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Abstract

Diploporitans had subspherical thecae, which usually were attached to hard substrates either directly with an attachment
disc at the base of their theca or with a stem and holdfast. After the death of the animal, isolated thecae were easily
transported by currents over more or less consolidated sediment. We describe a case where 13 diploporitan thecae were
trapped in the remains of a cephalopod with an orthoconic conch. Most of the thecae show a perfect fit and are size-sorted
within the conch or siphuncle. We discuss the taphonomic processes that might have been involved in this rare kind of

alignment and sorting.
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Introduction

Representatives of the Diploporita and Rhombifera (Blas-
tozoa) occur in rock-forming numbers in several outcrops
across Baltoscandia (e.g. Regnell 1960). According to their
locally high abundance, representatives of genera such as
Echinosphaerites and Sphaeronites likely lived in densely
populated meadows (e.g. Lindskog and Eriksson 2017).
Their more or less spherical thecae, which consisted of
lightly built thecal plates but with very rigid sutures, had
feeding appendages with a mineralized skeleton, which
very quickly disarticulated after death, and thus, their
thecae were, depending on sediment consistency, easily
transported post-mortem over the seafloor by water cur-
rents or waves. Due to their shape, the most common mode
of transport was probably rolling, providing the attachment
and the brachioles broke off. Rolling transport has been
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documented for a variety of organisms on land (e.g. tum-
bleweed; Ganong 1921; Becker 1978) and in water (e.g.
ammonoids; Rothpletz 1909; Seilacher 1963, 1971; Maeda
and Seilacher 1996). Although rolling transport of sub-
spherical diploporitan thecae is a likely phenomenon, it has
not yet been discussed as far as we know.

Here, we present the case of a cephalopod specimen,
where the corroded remains of an orthoconic cephalopod
served as a fossil trap for diploporitans. The specimen was
historically collected from the Middle Ordovician Holen
limestone at Rabick Kalkbott, Kinnekulle table mountain,
Vistergotland, southern Sweden (Fig. 1). We discuss the
possible taphonomic processes that can explain the mode
of alignment of the diploporitans in the conch.

Material

Specimen NRM Ec34704 is a 332-mm-long poorly pre-
served fragment of an orthoconic cephalopod; its apertural
diameter is 19 mm and adapically it measures 8 mm
(Fig. 2). It contains at least 13 subsphaerical thecae of
diploporitans ranging between ca. 12 and 19 mm in
diameter. From the aperture towards the apex, the diame-
ters (in millimetres) of the diploporitan thecae are as
follows:

19-19-12-19-12-15-17-18-16—-17
— (24 mm gap without theca) — 15 — 15 — 13.

) Birkhauser


http://orcid.org/0000-0002-4099-7453
http://crossmark.crossref.org/dialog/?doi=10.1007/s13358-018-0173-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13358-018-0173-x&amp;domain=pdf
https://doi.org/10.1007/s13358-018-0173-x

406

C. Klug et al.

NORWAY

9

&
SWEDEN

Lake
Vanern

Lidkdping

)

£

%’ Skara
[ ] Granitoid, gabbro, gneiss [[] Limestone, shale
(Proterozoic) (Ordovician)
[ ] sandstone, conglomerate, siltstone, shale [ ] Limestone, shale, sandstone
(Cambrian Stage 4) (Silurian)
[ ] Bituminous shale, some limestone [ Dolerite 2 km

(Cambrian Stage 5 to Tremadocian)

(Permian to Carboniferous) e

Fig. 1 Geological map of Vistergotland with the locality where the specimen described herein was collected Modified after Calner et al. (2013)

The average ratio between conch diameter and diploporitan
diameter is 1.14, i.e. most of the diploporitans touch the
shell.

