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In the Lower Ordovician of Morocco, solutan echinoderms are relatively common,
locally abundant, geographically widespread (Central and Eastern Anti-Atlas), and
biostratigraphically long-ranging (late Tremadocian—-mid Floian) components of
the Fezouata Biota. The lower part of the Fezouata Shale (late Tremadocian)
yielded one specimen, here tentatively identified as a Castericystis-like
syringocrinid, with exceptionally preserved internal soft parts presumably
corresponding to the distal region of the gut. Most solutan remains from the
Fezouata Shale are assigned to Plasiacystis mobilis, which was already known from
the late Tremadocian of France and the Darriwilian of the Czech Republic and
United Kingdom. Several isolated dististeles provisionally identified as Plasiacystis
sp. may belong to large individuals of P. mobilis or a new taxon. Several specimens
of late Tremadocian solutans from the Fezouata Shale, morphologically
intermediate between Minervaecystis vidali (late Tremadocian, France) and
Plasiacystis mobilis, are assigned to Nimchacystis agterbosi gen. et sp. nov. The
diagnosis of the syringocrinid family Minervaecystidae is modified to include the
four genera Minervaecystis, Nimchacystis, Pahvanticystis, and Plasiacystis, all
characterised by an ovoid theca, a laterally inserted feeding appendage, and a
twisted, flattened dististele. Minervaecystids are interpreted as active epibenthic
detritus feeders, using their dististele to crawl on soft substrates. The newly
described solutan taxa highlight that the benthic communities of Fezouata Biota
are more diverse than what was previously described.
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Introduction

The Early Ordovician represents a critical interval in the
diversification of echinoderms, with the transition from low
diversity, relatively cosmopolitan assemblages dominated by
eocrinoids, glyptocystitid rhombiferans, and stylophorans
(Furongian-mid Tremadocian), to more diverse faunas (late
Tremadocian and onwards) characterised by the onset of new
classes, typical of Sepkoski’s Palaeozoic Evolutionary Fauna (e.g.,
asteroids, crinoids, diploporitans, and ophiuroids) (Sumrall et al.,
1997; Lefebvre et al, 2013). Morocco (Anti-Atlas), along with
France (Montagne Noire) and western USA (Nevada, Utah), is
one of the few places in the world yielding abundant echinoderm
faunas documenting this major evolutionary transition (Sprinkle
and Guensburg, 2004; Lefebvre et al., 2013; Lefebvre et al., 2016).
While faunas from North America (Laurentia) occur in carbonate-
dominated substrates from low latitudes, France and Morocco
(Gondwana) offer a good opportunity to understand such
transitions at higher latitudes in siliciclastic-dominated substrates.
The Anti-Atlas is also the only region known so far where
exceptionally preserved soft parts (ambulacral system and gut)
were documented in Early Ordovician echinoderms (Lefebvre
et al., 2019; Saleh et al., 2021; Dupichaud and Lefebvre, 2022).
Exceptionally preserved soft parts can be particularly important in
the case of extinct classes, such as solutans, whose anatomy and
phylogenetic positions within the phylum Echinodermata are
debated (see, e.g., David et al, 2000; Smith, 2005; Zamora and
Rahman, 2014; Lefebvre et al., 2019). Solutans are considered either
basal, pre-radial echinoderms (Smith, 2005; Rahman and Lintz,
2012; Zamora and Rahman, 2014) or regular blastozoans, closely
related to gogiid eocrinoids (e.g., David et al., 2000; Lefebvre and
Lerosey-Aubril, 2018; Nohejlova and Lefebvre, 2022).

The class Soluta is a small, long-lived clade of echinoderms
(Drumian-Emsian) characterised by a single feeding appendage, a
more or less flattened theca, and a stem-like appendage
(homoiostele) used for permanent attachment to the sea floor in
plesiomorphic forms (e.g., Coleicarpus; Ubaghs and Robison, 1988;
Daley, 1996) but generally modified into a locomotory device in
most taxa (e.g., Sprinkle and Guensburg, 1997; Rahman and Lintz,
2012; Noailles et al., 2014). The fossil record suggests a Laurentian
origin for solutans, with all their earliest occurrences so far
documented exclusively in North America (Lefebvre and Lerosey-
Aubril, 2018). During the Furongian-Tremadocian interval,
solutans expanded to South China (Zamora et al., 2013) and
high-latitude Gondwanan regions, such as the Anti-Atlas
(Lefebvre et al., 2016; Dupichaud and Lefebvre, 2022) and the
Montagne Noire (Thoral, 1935; Ubaghs, 1970; Dupichaud
et al., 2023).

In the Anti-Atlas, the Fezouata Shale (Tremadocian-Floian)
yielded extremely abundant remains of solutans (Lefebvre et al.,
20165 Saleh et al., 2022a), some of which had putative soft parts
preserved (Saleh et al., 2021; Dupichaud and Lefebvre, 2022).
However, while the morphology and systematics of solutans
from the Montagne Noire have been thoroughly investigated
(Ubaghs, 1970; Dupichaud et al., 2023), no comparable work has
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been performed so far on those from the Fezouata Shale.
Consequently, the aim of this paper is to present the first
detailed systematic overview of solutans from the Fezouata
Biota and to discuss their taphonomy, palaeoecology, and
palaeobiogeographic affinities.

Geological setting

In the Anti-Atlas, remains of Early Ordovician solutans were
found in distinct stratigraphic levels of the Fezouata Shale in several
localities belonging to three distinct geographic areas (Figures 1B, C,
D). Most solutan occurrences are situated in the Ternata Plain,
north of Zagora, in the Central Anti-Atlas. In this area, the Fezouata
Shale corresponds to a ca 900-m-thick, relatively monotonous
siliciclastic sequence consisting mainly of siltstones, but with
intercalated sandstone levels towards the top, near the transition
with the overlying Zini Formation (Destombes et al., 1985; Vaucher
etal, 2017). In the Zagora area, the Fezouata Shale corresponds to a
storm-dominated, tide-modulated succession deposited on a
relatively shallow shelf that dipped gently to the North West (in
modern orientation) (Vaucher et al., 2017; Saleh et al., 2020). In the
Ternata plain, the stratigraphic position of each solutan-bearing
locality could be determined based on a precise biostratigraphic
scheme using acritarchs, chitinozoans, conodonts, and graptolites
(Lefebvre et al., 2018).

In the Zagora area, the stratigraphically oldest solutan remains
(Sagenograptus murrayi Zone, late Tremadocian) were found in
green micaceous siltstones exposed at Oued Beni Zoli (Z-F5;
Figures 1A, D, 2D) and the nearby locality of Tinzouline
(Z2-F5[2]; Figures 1A, D). Both sites yielded a particularly
abundant and diverse fauna dominated by gastropods
(Pelecyogyra), rhombiferans (Macrocystella), and trilobites
(Ampyx, Asaphellus, Ceraurinella, Colpocoryphe, Euloma,
Parabathycheilus, and Toletanaspis) (Ebbestad, 2016; Martin
et al., 2016; Kouraiss et al., 2019). Bivalves (Redonia),
brachiopods, cephalopods (Polymeres), conulariids, eocrinoids
(Balantiocystis), graptolites, hyolithids, solutans, somasteroids,
and stylophorans are minor elements of the assemblage (Kroger
and Lefebvre, 2012; Lefebvre et al., 2016). Solutans, like most other
organisms from Z-F5, are preserved intact or slightly disarticulated,
suggesting in-situ burial by storm deposits at or slightly below the
storm wave base (Martin et al., 2016; Kouraiss et al., 2019).

In recent years, several fully articulated specimens of solutans
were found in fine beige siltstones at Tignit (Z-F17b), associated
with a low-diversity assemblage comprising the enigmatic fossil
Webbyites felix Muir and Gutierrez-Marco, 2023. This level is
probably laterally equivalent to the nearby Z-F6 locality (Oued
Ouaoufraout), which similarly yielded several specimens of
Webbyites, and was assigned to the uppermost part of the S.
murrayi Zone (late Tremadocian) (Muir and Gutierrez-Marco,
2023). The preservation of fully articulated specimens of solutans
and Webbyites implies that they were buried by distal storm
deposits in an otherwise quiet, relatively distal setting, below the
storm wave base (Saleh et al., 20205 Saleh et al., 2021). The precise

frontiersin.org


https://doi.org/10.3389/fevo.2023.1290063
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Dupichaud et al.

