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Several tiny crinoids with crowns as small as 1 mm, or less, in width are newly recog-
nized from the Hunsr€uck Slate of southwestern Germany. The presence of erect arms
above an amorphous calyx in some specimens can be inferred. Based on comparison
with the size and gross morphology of developmental stages in living crinoids, these
tiny Hunsr€uck crinoids are judged to be at an early postlarval stage that is analogous
to the pentacrinoid stage just after development from the stalked, but armless, smaller
cystidean larval stage found in both living comatulids and isocrinids. Some of these
tiny crinoids have a stalk up to 4 mm long attached to a now pyritized former sub-
strate. Their clustered occurrence suggests gregarious settlement of larvae. Taxonomic
identification of these presumed pentacrinoids is not possible, even to the sub-class
level, although they are preserved with larger juveniles of the cladids Propoteriocrinus
and Lasiocrinus. These larger juveniles exhibit 3-D pyritized calcite plates, whereas the
probable pentacrinoids appear to be preserved as flattened, micro-crystalline pyritized
dermal tissues that enclosed lightly calcified, porous ossicles. The pentacrinoids were
likely buried within weeks or months of hatching, based on developmental stages in
similar-sized living crinoids. These tiny crinoids, presumably pentacrinoids, are a fur-
ther example of the extraordinarily detailed preservation of delicate tissues in pyrite
from the Hunsr€uck Slate. They are most likely the pentacrinoid stage from one or
more of the crinoid taxa (30 genera) present in the Hunsr€uck Slate. Assuming these
are not microcrinoids, they are the first report of pentacrinoids from the fossil record
and document that a Palaeozoic sister group to modern crinoids had similar develop-
mental stages. □ Crinoidea, Echinodermata, juveniles, postlarval, pyritization.
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The Lower Devonian Hunsr€uck Slate, near the
Rhine Valley in western Germany, is well known
for its high diversity of marine fossils exhibiting
extraordinary preservation of both hard and soft
tissues by selective pyritization, including those of
echinoderms (Bartels et al. 1998; K€uhl et al. 2012).
Recently, we reported the first known occurrence
of crinoid tube feet in the fossil record (Ausich
et al. 2013) from the Hunsr€uck cladid Codiacrinus.
We now report the discovery of tiny crinoids in
the Hunsr€uck Slate, judged to be early-stage
postlarval pentacrinoids (or equivalent to that stage
in living articulate crinoids), preserved by pyritiza-
tion of the dermal tissues that encased the ossicles
and early juveniles with pyritized plates. These
may be the earliest developmental stages of macro-
crinoids known in the fossil record, assuming that
microcrinoids are in fact paedomorphic adults
(Sevastopulo 2008). These Hunsr€uck specimens are
certainly the smallest fossil crinoids known with
crowns attached to their stems.

Methods, materials and geological
setting

These tiny crinoids were prepared using preparation
techniques developed during the early 1990s (Bartels
et al. 1998). This involves using an air abrasive unit
modified to limit static electricity as powders pass
through the pressure hose. With this modified device,
pure iron filings are used at low pressures (see discus-
sions in Bartels et al. 1998; Glass & Blake 2004). This
method allows for very precise removal of the softer
rock matrix with minimal or no damage to the pyri-
tized fossil. The specimens reported here were pre-
pared by C.B. using this technique. The single slab
containing them is deposited in the German Mining
Museum (Bochum), Bartels Collection (GMMBC HS
99). The slab is 17 cm high by 13 cm wide, with the
crinoids concentrated in an area 5 9 6 cm (Fig. 1A).

