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Abstract Rich material of a tiny pelagic roveacrinid from

the lower member of the Carnian Xiaowa Formation,

Guanling area (Guizhou Province, Southwest China), is

described. The remains are assigned to a distinct species,

Osteocrinus sinensis n. sp. The species is characterised by

an aboral element of variable length, a radial circlet

forming a small cup and unusually long arms with hollow

brachials grouped in pairs. This morphology is unique

among crinoids. The remains settled partly articulated on

the seafloor. Coprolites comprised of roveacrinid remains

and apparently produced by ammonites are common, cor-

roborating a pelagic lifestyle of the roveacrinids. An

overview of previously described species of Osteocrinus is

given; the present material contributes recognising vari-

ability and growth stages of the partly insufficiently known

forms.
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Introduction

Roveacrinida are small, stalkless and mostly pelagic cri-

noids that first appeared during the Middle Triassic of the

Tethys realm. They are grouped in four families: the

exclusively Triassic Axicrinidae (containing only the genus

Axicrinus) and Somphocrinidae, the Jurassic Saccocomidae

and the Cretaceous Roveacrinidae (Hess 2010; Hess in

Hess and Messing 2011; Hess 2015a). Descended from

presumably sessile ancestors (Axicrinus), the pelagic

Somphocrinidae radiated extensively during the early

Carnian. It may not be a coincidence that the first members

of the calcareous nannoplankton, minute phytoplanktonic

organisms representing the lowest member of the food

chain, appeared around this time (Bown et al. 2004). The

second major roveacrinid radiation took place during the

Late Jurassic with the Saccocomidae, starting with the

presumably benthic Crassicoma during the Kimmeridgian

and reaching its acme during the early Tithonian with the

large, spectacular Saccocoma tenella (Hess 2002, 2015b;

Hess and Etter 2011). S. tenella occurs in the Solnhofen

Limestone, partly comprised of coccolithophores on which

the crinoids probably fed. The third major radiation

included the Roveacrinidae and lasted from the middle

(Albian) into the late (Cenomanian) Cretaceous (Hess

2015a). During this time, sediments were commonly

deposited as chalk, consisting largely of the remains of

coccolithophores. Each of the three major radiations pro-

duced distinctive forms (see Hess 2015a, Fig. 20). The

Somphocrinidae have a spine-like aboral element attached

to a simple radial circlet (cup); the brachials may have

spines and tend to be elongate. The cups of the Saccoco-

midae are simple bowls, with or without processes; the

brachials commonly have lateral flanges or wings. The

Roveacrinidae include forms with widely different, at times
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bizarre looking cups with lateral processes and wings; the

brachials may have flanges or spines and are elongate in

one species. A distinctive character of the Roveacrinida is a

strongly sloping cryptosynarthry between the two primi-

brachials that also occurs between lower secundibrachials.

Most forms have a delicate skeleton with processes and

wings to facilitate floating. Members of the Triassic genus

Osteocrinus (type Osteocrinus rectus, Somphocrinidae)

and the Cretaceous Roveacrinus pyramidalis (Roveacrini-

dae) differ from all other Roveacrinida by rod-shaped

brachials devoid of food grooves (Kristan-Tollmann 1970;

Hess 2015a).

Recently, remains of partly articulated somphocrinids

were discovered in Late Triassic (Carnian) black shales, the

‘‘Guanling Biota’’ of Guanling County (Guizhou Province,

Southwest China). This Lagerstätte has furnished spectacu-

lar, intact colonies of the pseudopelagic Traumatocrinus and

many articulated vertebrate remains (Wang et al. 2008;

Figs. 1, 2). The roveacrinids were described by Wang et al.

(2007) who assigned them to Osteocrinus cf. virgatus Kris-

tan-Tollmann and O. spinosus Kristan-Tollmann. Wang

et al. (2008) assigned them toOsteocrinus sp. Except for the

much larger Upper Jurassic Saccocoma tenella from south-

ern Germany and the Middle Cretaceous Poecilocrinus

(Hess 2015a), the Chinese somphocrinid is the only form

known from at least partly articulated specimens. Their

detailed examination and comparison with other Triassic

somphocrinids are presented with the intention of improving

our knowledge of these earliest pelagic crinoids (Hagdorn

2011). The first Roveacrinida are known from mass

occurrences of Osteocrinus during the late Ladinian, and

their ancestry is unknown. Several Osteocrinus species

appear during the early Carnian in the Cassian Formation.

They occur together with Axicrinus, a form with distinct

basals and a sloping cryptosynarthry between the primi-

brachials and the first and second secundibrachials. Such

morphology is considered basic to Roveacrinida (Hess in

Hess and Messing 2011). In contrast, isolated echinoderm

remains from the EarlyTriassic Vardebukta Formation of

Svalbard assigned to Somphocrinus and Osteocrinus by

Salamon et al. (2015) are definitely not roveacrinids.

Osteocrinus in the Late Triassic world

The genus Osteocrinus was established by Kristan-Toll-

mann in 1970 while studying mass occurrences of plank-

tonic microcrinoids in late Ladinian/early Carnian beds,

widely distributed in the Tethys. She called these occur-

rences ‘‘Osteocrinus Facies’’ and compared them to the

Late Jurassic ‘‘Saccocoma Facies’’, also called ‘‘Lombardia

Facies’’ (see Hess 2002). Earlier, Peck (1948) had estab-

lished the genus Somphocrinus from the Carnian of Mex-

ico; the corresponding species, S. mexicanus, is the only

one in this genus and has also been described from various

other localities. Osteocrinus, Somphocrinus and the less

well-known Ossicrinus Kristan-Tollmann (1970) constitute

the family Somphocrinidae Peck in Rasmussen (1978). A

revised diagnosis is given by Hess in Hess and Messing

(2011).

Fig. 1 Geography of the Guanling area with positions of main sites; the described material comes from Xiaowa Village and Wolonggong (after

Wang et al. 2008)
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The type species of Osteocrinus, O. rectus (Frizzell &

Exline 1955), was originally described as holothurian scle-

rites. In her original paper, Kristan Tollmann (1970)

established seven species or subspecies: O. rectus rectus,

O. rectus goestlingensis, O. acus, O. rimosus, O. spinosus,

andO. virgatus from Alpine Europe. In later papers Kristan-

Fig. 2 Stratigraphy and

conodont zonation of the

Middle and Upper Triassic in

southwest Guizhou. The beds

with Osteocrinus are in the

upper unit of the Lower Xiaowa

Formation containing the

Lagerstätte (after Wang et al.

