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A B S T R A C T   

The early Tournaisian (Carboniferous) stage represents a key episode in the evolution of vertebrates. It follows 
the end-Devonian Hangenberg extinction event, which led to a major perturbation to both terrestrial and aquatic 
vertebrate ecosystems, and resulted in a significant restructuring of assemblages. However, few faunal associ-
ations of this age have been described, and our understanding of faunal turnover across the Devonian- 
Carboniferous boundary remains poor. In this paper, we present an analysis of coprolite material from early 
Tournaisian lacustrine facies at Celsius Bjerg on Ymer Ø in East Greenland, which overlies the world-famous 
latest Devonian tetrapod-bearing localities. Fifty-five coprolite specimens (defined as a single coprolite or a 
piece of shale containing coprolites) were analysed using propagation phase-contrast synchrotron micro-
tomography (PPC-SRμCT). Through a study of external morphology, shape and size combined with information 
about internal structures, we categorise coprolite morphotypes, and interpret their origin. Notably, we identify a 
greater number of coprolite morphotypes compared to vertebrate taxa known from skeletal material, indicating 
the existence of a cryptic ecosystem that has not yet been recovered as body fossils. Vertebrate diversity in the 
immediate aftermath of the end-Devonian extinction is inferred to have been higher than expected, and might 
have included transient faunal elements within an open system, perhaps involving marine basin connections. Our 
results show that coprolites offer an alternative fossil data source, revealing diversity that is otherwise not always 
captured by the skeletal record.   

1. Introduction 

Coprolites (fossilised faeces) represent residues from the digestive 
tracts (Qvarnström et al., 2016). The vertebrate coprolites from terres-
trial or marine sections have been widely studied from many Mesozoic 
and Cenozoic fossil biotas (Backwell et al., 2009; Chin, 2021; Cueille 
et al., 2020; Dentzien-Dias et al., 2012; Hunt and Lucas, 2021; 
Qvarnström et al., 2019c) often with the aim of establishing predator- 
prey interactions, prey availability in an ecosystem or more general 
feeding strategies of organisms in ancient ecosystems (Chin and Gill, 
1996; Prasad et al., 2005; Qvarnström et al., 2019c), or to understand 
what is preserved in coprolites, representing tiny Fossillagerstätte 
(Qvarnström et al., 2016). Vertebrate coprolites from the Palaeozoic 
have not been as extensively described, compared with the 

aforementioned Mesozoic and Cenozoic coprolite studies (Dentzien-Dias 
et al., 2012; Mansky et al., 2012; Qvarnström et al., 2016). 

The Late Devonian to Early Carboniferous marks a turbulent time for 
both terrestrial and marine biota, encompassing two extinction events: 
the Kellwasser event at the Frasnian-Famennian boundary and the 
Hangenberg event at the Devonian-Carboniferous boundary, which saw 
a complete restructuring of the major fish groups (Sallan and Coates, 
2010). In addition, a ~ 20 million year period from the beginning of the 
Hangenberg event through to the Carboniferous marks a period of low 
diversity and paucity of vertebrate and invertebrate assemblages, known 
as “Romer's Gap”, which is largely a sampling bias but we still have a 
poor resolution on faunal changes during this period (Mansky and Lucas, 
2013; Smithson et al., 2012; Ward et al., 2006). Research on coprolites 
from this time period dates back to 1893 (Dean, 1893), with the level of 
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analysis ranging from a general description of the shape and size of the 
specimens to the examination of internal structure and composition 
through electron microscopy scanning and thin sectioning (Mansky 
et al., 2012; McAllister, 1996; Sumner, 1991, 1993). 

Studies of coprolites from the Late Devonian deposits of the Holy 
Cross Mountains, Poland have revealed evidence for carnivorous pre-
dation by pelagic fish with much of the coprolite inclusions being made 
up of arthropod cuticles, actinopterygian scales and sarcopterygian 
teeth (Zatoń and Rakociński, 2014). A later study found that one of the 
coprolites contained predominantly conodont remains, which was 
attributed to a coelacanth thus providing evidence of conodont feeding 
by coelacanths in the Devonian (Zatoń et al., 2017). An extensive study 
was carried out on 126 coprolitic masses from the Late Devonian 
Escuminac Formation from Quebec, Canada (McAllister, 1996). It was 
determined that coprolites could be grouped based on diameter and 
inclusion set e.g. cobble-type coprolites tended to be wider in diameter 
and remains of the actinopterygian Cheirolepis appeared only in copro-
lites produced by medium-sized predators. The contrasting abundance 
of remains for two acanthodian species, a high abundance of Homala-
canthus and absence of Diplacanthus, within the smaller to medium 
coprolites strongly suggests a feeding preference for Homalacanthus 
based on body morphology (McAllister, 1996). 