The Hunsr€uck Slate is an informal stratigraphical
term that includes the Lower Devonian roofing slates
from the Rhenish Massif of Germany (Schindler et al.
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2002; Sutcliffe et al. 2002). The slab with the tiny cri-
noids (GMMBC HS 99) was collected from the
Eschenbach-Bocksberg Quarry at Bundenbach. It is
from the Eschenbach Member of the middle Kaub
Formation (lower Emsian), which is in the central
part of the roofing slate outcrops at Bundenbach. The
crinoids were presumably buried by turbidites and
show current alignment (Sutcliffe et al. 2002),
although they were probably not transported far (Far-
rell 2014) as many organisms in the Hunsr€uck Slate
were essentially buried in situ (Bartels et al. 1998).

Tiny crinoids

Slab GMMBC HS 99 contains at least 10 specimens
of small crinoids (Fig. 1A). Five of the larger speci-
mens, cladids with crowns several mm in dimension,

are likely juveniles of the cladids Propoteriocrinus
(Fig. 1A,B) and Lasiocrinus (Fig. 1A,C), based on
checking their characters against the list of known
crinoid genera from the Hunsr€uck Slate (Bartels
et al. 1998). Juveniles do not have the fully devel-
oped pattern of arm branching present in adult spec-
imens that define taxa described in the literature;
thus, the identifications are tenuous. Identification
to the species level is not attempted because of their
small size and underdeveloped arms. The five small-
est specimens of crinoids cannot be identified, even
to the sub-class level, but we are confident these are
crinoids based on the gross morphology of the
crowns and stems (Fig. 1B,D–F). Their co-occur-
rence with known cladids suggests they are cladids as
well, although that cannot be confirmed. In each of
these smallest crinoids, the crown is approximately
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Fig. 1. Early postlarval and juvenile Hunsr€uck crinoids. A, slab GMMBC HS 99 with crinoids concentrated in an area 5 9 6 cm, from
the 17 9 13 cm (H,W) slab; B, enlargement of right centre of A, the largest crinoid is a Propoteriocrinus juvenile, with smaller pen-
tacrinoids on either side; C, enlargement of left lower corner of A with three juveniles of Lasiocrinus, bright areas are large pyrite crystals;
D, enlargement of upper left of B with three elongate presumed pentacrinoids, including one with a complete stem apparently attached
to a small mass of pyrite crystals; E, presumed pentacrinoid with stem showing possible faint triple junction plate suture boundaries in
lower left of calyx and two arms above the calyx, unidentifiable mass to upper left; F, enlargement of right centre of B showing a bulbous
presumed pentacrinoid. A, photographed dry, low-angle light; B–F, photographed wetted with ethanol, low-angle light. Scale bars: A,
1 cm; B–D, 1 mm; E–F, 0.5 mm.
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1.0 mm, or less, in width and 1.0–2.0 mm in height.
The stem ossicles are evident, indicating that stem
length ranges from 3.0 to 4.0 mm for the two speci-
mens that appear to have complete stems that were
attached to a substrate in life (Fig. 1B,D). Each of
these two stems appears attached to a small mass of
pyrite crystals, which may have been an organic sub-
strate of unknown affinity on which the larvae
settled. Ossicles on the crowns of these smallest spec-
imens cannot readily be resolved to recognize dis-
tinct calyx plates (but see Fig. 1E) and arm plates,
but the gross crown morphology suggests closed
arms are present (Fig. 2).

Discussion

The smallest Hunsr€uck crinoid specimens are very
similar in size to those of the early pentacrinoid stage
in living comatulids and isocrinids, with the calyx
less than 1.00 mm in width (Mortensen 1920;
Mladenov & Chia 1983; Kohtsuka & Nakano 2005;
Haig & Rouse 2008; Shibata et al. 2008; Amemiya
et al. 2014;). In the swimming comatulids, the pen-
tacrinoid stage, with a stalk and developing arms,
follows the stalked, but armless, non-feeding cys-
tidean stage (Breimer 1978; Balser 2002; Kohtsuka &
Nakano 2005; Haig & Rouse 2008; Shibata et al.
2008). In comatulids, pentacrinoids are considered
the final larval stage before final development to the
swimming stage by autotomy of the stalk. The pen-
tacrinoid stage develops at 17–19 days after fertiliza-
tion of the eggs and ends anywhere from 26 days to
six months later when the stalk is autotomized