2008)
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Tollmann (in Kristan-Tollmann and Krystyn 1975; Kristan-

Tollmann 1991) described two additional species, O. sakli-

belensis from the early Carnian of Turkey and O. aghdar-

bandensis from the latest Ladinian of Iran; these strata also

furnished O. saklibelensis and remains of Traumatocrinus

caudex (Dittmar). Whether the Chinese Traumatocrinus

belongs to the same species has yet to be ascertained (see

Hagdorn and Wang 2015). Reconstructions of Kristan-

Tollmann’s species are shown in Fig. 3 (Kristan-Tollmann

1977, 1991; Kristan-Tollmann in Kristan-Tollmann and

Krystyn 1975). It may well be that O. aghdarbandensis is a

juvenile of O. saklibelensis. Additional species of the genus

were proposed by Mostler (1972) on the basis of aboral

elements only, illustrated by drawings. These are: O. acan-

thicus, O. hessi, O. longispinosus, O. planus, O. squamosus,

andO. sulcatus. Simms (1990) questioned the status ofmany

somphocrinid species, because somewere based on corroded

material or were insufficiently described. The status of these

species is discussed in the next section, in the context found

in the Chinese material.

Remains of Osteocrinus were considered to be useful

index fossils across the Tethys Ocean (Kristan-Tollmann

1970; Donofrio and Mostler 1975; Bizzarini et al. 1989;

Laghi and Rechichi 1999); however, their usefulness is

hampered by the difficulties of distinguishing individual

species. Theymay formhigh concentration constituting up to

two-thirds of sediment by volume in the Carnian Hallstatt

limestone (Mostler 1972, p. 714). Kozur and Mostler (1971)

found suchmass occurrences in the basal Longobardian (late

Ladinian) of the Balaton area of Hungary. Oravecz-Scheffer

(1979) described remains from three lower Carnian (Julian)

sites of the central Transdanubian Mountains of western

Hungary; she identified the following species: Osteocrinus

rectus, O. rimosus, O. spinosus, and O. virgatus. Bizzarini

et al. (1989) described and figured well-preserved aboral

elements of Osteocrinus rectus, O. hessi, O. virgatus and O.

spinosus from the Cassian Formation (Longobardian to

Julian) of the Dolomites; a radial circlet with attached aboral

element of O. virgatus was also figured. Laghi and Rechichi

(1999) sampled the Stuores Wiesen/Prati di Stuores section

(now GSSP of the Ladinian–Carnian boundary; Gaetani

2009) bed by bed and recorded five species of Osteocrinus

out of 11 species of microcrinoids. Osteocrinus rectus, O.

goestlingensis, and O. saklibelensis, are long-ranging spe-

cies that occur in the Osteocrinus facies from the late Ladi-

nian regoledanus Subzone to the early Carnian aon Subzone,

withO. rectus being themost abundant species in each of the

samples. An Osteocrinus species appears only immediately

below the Ladinian/Carnian boundary. Osteocrinus acus

disappeared before the end of the earliest Carnian Daxatina

cf. canadensis Subzone.

The Chinese material was described by Wang et al.

(2007; Hagdorn is mentioned as co-author, but did not

contribute to this publication) who assigned them to Os-

teocrinus cf. virgatus Kristan-Tollmann (with short aboral

element) and O. spinosus Kristan-Tollmann (with long

aboral element). However, the morphology of the Chinese

Osteocrinus specimens differs in many aspects from other

forms not considered by the authors at that time. Further-

more, in the English abstract Wang et al. (2007) ‘‘con-

cluded with confidence that Osteocrinus and Saccocoma

have similar lifestyle because they are similar in mor-

phology’’. In fact, the Chinese specimens (herein assigned

to Osteocrinus sinensis n. sp.) have a most peculiar and

unexpected morphology, especially their hollow brachials,

that is quite different from Saccocoma and invites a dis-

cussion of its lifestyle and the environmental conditions

that we offer below. No other species of Roveacrinida with

hollow brachials has ever been found, be it a somphocrinid

from the Triassic, a saccocomid from the Jurassic, or a

roveacrinid from the Cretaceous.

Overview of Osteocrinus species

Simms (1990) published a list of somphocrinid species

established previously, and was the first to doubt the status

of many of these. For example, he considered some of the

taxa discussed by Donofrio and Mostler (1975) to represent

ontogenetic stages, a conclusion we question. In particular,

Simms considered short aboral elements to be earlier

ontogenetic stages of adults with longer elements.

Species proposed by Kristan-Tollmann (see Fig. 3)

(Modified after Kristan-Tollmann 1970, 1991;

and Kristan-Tollmann in Kristan-Tollmann

and Krystyn 1975)

Osteocrinus rectus (Frizzell and Exline 1955), the type

species of the genus, is also the best known to date. The

two subspecies, O. rectus rectus (Fig. 3a) and O. rectus

goestlingensis Kristan-Tollmann (1970) (Fig. 3b) occur at

the same localities and are distinguished mainly by dif-

ferences in length of the aboral element; for details see

Kristan-Tollmann (1970) and Kristan-Tollmann in Kristan-

Tollmann and Krystyn (1975). The difference between the

subspecies is considered here within the morphological

range of the species. The two aboral elements figured by

Bizzarini et al. (pl. 3, fig. 3, 7) and described as Os-

teocrinus rectus fall in the range of Kristan-Tollmann’s

specimens. Unique to O. rectus are terminal brachials

resembling palm trees and called ‘‘Palmalia’’ by Kristan-
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Tollmann and Tollmann (1983, pl. 10, figs. 1–3), see also

Hess in Hess and Messing (2011, fig. 109, 3f). O. rectus is

found near the Ladinian/Carnian boundary and has been

recorded from the regoledanus Subzone through the aon

Subzone. It is a widely distributed Tethyan species.

Osteocrinus acus Kristan-Tollmann (1970) (Fig. 3c).

The species is characterised by a needle-shaped aboral

element. Toward the upper end, the stereom is coarsely

meshed at first and then becomes finer near the facet to the

radial circlet. The radials are sculptured similar to the

Fig. 3 Reconstruction of species proposed by Kristan-Tollmann

(1970: a–d, f–g; 1991: h) and Kristan-Tollmann in Kristan-Tollmann

and Krystyn (1975: e). Figured is the radial circlet (cup) with attached
aboral element (‘‘centrodorsal’’). a Osteocrinus rectus rectus (Frizzell

& Exline); b O. rectus goestlingensis K-T; c O. acus K-T; d O.

spinosus K-T; e O. saklibelensis K-T; f O. rimosus K-T; g O.

virgatus K-T; h O. aghdarbandensis K-T. After Kristan-Tollmann

(1977). Note In this paper the author figured O. saklibelensis as

smaller species (1977, figs. 1, 6). However, in the original paper

(Kristan-Tollmann in Kristan-Tollmann and Krystyn 1975, fig. 30)

the author’s reconstruction is much larger, with a cup diameter of

1.8 mm and an aboral element length of 10 mm or more. We have

chosen the larger specimen
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coarse part of the aboral element. The aboral ligament

fossa is restricted to the upper third of the surface and has a

distinct pit; the muscle fossae are triangular and extend

downward onto the adoral side. In the Cassian Formation

O. acus appears immediately below the Ladinian/Carnian

boundary and its last appearance is in the upper Daxatina

cf. canadensis Subzone (Laghi and Rechichi 1999).