The specimen is labelled as collected from Rabidck
Kalkbott (the latter word meaning quarry). The quarry does
not exist anymore, but probably the label refers to one of
the old quarries east of the village Rabédck on the western
side of the Kinnekulle mountain, c¢. 10-12 km southwest of
Hallekis, Vistergotland, southern Sweden. The label also
states: “Ovre rod Orthocerkalk” (upper Red Orthoceras
limestone), which roughly corresponds to the Holen
Limestone in this area. However, the limestone of the
specimen itself is green. The only green bed in the upper
Red Orthoceras limestone exposed on the western side of
the Kinnekulle is the “Téiljsten interval”, which locally is
also very rich in Sphaeronites (Eriksson et al. 2012;

Lindskog and Eriksson 2017). Hence, the age of the
specimen can be constrained as Lenodus variabilis-
Yangtzeplatognathus crassus condodont zone of the Kunda
regional stage, Darriwilian, Middle Ordovician (see Lind-
skog and Eriksson 2017 and references therein).

The specimen is stored at the Swedish Museum of
Natural History in Stockholm (NRM Ec34704).

Taxonomy

The cephalopod is an internal mould of an orthoconic
conch or of a large siphuncle of an orthocone, which has a
slightly undulating lower and lateral surface (Fig. 2C). It is
unclear whether some of this undulation is primary or due
to compaction processes of the marly sediment, also linked
to the presence of the diploporitans inside it. It is possible
that the specimen is actually an internal mould or even a
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10 mm

Fig. 2 Orthoconic conch or siphuncle of a cephalopod (?Proterova-
ginoceras sp.) filled with diploporitans from the Ordovician (Darri-
willian, Kunda stage, Holen limestone, upper Red Orthoceras
Limestone) of Rabicks in Vistergotland province (Sweden); NRM
Ec34704. A Detail of the specimen showing three thecae of
Sphaeronites (Sphaeronites) sp.; note the pores and plate boundaries
on the surface; the former sediment surface corresponds to the
midline of the sedimentary filling of the cephalopod conch or

secondary infilling of an external mould of an endocerid
siphuncle, which shows similar undulations (compare, e.g.
Flower 1955; Balashov 1968; Kréger 2012). Only about
one half of the internal mould is preserved and the presence
of the diploporitans in much of the conch evidences cor-
rosion of the other half of the conch prior to its burial; we
cannot think of a natural process that could make a
longiconic conch break in half (see also discussion in Paul

siphuncle. Also note the darker colour of surface towards the bottom,
probably caused by the darker sediment of the geopetal filling.
B Detail showing four diploporitans, seen from above; the two
diploporitans on the right are broken in the middle, revealing the
syntaxial sparite fillings of the former void inside the theca. The entire
specimen seen from the side (C) and from the top (D), i.e. looking
down on the sediment surface

and Bockelie 1983). No traces of the shell, siphuncle or
septa are discernible, making a systematic assignment
nearly impossible, although the likelihood that it was an
endocerid is very high.

The Kunda Stage of Baltoscandia is well-known for its
abundant cephalopods (e.g. Calner et al. 2013; Kroger
2012; Kroger and Rasmussen 2014; Kroger and Zhang
2009). However, the historical name “Orthoceratite”
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limestone is misleading at least for the Holen limestone
part, which historically also was more correctly named
“Vaginatum limestone”, the latter referring to its most
abundant cephalopod taxon, Proterovaginoceras incogni-
tum (Kroger 2012; Kroger and Rasmussen 2014). Gener-
ally, slender, large, smooth endocerids are most common in
the limestones of the Kunda regional stage across Bal-
toscandia. Probably, the specimen described herein is a
poorly preserved fragment of a large isolated siphuncle of
Proterovaginoceras.

As far as the diploporitans are concerned, some species
occur in great numbers in the Middle Ordovician of Bal-
toscandia including the diploporitans Sphaeronites pomum
Gyllenhaal, 1772 and S. minor Paul & Bockelie, 1983 as
well as the rhombiferan Echinosphaerites aurantium
(Gyllenhaal, 1772). For the Holen Kalksten of southern
Sweden, Calner et al. (2013) reported abundant S. pomum,
although overall, Echinosphaerites might be more abun-
dant in the Baltoscandian Ordovician.

