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Fig. 10. Otolith-like inclusions in coprolite: (a) a specimen containing abundant 2—7 mm inclusions (H313); (b) a
polished section through the specimen; (¢) two inclusions that are partially prepared free of the coprolite matrix,
showing a rounded external surface; and (d) a polished section through a large inclusion showing a layered internal

composition. Photographs (c) & (d) by Werner Schwarzhans.

distribution of fragment categories is similar
between structures. Spiral/coiled specimens are so
few compared to the other structures that the appar-
ent higher amount of category 3 specimens (numer-
ous fragments) is uncertain.

Texture

Nodular coprolites rarely contain fragments and
when they do these are less than 2.5 mm long. The
other coprolite textures are difficult to define with
respect to the contents of fragments. They appear
to be parts of a spectrum with massive coprolites
at one end, containing a large variety of frag-
ment sizes, and swirly coprolites at the other end,
containing few fragment sizes. Nodular-massive
and nodular-swirly coprolites contain slightly more
nodule-free specimens than the other textures, but
far less than the entirely nodular coprolites (Fig. 12).

Correlations between contents of nodules
and coprolite traits

Structure

Spiral/coiled coprolites do not contain nodules,
except for a few single scattered nodules. For the
irregularly wrapped and structureless coprolites,
the specimens containing nodules are weakly nor-
mally distributed according to nodule size. Since
nodule-free specimens are widespread, this indi-
cates that the presence of nodules is dependent on
structure, but the size of nodules is not.

Texture

Nodules are present in all textures, but their size is
dependent on the coprolite texture. Nodular and
massive-nodular specimens not only contain the
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Fig. 11. Pie charts demonstrating the distribution of the various textures within the three structures ‘irregularly

wrapped’, ‘structureless’ and ‘spiral’.

largest nodules but also the widest range of sizes.
The shortest range of nodule sizes (except for copro-
lites of unknown texture) is seen in swirly and
swirly-massive coprolites, with only three possible
sizes found in a few specimens.

Correlations between contents of mineral
grains and coprolite traits

Coprolite size

There is a slight tendency for increasing mineral
grain size with increasing coprolite size.

Structure

The content of mineral grains is partly dependent on
coprolite structure, since irregularly wrapped and
structureless coprolites can contain larger grains
than spiral/coiled coprolites. Spiral/coiled speci-
mens always contain mineral grains, but these are
never larger than 1 mm.

Fossil fragments

There is no certain correlation between the contents
of fossilized prey fragments and the contents of

mineral grains, but there may be a tendency for min-
eral grain size to increase along with fragment size.

Nodules

Mineral grain size is dependent on nodule size, as
the largest possible grain size decreases with
increasing nodule size.

Correlations between preservational state
and coprolite traits

Coprolite size

Small coprolites tend to be preserved with intact
ends more often than large coprolites, and the dark
alteration rims are slightly thicker in the large-
diameter coprolites. There is no correlation between
light rim thickness and coprolite diameter.

Fragment category

The number of preserved ends is largely indepen-
dent of the fragment category, but coprolites con-
taining numerous fragments are more often found
with both ends preserved. The thickness of the
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dark alteration rims is somewhat dependent on the
fragment category, as category 3 coprolites appear
to contain more specimens with rims. There is gen-
erally no correlation between fragment category and
light rim thickness.

Mineral grains

There is a tendency for both dark and light rims to
decrease in thickness with increasing mineral
grain size.

Fossil fragments in coprolites

Fragmentary remains of prey are visible in 236 of
the examined coprolite specimens. Most of these
remains are too small or fragmental to be identified,
but some specimens contain fragments of consider-
able size, up to 10 mm in length, which appear quite
well preserved. There are at least four main types
of prey remains that can be recognized either in
cross-sections or on the weathered surfaces of the
coprolites.
In cross-section:

e Slim to lenticular bodies that are often curved
and sometimes have wavy outlines. These shapes
can be tiny or large and have lengths of up to
10 mm.