Osteocrinus rimosus Kristan-Tollmann (1970) (Fig. 3f).

The species has a compact and short aboral element that

commonly is a short, bent spine. The radial circlet is

wider than high, compact, with a semi-circular aboral

ligament fossa and a small pit. Both ossicle types have a

pitted surface.

Osteocrinus spinosus Kristan-Tollmann (1970)

(Fig. 3d). The two primibrachials on this species are con-

nected by a strongly sloping cryptosynarthry; the first

primibrachial has a widened base that is offset from the

slender shaft (Kristan-Tollmann 1970, fig. 11). Most of the

aboral element is covered by distinct anastomosing ribs;

the uppermost part is finely granulated (Kristan-Tollmann

1970, fig. 10). On their inner side, the radials resemble

those of O. acus but are less ornamented. Part of an aboral

element figured by Bizzarini et al. (1989, pl. 3, fig. 5)

agrees well with Kristan-Tollmann’s figures.

Osteocrinus virgatus Kristan-Tollmann (1970)

(Fig. 3g). This species is characterised by a compact,

funnel-shaped aboral element. The radials are compact and

bulging, the aboral ligament fossa is large. The aboral

element and the radials are ornamented by fine longitudinal

ribs. Bizzarini et al. (1989, pl. 2, figs. 1–2) figured an

aboral element with the same characters and an element

attached to the radial circlet from the austriacum Subzone

of the Cassian Formation of the Dolomites (Fig. 5a–b).

Osteocrinus saklibelensis Kristan-Tollmann in Kristan-

Tollmann and Krystyn (1975) (Fig. 3e). The aboral ele-

ment is very long, gradually diminishing in diameter. The

radials are high and narrow in the lower part; the aboral

ligament fossa is nearly triangular. The brachials are long

and thin, with adoral spines near the muscular facets, the

adoral groove is reduced to small pits.

Osteocrinus aghdarbandensis Kristan-Tollmann (1991)

(Fig. 3h). The aboral element is very small, compact and

short. The radials are nearly rectangular in outline; the

aboral ligament fossa is large and occupies most of the

aboral surface. The first primibrachial has a broadened

base. The very small specimens may represent juveniles of

O. saklibelensis.

Species proposed by Mostler (1972) (see Figs. 4, 5)

Figure 4 is copied from Mostler (1972), Fig. 5 from Biz-

zarini et al. (1989). Mostler’s specimens were isolated from

acid-dissolved limestone and may be corroded. The well-

preserved specimens of Bizzarini et al. (1989) were pro-

cessed from marly sediments.

Osteocrinus squamosus Mostler (1972) (Fig. 4a). The

aboral element is rather short, with cone-shaped upper part

ornamented with scales; the lower part has a triangular end

with short spines. Note: mistyped as O. squanosus in the

original figure caption.

Osteocrinus longispinosusMostler (1972) (Fig. 4b). The

aboral element is very long, with a short, funnel-shaped

and strongly ornamented upper part; the lower part shows

three furrows widening to a blunt end.

Osteocrinus hessi Mostler (1972) (Fig. 4c). The nearly

hemispherical, upper part of the aboral element is strongly

demarcated from the distal part, ornamented slightly in

weak spines. Bizzarini et al. (1989) figured three aboral

elements from the Julian part of the Cassian Formation

(aonoides and austriacum Subzones) agreeing well with

this diagnosis (Fig. 5c–e).

Osteocrinus acanthicus Mostler (1972) (Fig. 4d). The

aboral element is long and slender, the upper part is high

ovate, and the lower part has a triangular end with short

spines. Radials are unknown.

Osteocrinus sulcatus Mostler (1972) (Fig. 4e). The

aboral element is long, with wide funnel-shaped and

ornamented upper part; the lower part has three furrows

and a weakly serrated tip. The radial is triangular and

coarsely ornamented in aboral (exterior) view, and the

upper ends are prolonged to wings.

Osteocrinus planus Mostler (1972) (Fig. 4f). The aboral

element has a wide, disk-shaped upper part, strongly

demarcated from a short lower part with long spines and

oval pores.

Discussion

The previously described species may be grouped according

to overall shape of the aboral element as follows. (1) Com-

pact forms with a short aboral element (O. rimosus, O. vir-

gatus). (2) Forms with a long aboral element, upper part

broad and demarcated from spine-like lower part (O. hessi,

O. planus). (3) Forms with a long aboral element gradually

diminishing in diameter distally (O. rectus, O. acus, O.

acanthicus,O. sulcatus).Ornamentationmay help to confirm

the diagnosis. O. virgatus has fine anastomosing ribs on the

radials and the aboral element. O. rimosus has a pitted sur-

face on the radials and the aboral element. The presence of

furrows on long aboral elements (O. longispinosus, O.

acanthicus,O. squamosus) appears less distinctive as seen in

the Chinese material. To what extent the species established

by Mostler (1972) are distinct must remain open until better

material becomes available, preferably from marly sedi-

ments to exclude artefacts related to acid preparation. Taking
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growth changes into account the following species may

represent ontogenetic stages. O. goestlingensis is a juvenile

of O. rectus; this is corroborated by the co-occurrence in the

Cassian Formation (Laghi and Rechichi 1999). O. aghdar-

bandensis probably is a juvenile of O. saklibelensis. The

overview discusses that a number of species are well enough

defined to be useful for future studies. They include most of

Kristan-Tollmann’s species and one or two of Mostler’s

species with a widened upper part of the aboral element (O.

hessi, O. planus).

Geological setting, materials and methods,
terminology used

The tiny fossils were detected due to their whitish-pale

colour on weathered slabs of black bituminous shales

on the waste tips of quarries run for excavation of

marine reptiles and Traumatocrinus colonies in the

Xiaowa Formation of Guanling County. Major localities

are in the vicinity of the hill of Wolonggong (Fig. 1),

where the Guanling National Geopark and Museum has

been built. Most of the figured and described specimens

come from Xiaowa Village (Figs. 6, 7, 8, 9, 10, 11, 12,

13, 14, 15a–c, e–k; MHI inventory number 1879;

coordinates 25� 53́16.5 N; 105� 25́58.1 E), and a few

additional specimens are from Wolonggong (Figs. 15d,

l, 17, 18; MHI inventory number 2137; 25�53020.04 N;