Studies have been conducted on coprolites from the Tournaisian of 
Canada and UK (Pollard, 1985; Mansky et al., 2012). There are two 
groupings of coprolites described from the Horton Bluff Formation, 
Canada, which are regular and irregular with six morphotypes in total. 
Within the regular masses, there are the ovoid, elongate, twisted and 
wrinkled morphotypes and within the irregular group, there are flat-
tened and non-flattened morphotypes (Mansky et al., 2012). Cololites 
have also been described from the locality, which are large in size and 
contain a range of large fish/tetrapod fragments, suggesting that they 
were produced by the rhizodont Letognathus, a large predatory fish in the 
Horton Bluff fauna which reached a length >5 m (Mansky et al., 2012). 
In Scotland, thirty-seven coprolites have been described from the 
Foulden section of the Cementstone, which were divided into four 
morphotypes - cylindrical, discoidal, beaded and irregular (Pollard, 
1985). It has been remarked that there are two types of composition 
among the coprolite assemblage; phosphatic coprolites indicating they 
were produced by a carnivorous animal, and coprolites which do not 
appear to contain phosphatic material, instead containing plant frag-
ments, which would suggest they were produced by herbivores or 
detritivores (Pollard, 1985). 

Coprolites from several Viséan deposits of the Strathyclyde group, 
Scotland have been described, including the Anstruther Formation in 
East Fife and the Wardie Shale, Pumpherston Shale and East Kirkton 
limestone in Edinburgh (Smithson et al., 2017; Sumner, 1991, 1993). 
Coprolites from the Anstruther Formation have been described as large 
and exclusively spiral, with the producer postulated to have been a 
rhizodont given the large coprolite size and spirality (Sumner, 1991). 
Coprolites from the Wardie Shale have not been described in detail, but 
it has been suggested that they are similar to coprolites from Anstruther 
in terms of shape and content, with at least one specimen containing 20 
whorls (Sumner, 1991, 1993). Coprolites are common in the Pumpher-
ston shales, with two morphotypes being described – elongate fusiform 
and bullet-shaped forms (Sumner, 1991). The average size of these 
coprolites is smaller compared with those from Anstruther and the 
Wardie Shale, and may have been produced by large actinopterygians 
(Sumner, 1991). A comprehensive study of one hundred and twenty-five 
coprolites from the East Kirkton limestone led to the identification of 
five distinct coprolite groups, with ten morphotypes in total: spheroidal, 
elongate, large elongate, irregular and indeterminate forms (Sumner, 
1993). Some of the elongated coprolites have been attributed to small 
tetrapods on the premise that the long trails of faecal debris reflect the 
straight intestinal tracts of tetrapods (Sumner, 1993). Parallels have 
been drawn between the similar coprolite morphotypes found in East 
Kirkton and Horton Bluff deposits (Mansky et al., 2012; Sumner, 1993). 

The terrestrial and aquatic vertebrate fauna of the Upper Devonian of 
East Greenland have been the focus of intense study for over a century 
(Ahlberg et al., 2005; Ahlberg and Clack, 2020; Blom et al., 2003; Clack 
et al., 2012; Coates, 1996; Jarvik, 1955). The latest Famennian to 
earliest Tournaisian lacustrine fossil record of this region is believed to 
represent the climatic perturbation of the Hangenberg event but has 
received considerably less attention compared with the underlying 
world-famous early tetrapod-bearing latest Devonian strata. Recent 
research (Friedman and Blom, 2006; Marshall, 2020) has expanded our 
knowledge of this ecosystem, but this is the first study to focus on the 
rich record of coprolites, offering preliminary insights into biotic 
complexity and faunal diversity. Preliminary survey of the body fossil 
record have suggested that the early Tournaisian succession contains a 
low-diversity fish fauna (Friedman and Blom, 2006; Marshall, 2020). 
However, coprolite material collected on successive field expeditions in 
2015–2016 suggest a more complex lake fauna. 