On coprolite surfaces:

e Flat rectangular scales with a triangular point on
one of the short sides and a matching indentation
on the opposite short side. The scales have
lengths of up to about 4.5 mm (Fig. 9d).

e Tiny scales of about 1 mm that link together in
rows that are up to about 6 mm long. These are
only unambiguously identified on the surface of
HO75. The individual pieces are flat and shaped
like two rectangles that are displaced along a
central groove. The groove of each scale con-
nects with the one on the scale in front, so the
pieces link together like tiles (Fig. 9a).

e Thick bodies that are triangular to quadratic and
appear to be concentrically built. These are also
recognizable in cross-sections. In H313, there
are various types of these thick bodies, some
are almost cylindrical and can be up to 8 mm
long (Fig. 10).

The slim lenticular bodies seen in cross-sections
and the thick rectangular bodies are possibly related
and, rather than separate types, they represent the
endpoints in a spectrum of shapes. There are some
fragments that have residues of a black coating pre-
served on their surfaces. In specimen H200 (Fig. 9e),
the fragments bear a thick and smooth coating,
while some other specimens have fragments with an
ornamented coating. In these fragments, the coating

preserves short, narrow and tightly spaced grooves
that run from the edge and towards the central
ridge, and have a slightly comb-like appearance.
The shapes of the fragments are often obscured
owing to poor exposure or weathering, but the orna-
mented fragments can be at least 4 mm long.

Associated fossil material

Together with the coprolitic material, a few isolated
fossil fragments were also collected: six pieces
of dermal armour assigned to large temnospondyl
amphibians; imprints of unknown bivalves; and
unidentified fragments of reptilian bones and teeth.
A single shark tooth was sufficiently well preserved
to be assigned to Rhomphaiodon minor (Cuny &
Risnes 2005; Hansen 2014).

Possible burrows

During the description and sorting of the material,
four cylindrical specimens (N1-N4) were found
to be different from the rest of the material and we
suspect that they, in fact, represent fossilized bur-
rows. They are preserved as short, flattened and
very similar pieces, with obliquely broken ends
and a peculiar creased surface. The creases lie at
an angle of 60-70° to the longitudinal axis. There
are also thin and tightly spaced longitudinal lines
that run across the creases — a feature not seen in
any other specimens. Polished sections revealed
grainy and structureless interiors that support a sedi-
mentary origin. The four suspected burrows have
maximal diameters of 19—-20 mm, and all have a
flattened diameter of 16 mm. The high degree of
similarity indicates a similar origin, and N2, N3
and N4 are possibly all fragments of one large
burrow.

Results of XRD

Specimens H026, H096, H228 and H199-C all con-
tain apatite (in the form of fluorapatite), clay miner-
als (in the form of clinochlore) and carbonates (in
the form of magnesiumcalcite). H096 and H199-C
also contain quartz. Specimens H199-S (sediment
adjacent to the coprolite) and N4 (a suspected bur-
row) do not contain apatite or carbonates: instead,
these specimens contain quartz, feldspars (in the
form of microcline and albite), clay minerals (in
the form of clinochlore) and micas (in the form of
muscovite). Furthermore, N4 contains lepidocrocite
and pyrite.

Fluorapatite is used as representative of the apa-
tites, and its diffraction pattern is nearly indistin-
guishable from that of hydroxyapatite. Apatites are
important minerals in vertebrate bone, teeth and
scales, and are often preserved in fossilized bones
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and in coprolites of carnivorous origin. Carbonates
in a coprolitic sample can often be related to
ingested shell material (Kemp 1984; Wings 2004).
Quartz is a very common mineral in many depositio-
nal settings, and can be present in coprolites as sand
grains from ingested sediment (Wings 2007), as an
adhesive material or as a secondary mineral that
has in-filled pore spaces. In specimens H096 and
H199-C, the quartz is possibly from in-filled pore
spaces, as these were described from both. The iden-
tification of clinochlore shows that there are clay
minerals of the chlorite group or the smectite
group present in the samples. Their occurrence is
not surprising given the strong weathering of the
material. Feldspars and micas are common miner-
als, but they are easily weathered; in sedimentary
rocks, they are mostly found in sands that have not
been transported far from the source area prior to
deposition (Nesse 2000). The similar composition
of the sediment sample (H199-S) and the suspected
burrow (N4) proves that N4 together with the three
similar specimens (N1-N3) are, in fact, fossilized
burrows and not coprolites.