10.3389/fevo.2023.1290063

Sequences | [Synthefic log e
T 5

E Graptolite EE 200 km ‘0 ’ Erfoud
E| g | biozones 3% a - "'l&
i < 53 ATLANTIC /. - Alnif
[Zini W o0 OCEAN - Ouarzgzate Taichoute — N Taouz
s = ) Agdz 48
e

UPPER

g

Baltograptus I
minits

FLOIAN
N}

b
.

MIDDLE

1 OZ-F0
2Ba bl
altograptus
ok 0Z-F25a N
"""""" ' Cc
g 7 \
g
S
2Cymatograptus
protobalticus
w |,
=}
<
T
[}
£ ?
<
<
>
o
N
hi
e
Hunnegraptus
| copiosus
i
I
&
5
Araneograptus
z
b I
°
° ?
a
<
=
o}
4
=
w
2| orograptus
8| " victoriae
s
I S

Rhabdinopora
flabelliformis.
ngli

>
OWER

9
Anisograptus
[camran\|_ matanensis

FIGURE 1

Stratigraphic and geographic occurrences of solutan echinoderms in the Fezouata Shale (Lower Ordovician), Anti-Atlas, Morocco. (A) Stratigraphic
position of solutan localities in the Ternata plain (Zagora area, Central Anti-Atlas). Graptolite biozonation, eustatic sequences, and synthetic log (left
columns) are based on Lefebvre et al. (2016); Lefebvre et al. (2018). Colours on the log correspond to those of the rocks on the outcrop.

(B) Simplified geological map of northwestern Africa showing the distribution of Ordovician rocks and the location of the Anti-Atlas. (C) Simplified
geological map of the Anti-Atlas showing the distribution of Ordovician rocks and the location of the three main areas yielding Early Ordovician
solutan remains: Ternata plain (Zagora area), western Maider (Taichoute), and Taouz Massif (Ouzina). (D) Landsat view of the Ternata plain (Zagora
area, Central Anti-Atlas) showing the location of all main Early Ordovician solutan localities mentioned in the text and specified on the log;

photograph courtesy of the U.S. Geological Survey.

locality and stratigraphic position of the single known specimen of
solutan with exceptionally preserved soft parts (Figure 3) are
unknown. However, the associated lithology (fine beige siltstones,
Figure 2C) strongly suggests that it was found in the same
stratigraphic interval as Z-F6 and Z-F17b, i.e., in the uppermost
part of the lower interval with exceptional preservation identified by
Lefebvre et al. (2018).

Disarticulated remains of solutans (dististeles and isolated
thecal plates) are relatively common at locality Z-F13c, which is
situated in the same area as Z-F6 and Z-F17b (western part of the
Ternata plain; Figures 1A, D), but in stratigraphically younger levels
belonging to the Hunnegraptus copiosus Zone (latest Tremadocian)
(Lefebvre et al., 2016). The pistachio micaceous siltstones of Z-F13¢
also yielded a relatively diverse benthic assemblage consisting of
disarticulated skeletal remains belonging to bivalves, brachiopods,
conulariids (Eoconularia), and trilobites (Ampyx, Asaphellus, and
Geragnostus). Taphonomic features suggest relatively proximal,
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well-oxygenated environmental conditions at, or more likely
above, the storm wave base (Martin et al., 2016).

The next two solutan localities, Z-F24 and Z-F26, are
geographically (southeastern part of the Ternata plain) and
stratigraphically (Cymatograptus? protobalticus Zone, early
Floian) very close to each other (Figures 1A, D). However, these
localities have yielded distinct assemblages, probably reflecting
different environmental conditions. In Z-F24, solutan remains
(mostly isolated dististeles) are abundant in beige micaceous
siltstones, associated with a relatively low diversity assemblage
comprising mostly cephalopod phragmocones (Destombesiceras,
Rioceras)? and large trilobite elements (cephalons and pygidiums),
along with some rare bivalves (Ekaterodonta and Redonia), crinoids
(Iocrinus), edrioasteroids (Argodiscus), eocrinoids, gastropods
(Carcassonnella), hyolithids, and mitrates (Anatifopsis) (Kroger
and Lefebvre, 2012; Lefebvre et al., 2016; Figure 2A). The strong
disarticulation and sometimes fragmentation of most skeletal

frontiersin.org


https://doi.org/10.3389/fevo.2023.1290063
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Dupichaud et al.

10.3389/fevo.2023.1290063

FIGURE 2

Diversity of preservation. (A) MHNM.15690.216, Plasiacystis sp. from the Z-F24 locality (early Floian), preserved in storm-generated accumulations.
(B) MPZ.2022.927, Plasiacystis mobilis from the Taichoute locality (middle Floian), preserved in a silico-aluminous concretion. (C) UCBL-FSL.713058,
Nimchacystis agterbosi from the Z-F17b locality (late Tremadocian), preserved in fine beige siltstones. (D) MHNM.15690.200, Plasiacystis mobilis
from the Z-F5 locality (late Tremadocian), preserved in green micaceous siltstones. Scale bars = 10 mm. Photographs by Vincent Perrier.

remains, as well as their occurrence in lenticular levels, are
indicative of storm-generated accumulations generated in
relatively proximal settings. This interpretation is further
supported by the frequent current-induced orientation of
cephalopod and hyolithid conchs (Kroger and Lefebvre, 2012). In
contrast, the extremely fine, micaceous beige siltstones of Z-F26
(Toumiat) have yielded a particularly diverse benthic assemblage
dominated by bivalves (e.g., Babinka, Coxiconchia, Ekaterodonta,
Praenucula, and Redonia), gastropods (Lesueurilla), tergomyans
(Carcassonnella), and trilobites (e.g., Ampyx, Asaphellus,
Parabathycheilus, and Toletanaspis) (Ebbestad, 2016; Martin
et al., 2016; Polechova, 2016). Other faunal elements comprise
relatively common cephalopods (Destombesiceras), eocrinoids
(Balantiocystis), and cornutes (Sokkaejaecystis) associated with
rare asterozoans, brachiopods, conulariids, crinoids
(Ramseyocrinus)?, edrioasteroids (Argodiscus), graptolites,
mitrates (Balanocystites), and solutans (Kroger and Lefebvre,
20125 Lefebvre et al,, 2016). Most skeletal remains are fully
articulated, with some bivalves preserved in a butterfly position
(Polechova, 2016). These taphonomic features are suggestive of
quiet environmental conditions, below the storm wave base.

Rare, isolated dististeles of Plasiacystis collected in the beige
micaceous siltstones of Z-F0 (Jbel Bou Zeroual; Figures 1A, D) and
Z-F25a (Bou Chrebeb; Figures 1A, D) represent the youngest
known occurrences of solutans in the Ternata plain (?
Baltograptus jacksoni Zone, middle Floian). These two sites have
yielded relatively similar, extremely abundant, and very diverse
benthic assemblages dominated by bivalves (e.g., Babinka,
Coxiconchia, and Redonia), gastropods (Lesueurilla and Sinuites),
tergomyans (Carcassonnella and Thoralispira), and trilobites
(Agerina, Ampyx, Asaphellus, Colpocoryphe, Euloma,
Parabathycheilus, Prionocheilus, and Toletanaspis) (Ebbestad,
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2016; Martin et al., 20165 Polechova, 2016). The associated fauna
includes relatively common brachiopods, cephalopods (Polymeres),
conulariids (Archaeoconularia and Eoconularia), cornutes
(Sokkaejaecystis), eocrinoids (Balantiocystis), graptolites, and
hyolithids, as well as rare demosponges (Pirania), edrioasteroids
(Argodiscus), anomalocystitid mitrates, and possibly also the
pterobranch()? W. felix (Kroger and Lefebvre, 2012; Botting,
2016; Lefebvre et al.,, 2016; Muir and Gutiérrez-Marco, 2023). In
both sites, the occurrence of exceptionally preserved organisms
(e.g., demosponges and Webbyites) associated with articulated
remains of skeletonised taxa (e.g., trilobites) suggests relatively
quiet environmental conditions at or slightly below the storm
wave base (Martin et al., 2016).