The purpose of this study is to contribute to knowledge of the earliest 
Carboniferous lacustrine ecosystem of the Obrutschew Bjerg Formation 
(OBF) by investigating morphological diversity of vertebrate coprolites 
collected in a continuous sequence of micro-laminated black shales well 
exposed at Celsius Bjerg on Ymer Ø in East Greenland (Fig. 1a-b). We 
will take two approaches in our description. The first will involve a 
description of the external morphology of the coprolites. This is the 
classic approach in categorising coprolite morphotypes, and we will use 
the shape and size as means of categorisation, as has been done in 
several publications (Eriksson et al., 2011; Hunt and Lucas, 2012; 
Niedźwiedzki et al., 2016; Qvarnström et al., 2019b). Secondly, we 
present a description of the internal morphology based on synchrotron 
microtomography scans. The internal structure and basic description of 
the contents will be set out for every specimen, and will be used in 
conjunction with the external morphology to determine the number of 
different coprolite morphotypes present in the OBF. As the synchrotron 
images provide much more information than just externally observing 
the coprolites, we will discuss whether the number of morphotypes as 
determined on external morphology alone holds up when the internal 
morphology is observed, or whether some of them have to be 
subdivided. 

2. Geological settings 

The OBF is the uppermost unit within the Celsius Bjerg Group (Astin 
et al., 2010); this encompasses over 1000 m of Upper Devonian to Lower 
Carboniferous sediments, with the OBF spanning the Devonian- 
Carboniferous (D–C) boundary and the concurrent Hangenberg 
extinction event (Astin et al., 2010). The OBF comprises a thin (relative 
to underlying formations) deposit of black shales representing a deep 
permanent lake with anaerobic conditions; the outcrops cover an area 
exceeding 10,000 km2, and the OBF may cover the entire East Greenland 
Devonian Basin (Fig. 1) (Marshall, 2020). 

The D–C boundary is located around mid-way in the lake, as defined 
by a transition in palynological assemblages from the malformed LN* 
zone to the VI spore zone, with the malformed spores providing evidence 
of UV-B radiation being responsible for the terrestrial biotic crisis during 
the Hangenberg extinction event (Marshall, 2020; Marshall et al., 2020). 
Just above the defined D–C boundary is a thin (20 cm) decollement 
(detachment) layer, and above this is the remaining third of the lake 
shale deposit. It is in this part of the lower lake that the OBF vertebrate 
fossils have been collected, making them earliest Tournaisian in age and 
likely the earliest Carboniferous vertebrate assemblage described to date 
(Marshall, 2020). Late Devonian non-marine to estuarine/deltaic/ 
lagoonal vertebrate assemblages are dominated by placoderms and 
sarcopterygian fishes, with actinopterygians and chondrichthyans as 
minor faunal components. All placoderms and several sarcopterygian 
groups (notably porolepiforms and tristichopterids) went extinct at or 
near the D–C boundary, and the Carboniferous sees the rise of faunas 
dominated by actinopterygians and chondrichthyans – a pattern that 
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persists to the present day (Sallan and Coates, 2010). The Hangenberg 
extinction event was thus a key step on the way to the modern world, but 
there is a lot of uncertainty about the exact timing and nature of the 
faunal transformation. Uncertainty also surrounds the precise nature 
and even the reality of “Romer's Gap”, an apparent hiatus in the early 
tetrapod fossil record of some 20 million years from the D–C boundary 
to the Viséan, during which tetrapod remains are scarce (Clack, 2002). 
This has been interpreted as representing a real collapse in tetrapod 
diversity (McGhee, 2013; Sallan and Coates, 2010) but the recent 

discovery of surprisingly diverse tetrapod assemblages in the Tournai-
sian of Britain and Canada (Anderson et al., 2015; Mansky and Lucas, 
2013; Smithson et al., 2012) suggests that it may be at least in part a 
sampling artefact. The OBF lake deposit is the earliest known vertebrate 
assemblage from within Romer's Gap, older than the British and Cana-
dian assemblages, and is thus potentially of importance also for under-
standing this puzzling episode in tetrapod evolution. 

It has been traditionally believed that the East Greenland Devonian 
basin had no marine influence, being around 1000 km from the nearest 

Fig. 1. Map showing the location where the OBF material has been collected from in East Greenland (A-C). (D) shows simplified lithostratigraphic columns of the 
D–C boundary section of the Celsius Bjerg Group, with a more detailed log of the OBF showing which horizon the faunal and floral material were collected from 
three sites; A (A1 and A2, no. 1 in the fieldwork terminology) and B (no. 2 in the fieldwork terminology), (modified from Marshall et al., 2020 and field observations). 