105� 25029.9 E). The precise position of the specimens

in the section could not be located, but their origin from

the black shales of the Lower Xiaowa Formation is

certain (Wang et al. 2008, p. 42; fig. 2). As indicated by

abundant ammonoids in the black shales and in lime-

stone nodules of its Lower Member, the Xiaowa For-

mation belongs to the Trachyceras multituberculatum

Zone of early Carnian age (Wang et al. 2008). This is

confirmed by bed-by-bed ammonoid sampling con-

ducted by Zou et al. (2015). According to these authors,

the top of the underlying Zhuganpo Member is of ear-

liest Carnian age (Trachyceras beds), and at the base of

the Wayao Member (=Xiaowa Formation) is the first

appearance of Trachyceras multituberculatum, the index

species of the multituberculatum Zone. This regional

Guizhou ammonoid biozone is regarded to be

Fig. 4 New Osteocrinus species proposed by Mostler (1972), with

stratotype and type locality; for the range of the different species see

Donofrio and Mostler (1975). a O. squamosus Mostler, Hallstätter

Kalk (Carnian, Julian), Sommeraukogel, Salzkammergut; a1 aboral

element lateral, a2 upper (adoral) view of aboral element. b O.

longispinosus M., aboral element; Hallstätter Kalk (Carnian, Tuva-

lian), Sommeraukogel, Salzkammergut. c O. hessi M., aboral

element; Hallstätterkalk (Julian), Teltschen Alpe, Salzkammergut.

d O. acanthicus M., aboral element; Hallstätterkalk (Carnian,

Tuvalian), Millibrunnkogel, Salzkammergut. e O. sulcatus M.,

Hallstätter Kalk (Carnian, Julian), Sommeraukogel, Salzkammergut,

e1 aboral element lateral, e2 aboral (exterior) view of radial. f O.

planus M., aboral element; Hallstätter Kalk (Carnian, Julian),

Sommeraukogel, Salzkammergut. The figured aboral elements are

holotypes; the author indicates that the species will be treated in more

detail in a later paper which never appeared. A scale is lacking and

repositories are not mentioned
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isochronous with the aon Zone of the western Tethys

(Zou et al. 2015).

One largely articulated and several semi-articulated

specimens include the aboral element, radial circlet (cup)

and part of the arms, but most specimens occur as single

elements or brachial pairs. The delicate ossicles are diffi-

cult to extract from the bituminous black shale and difficult

to clean from sediment particles, making the study of

isolated elements by SEM photography unrewarding. This

is also true of the ligamentary facets which lack any dis-

tinctive character. The best preserved specimens are from

weathered slabs and stand out against the surface due to

their pale colour, making them suitable for light micro-

scopy. On some of the slabs the ossicles occur in more than

one bedding plane, but only those on weathered surfaces

are well enough produced.

Fig. 5 Remains of Osteocrinus species copied from Bizzarini et al.

(1989), Lower Carnian Cassian Formation (Julian) of the Dolomite

area (exact location not given). a, b Osteocrinus virgatus Kristan-

Tollmann; a aboral element, b radial circlet with attached aboral

element. c–e Osteocrinus hessi Mostler; c adoral (upper) view of

aboral element. d Oblique lateral view of partly broken aboral

element. e Lateral view of partly broken aboral element

cFig. 6 Osteocrinus sinensis n. sp., Lower Xiaowa Formation, marl-

stone bed, Xiaowa Village. Holotype, MHI 1879/1/2. ae = aboral

element; R = radial circlet; IBr1 = first primibrachial; IBr2 = sec-

ond, axillary primibrachial; IIBr1 first secundibrachial. Note short

adoral spine on first primibrachial (inset, arrow). Scales 1 mm
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The photographs of specimens on the slabs were made at

the Naturhistorisches Museum Basel using a Keyence

VHX 2000 (20-200) digital microscope. The SEM micro-

graphs of isolated crinoid ossicles were made at the Zen-

trum für Mikroskopie of the University of Basel, using a

Philips XL30 ESEM and gold-coated samples (‘‘Basel’’),

and at the Institute of Palaeontology of the University of

Bonn (‘‘Bonn’’).

Terminology of the Treatise (Hess and Messing 2011)

and of other publications has been modified in the present

paper as follows. The cup is comprised of radials only so

that we prefer radial circlet. ‘‘Theca’’ (German Theka) was

used by Kristan-Tollmann (1970, 1977) for the combina-

tion of radial circlet plus aboral element. For the aboral

element (aboral projection of the Treatise) the terms

‘‘centrodorsal’’ (pl. centrodorsalia) were used by Peck

Fig. 7 Osteocrinus sinensis n. sp., Lower Xiaowa Formation, marl-

stone bed (a, c), shale (b, d–f) Xiaowa Village. a Disarticulated radial

circlet with aboral element and first primibrachials, MHI 1879/2/1.

b Lateral view of aboral element and radial circlet with single first

primibrachial, MHI 1879/6/3. c Adoral view of radial circlet,

paratype, MHI 1879/1/8. d Aboral element with three radials, MHI

1879/12/1. e Interior view of radial, MHI 1879/7/1. f Aboral view of

radial circlet, MHI 1879/11/3. Scales 1 mm
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(1948), Kristan-Tollmann (1970, 1977), Kristan-Tollmann

in Kristan-Tollmann and Krystyn (1975), Mostler (1972);

and ‘‘centrale’’ or ‘‘central’’ (pl. centralia) for the same

element by Kristan-Tollmann (1988, 1991), Kristan-Toll-

mann and Tollmann (1983) and Kristan-Tollmann and

Strele (1994). Kristan-Tollmann (1987) also used the term

‘‘dorsal spine’’. The term ‘‘centrodorsal’’ should be avoided

to prevent confusion with the cirri-bearing element of

comatulids. Dorsal spine (spina dorsale) was used by

Bizzarini et al. (1989).

Repository of specimens: MHI = Muschelkalkmuseum

Ingelfingen (Germany).

Taphonomy

The skeleton of Osteocrinus includes three major types; (1)

the radial circlet (cup) comprised of five radials, (2) the

aboral element (also called centrodorsal or centrale in the

literature, see above) projecting from the radial circlet, and

(3) the arms comprised of a seemingly large number of

elongate brachials. Of these ossicle types all growth stages

are present. More or less intact specimens with aboral

element, radial circlet and proximal brachials articulated or

closely associated are mostly preserved in lateral posture

(Figs. 6, 7a). Mouth up position with brachials arranged

radially is less common (Fig. 8e), but isolated radial cir-

clets tend to be preserved in this way (Figs. 7c, 8f).

Specimens with the apex of the short aboral element

exposed and arms spread radially are exceptional (Fig. 8a);

such preservation has been described as starburst up and

mouth up by Baumiller et al. (2008). Also rare are speci-

mens with the aboral element in lateral view and the radial

circlet in oral view (Fig. 8c, d). The material contains a

number of aboral elements of widely different size and

length. Most of them are in lateral view; shorter ones may

be preserved with their adoral (upper) side exposed. Radial

circlets display their adoral (Figs. 7c, 8c–f) or aboral side

(Fig. 7f); they are exceptionally preserved in lateral posi-

tion. Isolated radials are preserved in an aboral (Fig. 15g)

or adoral position (Fig. 7e). The bulk of the ossicles on the

slabs are elongate, rod-shaped brachials. They are elliptical

in cross section and are mostly preserved laterally. Artic-

ular facets are only exceptionally exposed. Rather dense

aggregations are common, but preferred orientation is

exceptional (Fig. 10; see also Wang et al. 2008, fig. 12A).