The mineralogy of fossil inclusions was studied
in specimens H313, HO75, HO45 and H029. X-ray
diffraction analysis was made on polished sections
for H313, HO45 and H029, and the only mineral
found was apatite. Specimen HO75 was intact and
it was attempted to take measurements directly
from the original rounded coprolite surface: how-
ever, this attempt was unsuccessful.

Discussion
Coprolite assemblage

The smallest specimen in the material measures
7.5 mm in diameter and 8 mm in length. It is com-
mon for vertebrate coprolites to be smaller than
this and the scarcity of small coprolites in the pre-
sent material could be a result of sampling bias.
However, there are other possibilities. Very small
coprolites could have been rare or absent from the
site owing to recent destruction by the extensive
weathering or they may even have been absent orig-
inally if the palaeoenvironment or diagenesis did not
support the preservation of these specimens. It is
unlikely that there were no small faeces present in
the original environment, but these may have been
made by invertebrates rather than vertebrates. If
the contents of digested bone and scale material
were critical for preservation in the Kap Stewart
Formation, the faeces of herbivores, insectivores
and detritus feeders (mostly invertebrates) would
probably not be preserved. The present coprolites
from the Kap Stewart Formation are interpreted as
coming from vertebrates mainly because of their
large sizes.

Round to subround coprolites

Shape is not an effective way to distinguish the cop-
rolites in the present material, and only a few can be
classified clearly by their shape. The specimens
HO074, HO75, HO77, HO78 and HO80 are round and
round-bulbous, and have smooth surfaces. These
round to subround specimens have maximum diam-
eters restricted to 15-20 mm and their interiors are
structureless. They all appear to be of massive tex-
ture and contain fossil fragments of at least 0.5 mm.
Specimen HO81 possibly belongs in this category,
although it might rather be a rounded end of a lar-
ger cylindrical specimen, showing that it is espe-
cially difficult to classify the shape of incomplete
coprolites.

Spiral and coiled coprolites

Specimens of spiral to coiled structure are markedly
different from other coprolites. In the present mate-
rial, they can be as small as 7.5 mm in diameter,
but they are also the largest coprolites (48 mm in
diameter). The spiral/coiled coprolites consist of
massive and swirly textures, but never nodular tex-
tures (see Fig. 11). If nodules are present, it is only
as single and scattered nodules, not as well-defined
pellets. Spiral /coiled specimens can contain all sizes
of fossil fragments and may have a higher tendency
than other types for containing numerous fragments.
They always contain mineral grains, but these are
never larger than 1 mm. The ends, when preserved,
are never pinched but can be pointy. Nineteen
specimens are included in the spiral/coiled type:
HO001-HO013,H017,H249,H310and MGUH30365—
MGUH30367. HO17 is possibly an irregularly wrap-
ped specimen that consists of extra thin wraps. The
spiral /coiled specimens are quite different from
each other and some sorting is possible (Table 1).

Spiral coprolites originate from fish and other
animals with a type of digestive tract that contains
a spiral valve (Hunt ez al. 2012a). In the Kap Stewart
Formation, there are various potential producers as
both sharks and actinopterygians have been identi-
fied in this project, just as coelacanths and lungfish
were identified earlier from the underlying forma-
tion (Jenkins ef al. 1994). It is not possible to deter-
mine with certainty which animals produced which
coprolites, but it is plausible that large spiral copro-
lites were produced by sharks, while the smaller
ones were partially also produced by a variety of
bony fish (Hunt ez al. 2012a).

Irregularly wrapped and structureless
coprolites

Irregularly wrapped specimens and structure-
less specimens are likely to represent two separate
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Table 1. Description of 18 spiral/coiled coprolites of the Kap Stewart Formation

Diameter
(mm)

Specimen Description (preserved number of coils in parentheses)

HOO01 17.5
HO002 17
HO003 13.5
H310 20

HOO1 (c. 1.5 coils), HOO2 (c. two coils) and HOO3 (c. two coils) are
similar in diameter (13.5—-17.5 mm) and are all flattened (8.5—

12 mm in short diameter). They have uneven surfaces and each
consists of a simple coiled layer. They all contain some or
numerous fossil fragments. H310 is slightly larger (20 mm in
diameter and 18 mm in flattened diameter) but bear the same
characteristics