Fig. 2. Panels showing the OBF formation exposure, site C, no. 3 in the fieldwork terminology (A) and flora and faunal fossils from the assemblage (B–F). (B) shows 
one of the large coprolites, photographed in the field, (C) shows the semi-articulated remains of a ctenacanth shark, (D) shows an articulated Cuneognathus gardineri 
specimen, (E) shows lycophyte remains, and (F) shows an articulated Acanthodes specimen. (scale bar =1 cm). 
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seaway (Marshall et al., 2007). However, geochemical evidence for a 
euryhaline lifestyle of the Famennian vertebrates of Greenland, along 
with the abrupt change in fish fauna in the OBF, which indicates that the 
basin could readily be colonised from outside, suggests that there indeed 
may have been a marine link (Goedert et al., 2018; Marshall, 2020). 

As mentioned above, the vertebrate fauna of the OBF is very different 
to that from the other formations within the Celsius Bjerg Group. The 
older strata contain a typical Late Devonian vertebrate assemblage of 
early tetrapods (Ichthyostega, Acanthostega, Ymeria, Brittagnathus), pla-
coderms (Remigolepis, Groenlandaspis), porolepiforms (Holoptychius), 
tristichopterids (Eusthenodon) and dipnoans (Nielsenia, Soederberghia, 
Jarvikia, Oervigia) (Ahlberg and Clack, 2020; Blom et al., 2003; Clack 
et al., 2012). None of these taxa are present in the OBF. The OBF body 
fossil assemblage at present consists of three taxa.  

(1) A small actinopterygian, Cuneognathus gardineri, likely a predator 
of other small fish and invertebrates (Friedman and Blom, 2006). 
(Fig. 2d) 

(2) A chondrichthyan represented by a single specimen of the ante-
rior half of the animal, as well as isolated teeth and scales 
(Marshall, 2020). The tooth and fin spine morphology suggests 
affinity with ctenacanths, and possibly the genus Cladodoides 
(Cuny et al., 2015). (Fig. 2c)  

(3) An acanthodian including two articulated fossils with part and 
counterpart, and several partially articulated fossils and isolated 
fin spines. These represent a small-sized (up to 10 cm) fusiform 
acanthodian, with scales reaching up to, but not covering, the 
head region of the fish. They likely belong to the genus Acanth-
odes based on the presence of an unpaired ventral spine and 
fusiform shape (Beznosov, 2009). From spine length and posi-
tioning, along with similarities in the sensory line positioning and 
orbital bone count, the specimens from the OBF most closely 
resemble the species Acanthodes lopatini, from the earliest 
Carboniferous Os’kin Formation in Siberia, Russia (Beznosov, 
2009, 2017). However, the dorsal spine is missing from the OBF 
specimens, so it is difficult to determine if they represent a new 
species or are conspecific with Acanthodes lopatini. (Fig. 2f) 

3. Materials and methods 

3.1. Coprolite-bearing horizons 

Coprolites that were studied were collected alongside body fossils 
during four field excursions to East Greenland in 2006, 2009, 2015 and 
2016 (material from 2022 have not been examined as part of this study) 
(Fig. 1). The major part of the collecting, as well as documentation of the 
coprolite-bearing beds, were done in 2015 and 2016. Coprolites were 
acquired in situ from the three localities (Site A with two sub-positions, 
Site A1 and A2, Site B and Site C) with natural exposures (Fig. 2a) of the 
OBF located near the top of the Celsius Bjerg (Fig. 1c). The sites also 
have additional fieldwork markings (Site A = no. 1; Site B = no. 2; Site C 
= no. 3), which were used during field research in 2022. During the 
2022 expedition, two additional sites with coprolite occurrences were 
found (Site D and E; no. 2.5 and 3.5; see Fig. 1). Site A has co-ordinates 
73◦07′03.02” N and 23◦24′34.60” W, and Site B has co-ordinates 
73◦07′00.11” N and 23◦23′35.70” W. Site C has co-ordinates 
73◦07′08.28” N and 23◦20′11.25” W. 

The coprolite-bearing beds, which are approximately 1 to 2 m thick, 
represent dark grey to black claystones (Fig. 1d; Fig. 2b) and sandy 
mudstone layers (Fig. 1d-e). Fifty-five specimens were selected for this 
study from the approximately two hundred collected from the OBF. A 
specimen refers to a piece of shale matrix containing a coprolite, or in 
the case of some of the smaller pieces of shale, they can host multiple 
coprolites. Each specimen was catalogued, photographed and scanned. 
The coprolite-rich beds contain quite a rich record of isolated fish scales, 
but more or less complete individuals of the actinopterygian fish 

Cuneognathus gardineri were also found in association with coprolites 
(Fig. 2d). No specimens of larger vertebrates (aside from chon-
drichthyan teeth) were found in the OBF at Celsius Bjerg. Some 
coprolite-rich layers also contain numerous and large plant remains 
(Fig. 2e) which indicates a significant transport of material from the 
nearby land. 