In some cases, major parts of the arms are preserved as

ring-like structure (Fig. 11a) or partly open rings. Angles

are always between muscular facets, and articulations are

opened adorally, characterised by adoral spines. Such

preservation is caused by the decay of the adoral muscles

leading to ligamentary recoil of the aboral ligament. Many

brachials are preserved as straight pairs, still connected at

the ligamentary facets (Figs. 10, 12b). This also indicates

that the ligamentary articulations were less prone to decay.

During lifetime, the arms were movable only at the mus-

cular facets; thus, half of the articulations were immovable.

Both lateral and radial positions of the crown also occur

among the huge Traumatocrinus colonies that are pre-

served together with Osteocrinus remains (Hagdorn and

Wang 2015).

Because the stratigraphic position of the slabs in the

quarry section is unknown, it cannot be determined whe-

ther the fossils occur on the upper or on the lower side of

the slabs. In any case, the irregular distribution and rarity of

preferred orientation, the presence of all growth stages, and

the variable positions of the aboral elements and radial

circlets suggest low deposition rates onto an anoxic bottom.

Occasionally, fine-meshed sclerites attributable to a holo-

thurian are preserved (Fig. 8c). The presence of coprolites

comprised of Osteocrinus ossicles (Figs. 11a, b, 12a)

indicates that the crinoids were preyed on in the upper

water column, presumably by ammonites of which several

species are present. Coprolites are also a common feature

of the Tithonian Solnhofen Limestone (Hess 1999, 2015b;

Keupp and Schweigert 2015). In comparison with the tiny

O. sinensis n. sp., Saccocoma tenella is a giant. In addition,

the Jurassic species is mostly preserved intact and mouth

up, with the aboral side of the cup standing out from the

underside of the slabs. Arms are commonly curled (Hess

and Etter 2011). For this species, mass mortality is

assumed in most cases. For O. sinensis n. sp. such a sce-

nario is less likely, although a benthic habitat may be

excluded in both cases.

Systematic palaeontology

Order Roveacrinida Sieverts-Doreck, 1953

Family Somphocrinidae Peck in Rasmussen (1978)

Genus Osteocrinus Kristan-Tollmann, 1970

Osteocrinus sinensis n. sp.

Material

The material is found in two types of lithology: slabs of

shaly limestone overlain by one or possibly more thin

layers of mudstone (Fig. 13) and in a larger number of

fragile mudstones; it is from the latter that some elements

were isolated for SEM photographs.

Holotype

Figure 6, MHI 1879/1/2. Xiaowa Village.

Paratypes Fig. 7c, MHI 1879/1/8; Fig. 8c, MHI 1879/1/3;

Fig. 9g, MHI 1879/2/2; Fig. 11a, MHI 1879/1/1; Fig. 14c,

MHI 1879/11/1. Xiaowa Village.
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Etymology

After the occurrence in Southwest China, the species has

not been found in other parts of the Tethys so far.

Type locality and horizon

Xiaowa Village, Lower Xiaowa Formation.

Diagnosis

Small species. Aboral element variable in length, from

short conical to long spine like; articulated to radial circlet

by simple and thickened rim; fine-meshed near facet to

radial circlet, coarsely meshed and becoming smooth dis-

tally, hollow. Radial circlet (cup) with protruding radial

part which on its upper third has a nearly vertical, shallow

aboral ligament fossa; axial canal and circular adoral

muscle fossae on upward-directed adoral side. Radial

cavity diameter about half of circlet diameter. First prim-

ibrachial long, with coarsely meshed proximal end and

lateral openings near muscular facet and a pair of short

adoral spines, ossicle widening distally in hollow shaft

comprised of imperforate stereom and ending in widened

part. Second primibrachial with similar length, proximal

part widened to match first primibrachial, distal facet of

holotype axillary for reception of two secundibrachials, no

further arm branching; smaller or juvenile specimens

apparently without arm branching; adoral spines present

but short. Primibrachials joined by straight or weakly

inclined synostosis; no strongly sloping cryptosynarthries

throughout arms. Secundibrachials similar in shape to

primibrachials except for the presence of a pair of promi-

nent keeled adoral spines projecting from near the lateral

openings; other end widened and articulated by slightly

inclined or horizontal synostosis to adjoining element.

Arms long, with brachials slowly diminishing in length and

thickness; comprised throughout of brachial pairs alterna-

tively joined by muscular and ligamentary facets. Brachials

elliptical in section, hollow except in most proximal part,

without open food grooves; shafts of imperforate material.

Description

Radial circlet

The circlet consists of five radials and is subpentagonal in

outline, with protruding radial articular facets (Fig. 7c, f).

The circlet is high in adults. Aborally, a central depression

with a diameter of about a quarter of circlet diameter and

surrounded by a rim connects to the aboral element. The

adoral cavity is about half the diameter of the circlet

(Fig. 7c); it is connected with the aboral element by a

funnel-shaped opening (Fig. 7e). The articular facets of the

radials are angularly bent at the transverse ridge. The

aboral ligament fossa is vertical and shallow; it is roughly

triangular and may cover nearly half the side, a pronounced

pit is lacking (Figs. 7d, 15g). The axial canal and the two

circular muscle fossae are situated on the upper, adoral and

nearly horizontal side (Figs. 8f, 15h). The interarticular

ligament fossae are indistinct. There is no sign of a tegmen.

Aboral element

In the literature, this ossicle has been referred to as cen-

trodorsal that, together with the radial circlet, constitutes

the theca (Kristan-Tollmann 1970, 1991; Bizzarini et al.

1989). But the origin of this ossicle is uncertain and we

prefer the neutral term aboral element. The aboral elements

vary widely in length regardless of the diameter of the

uppermost, adoral part (Fig. 9). Because the upper, wide

part is fine-meshed on top and coarsely meshed distally in

all specimens, (Fig. 9g, i, l), we consider the differences in

length to be intraspecific. This distal coarsening of the

stereom is observed even in the smallest elements, forming

a shallow cup (Fig. 15a, b). The elements grew aborally in

long pillars of imperforate stereom surrounding a hollow

space that may occur on the side (Fig. 9). Exceedingly long

elements were not found articulated to radial circlets

(Figs. 6, 7a, b, d, 8a, d, 9k); the longest element in contact

with a radial circlet is twice as long as its upper diameter

(Fig. 8c). The lack of long elements still attached to the

radial circlet may be a taphonomic artefact. The material

includes some very small elements (Fig. 15a, b). The

shallow cups have a narrow rim; the stereom is fine-

meshed in the upper part and coarse-meshed toward the

aboral apex. Such a structure is maintained during devel-

opment (Figs. 9, 11a–d). Whether the aboral element

resulted from the fusion of basals cannot be ascertained.