(Balser 2002; Kohtsuka & Nakano 2005). In living
stalked crinoids, the isocrinids, larval development
was previously unknown beyond the doliolaria stage
(Nakano et al. 2003) and the cystidean and pen-
tacrinoid stages were unknown. However, a recent
study on Metacrinus rotundus has identified both the
larval cystidean stage and the postlarval pentacrinoid
stage during development into the stalked adult
(Amemiya et al. 2014). The pentacrinoid develop-
mental stage in isocrinids is the earliest juvenile stage
after development from the larval, non-feeding cys-
tidean stage. The pentacrinoid has a relatively large
aboral cup with very simple arms as compared to the
adult with a relatively small aboral cup in a crown
dominated by long arms with multiple branchings.
Breimer (1978) questioned whether the pentacrinoid
stage should be defined when the stalk is not auto-
tomized, but Amemiya et al. (2014) recognized the
pentacrinoid stage in isocrinids as it is essentially
identical in form and function to that stage in
comatulids. Amemiya et al. (2014) were unable to
keep pentacrinoids ofMetacrinus rotundus alive until
they reached typical adult morphology. Thus, they
do not define the developmental limits of the pen-
tacrinoid stage in isocrinids.

Based on similar size and morphology, we judge
these smallest Hunsr€uck crinoid specimens to be
equivalent to the early postlarval pentacrinoid stage
just after development from the cystidean larval
stage. Traditionally, the pentacrinoid stage was only
recognized in comatulids, ending by autotomy of
the stem (Mortensen 1920; Kohtsuka & Nakano
2005; Haig & Rouse 2008). Amemiya et al. (2014)
were the first ever to raise isocrinid larvae beyond
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Fig. 2. Comparisons between pentacrinoids of the living comatulid Isometra vivipara Mortensen and Hunsr€uck specimens. A, early-stage
pentacrinoid of I. vivipara with oral plates prominent between the early developing arms, each with a single primibrachial (calyx width
0.75 mm) (Mortensen 1920; pl. 22, fig. 11); B, specimen from Fig. 1F (calyx width 0.75 mm), similarity in shape and size to I. vivipara
in A suggests it is comparable to an early-stage pentacrinoid with orals forming a bulbous crown; C, further developed pentacrinoid of I.
vivipara with branching arms extending well above the calyx (calyx width 1.0 mm) (Mortensen 1920; pl. 23, fig. 6); D, specimen from
top of Fig. 1D (calyx width 1.0 mm), similarity in shape and size to I. vivipara in C suggests it is comparable to a later-stage pentacrinoid
with arms extending above the calyx, which though faint appear to be present around the upper perimeter of the crown.
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the swimming stage and induce development to
the cystidean and pentacrinoid stages. Thus, they
were the first to recognize the pentacrinoid stage
in living stalked crinoids. Following their lead, we
also recognize the possibility of a pentacrinoid
stage in Palaeozoic stalked crinoids. Similar to
Amemiya et al. (2014), we are unable to define the
developmental limits of this stage when the stem is
not autotomized. The overall shape of the crown
(elongated vs. bulbous), as compared to that of
living pentacrinoids (Mortensen 1920; Kohtsuka &
Nakano 2005; Haig & Rouse 2008; Amemiya et al.
2014), suggests that infolded arms at death are
present, although the preservation is not fine
enough to recognize distinct arms, apart from
what appears to be arm ossicles on two specimens
(Figs 1D,E, 2D).