3.2. Synchrotron scanning 

Coprolites were scanned using propagation phase-contrast synchro-
tron microtomography (PPC-SRμCT) at beamline ID19 of the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France. The tech-
nique has been used for previous analyses on coprolite contents and has 
yielded spectacular results (Qvarnström et al., 2017, 2019a, 2019c, 
2019d). 

One large coprolite (PMU 31517) was scanned as a pilot study, and 
was part of Experiment ES-505 which was awarded to Valéria 
Vaškaninová. The voxel size of the scan was 13.49 μm, made with single 
distance phase retrieval and a propagation distance of 5 m. 

The rest of the specimens were scanned during Experiment LS-2821 
which was awarded to Per Ahlberg. The large coprolites were scanned at 
an isotropic voxel size of 13.22 μm, made with single distance phase 
retrieval and a propagation distance of 11 m. The resulting detected 
spectrum had an average energy of 154keV. The small coprolites were 
scanned at an isotropic voxel size of 6.66 μm, made with single distance 
phase retrieval and a propagation distance of 1.1 m. The resulting 
detected spectrum had an average energy of 104keV. 

The reconstructed volumes were converted into a stack of 16-bit TIFF 
files, and these images were imported into ImageJ and compiled as a 
virtual stack to enable visualisation and thus the description of the in-
ternal morphology of the entirety of each coprolite. There are approxi-
mately 4000 images per large coprolite and 2000 images per small 
coprolite, which were observed and analysed in each virtual image 
stack. 

3.3. Repositories and institutional abbreviations 

PMU, Palaeontological Collection, Museum of Evolution, Uppsala 
University, Uppsala, Sweden. 

4. Results 

4.1. External morphology 

From external observations, there is a clear division between large 
coprolites and small coprolites. As many of the coprolites are encased in 
shale (referred to herein as host rock), absolute shape determination is 
difficult, but it was carried out to the fullest extent possible. From the 
fifty-five specimens, sixty coprolites had been identified. The majority of 
coprolites have good 3D preservation, and a total of six external 
morphology groups (denoted with an ‘E' for external), two among the 
large coprolites and four among the small coprolites, were established 
based on size and shape (Fig. 3; Supplementary Figs. S1–S8). 

Group E1 contains the most distinctive group of coprolites based on 
their large size, ranging from 26 to 70 mm in length, 12 to 36 mm in 
width, and height range from 7 to 20 mm (Supplementary Table S1; 
Supplementary Figs. S1–S2). The coprolites in this group (eleven in 
total) are ellipsoid-shaped, appear to be non-spiral from external 
observation and seem to have minimal compression (Fig. 3a-b). Group 
E2 contains two large coprolites (length 28 mm and 36 mm, width 24 
mm and 35 mm), and differ from group E1 as they are very flat (height 
range for group E1 is 7–20 mm, for group E2 this is 2–2.8 mm) (Fig. 3c-d; 
Supplementary Table S1; Supplementary Fig. S3). 

Among the smaller coprolites (length 2.4 to 18 mm, width 1.4 to 7.8 
mm) there are 4 distinct morphotypes (Fig. 3e-l; Supplementary 
Table S1). As aforementioned, most coprolites are encased within host 
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rock, this is especially the case for the smaller coprolites, and therefore 
only two dimensions have been measured (length and width). Coprolites 
belonging to group E3 (twelve in total ranging in length 6.5 to 12 mm, 
width 3.8 to 7.8 mm) are bullet-shaped, not flattened and do not appear 
to be spiral based on their external appearance (Fig. 3e-f; Supplementary 
Table S1; Supplementary Fig. S4). Group E4 contains the largest number 
of coprolites and encompasses coprolites which are allantoid or 
‘sausage-shaped’ (twelve in total with lengths ranging from 6.5 to 18.3 
mm and widths from 1.9 to 5.3 mm) (Fig. 3g-h; Supplementary Table S1; 
Supplementary Fig. S5). Due to obscuring by the host rock, it is difficult 
to deduce whether spiralling is present externally in some specimens, so 
the accuracy of determining spirality externally is low. Morphotype E5 
contains coprolites of similar shape and proportions as those in group E4 
(ten in total ranging in length from 7.2 to 15.3 mm, width 3.3 to 6.7 
mm), but from the surface of the coprolite there appears to be segments 
indicative of a spiral coprolite (Fig. 3i-j; Supplementary Table S1; Sup-
plementary Fig. S6). Group E6 contains only one specimen, and repre-
sents a distinctive very slender and long coprolite (14.6 mm in length 
and 1.4 mm in width) (Fig. 3k-l; Supplementary Table S1; Supplemen-
tary Fig. S7). 