Primibrachials and brachials

Morphology of these elements is similar throughout the

arms (Figs. 6, 10, 11). In the holotype the second primi-

brachial is axillary. However, in small specimens such

brachials were not found, and axillaries are rare among the

isolated ossicles. This suggests that most individuals had

five unbranched arms. An articulated arm preserved in the

cFig. 8 Osteocrinus sinensis n. sp., Lower Xiaowa Formation, lime-

stone bed (a–d), shale (e–f) Xiaowa Village. a Aboral view of

juvenile specimen with first primibrachials, short aboral element

overlies radial circlet, MHI 1879/1/4. b Upper view of aboral element

(partly hidden by sediment) and lateral view of small aboral element

(upper right), MHI 1879/1/10. c Lateral view of aboral element with

part of radial circlet exposed in adoral view showing articular facets

and four first primibrachials, note holothurian sclerite on the circlet,

paratype, MHI 1879/1/3. d Partly disarticulated radial circlet with

short aboral element and some first primibrachials, MHI 1879/4/4.

e Adoral view of small radial circlet with attached first primibrachials,

MHI 1879/4/4. f Adoral view of radial circlet, note muscle fossae

(arrows), MHI 1879/6/1. Scales 1 mm
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form of a circle (Fig. 11a) consists of 14 brachials that

gradually diminish in length and width. Brachials are

articulated by either muscular or synostosial facets. Facets

are rarely exposed. Muscular facets have an aboral liga-

ment fossa with a distinct pit and a pair of circular muscle

fossae (Fig. 16d). Synostosial facets are indistinct

(Fig. 15k); they are mostly straight but may be somewhat

sloping in shorter brachials (Fig. 16a–c). The primi-

brachials carry a pair of short adoral spines (Fig. 6). Such

spines are much more pronounced distally, reaching a

length of three to four times the diameter of the shaft

(Figs. 10, 11, 12). The spines are keeled and emanate from

the part with the larger lateral openings (Fig. 16). The

brachials are hollow through most of their length

(Figs. 11b, c, 14c–e), and many brachials resemble crushed

egg shells in their widening part extending to the liga-

mentary facet (Figs. 10, 11, 17). Along most of the shaft

the stereom is imperforate (see Smith 1984, fig. 3.2). The

shaft near the muscular facet has a pattern of lateral

openings (Figs. 15l, 16, 17, 18), presumably to reduce

weight or, perhaps, also to provide entry to the interior.

Remarks

The Chinese Osteocrinus represents the most complete

material of this Triassic genus, and indeed of Som-

phocrinidae, discovered so far. The genus was proposed by

Kristan-Tollmann (1970), and her diagnosis included

characters of six species or subspecies, respectively. One of

the main differences between the species/subspecies is the

length of the aboral element. Short, conical aboral elements

are found on specimens with low, wide radials; long and

spine-like aboral elements on those with high and slender

radials. A number of brachials of the type species, Os-

teocrinus rectus rectus (Frizzell and Exline), were figured

by Kristan-Tollmann (1970, fig. 5). The brachials are long

and slender; they bear a pair of keeled adoral spines, and

the synostosial facets are hardly sloping in this species.

However, all of these brachials are solid throughout, and

the area near the facets has no openings. In addition, the

spines are shorter and thicker than those found in the

Chinese material. However, Kristan-Tollmann and Strele

(1994, pl. 2, fig. 2) figured a secundibrachial with a long

spine, comparable to the Chinese specimens; the find was

named Osteocrinus sp. and is from the lower Carnian of the

northern Calcareous Alps. Strongly sloping cryptosy-

narthrial facets between the primibrachials were described

in another species, O. spinosus Kristan-Tollmann (1970,

fig. 11), so that this character is not diagnostic of the genus.

Kristan-Tollmann (1970, p. 785) mentioned the different

articulation types: muscular between radial and first prim-

ibrachial, cryptosynarthrial between the two primi-

brachials, muscular between second primibrachial and first

secundibrachial, and so forth. She also mentioned certain

differences between the brachials, such as length of the

adoral extensions and ornamented ends which resemble

that of the radial circlet. Length and ornamentation of the

aboral element were considered of special importance for

distinguishing species. The number of Osteocrinus species

was further increased by Mostler (1972), Kristan-Tollmann

in Kristan-Tollmann and Krystyn (1975), and Kristan-

Tollmann (1991). Mostler’s six new species are based on

aboral elements only; and the corresponding figures are

schematic, as noted by Kristan-Tollmann (1977). Accord-

ing to Kristan-Tollmann (1970, pl. 1) the different forms

occur from the late Ladinian to the early Carnian, and

regionally from the Alps to southern China and as far as

Timor (Kristan-Tollmann 1988). Bizzarini et al. (1989)

restricted the ‘‘Osteocrinus facies’’ of the Cassian Forma-

tion to the Carnian (Julian); according to Laghi and

Rechichi (1999) this facies extends into the Ladinian part.

According to Donofrio and Mostler (1975) and Kristan-

Tollmann (1987) the most abundant species, Osteocrinus

rectus, ranges stratigraphically from the Ladinian (Lon-

gobardian) to the Carnian (end of the Julian). However,

Kristan-Tollmann (1988) mentioned that the species occurs

from the Anisian to the Rhaetian.

The Chinese Osteocrinus material was not assigned to a

species by Wang et al. (2008). In contrast, Wang et al.

(2007) assigned specimens with short, cone-like aboral

elements to O. cf. virgatus Kristan-Tollmann, and those

with long, spine-like elements to O. spinosus Kristan-

Tollmann. We disagree with the assignment of the Chinese

material to two (or more) species because of the nearly

identical structure of the different parts of the aboral ele-

ment. Although the morphology of the Chinese specimens

seems closest to O. rectus (including both subspecies,

rectus with long aboral element and goestlingensis with a

cFig. 9 Osteocrinus sinensis n. sp., Lower Xiaowa Formation, marl-

stone bed (b–g, i, k), shale (a, h, j, l–m), Xiaowa Village. The

figure shows aboral elements of widely different length, the upper

(proximal) part is largely identical. a, c Small elements with coarsely

meshed spine, MHI 1879/9/2 and MHI 1879/4/2. b Element with

straight furrow on spine, MHI 1879/4/3. d Long element showing

walls of hollow spine, oblique aboral view of isolated radial at lower

left, note secundibrachial with pair of adoral spines at right; MHI

1879/4/1. e Long element with coarsely meshed proximal part, pillars

of aporous stereom distally broken into fragments; MHI 1879/5/1.

f Long element with proximal furrow on spine, MHI 1879/3/1. g Long
element with intact spine showing openings, paratype, MHI 1879/2/2.

h Short element with coarsely meshed spine; note group of small,

partly hollow secundibrachials; MHI 1879/1/7. i Compact conical

element, MHI 1879/8/3. j Oblique adoral view of short element

showing partly broken rim to radial circlet, MHI 1879/14/2. k Partly

articulated specimen with conical aboral element (ae), radial circlet

(rc) and first primibrachial (IBr1, at left), aboral view of radial circlet

(rc) at lower right; MHI 1879/4/5. l Longer element with deep furrow

on blunt spine, MHI 1879/8/1. m Small aboral element and three

secundibrachials, MHI 1879/9/2. Scales 1 mm
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short element), it is a well-defined species of its own.