Unfortunately, the key characters of the different genera
or species are not preserved. According to J. Waters (per-
sonal communication, October 2018), the presence of res-
piratory pores with no organization in the plates, the
unorganized plating, some small tubercles as thecal orna-
mentation between the respiratory structures, and the
polygonal peripores (rather densely packed) with a thin
tubercle in the middle and thin rims strongly suggest that
they belong to Sphaeronites (Sphaeronites) Paul, 1973. At
species level, determination is more difficult. S. (S.) pomum
is usually larger than the thecae in specimen NRM
Ec34704, it has rounded peripores with tubercles on their
rims (their absence might be a taphonomic problem,
though). Sphaeronites (S.) minor corresponds well with the
size of the specimens; it has rounded to polygonal peri-
pores with a flattened to slightly convex bottom (no central
tubercles) and also some tubercles on their rims. Therefore,
most of the characters (available on the specimens) would
suggest that these blastozoans belong to S. (S.) minor.
Nevertheless, although both species were reported from the
locality, most authors reported S. (S.) pomum. Furthermore,
size is probably a poor character here, because the small
size of the specimens is possibly linked with the sorting
process that occurred in the orthocone. We thus refer to the
blastozoans in open nomenclature: Sphaeronites (Sphaer-
onites) sp.

Taphonomy

The cephalopod remains were only partially filled by sed-
iment, in most cases below the middle of the conch. The
phenomenon of roughly half-filled orthocones was men-
tioned as being very common in the host strata by Paul and
Bockelie (1983: fig. 8). They also pointed out that the

siphuncle often lies at the bottom (in endocerids) due to its
massive endosiphonal structures (endocones). Furthermore,
they report that many specimens of orthocones were
reworked as evidenced by pre-fossilized ones that were
only partially filled but lying with the convex side up.
Additionally, some specimens were “truncated against
discontinuity surfaces” (Paul and Bockelie 1983: p. 695) or
current-aligned.

Since most diploporitan thecae fit almost perfectly into
the cephalopod conch, the level of the sediment sur-
rounding the cephalopod remains probably corresponds
approximately to the level to which the conch was missing,
either by corrosion or a combination of processes. Conse-
quently, it represents some kind of geopetal structure,
indicating the former position of the fossils in the sediment.
This is corroborated by the geopetal structures in the
diploporitans; those thecae that are intact and the three
broken ones show the calcite crystals that syntaxially grew
inwards from the thecal plates (e.g. Fraas 1887; Neuge-
bauer 1978, 1979a, b; Paul and Bockelie 1983; Walker
et al. 1999; Klug 1992; Vollbrecht 2015). Remarkably, the
Ordovician was the time with the most abundant syntaxial
overgrowths on echinoderms (Walker et al. 1999: fig. 4),
which appears to be linked with the prevailing calcite sea
conditions.

The two smallest diploporitans that lie in the most apical
part of the cephalopod conch show an even sediment-filling
containing bioclasts of up to millimetre-size. The surface
of this filling corresponds in level to that of the cephalopod
conch; thus, these thecae were probably already broken
prior to burial, thereby allowing coarser sediment particles
to enter the thecae. The two diploporitans lying in the most
apertural part are also broken, but it is unclear at which
stage of taphonomy.

As mentioned by Paul and Bockelie (1983: p. 694f), the
sediments show several indications for currents such as
aligned orthonic cephalopod conchs (see also, e.g. Grahn
1986; Wendt 1995 and references therein). Both empty
cephalopod conchs and the lightly built (stereome structure
of sclerites) empty thecae of diploporitans were easily
carried even by weak bottom currents. While the ortho-
cones were possibly initially current aligned, the diplo-
poritan thecae were likely rolling in any direction and do
not allow a reconstruction of palaeocurrents. In the case
described here, 13 thecae of slightly varying size were
trapped in a half of a cephalopod conch or siphuncle. The
slight size sorting along the length of the cephalopod conch
and the excellent fit of most of the diploporitans with the
conch’s width suggest that the size of the diploporitans
relative to the conch was crucial for whether they stayed in
the conch or rolled on.