The remainder of the coprolites are miscellaneous and cannot easily 
be assigned a distinct group based on their external appearance alone 
(twelve in total). This is due to either the thicker encasement of the 
coprolites by the host rock, or as some appear to be distorted or broken 
(Supplementary Fig. S8, Supplementary Table S1). 

4.2. Internal morphology 

Virtual thin sections obtained from PPC-SRμCT enabled visualisation 
of the internal structuring of the coprolites, and so allows for the 
determination of whether a coprolite is spiral and also what inclusions 
are within. The stack of virtual thin sections is adequate to deduce what 
taxa the dense inclusions (represented in white in the virtual thin 

sections, see Fig. 4 and Fig. 6 for virtual thin sections and schematics) 
represent. From all the coprolites analysed from the OBF, the great 
majority of hard inclusions are either acanthodian remains, which are 
represented by distinctive scales and ossified elements like spines and 
the scapulocoracoids (see Fig. 4b,c,e for example), or actinopterygian 
contents, which include non-vascularised and vascularised elements 
(see Fig. 4a,d,f for example). Coprolites appear to contain either a ho-
mogeneous mix of elements from one taxon, a heterogeneous mix of 
both taxa, or no hard inclusions (Fig. 4; Table 1). 

Sixty coprolites were identified from external observation of the 
fifty-five specimens, however, internal observations reveal that an 
additional ten coprolites are present within these specimens bringing the 
total number of coprolites studied to seventy. All seventy coprolites were 
analysed and separated into groups based on internal structure i.e. spiral 
or non-spiral, and what taxa the contents belong to. From this, two in-
ternal morphology groupings (denoted with the letter ‘I’ for internal) 
were made from the large coprolites and six from the smaller coprolites 
(Fig. 4; Table 1; Supplementary Figs. S9–S19). 

The first group among the larger coprolites, group I1, consists of 
twelve coprolites which are non-spiral in structure and contain pre-
dominantly actinopterygian inclusions, with a few also containing some 
acanthodian inclusions (PMU 31370, 31451, 31519, 31527 and 31568) 
(Fig. 4a; Table 1; Supplementary Figs. S9–S10). Lastly within the large 
coprolites, group I2 is represented by a single specimen which exhibits 
internal spiralling and contains predominantly acanthodian inclusions, 
with both fin spines and scales visible, and a small number of actino-
pterygian scales (Fig. 4b; Table 1; Supplementary Fig. S11). 

Within the small coprolites, group I3 contains nine coprolites which 
are clearly spiral in structure (some containing defined lumens), with 
well-defined whorls (between 2-3 distinct whorls) (Fig. 4c). Inclusions 
make up between 1/3 to 2/3 of the coprolite volume in many of the 
coprolites, with inclusions consisting of acanthodian scales, the majority 
confined to the outer layer (Fig. 4c, Table 1, Supplementary Fig. S12). 

Fig. 3. External images of coprolites and general schematic diagrams showing examples of the six external morphology groups (A&B showing Group E1, C&D 
showing Group E2, E&F showing Group E3, G&H showing Group E4, I&J showing morphotype E5 and K&L showing Group E6). 
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Group I4 contains three coprolites which have a similar internal struc-
ture to group I3, clearly spiral with around three distinct whorls and all 
have a lumen, but differ as they have vascularised and unvascularised 
actinopterygian inclusions instead of acanthodian scales (Fig. 4d; 
Table 1; Supplementary Fig. S13). Inclusions make up <1/3 of the 
volume of the coprolite, and the coprolites do not appear to have much 
compression. Coprolites within group I5 are spiral, but their whorls are 
not as distinct as in the previous two groups (Fig. 4e; Table 1; Supple-
mentary Fig.S14). The six coprolites contain acanthodian scales which 
are distributed more evenly throughout the coprolite compared with the 
inclusions in group I3 and I4 (Figs. 4c-e; Table 1). The coprolites have 
minimal compression, with the exceptions of PMU 33452 b and PMU 
33465. Coprolites belonging to group I6 are spiral, and like group I5, the 
whorls are undefined and the spiralling is more obvious when observing 
the arrangement of the inclusions (Fig. 4e and f; Supplementary 
Fig. S15). The eleven coprolites contain both vascularised and unvas-
cularised actinopterygian elements, and range in the abundance of in-
clusions within the matrix (Table 1). Group I7 represents five coprolites 
which are spiral with undefined whorls like groups I5 and I6 (Fig. 4f and 
g; Supplementary Fig. S16). These coprolites differ from the other spiral 
coprolites as they appear to lack hard inclusions (perhaps a very small 
number of acanthodian scales in PMU 33462) and all have numerous 
small black voids within (Fig. 4g; Table 1). They also range in levels of 
compression, with PMU 33434 b, 33441 and 33475 and 33486 d and e 
showing high levels of compression (Table 1; Supplementary Fig. S17). 
The final group, group I8, is represented by a single specimen which has 