In the Anti-Atlas, Early Ordovician solutan remains were also
found in two other areas outside of the Ternata plain. In the western
Maider, at Taichoute (approximately 18 km SW of Alnif;
Figure 1C), a concretion-bearing level (i.e., assemblage al in Saleh
et al., 2022a) yielded a Plasiacystis-dominated assemblage
(Figure 2B) that could be assigned to the middle Floian based on
the presence of the graptolite Baltograptus deflexus (Saleh et al,
2022a). Other faunal elements include brachiopods, cephalopods
(Bathmoceras), gastropods (Lesueurilla), mitrates (Anatifopsis),
glyptocystitid rhombiferans (Macrocystella), somasteroids, and
trilobites. Contrary to the situation in localities from the Ternata
plain (see above), fossil remains in Taichoute are preserved three-
dimensionally in silico-aluminous concretions. Most solutans are
intact and complete (feeding appendage, theca, and homoiostele),
though frequently slightly disarticulated and collapsed. Their
preservation suggests that concretions were probably initiated
around decaying carcasses exposed on the sea floor in relatively
quiet, distal environments, below the storm wave base (Loi and
Dabard, 1999; Loi and Dabard, 2002; Saleh et al., 2022a).
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FIGURE 3

Photograph of CASG 72938 showing preserved soft tissues as dark masses. (A) Part. (B) Counterpart. Scale bar = 10 mm. Photographs by Vincent Perrier.

Similarly preserved solutan remains were found in the Taouz
Massif (eastern Anti-Atlas) at Destombes’ locality 1540 (Figure 1C;
Ouzina, in Havlicek, 1971). Destombes (2006) proposed an early
Floian age for this concretion-bearing level. However, contrary to
the situation in Taichoute, the Ouzina assemblage is largely
dominated by the glyptocystitid rhombiferan Macrocystella
bohemica, while Plasiacystis mobilis is relatively rare (Lefebvre
et al., 2016). Other members of the Ouzina assemblage include
brachiopods (Plectorthis), cephalopods, conulariids, hyolithids
(Cavernolites and Elegantilites), mitrates (Anatifopsis),
somasteroids, tergomyans (Thoralispira), and trilobites (e.g.,

Frontiers in Ecology and Evolution

Ampyx and Asaphidae) (Havlicek, 1971; Marek, 1983; Destombes,
2006; Lefebvre et al., 2016). As in Taichoute, it is very likely that this
assemblage was autochthonous and associated with relatively distal
environmental conditions below the storm wave base.

Materials and methods

Due to preservation as external and internal moulds (imprints)
in the rock, fossils were cast with latex to reveal their original aspect.
Latex casts were whitened with ammonium chloride (NH,CI)
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sublimated for observation and imaging purposes. Fossils and latex
casts were photographed using a Canon EOS 5SD R equipped with a
Canon 100-mm macro lens and a Canon EOS 70D equipped with
an EF-S 60-mm macro lens. Latex casts were observed and drawn
with a stereomicroscope Zeiss Discovery.V8 equipped with a
camera lucida for drawings. Drawings were reworked digitally
with the software Krita v5.1.5. Measurements were made with the
software Image].

Over 150 specimens were observed based on material belonging
to the following public institutions: Cadi-Ayyad University,
Marrakesh, Morocco (AA); Natural History Museum, London,
UK (BMNHUK); geological collections of the California Academy
of Sciences, San Francisco, USA (CASG); Muséum d’Histoire
Naturelle, Marseille, France (MHNM); Muséum d Histoire
Naturelle, Nantes, France (MHNN); Musee des Confluences,
Lyon, France (ML); Museo de Ciencias Naturales de la
Universidad de Zaragoza, Zaragoza, Spain (MPZ); Senckenberg
Museum, Frankfurt, Germany (SMF); palacontological collections
of Lyon 1 University, Villeurbanne, France (UCBL-FSL); and Yale
Peabody Museum, New Haven, USA (YPM). For comparative
purposes, additional material belonging to the National Museum,
Prague, Czech Republic (NMP), and several private collections in
the Czech Republic, France, and Morocco was also considered.

Systematic palaeontology

Phylum Echinodermata Klein, 1778

Class Soluta Jackel, 1901

Remarks: The systematic subdivision of solutans into two main
orders (Dendrocystitida and Syringocrinida) based on the
morphology of their homoiostele follows Noailles et al. (2014).
Similarly, descriptive morphological terms used below are those
used in all recent descriptions of solutans (e.g., Lefebvre et al., 20125
Rahman and Lintz, 2012; Noailles et al., 2014; Lefebvre and Lerosey-
Aubril, 2018; Dupichaud and Lefebvre, 2022; Nohejlova and
Lefebvre, 2022; Rozhnov, 2022; Dupichaud et al., 2023; Zamora
and Gutierrez-Marco, 2023). Discussion of the phylogenetic
position of solutans within the phylum Echinodermata is beyond
the scope of this paper.

Order Syringocrinida Noailles et al. 2014

Family Minervaecystidae Ubaghs, 1970

Emended diagnosis: Family of syringocrinids with ovoid theca
lacking lobation or marginal frame. No visible differentiation
between the lower and upper thecal sides. Thecal plates thin,
smooth, polygonal, tesselated, and irregular in both shape and
size. Feeding appendage emerging abruptly on the lateral side of
the theca, relatively far from the apex. Small, cone-shaped anal
pyramid on opposite, lateral edge of the theca, close to
homoiostele insertion.

Remarks: The family Minervaecystidae was originally erected by
Ubaghs (1970) to include Minervaecystis vidali (Thoral, 1935), from
the Saint-Chinian Formation (late Tremadocian, Montagne Noire,
France), as well as isolated homoiosteles from the Whipple Cave
Formation (Cambrian Stage 10, Nevada, USA; Ubaghs, 1963). The
diagnosis of this family is emended here to include all syringocrinids
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(i.e., solutans with a flattened, oblique dististele) possessing a large
ovoid theca with a laterally inserted feeding appendage. In this
expanded definition, the family Minervaecystidae includes the four
genera Minervaecystis Ubaghs, 1970, Nimchacystis gen. nov.,
Pahvanticystis Lefebvre and Lerosey-Aubril, 2018, and Plasiacystis
Prokop and Petr, 2003.

The morphology of the earliest known member of the family,
Pahvanticystis utahensis (Weeks Formation, Guzhangian, Utah,
USA), suggests that minervaecystids probably originated from a
Castericystis-like ancestor. Pahvanticystis differs from other
minervaecystids in the more anterior insertion of its feeding
appendage along the antanal thecal side (Lefebvre and Lerosey-
Aubril, 2018). The morphology of the isolated minervaecystid
homoiosteles from the late Cambrian of Utah is very close to that
of Minervaecystis (i.e., similar proxistele consisting of over 20,
regular tetramerous rings; Ubaghs, 1963; Sumrall et al., 1997).
However, the absence of thecal remains and precise information
on the location of the feeding appendage prevents any identification
at generic level. Similarly, as yet undescribed putative
minervaecystids have been also reported from the Wah Wah
Formation (late Floian) of Utah, a more precise taxonomic
assignment is so far impossible due to the absence of information
concerning their morphology (Sprinkle and Guensburg, 1993;
Dupichaud et al., 2023).

