrence of two morphotypes
with thicker and thinner radials at the late Sinemurian—

early Pliensbachian-type locality, his figures relate to the
thick-walled type. Thick radials, primibrachials and a basal
element from the upper Pliensbachian (Domerian) of Arzo,
were ascribed by Hess (2006) to Sacariacrinus altineri,
whereas thinner elements were designated S. cf. altineri.
The thinner variety is similar to Praetetracrinus inornatus,
although the Arzo radials are taller and the adoral incision
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«Fig. 12 Praetetracrinus inornatus, basal circlets and columnals. a—
m Praeteracrinus inornatus (Simms). a Basal circlet lateral;
MHNLM 2015.1.82, sample 082-3, middle Toarcian (Bifrons
Chronozone), Feuguerolles (Normandy). b Basal circlet, bl distal
(upper), b2 proximal (lower); MHNLM 2015.1.83, sample 082-2,
middle Toarcian (Bifrons Chronozone), Feuguerolles (Normandy).
¢ Basal circlet distal; MHNLM 2015.1.84, sample 490-3, middle
Toarcian (Bifrons Chronozone), Feuguerolles (Normandy). d Basal
circlet, d1 distal (upper), d2 proximal (lower); MHNLM 2015.1.85,
sample 325-5, middle Toarcian (Bifrons Chronozone), Feuguerolles
(Normandy). e Facet of proximal columnal; MHNLM 2015.1.86,
sample 457-2, late Toarcian (Variabilis Chronozone), Feuguerolles
(Normandy). f Topmost columnal, f1 upper facet with extension of
radial cavity, f2 lower facet to column; MHNLM 2015.1.87, sample
082-1, middle Toarcian (Bifrons Chronozone), Feuguerolles (Nor-
mandy). g Cylindrical columnal, g1 lateral with furrows, g2 facet with
three groups of crenulac; MHNLM 2015.1.88, sample 308-1, late
Toarcian (Variabilis Chronozone), Feuguerolles (Normandy). h Cylin-
drical columnal, hl lateral with furrows, h2 facet; MHNLM
2015.1.89, sample 325-6, middle Toarcian (Bifrons Chronozone),
Feuguerolles (Normandy). i Cylindrical columnal, il lateral with
epizoans, i2 facet; MHNLM 2015.1.90, sample 325-3, middle
Toarcian (Bifrons Chronozone), Feuguerolles (Normandy). j Barrel-
shaped columnal with weakly expressed facet, j1 lateral, j2 facet;
MHNLM 2015.1.91, sample 370-3, middle Toarcian (Bifrons
Chronozone), Feuguerolles (Normandy). k Barrel-shaped columnal,
k1 lateral, k2 facet with perilumen, areola and crenulated rim;
MHNLM 2015.1.92, sample 370-5, middle Toarcian (Bifrons
Chronozone), Feuguerolles (Normandy). 1 Cylindrical columnal, 11
lateral, 12 tetramerous facet; MHNLM 2015.1.93, sample 389-1, late
Toarcian (Thouarsense Chronozone), Feuguerolles (Normandy).
m cylindrical columnal, m1 lateral, m2 facet with weakly expressed
crenulaec; MHNLM 2015.1.94, sample 400, early Aalenian (Opalinum
Chronozone, last occurrence of species), Feuguerolles (Normandy)

with the muscle fossae extends more strongly downward
(see Hess 2006, pl. 3, fig. 1b).

Family Tetracrinidae Nicosia 1991.

Diagnosis see Hess in Hess and Messing 2011.
Tetracrinus Miinster, 1839.

Tetracrinus solidus n. sp., Fig. 11.

Material Only the holotype.

Holotype MHNLM 2015.1.81. Cup, Fig. 11.

Etymology L, solidus, for the firmly joined plates making
up the cup.

Type locality and horizon Feuguerolles, sample 358, early
Toarcian (Tenuicostatum Zone).

Diagnosis Cup conical, squarish, comprised of four radials
fused with basal circlet to single piece with smooth latus.
Radial articular facets nearly horizontal, occupying most of
the distal part of the cup, no interradial sutures; aboral
ligament fossa narrow with elliptical pit; interarticular
ligament fossae large, separated by faint ridge from muscle

fossae; and muscle fossae with distinct lip to radial cavity.
Width of radial cavity 20% of cup diameter. Facet to col-
umn shallow concave and smooth, width of axial canal
similar to that of radial cavity.

Description See diagnosis.