a very small CSA, and appears to be spiral with a very prominent lumen 
(Fig. 4h, Table 1). The coprolite appears to be void of hard inclusions in 
the matrix, with a dense element appearing within the lumen. 

The remainder of the coprolites (twenty in total) could not be 
accurately assigned into groups due to high levels of distortion, likely 
occurring during preservation of these specimens. These coprolites are 
discussed in more detail in the Supplementary Materials (Supplemen-
tary Figs. S18–S19). 

4.3. Multiple coprolite specimens 

A number of specimens contain multiple coprolites in close vicinity 
on a single fragment of shale, and have been described in detail in the 
Supplementary Materials (Supplementary Figs. S12, S14–S16, S18, 
S19). Many of these specimens contain coprolites that can only be 
observed using the virtual thin sections. 

5. Discussion 

Among the large coprolites, the groupings based on external obser-
vations and internal observations are identical, with the exception of 
three specimens (Supplementary Table S1; Table 1). Group E2 contains 
two specimens, PMU 31370 and PMU 31568, which are distinct from E1 
due to their flattened appearance (Fig. 3c-d). Based on these external 
characteristics, it could be interpreted that these specimens are not 
coprolites, but are in fact regurgitalites, which tend to be flat and lack 

Fig. 4. Virtual thin-section images and descriptions of coprolites from eight different internal morphology groups (A-H). (A) represents group I1, (B) represents group 
I2, (C) represents group I3, (D) represents group I4, (E) represents group I5, (F) represents group I6, (G) represents group I7, and (H) represents group I8. Thin-section 
images are not to scale. 
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Table 1 
Size measurements and internal descriptions of coprolites, with internal morphology groups (which is the same as the morphotype 
groups) defined, along with the external morphology groups in colour). 
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structure (Hunt, 1992). However, when looking at the internal 
morphology, the matrix and inclusion composition appear cohesive and 
are very similar to many of the other large coprolites. We would also 
expect a lack of matrix if they were regurgitalites (Klug and Vallon, 
2019). From this information, it can be concluded that these specimens 
are partially-dissolved coprolites and can be included in the same 
morphotype as the other large coprolites, with the exception of PMU 
33425. From external observations on shape and size, PMU 33425 ap-
pears to be very similar to many of the other large coprolites, and so is 
placed in group E1 with ten other specimens (Fig. 3a; Fig. 5a-b). How-
ever, when viewing the internal scan data, the coprolite is unique pos-
sessing a spiral structure and exclusively acanthodian remains (Fig. 5b). 

The discrepancies between the groupings made based on external 
and internal observations are most apparent among the small coprolites 
(Fig. 3; Fig. 4; Supplementary Table S1; Table 1). Based on external 
observations of the coprolites the majority of coprolites appear non- 
spiral with the exception of group E4, however, when the coprolites 
are observed internally they are all spiral (Supplementary Table S1; 
Table 1). An example of the lack of correlation between external and 
internal observations can be seen with coprolites PMU 33443 and PMU 
33447. These coprolites are bullet-shaped and are similar in size, placing 
them together in group E3 (Fig. 3e- f; Fig. 5c-e; Supplementary 
Table S1). It would be expected based on these observations that they 
belong to the same morphotype and therefore would have similar in-
ternal appearances, which is not the case (Fig. 5d-e). Virtual thin sec-
tions reveal that both PMU 33443 and PMU 33447 have a weak spiral 
structure, but PMU 33443 contains acanthodian remains and PMU 
33447 exclusively actinopterygian remains (Fig. 5d-e). Another example 
can be seen when looking at coprolites PMU 33436 and PMU 33462 
(Fig. 5f-h). 