The stratinomic history of the diploporitans is, however,
less trivial than it seems. Presuming a unidirectional
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Fig. 3 Cartoon explaining the sorting of the diploporitans inside the orthoconic cephalopod conch or siphuncle. Alternatively, the current can be
replaced by wave action and sloshing

current, the apex of the current-aligned orthocone likely
pointed initially roughly in the direction of current, i.e. in
the direction from where the diploporitan thecae probably
arrived from. With its conical shape, the sides of the conch
would have directed the diploporitans around rather than
into the conch. There are a few scenarios to explain how
the thecae came to rest in the conch:

1.

It was wave action that aligned the conch or siphuncle
perpendicularly to the current direction. Consequently,
the diploporitans came from the long sides and not
from the apical side.

The cephalopod conch edge was embedded more or
less exactly to the sediment surface level; the conch or

siphuncle wall did not form an obstacle preventing the
diploporitans from entering the half conch.

3. Current direction changed after the cephalopod conch

was embedded in the sediment; subsequently, the
diploporitans rolled in from the sides or from the
apertural side until they reached the spot where theca
diameter corresponds to the inner cephalopod conch
diameter in a sort of diploporitan-marble run. Those
with a much larger or much smaller diameter were
more easily washed out of the conch or siphuncle,
because smaller diploporitans had more freedom to
move and the larger diploporitans exposed larger
surfaces outside the cephalopod shell remains.
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As mentioned by Lindskog and Eriksson (2017: p. 177),
the sediments of the Téljsten formed in the intertidal to
deep subtidal. Hence, wave action at least temporarily
influenced the sediment surface, thus rendering scenario 1
possible. A combination of the processes 2 and 3 is a
plausible explanation for the longitudinal size sorting of the
diploporitans (for a graphic reconstruction of the processes,
see Fig. 3), but of course, a combination of these processes
cannot be ruled out.

Although we are not aware of similar cases of tapho-
nomic arrangement, the taphonomic feature described
herein can be compared with conch telescoping, a feature
known specifically from slender orthoconic shells of
dacryoconarids and cephalopods (e.g. Miller and Young-
quist 1949; Bogolepova and Gubanov 1999). Telescoping
was studied by Hladil et al. (2014: p. 376) employing an
experimental approach. They found that “With sloshing, a
high production of irreversibly telescoped cones was pre-
sent in clear water and at driving frequencies comparable to
the upper limits known for sea waves.” It is conceivable
that a sloshing process washed the diploporitans in and out
of the orthoconic conch where only those stayed that
assumed a stable position due to the strongly limited
clearance.

Conclusions

We describe a specimen, where remains of an orthoconic
cephalopod (probably an endocerid) of 332 mm length
were filled with a chain of diploporitan thecae. This
cephalopod fossil was probably aligned by either a current
or wave action. It was apparently exposed to seawater for a
prolonged time, which permitted corrosion to remove the
exposed upper half of the conch or siphuncular tube, while
the other half rested in the sediment. The remaining shell
walls formed no obstacle for diploporitan thecae that rolled
over the sediment, transported by currents or waves. There
are two explanations for the dense packing and the nearly
perfect fit of the diploporitans (Sphaeronites) to the half
cephalopod conch: FEither, the diploporitans entered the
half orthocone and rolled on until they reached the point
where the thecal diameter was equal to the inner diameter
of the cephalopod conch or mild wave action caused a
sloshing that removed those thecae from the conch that did
not fit well into it. Once inside the conch, the diploporitans
rolled on in the conch, thereby became size-sorted and
ultimately reached a stable position, giving the specimen
the superficial look of an actinocerid siphuncle.
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