The three minervaecystid genera Minervaecystis, Nimchacystis
gen. nov., and Plasiacystis have almost identical thecae and feeding
appendages, but they differ strongly in the morphology of their
homoiosteles. In Minervaecystis, the proxistele is elongate and
consists of numerous (over 20) regular telescopic rings, each
made of four plates (Thoral, 1935; Ubaghs, 1970). Its long,
flattened dististele is relatively narrow, stem-like, markedly
curved, and bears several comb-like spikes along its keeled,
concave (right) margin (Ubaghs, 1970; Dupichaud et al., 2023).
Plasiacystis is a long-lived genus known from the Saint-Chinian
Formation (late Tremadocian, France), the Fezouata Shale (late
Tremadocian-middle Floian, Morocco), the Hope Shale
(Darriwilian, UK), and the Sarka Formation (Darriwilian, Czech
Republic) (Jaekel, 1918; Prokop and Petr, 2003; Lefebvre et al., 2012;
Lefebvre et al., 2016; Dupichaud and Lefebvre, 2022; Dupichaud
etal,, 2023). Its proxistele is not organised into regular rings, being a
flexible cylindrical structure made of numerous, imbricate scale-like
elements. In Plasiacystis, the dististele corresponds to a short, broad,
paddle-like structure, with a wide, rounded distal extremity (Prokop
and Petr, 2003; Lefebvre et al., 2012; Dupichaud and Lefebvre, 2022;
Dupichaud et al, 2023). Because of the unusual “beaver-tailed”
morphology of its dististele, Plasiacystis was originally placed in a
distinct family, Plasiacystidae (Prokop and Petr, 2003; Lefebvre
etal., 2012). However, the discovery of syringocrinids (Nimchacystis
gen. nov.) with a homoiostele morphologically intermediate
between those of Minervaecystis and Plasiacystis (see below)
suggests instead that they all belong to the same clade.
Consequently, Nimchacystis gen. nov. and Plasiacystis are here
assigned to the family Minervaecystidae.

The reevaluation of the morphology of Dehmicystis Caster, 1968,
based on new material from the lower Ludlow (Silurian) of the
Central Iberian Zone (Spain; Zamora and Gutierrez-Marco, 2023)
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questions its systematic position within the class Soluta. Dehmicystis
was originally described based on a few poorly preserved, strongly
flattened, and tectonically distorted specimens from the Hunsriick
Shale (Emsian) of Germany (Dehm, 1934; Rahman and Lintz, 2012).
Dehmicystis has usually been considered a typical dendrocystitid
solutan (see, e.g., Caster, 1968; Rahman and Lintz, 2012; Noailles
et al, 2014; Zamora and Gutiérrez-Marco, 2023). However, new
morphological data (e.g., large ovoid, non-lobate theca; laterally
inserted feeding appendage; keeled dististele; Rahman and Lintz,
2012; Zamora and Gutiérrez-Marco, 2023) suggest
either syringocrinid affinities or a morphological convergence
of some Siluro-Devonian dendrocystitids with Cambro-
Ordovician syringocrinids, possibly resulting from similar modes
of life.

Genus Plasiacystis Prokop and Petr, 2003

Type species: Plasiacystis mobilis Prokop and Petr, 2003,
by monotypy.

Emended diagnosis. Genus of syringocrinid solutan with very
flexible, cylindrical proxistele composed of numerous, unorganised,
imbricate, scale-like elements. Proxistele and dististele of nearly
equal lengths. Dististele comprising two series of large, opposite
plates forming short, wide, rigid, flattened paddle with rounded
distal extremity. One side of dististele frequently ornamented with
single spike-shaped knob placed on the convex half.

Remarks: The genus Plasiacystis was originally described as a
very unusual solutan with a large, polyplated, flattened theca,
conspicuously elongate proxistele made of numerous scale-like

10.3389/fevo.2023.1290063

elements, a short paddle-like dististele, and, possibly, no feeding
appendage (Prokop and Petr, 2003). This initial reconstruction was
based on relatively abundant material preserved in siliceous
concretions from the Sarkd and Dobrotiva formations
(Darriwilian) of the Prague Basin, Czech Republic. However, the
reevaluation of this material showed that it was a mixture of at least
three different echinoderm taxa (Lefebvre et al., 2012). The generic
name Plasiacystis was retained for the holotype and some other
specimens, all from the Sarka Formation and corresponding to
regular solutans with a feeding appendage, relatively ovoid theca,
and distinctive paddle-like dististele (Lefebvre et al., 2012). Other
portions of the original reconstruction of Plasiacystis were assigned
to another, yet undescribed solutan (theca only) and to a
rhenopyrgid edrioasteroid (proxistele only) (Lefebvre et al.,, 2012).

Plasiacystis mobilis Prokop and Petr, 2003

Figures 2B, D, 4-7

Holotype: NMP.L.13216.

Type level: Sarka Formation, early-middle Darriwilian
(Middle Ordovician).

Type locality: Osek, near Rokycany, Prague Basin,
Czech Republic.

Additional new material, localities, and horizons: The studied
material from the Fezouata Shale, Anti-Atlas (Morocco), includes
three specimens from Oued Beni Zoli (Z-F5; Figures 1A, D), S.
murrayi Zone, late Tremadocian (MHNM.15690.200 and
ML20.269401-402), 12 specimens from the hill N of Ouaoufraout
(Z-F13¢; Figures 1A, D), H. copiosus Zone, late Tremadocian

FIGURE 4

Whitened casts of Plasiacystis mobilis occurring in concretions from Taichoute (middle Floian). (A) MPZ.2022.927. (B) MPZ.2023.251.
(C) ML20.269363 showing two specimens in the same concretion. (D) ML20.269394. (E) ML20.269360 showing two specimens in the same
concretion. (F) ML20.269308 showing two specimens in the same concretion. Scale bar = 10 mm. Photographs by Vincent Perrier.
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Observation drawings of Plasiacystis mobilis preserved in concretions from Taichoute (middle Floian). (A) ML20.269306 showing a specimen with
both its periproct and a part of its feeding appendage. (B) ML20.269363 showing a nearly intact proxistele. (C) ML20.269402 showing an isolated

dististele. Scale bar = 10 mm.

(AA.CNOc.OI.5-6, AA.CNOc.0I.9, AA.CNOc.0OI.12,
AA.CNOc.OI.14, AA.CNOc.0OI.18-20, AA.CNOc.0OI.22,
AA.CNOc.0I.24, AA.CNOc.OIL.31, and AA.CNOc.01.45), two
specimens from Toumiat (Z-F26; Figures 1A, D), C.2 protobalticus
Zone, early Floian (AA.TMT.OL78-79), five specimens from Ouzina
(Taouz Massif; Figure 1C), C.2? protobalticus Zone, early Floian
(UCBL-FSL.711645, UCBL-FSL.711648-649, ML20.268923, and
ML20.269072), one specimen from Bou Chrebeb (Z-F25a;
Figures 1A, D),?B. jacksoni Zone, middle Floian (UCBL-
FSL.712446), eight specimens from Jbel Bou Zeroual (Z-F0;
Figures 1A, D),?B. jacksoni Zone, middle Floian (AA.JBZ.0L.137,
AAJBZ.0OL141, AA.JBZ.01.145-147, AA.JBZ.01.202, ML20.269378,
and YPM.IP.520778), 90 specimens from Taichoute (Western
Maider; Figure 1C),?B. jacksoni Zone, middle Floian
(AA.TAI2.0OL1, UCBL-FSL.712954, UCBL-FSL.712956, UCBL-
FSL.712958-959, UCBL-FSL.713593, ML20.269255, ML20.269265,
ML20.269267, ML20.269271, ML20.269275-277, ML20.269283,
ML20.269301-309, ML20.269311-360, ML20.269362-375,
MPZ.2022.926-927, and MPZ.2023.251), and three specimens from
unknown localities of the Ternata Plain (BMNHUK.EE.8727,
MHNN.P.045588, and YPM.IP.371).

Diagnosis: As for genus, by monotypy.

Description: On average, specimens ca 50 mm long from the
apex of the theca to the tip of dististele. Homoiostele approximately
half the total length of the body, ca 28 mm long on average.
Dististele representing approximately 60% of homoiostele length,
ca 18 mm long on average.

Theca ovoid, slightly elongate, lacking lobes or a marginal frame
(Figure 4). No visible differentiation between the upper and lower
sides. Thecal plates numerous, irregular, polygonal, tesselate, almost
smooth, flat or slightly convex, generally larger around the middle
part of theca, and smaller around homoiostele insertion
(Figures 4, 5B).
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Feeding appendage stemming laterally, at an approximately
one-third distance to the apex, along the antanal thecal side
(Figures 4F, 5A; Type specimen NMP.L.29120). Apical tip and
cover plates not observed.