HO06 (c. three coils) is preserved as a posterior spire (=initial end)
with unevenly overlapping layers that give it a resemblance to a
pinecone. Coprolites somewhat similar to this were depicted by
Buckland (1829, pl. 31, fig. 10) and by Williams (1972, pl. 1, fig.
8), where they are merely identified as heteropolar. The best match
may be to the ichnotaxa group 4 of Laojumpon et al. (2012, fig.
7a, b). These are Late Triassic spiral coprolites from Thailand that
were found in sediments deposited in brackish water. At the
Thailand locality, a Hybodus tooth, bony fish scales and
temnospondyl vertebrae were also found. This faunal composition
is similar to that of the Fleming Fjord Formation of Jameson Land
(Jenkins et al. 1994)

HO10 (c. four—five coils) and HO11 (c. three coils, although very
uncertain) are poorly preserved, but both appear to consist of a
tightly wound coil that runs the length of the coprolite

MGUH30365 (>four coils) is the largest coprolite in the entire
material. The coil is about 5 mm wide at the surface and thins
towards the centre. The coprolite is very damaged, but bears
affinities to the ichnotaxa Strabelocoprus pollardi of Hunt et al.
(2012b, fig. 4a—d) and Saurocopros bucklandi of Hunt et al.
(2007, fig. 4).

MGUH30366 and MGUH30367 (one—two coils preserved in each)
are very loosely coiled. They could, perhaps, be similar to
ichnotaxon Heteropolacopros texaniensis (Hunt et al., 2005, fig. 2)

HO004 (<three coils), HOO05 (>two coils), HO07 (>four coils), HO13
(unknown coils) and H249 (unknown coils) have diameters of
between 23.5 and 25.5 mm. They are cylindrical, with an
apparently simple coiled layer. HO07 was cut in half in the
longitudinal plane and a more complex structure was revealed. The
coprolite consists of at least four coils: however, as they are
somewhat folded and displaced, they can be difficult to distinguish.
The two outer layers do not run the entire length of the coprolite
and the specimen appears heteropolar

HO08 may have been much larger originally as only the posterior
spire is preserved. The coprolite is weathered and quite
indeterminable

HO09 consists of a simple coil that runs the length of the specimen.
The number of coils is uncertain. It has a smooth surface and is
shaped like a slightly bent insect pupa. It might be of scroll type
(Hunt & Lucas 2012b)

HO12 is very damaged and indeterminable

HO006 14

HO10 15
HO11 7.5

MGUH30365 48

MGUH30366 28
MGUH30367 28

HO004 24
HO005 23.5
HO007 25.5
HO13 20
H249 25

HO008 36

HO009 17.5

HO12 16

The specimens are grouped and compared to the literature when possible.

types of coprolites. However, the two types are not
distinguishable in features other than their structure.
Both are dominated by the three primary massive
textures and the entirely nodular texture, although
structureless coprolites do not contain all textures
(swirly-massive is absent). All fragment sizes are

found in specimens of the two structures, and spec-
imens without prey remains are also common in
both. The most common shape is cylindrical, and
neither the presence of contraction marks nor
pinched ends support a distinction between the two
types. Furthermore, the structureless appearance
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of some coprolites may only be due to poor pre-
servation.

Specimens with contraction marks are restricted
to diameters of between 11 and 22.5 mm. This spec-
trum coincides with the most common diameters
in the material in general and does not support
the establishment of a separate type. The same argu-
ment is valid for bent, flattened and pinched speci-
mens. The number of specimens with a
recognizable pinched end is not likely to represent
an original trend in the material, as most ends are
damaged.