Remarks At first glance, the specimen seems to be com-
prised of only fused radials; but the lower, slightly concave
facet suggests attachment to a column. Thus, it must be the
lower (proximal) facet of a basal circlet. In the upper
Jurassic Tetracrinus moniliformis (Minster), the cup
articulates with the topmost columnal by symplexy with
grouped radial crenulae (see Hess in Hess and Messing
2011). In the early Oxfordian, T. galei Hess (2014a)
articulation is symplectial with reduced crenulae. The
species co-occurs at sample 358 with Sacariacrinus amadei
n. sp., whose radials are superficially similar. However, the
cup of S. amadei is comprised of five somewhat bulging
radials with a rather narrow base; radial articular facet of S.
amadei is inward-sloping and bears small deep muscle
fossae surrounded by a distinct rim. Tetracrinus solidus n.
sp. is distinguished from the Upper Jurassic T. moniliformis
by the higher, smooth cup, and narrow radial cavity; cor-
respondingly, facets are wider. The Oxfordian 7. galei
differs from the present one by a wider radial cavity. The
holotype of T. galei is a smooth conical cup with basal
element and radial circlet separated by a distinct constric-
tion; interradial sutures are indistinct, and thus, it approa-
ches the new lower Jurassic species. Tetracrinus kocyigiti
Nicosia (1991) from the upper Sinemurian/lower Pliens-
bachian of Turkey has 4-5 distinct basals carrying an
inclined circlet of five radials.

Praetetracrinus Jager 1995.

Remarks Jager (1995) proposed the genus Praetetracrinus
for Lower Jurassic cyrtocrinoids with tetramerous sym-
metry, fused basal circlet, high triangular and thin-walled
radials and primibrachials connected by synostosis. Inclu-
ded species are P. doreckae Jiger 1995 (type species, lower
Aalenian), P. inornatus (Simms 1989, Domerian—-Toar-
cian), and P. kutscheri Jiger (1995, upper Toarcian—lower
Aalenian). On a visit to the type locality of inornatus
(Watton Cliff, Dorset), Jager (1995, p. 10) noted the
occurrence of two separate species, one being inornatus
and the other, smaller species unnamed. According to
Jager, P. doreckae is closely related to P. inornatus, the
two forms being parts of a phylogenetic series charac-
terised by an increase in size.

Diagnosis See Hess in Hess and Messing 2011.
Type species Praetetracrinus doreckae Jager, 1995.

Praetetracrinus inornatus (Simms, 1989), Figs. 12 and 13.
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«Fig. 13 Praetetracrinus inornatus, radials and primibrachials. a—
j Praetetracrinus inornatus (Simms). a radial without interradial
processes, al adoral, a2 aboral; MHNLM 2015.1.95, sample 540-1,
early Toarcian (Tenuicostatum Chronozone, first occurrence of
species), Feuguerolles (Normandy). b Radial with interradial pro-
cesses, b1 adoral, b2 aboral; MHNLM 2015.1.96, sample 375-7, early
Toarcian (Tenuicostatum/Serpentinum Chronozones), Feuguerolles
(Normandy). ¢ Adoral view of radial with interradial process on one
side; MHNLM 2015.1.97, sample 293-2, late Toarcian (Variabilis
Chronozone), Feuguerolles (Normandy). d Radial with weak inter-
radial processes, d1 adoral, d2 aboral, d3 distal (facet)) MHNLM
2015.1.98, sample 082-9 middle Toarcian (Bifrons Chronozone),
Feuguerolles (Normandy). e Wide radial, aboral view with scratch
marks; MHNLM 2015.1.99, sample 293-1, late Toarcian (Variabilis
Chronozone), Feuguerolles (Normandy). f Thick radial, f1 adoral,
note constriction, f2 distal, f3 aboral, f4 proximal, f5 proximal view of
radial circlet reconstituted from f4; MHNLM 2015.1.100, sample
370-b, middle Toarcian (Bifrons Chronozone), Feuguerolles (Nor-
mandy). g First primibrachial, gl adoral (interior), g2 aboral, g3
proximal facet, g4 distal facet; MHNLM 2015.1.101, sample 082-5,
middle Toarcian (Bifrons Chronozone), Feuguerolles (Normandy).
h Aboral view of high second primibrachial; MHNLM 2015.1.102,
sample 211-4, early Toarcian (Serpentinum Chronozone), Feuguer-
olles (Normandy). i Second primibrachial, il aboral/proximal, i2
adoral; MHNLM 2015.1.103, sample 082-7, middle Toarcian
(Bifrons Chronozone), Feuguerolles (Normandy). j low second
primibrachial, j1 aboral, j2 adoral; MHNLM 2015.1.104, sample
418-4, early Toarcian (Serpentinum Chronozone), Feuguerolles
(Normandy)

Plicatocrinus inornatus Simms, 1989, p. 86.
Praetetracrinus inornatus (Simms), Jager 1995, p. 21.