Gonopore and hydropore situated on one or two plates, near
insertion of feeding appendage (see, e.g., specimens UCBL-
FSL.711949, ML20.269319, ML20.269324, and ML20.269337).
Right of homoiostele insertion, small cone-shaped periproct,
slightly bulging outward, made of thin, elongate plates arranged
in a circle around the anal opening (Figures 4E, F, 5A).

Homoiostele inserted in the middle part of the posterior margin
(i.e., opposite thecal apex) and divided into two distinct parts.
Proxistele cylindrical, made of many thin, scale-shaped, imbricate
elements of irregular sizes (Figures 4C, 5B). Dististele short,
flattened, bean-shaped, with rounded tip (Figures 4A, D, E, 5C).
Paddle-like portion of homoiostele made of two rows of opposite,
tightly sutured, polygonal plates of irregular size. Dististele
transversely thicker along longitudinal contact between opposite
rows and thinner abaxially along its sharp lateral edges (Figures 4A,
D, E, 5C). Longitudinal thickening of dististele enclosing narrow
cylindrical lumen (see, e.g., specimens ML20.269321 and
ML20.269325). In approximately 75% of observed specimens,
short, smooth, spike-shaped knob borne by one plate of convex
half of dististele (Figures 4B, 6). Knob highly variable in position.

Remarks: The particularly abundant material collected in the
Fezouata Shale can be assigned to solutans (single feeding
appendage) and more precisely to syringocrinids (flattened,
oblique dististele). Moreover, the lateral insertion of the feeding
appendage on the antanal thecal side and the morphology of the
periproct (small, cone-shaped anal pyramid) both support a
placement within the family Minervaecystidae. The possession of
an unorganised proxistele made of numerous imbricate platelets
and the possession of a dististele modified into a short, wide, bean-
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FIGURE 6

The only specimen of Plasiacystis mobilis found so far in France (Montagne Noire, late Tremadocian). (A) Whitened cast of the UCBL-FSL.711925
counterpart showing the ornamental knob. (B) Whitened cast of the UCBL-FSL.711925 part. (C) Observation drawing of the UCBL-FSL.711925 counterpart
showing the ornamental knob. (D) Observation drawing of the UCBL-FSL.711925 part. Scale bar = 10 mm. Photographs by Vincent Perrier.

shaped paddle are diagnostic features of the genus Plasiacystis.
Comparison of the Fezouata specimens of Plasiacystis with the
original type material of P. mobilis did not reveal any significant
morphological differences. Consequently, the Moroccan material is
here assigned to P. mobilis, thus confirming the particularly long
stratigraphic range of this taxon (late Tremadocian-middle
Darriwilian; see Lefebvre et al.,, 2012; Lefebvre et al., 2016;
Dupichaud et al., 2023). Moreover, the particularly abundant and

Frontiers in Ecology and Evolution

well-preserved material from the Anti-Atlas brings new data on
previously undocumented (e.g., gonopore and hydropore) or poorly
known morphological features of P. mobilis (e.g., anal pyramid and
feeding appendage) (see Lefebvre et al., 2012). The Moroccan
material also makes it possible to document the occurrence of
intraspecific variability with respect to the presence and position of
the ornamentation (spike-shaped knob) on the dististele.
Plasiacystis sp.
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FIGURE 7
Reconstruction of the underside of Plasiacystis mobilis.

Figures 2A, 8, 9

Material, localities, and horizons: Included material from the
Fezouata Shale (Anti-Atlas, Morocco) comprises 16 specimens
from the hill North of Toumiat (Z-F24; Figures 1A, D), C.?
protobalticus Zone, early Floian (AA.ONT.OI.10,
MHNM.15690.211-215, and MHNM.15690.217-226) and one
specimen (MHNN.P.045587) from an unknown locality (possibly
Taichoute)? preserved in a concretion.

Description: Theca of numerous, irregular, tesselate, smooth,
polygonal plates. Thecal outlines and size unknown; only three
incomplete, disarticulated thecae could be observed (Figure 8A;
specimens MHNM.15690.212, MHNM.15690.224, and
MHNM.15690.226). Thecal orifices (anus, gonopore, and
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hydropore) not observed. Two originally connected portions of
the same feeding appendage preserved in one specimen
(MHNM.15690.224): one part still inserted into disarticulated
theca, and the other in contact with dististele. Proxistele
consisting of numerous, irregularly arranged, scale-like imbricate
elements (Figures 8B, D). Dististele approximately twice as long as
proxistele: on average, proxistele ca 14 mm long, dististele ca 30 mm
long (Figure 8). Dististele made of two lateral rows of opposite,
rectangular, tightly sutured plates forming flat, straight paddle, with
broad and rounded tip (Figure 8).

Remarks: In locality Z-F24, a single storm-generated lens
yielded numerous, remarkably large paddle-shaped dististeles,
sometimes still in contact with proxisteles, and seldom associated
with strongly disarticulated thecae. All available morphological
features (theca consisting of numerous, smooth, polyplated plates,
unorganised proxistele made of imbricate elements, broad, paddle-
shaped dististele with a rounded posterior extremity) strongly
support the assignment of these solutans to the genus Plasiacystis.
However, their dististeles appear morphologically different from
those of P. mobilis: they are proportionately longer (compared to
the length of the proxistele), their outlines are straight (instead of
bean-shaped as in P. mobilis), and their distal extremity is markedly
wider than their anterior margin (whereas both margins are of
approximately the same width in P. mobilis). Moreover, no
ornamentation is present on the numerous observed dististeles
from Z-F24, while most specimens of P. mobilis display a strong
spike-shaped knob on their distal paddle. The same morphological
features are present in a single large, three-dimensionally preserved,
fully articulated incomplete specimen from an unknown
concretion-bearing locality (MHNN.P.045587).

A first possible interpretation is to consider that all features
departing from the standard morphology of P. mobilis result from
allometry and can be explained by the unusually large size of
specimens from Z-F24 (Dupichaud and Lefebvre, 2022). The
occurrence of morphologically distinct, successive ontogenetic
stages has already been seen in some solutans (see, e.g., Noailles
etal., 2014). Comparable allometries have been also documented in
other Palaeozoic echinoderms, such as eocrinoids (Parsley, 2012;
Nohejlova and Fatka, 2016) and stylophorans (Lefebvre et al., 2022).
In this interpretation, the unusual morphology of the Z-F24
solutans simply results from their larger size, and all specimens
can be assigned to P. mobilis. However, the possibility that these
solutans correspond to a distinct, endemic species of Plasiacystis,
characterised by a morphologically distinct dististele, cannot
be excluded.

Nimchacystis gen. nov.

Derivation of name: From nimcha, a Moroccan curved sword,
referring to the shape of the dististele, and the suffix -cystis (ancient
Greek), meaning “bag”, commonly used for solutan generic names.

Type species: Nimchacystis agterbosi sp. nov., by monotypy.

Diagnosis: Genus of syringocrinid solutan with very flexible,
distally tapering proxistele, composed of more than 20 telescopic
cylindrical hexamerous rings, and rigid dististele comprising two
sets of large, opposite plates forming elongate, relatively narrow,
smooth (unornamented), scimitar-shaped paddle with blunt
distal extremity.
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FIGURE 8

Plasiacystis of the Z-F24 locality; storm-generated accumulations (early Floian). (A) Photograph of MHNM.15690.224 showing the accumulation of
disarticulated steles and thecae. (B) Whitened cast of MHNM.15690.214. (C) Whitened cast of MHNM.15690.222 part. (D) Whitened cast of
MHNM.15690.222 counterpart. Scale bars = 10 mm. Photographs by Vincent Perrier.