Distinct features of O. sinensis n. sp. are the hollow bra-

chials with openings near the muscular facet and the

skeletal structure of the aboral element, be it short or long.

The material suggests that mere length of aboral elements

is not a suitable diagnostic feature for all species. However,

ornamentation—if consistent—seems suitable for distin-

guishing different species (see section ‘‘Overview of Os-

teocrinus species’’). Incidentally, the Late Triassic

Somphocrinus mexicanus Peck also has aboral elements of

different length (Peck 1948; pl. 20, figs. 12, 13, 15).

Ecology and functional morphology

The roveacrinids occur on several bedding planes of the

black shales and are best seen when weathered out. Other

fossils on the bedding planes containing the crinoids are

rare. Bedding planes without crinoids may be covered with

remains of halobiids and, less commonly, ammonoids. In

the preferred taphonomic hypothesis of Wang et al. (2008)

the marine reptiles, the halobiid bivalves and the

ammonoids inhabited poorly oxygenated surface waters

over stagnant oxygen-deficient bottom water enriched in

H2S. Yet the majority of bivalve experts consider Halobia

together with other thin-shelled black-shale bivalves as

fully benthic (see McRoberts 2010 and references therein).

Accumulations of Halobia shells would represent inter-

mittent weak oxygenation episodes and colonisation of the

seafloor by this opportunistic bivalve. Oxygen-depleted to

fully anoxic/sulfidic conditions nevertheless persisted in

one or more large depressions at the margin of the drowned

Yangtze Platform (Wang et al. 2008, p. 57). Such a situ-

ation would also explain the apparently endemic nature of

O. sinensis n. sp. The Traumatocrinus colonies attached to

driftwood may have either lived in the region or drifted in.

Where did Osteocrinus live and how did the remains reach

the bottom? More or less intact specimens embedded with

aboral element, radial circlet and proximal part of the

crown and also partly articulated brachials suggest that

Osteocrinus lived in the water column above and were not

transported as far as driftwood might be. This is supported

by coprolites largely comprised of broken Osteocrinus

ossicles (Fig. 12a). The common occurrence of coprolites

Fig. 10 Osteocrinus sinensis n. sp., Lower Xiaowa Formation, marlstone bed, Xiaowa Village. Group of current-oriented secundibrachials and

first primibrachial (at left), MHI 1879/13/1. Scale 1 mm

264 H. Hess et al.



(Lumbricaria) comprised entirely of remains of Saccocoma

tenella on the same bedding planes as the crinoids is

convincing evidence that Saccocoma was preyed on in the

upper, oxygenated water layers of the Late Jurassic Plat-

tenkalk basins (Hess 2010, 2015b; Hess and Etter 2011). In

this case, the predators are assumed to have been teuthoid

Fig. 11 Osteocrinus sinensis n.

sp., Lower Xiaowa Formation,

limestone bed, Xiaowa Village.

a Ring of articulated

secundibrachials with

articulations, paratype; note

coprolite at lower right, MHI

1879/1/1. b Secundibrachial

with two adoral spines near

lower facet, note corroded upper

part exposing interior and

coprolite to the left; MHI

1879/14/1. c Secundibrachial

and conical aboral element

(lower left), MHI 1879/4/7.

Scales 1 mm
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cephalopods and ammonites (Schweigert and Dietl 1999).

Ammonites are also assumed to have preyed on Osteocri-

nus. The Osteocrinus occurrence in the Triassic black

shales of Southwest China and that of Saccocoma in the

Jurassic Plattenkalk basins are the only occurrences with

preservation of partly articulated or intact specimens

belonging to a single species. In the Plattenkalk facies

Saccocoma tenella commonly accumulated after mass

mortality on sediment surfaces with microbial mats.

Subsequent rapid sedimentation of calcareous mud

embedded the intact animals on the lower side of the

overlying limestone bed (Hess 2015b). Such bedding

obviously did not occur in the case of Osteocrinus sinensis

n. sp., as documented by the more or less disarticulated

specimens. At other localities several species of Rovea-

crinida commonly occur in great profusion. However, in

those occurrences, specimens are generally disarticulated

(Peck 1943), and partly articulated specimens are rare

Fig. 12 Osteocrinus sinensis n. sp., Lower Xiaowa Formation,

marlstone bed, Xiaowa Village. a Coprolite comprised of Osteocrinus

remains, MHI 1879/1/6. b Three articulated secundibrachials with

collapsed shaft near synostosial facet, small secundibrachials from

distal parts of the arms; MHI 1879/1/11. Scales 1 mm
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(Scott et al. 1977; Hess 2015a). These examples indicate

life in oxygenated water above bioturbated bottoms.

Osteocrinus sinensis n. sp. is characterised by a small

radial circlet bearing disproportionally long arms com-

prised of long brachials (Fig. 19). The radial circlet lacks

any sign of an oral region covering the vital parts; such is

also the case in other well-preserved Roveacrinida, e.g.,

Saccocoma tenella (Hess 2010, 2015b). The brachials are

paired, with muscular articulations and synostoses alter-

nating in regular fashion. Strongly sloping cryptosy-

narthries, as present in the Triassic Osteocrinus spinosus,

the Axicrinidae, Somphocrinus, in the Jurassic Saccoco-

midae and the Cretaceous Roveacrinidae are absent;

ligamentary articulations seem to be simple synostosial

and are only slightly sloping. A distinct axial canal occurs

only at the muscular facets which are thickened in a

coarse-meshed end. Toward the other end with the liga-

mentary facet, the shaft is widened and commonly cru-

shed on the slabs, indicating that it is hollow. The remains

of all other Osteocrinus species were obtained from

limestones by acid preparation (Mostler 1972; Kristan-

Tollmann and Krystyn 1975), or from marly sediments

(Kristan-Tollmann 1987; Bizzarini et al. 1989), and one

might argue that recrystallization filled any hollow space

of the brachials in these occurrences. However, thin

sections of limestone samples (Kristan-Tollmann 1970)

and well-preserved specimens from marls indicate that

this was not the case (see also Hess 2015a for the equally

long and solid brachials of Roveacrinus pyramidalis

Peck). The brachials of Osteocrinus sinensis n. sp. have a

pair of adoral spines near the muscular facet, possibly a

deterrent against predators. Brachial pairs still connected

at the synostosial facets are rather common. Food grooves

are not observed on brachials, making the uptake of food

conjectural in the absence of a modern analogue. Prey

capture by means of the arms, similar to the extant basket

stars (see Stöhr et al. 2012) may be excluded because of

the multitude of synostosial articulations and the long

brachials, rendering the arm too stiff for curling and

raptorial feeding.