Nodular coprolites

Within the irregularly wrapped and structureless
coprolites, a sub-type containing nodular textures
can be defined (136 specimens). Entirely nodular
coprolites (39 specimens) are usually very distinct,
as they consist of rounded pellets of up to 6 mm
and often have bulbous shapes. These specimens
rarely contain fragments (more than 75% of the
entirely nodular specimens are fragment-free) and,
when they do, the fragments are never larger than
2.5mm (see Fig. 12). Despite the rarity of fossil
fragments in nodular specimens, there is no evi-
dence for a herbivorous origin. X-ray diffraction
analyses proved that two completely nodular speci-
mens without fragments (H199 and H228) had min-
eralogical compositions similar to those found in
carnivorous coprolites (e.g. see Edwards 1973). The
largest nodules are found in nodular and massive-
nodular specimens, which also contain the widest
range of nodule sizes. Even though specimens of
entirely nodular texture are quite distinct from
other coprolites, they cannot be considered an iso-
lated type. For example, H192 consists of a core
of nodular texture covered in wraps of swirly tex-
ture, but it has a smooth surface that barely reveals
the nodular contents. Another specimen, H202,
has mistakenly been treated as an entirely nodular
coprolite in the analyses though it consists of a nod-
ular core with a thin enveloping wrap of massive
material (Figs 5f & 7f, g). Occasionally, pellets
are also found as single scattered bodies floating in
a coprolite matrix of different texture. It is plausible
that the taxon that produced the conspicuous pellet-
rich faecal masses also produced faeces of more
common textures. Nodular coprolites are part of a
spectrum of faecal textures produced by a versatile
producer. Composition of diet probably had a signif-
icant influence on the resulting faecal texture, espe-
cially as nodular coprolites rarely preserve fossil
fragments. The pellets are rounded on the surface
of the coprolites, but angular where they are stacked
tight up against neighbouring pellets, implying that
they were soft at production (Fig. 7). Nodular spec-
imens are often preserved as quite small fragments

and their structure is often difficult to determine
because the pellets obscure this character. It is there-
fore possible that all nodular specimens are, in fact,
of irregularly wrapped structure.

Identification of fossil fragments in
coprolites

The coprolites from the Kap Stewart Formation
contain fossil fragments of various shapes. The
XRD analysis showed that the fragments consist
of apatite — a group of minerals commonly found
in vertebrate bones, teeth and scales. No attempts
were made to free the fragments using acid because
acid that is effective against the phosphatic coprolite
matrix is likely to also attack the fragments. One
coprolite (H313) was mechanically prepared by
Werner Schwarzhans and two of the contained frag-
ments were partly uncovered (Fig. 10). The studied
fragments included in the Kap Stewart coprolites are
difficult to identify, but it is assumed they originate
from various Triassic fishes.

The thin rectangular scales that are seen, for
instance, in specimen HO09 (Fig. 9d) resemble scales
depicted by Mutter (2004). These scales (Mutter
2004, fig. 3) have a quadratic to rectangular shape,
with one large triangular projection on one side
and a minor projection displaced of this on the
opposite side. Each scale also has shallow depres-
sions on the surface that fit the projections. When
the fish was alive, the scales were arranged in
a ‘peg-and-socket’ articulation along its flanks.
Mutter (2004) ascribed these scales to Crenilepis
sandbergeri in the Family Colobodontidae (Order
Perleidiformes) that is known from Triassic locali-
ties on an almost worldwide scale.

It is difficult to determine the true shapes of the
scales bearing a thick black coating, but at least
two types are present: thick, quadratic scales with
a smooth surface (e.g. H200: Fig. 9¢); and rectangu-
lar scales with a grooved surface. Mutter (2004,
fig. 4) depicts a variety of ganoid ornamentation
in Colobodontid scales that resembles that of the
grooved type from the Kap Stewart Formation cop-
rolites. The scales, depicted by Mutter (2004), all
bear parallel ridges that run across the surface in
straight or slightly wavy lines. However, in the pre-
sent material, these patterns might not be origi-
nal features but could have formed during erosion
of the surfaces, as in Lepidotes maximus scales
depicted by Jain (1984, fig. 6). Lepidotes is a genus
belonging in the Family Semionotidae, a group of
neopterygian fish that were present throughout
most of the Mesozoic. They are very common in
western Gondwana, but are found almost world-
wide in both marine and freshwater strata (Gallo
& Brito 2004). The group is not thoroughly
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resolved, but the genera Semionotus and Lepidotes
share the same type of simple, convex scales with
moderate to well-developed, posteriorly directed
spines (McCure 1986). Gallo & Brito (2004) depict
thick Semionotid scales from Brazil that are
covered by smooth black ganoin layers. The scales
attributed to ‘Lepidotes’ oliveirai (Gallo & Brito
2004, fig. 6) are remarkably similar to scales in
the Kap Stewart Formation coprolites. They are qua-
dratic to rectangular, have a concentric built-up, and
one corner is sometimes stretched into a spike.
Scales of ‘Lepidotes’ dixseptiensis (Gallo & Brito
2004, fig. 10) are more oblong, with a slightly rhom-
bohedral outline similar to fragments seen, for
example, in H029 (Fig. 9c). Rectangular scales with
parallel furrows on part of the surface are also pre-
sent in Lepidotes (Gallo & Brito 2004, fig. 4).