Remarks. Minervaecystis, Nimchacystis, and Plasiacystis have
almost identical ovoid thecae and laterally inserted feeding
appendages, but very different homoiosteles. Nimchacystis shares
with Minervaecystis the possession of a well-organised proxistele
consisting of more than 20 regular rings, and of a relatively narrow,
elongate, curved dististele. For this reason, the first observed
specimens of Nimchacystis were assigned to Minervaecystis by
Lefebvre and Fatka (2003). However, proximal rings are generally
tetramerous in Minervaecystis, while they are hexamerous in
Nimchacystis. In Minervaecystis, the width of the stem-like dististele
remains more or less constant along its length, while in Nimchacystis,
this region forms a broad, elongate blade, tapering both anteriorly
and posteriorly. Nimchacystis shares with Plasiacystis the possession
of a dististele modified into a stiff paddle-like structure. However, this
region is short and broad and with a large, rounded distal extremity in
Plasiacystis, whereas it is more elongate and narrower and with a
blunt tip in Nimchacystis. In many aspects, the homoiostele of
Nimchacystis appears morphologically intermediate between those
of Minervaecystis and Plasiacystis (Dupichaud and Lefebvre, 2022).
This observation is a strong argument supporting placement of these
taxa in the same clade (Minervaecystidae).

Nimchacystis agterbosi sp. nov.

Figures 2C, 10-13
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Derivation of name: The name refers to the non-academic
Dutch palaeontologist Ton Agterbos, who collected and made
available for study the most complete available specimen (herein
designated as holotype) of the new species.

Holotype: UCBL-FSL.713120 (Figures 10A, 11A).

Type level: Fezouata Shale, S. murrayi Zone, late Tremadocian
(Lower Ordovician).

Type locality: Tignit (Z-F17b; Figures 1A, D), approximately 26
km NW of Zagora, Ternata plain, Central Anti-Atlas (Morocco).

Additional material, localities, and horizons: Six specimens
are from Tinzouline (Z-F5[2]; Figures 1A, D), S. murrayi Zone, late
Tremadocian (YPM.IP.520227-231 and YPM.IP.520370). Three
other specimens were collected in the lower part of the Fezouata
Shale (S. murrayi Zone, late Tremadocian), but from an unknown
locality in the Zagora area (SMF.89671-672 and UCBL-
FSL.713058). Over 20 additional specimens were observed in
private collections, most of them originating either from Tignit
(Z-F17b) or from Tinzouline (Z-F5[2]).

Description: On average, specimens ca 73 mm long from thecal
apex to the tip of dististele. Theca ovoid, slightly elongated, without
evidence of anal lobe or marginal frame. No obvious difference in
plating between the lower and upper thecal sides, both made of
many polygonal, smooth, tesselate plates of different sizes
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FIGURE 9
Reconstruction of the underside of Plasiacystis sp. Grey areas
extrapolated from Plasiacystis mobilis.

(Figures 2C, 10A-C). Thecal orifices (anus, gonopore, hydropore)
not observed.

Long, distally tapering feeding appendage inserted on left
(antanal) thecal side. Feeding appendage 14 mm long in holotype
(Figures 10A, 11A), 26 mm long and 3.5 mm wide at contact with
theca in YPM.IP.520229 (Figure 10C). Feeding appendage
consisting of at least 25 (holotype) and over 50 (YPM.IP.520229)
pairs of alternating rectangular flooring plates, and two sets of
smaller, opposite rectangular cover plates (Figures 10A, C, 11A).
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Homoiostele inserted opposite to thecal apex and representing
ca 60% of total body length; homoiostele ca 48 mm long on average.
Cylindrical, distally tapering proxistele made of over 20 well-
defined, regular telescopic rings, each consisting of six rectangular
plates (Figures 10A, B, D-F, 11C). Elongate, curved dististele
forming flat, rigid paddle tapering both anteriorly and posteriorly
(Figures 2C, 10A, C, 11B, C). Distal paddle ca 30 mm long on
average, and forming ca 65% of homoiostele length. Dististele
consisting of two opposite rows of plates, each made of
approximately 20 smooth (unornamented), rectangular elements
(Figures 2C, 10A, C, 11B, C).

Family indet.

Syringocrinid gen. and sp. indet.

Figure 3

Material, locality, and horizon: The single known specimen
(CASG 72938; Figure 3) is from an unknown locality of the Ternata
plain, Zagora area (Central Anti-Atlas, Morocco). Associated
lithology (fine beige siltstones) and preservation (occurrence of
pyritised soft tissues within the theca) suggest that the specimen was
collected at the top of the lower interval with exceptional
preservation of the Fezouata Shale (S. murrayi Zone, late
Tremadocian; Lefebvre et al., 2018).

Description: Specimen ca 66 mm long, from feeding appendage
distal extremity to tip of dististele (feeding appendage: 6 mm; theca:
16 mm; homoiostele: 44 mm). Theca and associated feeding
appendage preserved as extremely faint colourful (oxidised)
impressions on rock (Figure 3).

Small, non-lobate theca with regularly convex, ellipsoid
outlines. Narrow, elongate (9 mm long), dark, pyritised, three-
dimensional intrathecal structure, extending anteriorly from the
central part of theca (ca 6 mm away from the insertion of feeding
appendage) into small, cone-shaped pyramid posteriorly, next to
homoiostele insertion (Figure 3).

Short, poorly preserved portion of wide, segmented feeding arm
inserted at the thecal apex (Figure 3).

Homoiostele long, narrow, proximally straight, slightly curved
towards sharp tip (Figure 3). Details of homoiostele obscured by
preservation as thin, oxidised crust.

Remarks: In spite of the very poor preservation of its skeletal
elements, this specimen can be readily identified as a solutan
echinoderm, based on the occurrence of a single, stout feeding
appendage, a distinct theca, and an elongate stem-like structure
(Lefebvre et al., 2016; Saleh et al., 2021; Dupichaud and Lefebvre,
2022). In the lower part of the Fezouata Shale, this type of
preservation is typical for echinoderms occurring in levels with
exceptional preservation (Lefebvre et al, 2019). Their original
calcite skeletons are largely dissolved away, with only their
outlines appearing as faint, oxidised impressions on the rock. In
contrast, echinoderm soft tissues (ambulacral system and gut) can
be preserved as three-dimensionally pyritised structures (Lefebvre
etal, 2019; Saleh et al., 2021). In this context, it is very likely that the
elongate structure preserved in specimen CASG 72938 represents
exceptionally preserved soft parts. Its morphology, position, and
posterior connection with a small pyramid (very likely
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FIGURE 10

Photographs of Nimchacystis agterbosi from the Z-F17b locality (late Tremadocian). (A) Holotype UCBL-FSL.713120 showing theca, feeding appendage,
proxistele, and dististele in near anatomical connectivity as in life. (B) SMF.89671 showing theca and stele in anatomical connection. (C) YPM.IP.520029
showing a large specimen with an apparently complete feeding appendage and dististele. (D) YPM.IP.520031 part showing a complete and well-
preserved proxistele. (E) YPM.IP.520031 counterpart showing a complete and well-preserved proxistele. (F) YPM.IP.520370 showing a complete and
well-preserved proxistele. Scale bars = 10 mm. Photographs (A) and (B) by Vincent Perrier. Photographs (C) to (F) by Jessica Utrup

corresponding to the periproct) suggest that this elongate structure The overall morphology of specimen CASG 72938 (e.g., large,
corresponds to the hind gut (Saleh et al, 2021; Dupichaud and  flattened homoiostele) suggests probable syringocrinid affinities.
Lefebvre, 2022). In this specimen, the preferential preservation of =~ The apical insertion of the feeding appendage excludes its
the posterior part of the digestive system (the anterior part of the  assignment to the family Minervaecystidae, instead supporting
gut is missing) possibly results from its infilling by sediment. affinities with Cambrian-like taxa such as Coleicarpus and
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FIGURE 11
Camera lucida drawings of Nimchacystis agterbosi. (A) Holotype UCBL-FSL.713120 showing theca, feeding appendage, proxistele, and dististele
almost in near anatomical connectivity as in life. (B) UCBL-FSL.713058 showing an almost complete dististele. (C) SMF.89671 showing theca and
stele in anatomical connection. Scale bars = 10 mm.
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FIGURE 12
Reconstruction of the underside of Nimchacystis agterbosi.