Sacariacrinus cf. altineri Nicosia, Hess 2000, pl. 5, figs. 1,
2,12

Material MHNLM 2015.1.82-2015.1.104. Numerous
columnals, basal circlets, radials, and first and second
primibrachials. The remains are common from the lower
Toarcian Serpentinum Zone to the late Toarcian Variabilis
Chronozone. A single radial is from the Tenuicostatum
Chronozone (Fig. 13a), and a columnal is from the Aale-
nian (Fig. 12m).

Diagnosis Basal circlet fairly low, slightly concave, prox-
imal facet with four groups of a few marginal crenulae,
distal facet with four ridges separating slightly concave
synostosial facets for articulation with the radials. Radial
cavity wide; radials high, thin-walled, with interradial
extensions; radial articular facet narrow, muscle fossae
hardly extending downward. Columnals high to low,
cylindrical or barrel-shaped; facets with crenulae in four
groups or scattered, crenulae weakly developed in barrel-
shaped columnals. (The diagnosis is adapted from Simms’
original description and includes the present material.)

Description The basal circlet is smooth and circular in
outline, but may be rounded tetragonal in small specimens
(Fig. 12c¢). The lower (proximal) facet is concave and has

four groups of crenulae that do not reach the narrow axial
canal. The upper (distal) facet has a central depression of
somewhat variable width and four outward-sloping facets
to radials; paired nerve canals are around the central
depression (Fig. 12b, ¢). Thin topmost columnals have four
groups of 2-3 crenulae (Fig. 12e, f); in one ossicle, the
other facet is concave, suggesting connection to the basal
circlet (Fig. 12f). Columnals are mostly smooth and
cylindrical; facets are symplectial with short crenulae in
four groups (Fig. 12g, h); and in some specimens, crenulae
are reduced or scattered (Fig. 12i, m). Barrel-shaped
columnals are less common, and their facets variable; some
have weakly crenulated rims with areola and raised per-
ilumen (Fig. 12k); and others have flat facets with a few
scattered granules and a weak perilumen (Fig. 12j). How-
ever, facets such as those in Fig. 12j, k seem to match.
Many cylindrical columnals have furrows or bite marks,
discussed below. Radials are thin, aborally smooth and
trapezoidal in profile; most have short interradial exten-
sions. Facet to the basal circlet is straight in profile
(Fig. 13a—f). Interradial facets are mostly narrow (Fig. 13a,
b), but they may widen in part (Fig. 13c) or all of their
height (Fig. 13d, f). The adoral side is concave and may
have irregular sculpturing (Fig. 13d). Radial articular facet
is a narrow ellipse. Aboral ligament is narrow and visible
from the outside; muscle fossae are rimmed and separated
by a narrow notch. They extend adorally pouch-like into
the radial cavity but less so than in Sacariacrinus amadei n.
sp. First primibrachials are rounded rectangular in outline
and moderately high, and their surface is smooth. The food
groove is narrow; it separates rimmed muscle fossae that
slope inward to nearly half of ossicle height (Fig. 13g, 1).
Distal facet is synostosial, with some marginal crenulae
(Figs. 4, 13g). Axillary second primibrachials vary in
height (Fig. 13i, h). Their proximal facets are synostosial;
the distal muscular facets are separated by a process.

Remarks Nicosia (1991) compared Sacriacrinus altineri
with Plicatocrinus inornatus Simms, which he ascribed to
Sacariacrinus. As described by Simms, P. inornatus has
thin-walled radials with interradial extensions. In our
material, P. inornatus is represented in the Tenuicostatum
Zone, the type horizon of Sacariacrinus amadei n. sp., by a
single, thin radial (Fig. 13a) with straight lower suture and
without interradial extensions; Sacariacrinus radials have
more or less angled sutures for articulation to the basal
circlet (Fig. 9e; see also Nicosia 1991, Fig. 13b). P. inor-
natus is remarkably similar to P. bathonicus Hess (2012).
However, in the middle Jurassic species, the basal circlet is
higher; radials are slightly keeled aborally and have a
narrower base. At Feuguerolles, secundibrachials could not
be assigned to this species with confidence. Such ossicles
were described by Simms (1989, pl. 15, figs. 17, 20), and
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Jager (1995, pl. 5) described secundibrachials of Praete-
tracrinus doreckae. In both cases, articulations are mus-
cular, and the ossicles carry pinnule sockets.

Jager reported deep furrows (“Rillen”) on columnals of
Praetetracrinus doreckae (1995, pl. 1, figs. 17-20) and P.
kutscheri or inornatus (pl. 6, fig. 8). In the present material,
shallow scratch marks on columnals are rather common
(Fig. 12g, h, k, m). On a Praetetracrinus radial (Fig. 13e)
are scratch marks; similar traces also occur on columnals of
Amaltheocrinus. The absence of skeletal growth around
furrows or scratches suggests that the traces were made on
dead ossicles lying on the sea floor.
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