One might speculate that nutrients of some kind could

have entered the brachials via the openings near the

Fig. 13 Osteocrinus sinensis n. sp., Lower Xiaowa Formation. Partial view of marlstone slab with holotype (see Fig. 6). Numbers refer to

figures
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muscular facets (Fig. 15l). In contrast, the hollow part with

its imperforate shell resembling a test tube might have

harboured microorganisms or nannoplankton serving as

nutrients. How these would have reached the mouth is

enigmatic unless one assumes that they passed along the

axial canal. Getting rid of the residues of digested cal-

careous nannoplankton would also be difficult to explain.

At the present time there are no data available to test

among these various hypotheses. An alternative and per-

haps the most parsimonious explanation is that the animals

Fig. 14 Osteocrinus sinensis n. sp., Lower Xiaowa Formation,

marlstone bed (a, b, d, e), shale (c), Xiaowa Village. Partly weathered

secundibrachials with hollow shafts (a–e) from different parts of the

arms. a Secundibrachials and long first primibrachial with collapsed

and partly weathered upper (distal) part at left, the proximal part of

the primibrachial lacks adoral spines; MHI 1879/1/13. b Group of

articulated secundibrachials with opening near the synostosial facet,

MHI 1879/4/8. c Secundibrachial with thin wall below the straight

synostosial facet, paratype, MHI 1879/11/1. d Juvenile or distal

secundibrachials at lower left and pair of longer narrow secundibra-

chials at right, one of them with a hollow space extending from near

the muscular facet at the bottom to the upper end, the other with

collapsed upper part; MHI 1879/11/2. e. Three secundibrachials, two

of them with damaged shaft; MHI 1879/9/1. Scales 1 mm
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possessed food grooves, but that these left no visible

impression on the ossicles. The radial circlet carries an

aboral element whose length varies widely. Such vari-

ability in the same population is surprising. The role of the

aboral element in the different Osteocrinus species has not

been discussed in the literature. However, it is reasonable

to assume that it may have kept the floating animal in a

mouth up position and stabilised it in agitated water.

Longer elements may also have served as deterrents to

predators, perhaps similar to the adoral spines on the bra-

chials. All these characters suggest that the animals were

not active swimmers but rather floated most of the time.

Conclusions

The morphology of Osteocrinus sinensis n. sp. is unique

among the pelagic Triassic Roveacrinida. This suggests

that the species adapted to rather special local conditions

and, thus, was endemic. It is tempting to explain the unu-

sual morphology of O. sinensis as an adaptation to extreme

environmental conditions. Yet the early Carnian was rela-

tively cool and arid (Mueller et al. 2016a, b), and atmo-

spheric oxygen values were higher than during the Early

Jurassic (Berner et al. 2007). The almost lethal conditions

with ocean surface temperatures of 40� C, extremely high

Fig. 15 Osteocrinus sinensis n. sp., Lower Xiaowa Formation,

Xiaowa Village (inventory number 1879) and Wolonggong (inven-

tory number 2137). Elements isolated from shales. a–e Aboral

elements of juvenile individuals; a, b oblique adoral (upper) view,

MHI 1879/15/1, MHI 1879/15/2; c–e lateral view (rim partly broken

in e), MHI 1879/15/3, MHI 2137/5/1, and MHI 1879/15/5. f Aboral
view of radial circlet with facet to aboral element, MHI 1879/15/6.

g Aboral (exterior) view of radial, MHI 1879/15/7. h Radial articular

facet (mf muscle fossa, ac axial canal, alf aboral ligament fossa),

MHI 1879/15/8. i Aboral view of small radial circlet, MHI 1879/15/9.

j Adoral view of small radial circlet, 1879/15/10. k Synostosial facet

of small secundibrachial, MHI 1879/15/11. l Coarsely meshed

stereom and lateral openings of first primibrachial near proximal

facet, MHI 2137/3/1. SEM photographs: a–c, e–k, Basel; d, l, Bonn
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atmospheric CO2 and very low O2 values that characterised

the Triassic according to Ward and Kirschvink (2015)

prevailed only during the Early Triassic (Preto et al. 2010;

Winguth et al. 2015). A later environmental perturbation

known as the Carnian Humid or Pluvial Phase (Mueller

et al. 2016a, b) clearly postdates the occurrence of O.

sinensis and of the spectacular, large pseudoplanktonic

Traumatocrinus (Hagdorn and Wang 2015). Both O.

sinensis and Traumatocrinus are derived from Ladinian

ancestors without special adaptations. In the pseudo-

planktonic Traumatocrinus the column is porous and by its

flexibility plankton-rich layers could be reached. The

crown has an extraordinarily dense pinnulation, optimised

for plankton collection; and all muscular articulations were

replaced by a special type of ligamentary articulation.

Traumatocrinus was a passive floater making use of drift-

wood. O. sinensis n. sp. must also have floated passively.

bFig. 16 Osteocrinus sinensis n. sp., Lower Xiaowa Formation,

Xiaowa Village. Marlstone bed (a, c–f), shale (b). a–c, e–
f Secundibrachials with mostly well-developed adoral spines near

the spongy area at the muscular facet, MHI 1879/2/4, MHI 1879/6/4,

MHI 1879/1/12, MHI 1879/1/9, MHI 1879/5/3; in b the two adoral

spines are visible, MHI 1879/6/4. d Muscular articular facet of

secundibrachial, arrows indicate muscle fossae below axial canal and

large aboral ligament fossa, the adoral spines are also visible; MHI

1879/4/6. Scales 1 mm

Fig. 17 Osteocrinus sinensis n.

sp., Lower Xiaowa Formation,

Wolonggong. Brachials on a

slab, MHI 2137/3/2. Note the

different facets, one compact

with coarsely meshed stereom

(at right), the other fine-meshed

near the facet (at left); the

ossicles are collapsed at about

half their length. Away from the

facets the stereom is

imperforate. The very short

adoral spines suggest that the

ossicles may be primibrachials.

SEM photograph Bonn.

Scale 1 mm
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Fig. 18 Osteocrinus sinensis n.

sp., Lower Xiaowa Formation,

Wolonggong. Two short

secundibrachials from median

arm region articulated by

synostosis, the upper is broken

near the muscular facet, note

adoral spine on the

secundibrachial at the top; MHI

2137/2/1. SEM photograph

Bonn

Fig. 19 Schematic reconstruction of O. sinensis n. sp. with three

aboral elements of different length. The brachials are drawn in side

view as they occur on the slabs, with only one of the pair of adoral

spines visible in most cases. The main figure is drawn after the

holotype (Fig. 6), with arms branching at the second primibrachial
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Changing conditions in the Tethys at the end of the Julian

stage seem to be responsible for the disappearance of both

Traumatocrinus and most Osteocrinus species.
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