Castericystis (Lefebvre et al., 2016; Dupichaud and Lefebvre, 2022).
The overall morphology of CASG 72938 strongly recalls that of
Castericystis vali Ubaghs and Robison, 1985: similar ellipsoid theca,
slightly offset feeding appendage insertion, and long homoiostele
with a sharp distal extremity. However, given the poor preservation
of the single known specimen from the Fezouata Shale, it is
untenable to assign it to the genus Castericystis, which was
originally described from the Marjum Formation (Drumian) of
Utah (Ubaghs and Robison, 1985; Daley, 1995). However, as yet
undescribed Castericystis-like solutans were recently discovered in
the Neuville Formation (lower Katian, Upper Ordovician) of
Québec, Canada (R. Mooi, pers. obs., 2023). This suggests the
persistence through time (at least up to the Late Ordovician) of
solutans with Cambrian-like morphologies.
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Discussion
Taphonomy

The main indicator for echinoderm taphonomy is the integrity
of the calcite skeleton (Ausich, 2001). Fossil echinoderms have been
arranged into taphonomic groups, based on experimental analyses
of taphonomy conducted on extant taxa (e.g., Meyer, 1971; Kidwell
and Baumiller, 1990; Donovan, 1991; Nebelsick, 1995; Kerr and
Twitchett, 2004). These taphonomic groups are defined by how
resistant their skeletal remains are to post mortem transport and
disarticulation (Brett et al., 1997). Following this taphonomic
classification, solutans are generally assigned to the “type 17
category, meaning that their skeleton is made of weakly sutured
plates that quickly disarticulate after the death of the organism (a
few days to a few weeks; Gorzelak and Salamon, 2013) by analogy to
modern “type 17 echinoderms such as asteroids and ophiuroids
(Lefebvre, 2007; Nohejlova and Lefebvre, 2022). In this context,
uncovering extensively contiguous solutan endoskeletal remains
implies not only a relatively rapid burial by obrution deposits
(e.g., distal storm sediments) soon after or before death but also
little or no transport and low bioturbation rates once buried. In the
Lower Ordovician of the Anti-Atlas, such taphonomic conditions
probably prevailed in most solutan-bearing localities that are
generally associated with relatively distal environmental
conditions at or below the storm wave base: Z-FO (Jbel Bou
Zeroual), Z-F5 (Oued Beni Zoli), Z-F5(2) (Tinzouline), Z-F17b
(Tignit), Z-F26 (Toumiat), Ouzina, and Taichoute. All these
localities, in which fully articulated solutans are preserved, can be
considered “echinoderm Lagerstitten” sensu Smith (1988).

In contrast, some other localities (e.g., Z-F13c and Z-F24) have
yielded solutan dististeles almost exclusively. Associated proxisteles
are sometimes preserved, but thecae are generally totally
disarticulated into hundreds of isolated plates. Such levels usually
occur in more proximal, higher energy, storm-generated
accumulation deposits, along with fragments of other
invertebrates (e.g., cephalopods and trilobites). Such
accumulations are particularly informative because they suggest
that different parts of the same individual could follow distinct
taphonomic pathways. Clearly, the solutan feeding appendage was
the most fragile part of the organism and the most likely to be
disarticulated. The more frequent preservation of large portions of
proxisteles indicates that this part of the animal was a bit more
resistant to disarticulation. However, the storm-generated
accumulations of distal paddles of Plasiacystis-like solutans
demonstrate that the dististele was the most taphonomically
resistant module of the organism. This implies that the dististele
of Plasiacystis was a particularly rigid structure made of tightly
sutured plates. Following the taphonomic classification of Brett
et al. (1997), solutans are assigned to the “type 17 category.
However, Plasiacystis-like solutans possess more rigid, decay-
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FIGURE 13

Artistic reconstruction of Nimchacystis agterbosi by Christophe Dupichaud.

resistant modules (e.g., dististele), so part of their anatomy could be
assigned to the “type 2” category.

Palaeoecology

The earliest known solutans were permanently sessile
(Coleicarpus sprinklei, Wheeler Shale, Drumian) or attached
during juvenile stages (C. vali, Marjum Formation, Drumian)
(Ubaghs and Robison, 1985; Ubaghs and Robison, 1988; Daley,
1995; Daley, 1996; Zamora et al., 2013; Zamora et al., 2017; Lefebvre
and Lerosey-Aubril, 2018). All later solutans are generally
considered vagile organisms, even if the presence of a hook at the
tip of the homoiostele in some taxa might be related to the
persistence of an attached juvenile stage. In this context,
minervaecystids provide a remarkable example of an evolutionary
trend towards more active mobility, with the transition from long,
flattened stem-like appendages (Minervaecystis) towards short,
broad, and rigid paddle-like structures (Plasiacystis). The slightly
oblique dististele of P. mobilis was the stiffest and most resistant part
of the organism (see above). It was thus perfectly designed for
crawling (probably backwards, i.e., appendage first) on soft
siliciclastic substrates. Its rounded posterior margin suggests the
total absence of any attachment structure at juvenile stages (e.g.,
distal hook or blunt tip) and a permanently free mode of life.

The ovoid theca of minervaecystids is a plesiomorphic feature,
inherited from permanently attached solutans (e.g., Coleicarpus).
Such a morphology was possibly retained in minervaecystids
because it also turned out to be well-suited for active backward
crawling on soft substrates by significantly reducing the contact and
therefore the resistance to traction exerted by the sediment on
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smooth, rounded, undifferentiated thecal walls. In contrast,
markedly flattened solutan thecae, with contrasting morphologies
on their lower and upper sides, possibly represent adaptations to
less active epibenthic modes of life (e.g., solutan indet., gen. and sp.
nov. in Lefebvre et al,, 2012). Such flattened thecal morphologies
provide indirect clues that fuel the ongoing debate on the life
orientation and feeding posture of solutans (see, e.g., Noailles
et al, 2014, and references therein). Direct comparison with other
epibenthic organisms suggests that in such solutans, the flat side of
their theca was very likely in contact with the substrate, whereas the
opposite, convex surface was facing the water column.

Such a comparison is not possible in the case of
minervaecystids: their globose, ovoid thecal morphology provides
no clues to identify which surface was originally in contact with the
substrate. The lack of a flat thecal face in minervaecystids may imply
a degree of difference in feeding behaviour with more flattened
solutans. As such, minervaecystids could be interpreted as having
shown a mixed mode of feeding, allowed by the flexibility of their
feeding appendage, being able to switch between bottom-feeding
and suspension-feeding. However, their life orientation can be
deduced indirectly based on the ornamentation occurring on the
homoistele of Minervaecystis. In M. vidali, the concave portion of
the dististele bears several comb-like lateral projections (Bather,
1913; Ubaghs, 1970; Dupichaud et al., 2023). Ubaghs (1970)
suggested that these structures were originally directed upwards.
He interpreted them as fin- or wing-like processes that could help
Minervaecystis to swim forward (i.e., theca first; Ubaghs, 1970). This
orientation of the comb-like structures (on the left side of the
dististele) implies that the periproct was situated left of the
homoiostele, and the feeding appendage was inserted, on
the opposite, right thecal side (Ubaghs, 1970). In such an
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orientation, the cover plates (and the underlying ambulacral food
groove) are facing away from the substrate, which implies a
suspension-feeding mode of life for Minervaecystis (Ubaghs, 1970).

However, the possession of an ovoid theca, a very flexible
proxistele that likely housed powerful musculature (by analogy
with stylophorans and pleurocystitid rhombiferans; see, e.g.,
Gorzelak and Zamora, 2016; Lefebvre et al., 2019), and a
flattened, oblique dististele, sometimes modified into a rigid
paddle (Plasiacystis), suggests that the morphology of
minervaecystids was better designed for active backward crawling
on soft substrates than for swimming (Prokop and Petr, 2003;
Lefebvre and Lerosey-Aubril, 2018). In this interpretation, the
comb-like structures occurring on the dististele of Minervaecystis
were more likely directed downwards, acting as gripping devices to
increase the contact surface between the dististele and the substrate.
If this orientation is correct, then the comb-like structures of
Minervaecystis were located on the right side of its dististele. In
minervaecystids, the anus is therefore situated on the right side of
the homoiostele, while the feeding appendage is inserted on the
opposite (left) side of the theca. In such an orientation, the cover
plates (and the ambulacral food groove) are facing downwards,
implying that minervaecystids were detritus feeders. This
interpretation is compatible with the exceptional preservation of
the hind gut (possibly full of ingested sediment) in the Castericystis-
like specimen from the Fezouata Shale (see above; Figure 3). This
gut also appears to be partially pyritised (see also Lefebvre et al,
2019). The ingested Fe-rich sediments could have aided the
preservation of the hind gut by reducing bacterial activities under
oxic conditions (Saleh et al, 2019) and by contributing to the
seeding of pyrite precipitation once sulphate-reducing conditions
were established (Saleh et al., 2020).