The bulbous specimen (Figs 1F and 2B) is simi-
lar in form to the cystidean stage, which is capped
by oral plates and lacks arms, and is generally
thought to be non-feeding, although podia may
extend from the oral plates (Amemiya et al. 2014).
However, cystideans are usually 500 microns, or
less, in diameter (Mortensen 1920; Kohtsuka &
Nakano 2005; Haig & Rouse 2008; Amemiya et al.
2014), whereas this specimen is about 750 microns
across. Rather than being a cystidean larva, this
specimen may be at a stage immediately following
the cystidean stage; thus, it has poorly developed
arms between large oral plates, as shown by the
specimen of the comatulid Isometra vivipara Mor-
tensen (Fig. 2A).

By comparison with the developmental timing
of the pentacrinoid stage in living crinoids (Balser
2002; Kohtsuka & Nakano 2005; Shibata et al.
2008; Amemiya et al. 2014), these crinoids may
have been only a few weeks or months old at the
time of their death and burial. Aside from Palaeo-
zoic microcrinoids, which are thought to have
been paedomorphic adults that fed by extending
podia through open oral plates, or along very sim-
ple arms (Sevastopulo 2008), these are possibly
the smallest known fossil juvenile crinoids (Brower
et al. 1978; Peters & Lane 1990), and perhaps the
only known occurrence of pentacrinoids in the
fossil record. Crinoid larvae are known to settle
gregariously (Mladenov & Chia 1983). The cluster
of presumed pentacrinoids (Fig. 1B) may have
settled together from a clutch of larvae and were
later swept along together by currents before
burial.

The crinoids on slab GMMBC HS 99 were appar-
ently rapidly buried by turbidite currents in fine-
grained sediments, as were other fossils of the
Hunsr€uck Slate (Bartels et al. 1998; K€uhl et al. 2012).

All the crinoids, including the smallest Hunsr€uck
specimens, were pyritized rapidly following burial as
sulphides produced by decay combined with reduced
iron in the sediment pore water (Briggs et al. 1996;
Raiswell et al. 2008; Farrell 2014). Pyritization occurs
where sub-oxic pore waters are rich in reduced iron,
so that dissolved sulphide does not diffuse away
from the decaying carcass into the surrounding
sediment, thus producing iron sulphide precipita-
tion at the site of decay. Crinoid ossicles of the
early pentacrinoid stages in living comatulids and
isocrinids consist of highly porous, reticulated
stereom filled with soft dermal tissue (Lahaye &
Jangoux 1987; Shibata et al. 2008; Amemiya et al.
2014). The Hunsr€uck pentacrinoids appear to be
preserved as black, micro-crystalline, pyrite replac-
ing the soft dermal tissues that filled the highly
porous stereom of this early developmental stage.
The delicate calcitic ossicles apparently were
crushed during burial compaction producing flat
calyxes lacking distinct plate boundaries. The pyri-
tized dermal tissues were resistant to the air abra-
sive stream of iron particles that removed
surrounding rock matrix (Fig. 1D–F). This is in
contrast to the heavily calcified ossicles, with brassy
pyrite coatings, standing in 3-D relief on the larger
juveniles (Fig. 1B,C). All specimens have higher
contrast from the matrix when wetted (Fig. 1B–F)
than when dried (Fig. 1A).

These are the smallest juvenile crinoids reported
from the Palaeozoic. The specimens discussed here
are unique because very nearly complete, articulated
specimens have now been recovered from the
Hunsr€uck Slate. This new material demonstrates that
a Palaeozoic sister group to living crinoids had
developmental stages similar to those in living
crinoids.

Conclusions

The Hunsr€uck Slate continues to reveal exquisite
examples of pyritized delicate tissues as shown by
tiny crinoids interpreted to be early-stage, postlar-
val pentacrinoids from one or more of the 30 gen-
era of macro-sized crinoids known from this
formation. These presumed pentacrinoids are simi-
lar in size and shape to living pentacrinoids of
both comatulids and isocrinids, and their clustered
occurrence suggests gregarious settlement by larvae.
Assuming these are not microcrinoids, they are the
first report of pentacrinoids from the fossil record,
suggesting that developmental stages in living cri-
noids are conserved from a Palaeozoic sister
group.
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