The scales found in specimen HO75 are smaller
compared to the others described above (Fig. 9a).
The identification of these scales is difficult, but it
is plausible that they originate from a fish of smaller
size than the other scales represent. As there are
many sizes of fossil vertebrate fragments present
in the coprolites of the Kap Stewart Formation, it
is plausible that a wide range of fish sizes served
as diet for the coprolite producers. The large fossil
objects in specimen H313 (Fig. 10) are unusual
because they are subtriangular in cross-section,
and it was initially hypothesized that they could rep-
resent otoliths. However, the XRD analysis revealed
the objects to have an apatitic composition. This
refutes the otolith interpretation, as otoliths are ara-
gonitic in composition (Campana 1999).

Shark tooth

Based on morphology and age, the tooth described
from the Kap Stewart Formation is ascribed to the
neoselachian shark Rhomphaiodon minor (Cuny &
Risnes 2005; Hansen 2014). However, this chal-
lenges our present knowledge about either the hab-
itat of this taxon or the depositional environment
of the Kap Stewart Formation. In fact, teeth of this
type are found in several Rhaetic deposits across
NW Europe, but they always appear to be associ-
ated with marine environments (e.g. Storrs 1994).
In contrast, the Kap Stewart Formation has been
interpreted as exclusively lacustrine by multiple
authors (e.g. Dam & Surlyk 1992; Clemmensen et al.
1998). The northern part of the depositional envi-
ronment of Jameson Land was, however, initially
interpreted as containing marine influences (Clem-
mensen 1976).

Conclusions

A total of 324 coprolites collected from a black
lacustrine shale unit of the Late Triassic (Rhaetian)

Kap Stewart Formation at Wood Bjerg, Jameson
Land, East Greenland were examined with regard
to external and internal morphology, and prey
inclusions.

The coprolites from the Kap Stewart Formation
are divided into the following types:

e Round to subround coprolites: specimens of
this type have maximum diameters restricted to
15-20 mm. They are structureless and of mas-
sive texture. They contain fossil fragments of
at least 0.5 mm.

e Spiral/coiled coprolites: specimens of spiral or
coiled structure have cylindrical to bulbous
shapes. They can be as small as 7.5 mm and as
large as 48 mm in diameter. The spiral/coiled
coprolites consist of massive and swirly tex-
tures. Nodules are only present as single, scat-
tered nodules. Spiral/coiled specimens contain
numerous fossil fragments of various sizes.
They always contain mineral grains but these
are never larger than 1 mm. The spiral/coiled
coprolites can be subdivided based on size
and type of coiling. Coprotaxa that are possibly
represented are Strabelocoprus pollardi, Sauro-
copros bucklandi and Heteropolacopros texa-
niensis.

e Irregularly wrapped and structureless coprolites:
many specimens are cylindrical to bulbous and
consist of either wrapped or structureless mate-
rial. Because of the high level of weathering,
the two structures cannot be clearly separated.

e Nodular coprolites: within the irregularly wrap-
ped coprolites, a subtype containing nodular
texture is found. These coprolites present a
spectrum of textures containing few to many
nodules. In the end member that consists entirely
of nodules, the nodules are large and shaped
like pellets. These specimens rarely contain fos-
sil fragments. The nodular textures have not pre-
viously been described in coprolites.

Fossil food remains within coprolites are identified
as scales from actinopterygian fish — possibly
related to Semionotids or Perleidiforms cf. Colobo-
dontidae. A single shark tooth found alongside the
coprolites was identified as belonging to cf. Rhom-
phaiodon minor, this is the first record of R. minor
from the Late Triassic of East Greenland.

The diversity of sizes, shapes, and external and
internal structures in the studied material demon-
strates a coprolite assemblage originating from
multiple faecal sources, where many are evidently
carnivores.

The data presented here are based on results from the Mas-
ter’s thesis of the senior author, BBH. This was completed
in September 2014 at the Natural History Museum of
Denmark, supervised by Gilles Cuny. The authors would
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