In the Lower Ordovician of the Anti-Atlas, minervaecystids
(and in particular, Plasiacystis) are geographically widespread
(Ternata plain, western Maider, Taouz Massif), occurring in a
large range of environmental conditions (from proximal, storm-
influenced settings to more distal, quiet environments) and through
a relatively long time interval (late Tremadocian-middle Floian).
However, in most localities (e.g., Bou Chrebeb, Jbel Bou Zeroual,
Qued Beni Zoli, Tinzouline, and Toumiat) solutans are a minor
component of taxonomically diverse assemblages dominated by
molluscs (bivalves, cephalopods, gastropods, and tergomyans) and
trilobites (Lefebvre et al., 2016). In Ouzina, minervaecystids are also
rare, but they are associated with a low diversity, almost
monospecific fauna dominated by the glyptocystitid rhombiferan
M. bohemica (Lefebvre et al., 2016).

In the Lower Ordovician of the Anti-Atlas, Taichoute
(Figure 1C) stands out as the only locality yielding a low-
diversity, solutan-dominated assemblage. Taphonomic features of
Taichoute solutans (i.e., three-dimensionally preserved, complete,
slightly disarticulated or collapsed individuals) suggest that most of
them were very likely dead and already decaying on the sea floor
when burial occurred (i.e., assemblage al in Saleh et al.,, 2022a).
Comparable solutan-dominated assemblages have been described
in the middle Cambrian of Utah, USA (Ubaghs and Robison, 1985;
Ubaghs and Robison, 1988; Daley, 1995; Daley, 1996) and the
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Upper Ordovician of the Prague Basin, Czech Republic (Noailles
et al., 2014; Nohejlova et al., 2019) and Tafilalt, Morocco (Hunter
et al., 2010; Nohejlova and Lefebvre, 2022). The Taichoute
echinoderm Lagerstitte provides the first example of a nearly
monospecific, dense solutan bed in the Early Ordovician. As is
frequently the case in echinoderm dense beds (see Lefebvre, 2007
and references therein), it is possible that the rarity and low
diversity of associated benthic invertebrates (e.g., brachiopods,
molluscs, and trilobites) result from unfavourable (oligotrophic)?
environmental conditions leading to the opportunistic colonisation
of the sea floor by gregarious, high-density populations of
Plasiacystis (Taichoute) or Macrocystella (Ouzina). The
oligotrophic interpretation does not contradict the presence of
abundant large carcasses of filter-feeding arthropods in the a2
assemblage of Taichoute (see Saleh et al, 2022a). The a2
assemblage is younger and consists of transported material from
more proximal sites, unlike the in-situ, non-transported solutans
that colonised the Taichoute seafloor.

Palaeobiogeography

Castericystis, from the Marjum Formation (Drumian, Utah),
represents the earliest known syringocrinid solutan (Noailles et al.,
2014; Lefebvre and Lerosey-Aubril, 2018). The occurrence of
Pahvanticystis in the Weeks Formation (late Guzhangian, Utah;
Lefebvre and Lerosey-Aubril, 2018) and of minervaecystid remains
in the Whipple Cave (Cambrian Stage 10, Nevada; Ubaghs, 1963;
Sumrall et al., 1997) and Wah Wah (late Floian, Utah; Sprinkle and
Guensburg, 1993) formations suggests a probable Laurentian origin
for minervaecystids.

The onset of relatively cosmopolitan, undifferentiated low-
diversity echinoderm faunas in the Furongian-Tremadocian
interval probably explains the expansion of minervaecystids into
Gondwanan regions, where they are documented as early as the late
Tremadocian (S. murrayi Zone) in the Saint-Chinian Formation,
Montagne Noire (France: Minervaecystis and Plasiacystis; Thoral,
1935; Ubaghs, 1970; Dupichaud et al., 2023) and the Fezouata Shale,
Anti-Atlas (Morocco: Nimchacystis and Plasiacystis; Lefebvre et al.,
2012; Lefebvre et al., 2016; Dupichaud and Lefebvre, 2022). The
occurrence of closely related minervaecystid taxa, including one
shared species (P. mobilis) in the Montagne Noire and the Anti-
Atlas, confirms the existence of strong faunal links between these
two regions during the Early Ordovician (e.g., Lefebvre et al.,, 2016;
Saleh et al., 2022b). However, Minervaecystis has not so far been
documented in Morocco, while this genus is relatively common in
coeval deposits from France. Conversely, Nimchacystis is apparently
endemic to the Central Anti-Atlas. In the Montagne Noire,
Plasiacystis is known from a single isolated dististele, whereas it is
geographically widespread and locally abundant in the Anti-Atlas.

Beyond these differences, possibly related to preservational
biases and/or subtle differences in environmental conditions,
Early Ordovician solutan faunas from the Anti-Atlas and the
Montagne Noire make it possible to record a key evolutionary
transition within minervaecystids. Within a relatively short time
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interval (late Tremadocian), their long, flattened, stem-like dististele
with lateral comb-like projections (Minervaecystis) was modified
into an elongate (Nimchacystis) and then a short, rigid distal paddle
(Plasiacystis). This new morphotype, probably triggered by the
adoption of a more active, crawling mode of life on soft
substrates, persisted at least until the middle Darriwilian:
Plasiacystis was documented in the Sarka Formation of the
Prague Basin (Czech Republic; Prokop and Petr, 2003; Lefebvre
et al, 2012) and the Hope Shale of Shropshire (UK; K. Derstler in
Lefebvre et al., 2012). The occurrence of P. mobilis in the
Darriwilian of Bohemia confirms the strong faunal links between
this region and other high-latitude (peri)Gondwanan areas (Anti-
Atlas, Montagne Noire) belonging to the same Mediterranean
Province in the Ordovician (Lefebvre et al., 2022 and references
therein). The presence of P. mobilis in the Hope Shale is more
unexpected because, in the Middle Ordovician, Shropshire was part
of Avalonia, which was then an independent micro-continent
separated from Gondwana by the opening of the Rheic Ocean.
However, several other examples of echinoderm taxa with
Gondwanan affinities have been reported in the Middle
Ordovician of Avalonia (see, e.g., Jefferies, 1987; Fone, 2003;
Lefebvre et al., 2012; Botting et al., 2013; Lefebvre et al., 2022).
These shared taxa suggest that they originated from the same pool
of organisms before Avalonia rifted away from Gondwana and/or
that exchanges were still possible on both sides of the Rheic Ocean
in the Middle Ordovician.

Conclusions

The systematic description of solutans from the Fezouata Shale
reveals an unexpectedly diverse assemblage comprising a
Castericystis-like syringocrinid and at least two minervaecystids
(N. agterbosi and P. mobilis) in the Lower Ordovician of the Anti-
Atlas (Morocco). The Castericystis-like solutan represents the first
evidence of exceptionally preserved soft tissues (part of the digestive
system) in this class. The description of Nimchacystis fills the
morphological gap between Minervaecystis and Plasiacystis, thus
supporting their placement within the same family
(Minervaecystidae), along with Pahvanticystis. The abundant and
well-preserved material of P. mobilis makes it possible to describe
several previously unknown or poorly documented morphological
features of this taxon. The new Moroccan material also provides
new insights into the palaeobiogeographic dispersion of
minervaecystids from Laurentia to high-latitude Gondwana and,
subsequently, to Avalonia, as well as their presumed mode of life as
active detritus feeders crawling backwards on soft substrates.
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