Internal observations of the coprolite specimens also revealed addi-
tional coprolites which could not be observed from external observa-
tions, a total of ten extra coprolites across the forty-two small coprolite 
specimens. PMU 33486 serves as a good example of what can be missed 

from examining specimens just on an external basis. This specimen looks 
like an irregular mass, with difficulties determining if it is a single dis-
torted coprolite or several coprolites. Examination of the virtual thin 
sections reveals that there are eight coprolites enclosed with several 
other coprolite fragments (some have been labelled in Supplementary 
Fig. S19), likely originating from multiple producers based on the 
variance in inclusion sets (Supplementary Fig. S19 a-g). 

The lack of correlation between the groups based on external and 
internal observations is surprising and demonstrates that the establish-
ment of coprolite morphotypes based on external observations alone 
would be wholly inadequate for this coprolite assemblage. Moreover, it 
is likely inadequate for other coprolite assemblages where coprolites are 
encased in host rock (Dentzien-Dias et al., 2021). Internal observations 
of the coprolites provide detailed information on the presence or 
absence of a spiral structure (and if spiral, the number of whorls can be 
deduced), matrix texture and appearance along with inclusion compo-
sition which allows for a more complete and accurate determination of 
the morphotypes among the assemblage. 

For these reasons, the internal observations were used to determine 
that eight morphotypes are present among the scanned assemblage; two 
among the large coprolites, morphotype A and B, which are equivalent 
to the internal morphology groups I1 and I2 (Fig. 6a-b) and six coprolite 
morphotypes from the small coprolite assemblage, morphotypes C-H, 
which are equivalent to the internal morphology groups I3-I8 (Fig. 6c- 
h). Interestingly, this means the number of coprolite morphotypes ex-
ceeds the number of faunal taxa from the deposit, signifying that the 
faunal diversity is greater than previously thought based on the fossil 
record. The presence of a cryptic fauna could indicate that the lake was 
part of an open system, perhaps a marine connection, comparable to the 
palaeoenvironments of the later Tournaisian Horton Bluff and Foulden 
deposits (Clarkson, 1985; Mansky et al., 2012; Marshall, 2020). It also 
highlights that we have unknown producers of some of the coprolite 
morphotypes. 

Fig. 5. External coprolite images (A,C,F) and virtual thin sections of internal morphology (B,D,E,G,H) not to scale) of five coprolites. (A) shows a large coprolite 
described as non-spiral from external observations, but is spiral from internal observations (B). (C) and (F) show two sets of coprolites that look very similar from 
external appearance, thus belong to the same external morphology groups, but have very different internal morphologies when viewing the virtual thin-sections (D,E, 
G,H). Thin section images are not to scale. 
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6. Deducing the coprolite producers 

When considering the producer of a particular coprolite, the internal 
structure of a coprolite i.e. if it is spiral or non-spiral, can be a key in-
dicator in deducing the producer. The spirality (or lack) of a coprolite 
signifies whether the producer possesses a spiral gut valve, which at 
present-day is a rare feature among vertebrates, only being found in 
chondrichthyans, non-teleostean actinopterygians and non-tetrapod 
sarcopterygians (Argyriou et al., 2016). The spiral gut valve is a ple-
siomorphic character among vertebrates, and the majority of vertebrates 
at the time of the OBF will have possessed one. This is reflected in the 
majority of the coprolite assemblage analysed being spiral in structure 
(Fig. 4b-h; Table 1). By contrast, crown-group tetrapods (amphibians 
and amniotes) lack a spiral gut valve, which must thus have disappeared 
somewhere within the tetrapod stem group. As the tetrapod crown- 
group node is dated to the early Carboniferous (Betancur-R et al., 
2013) the loss of the spiral valve must have happened before then, 
during the Devonian or earliest Carboniferous. In principle it could have 
occurred anywhere within the tetrapod stem group, but spiral coprolites 
have been attributed to rhizodonts, which are large and phylogeneti-
cally deep-branching tetrapodomorph fish, suggesting that the loss of 
the spiral gut valve occurred in more derived tetrapodomorphs (Sumner, 
1991). We therefore postulate that the only vertebrates at the Devonian- 
Carboniferous boundary to lack a spiral gut valve were tetrapod. This 
implies that the large, non-spiral coprolites found in the OBF, which 
appear to represent the largest predator in the fauna, were produced by 
an early tetrapod. The coprolites contain a high volume of inclusions, 
with the majority being from the actinopterygian Cuneognathus gardineri 
indicating a preference for this animal, and the coprolites were situated 
near the centre of the lake, signifying that the producer would have to 
have been a competent pelagic swimmer. The high volume of actino-
pterygian remains within these coprolites could also indicate C. gardineri 

was a shoaling fish (McAllister, 2003). The inferred presence of tetra-
pods in the OBF is important as the OBF immediately follows the 
Hangenberg mass extinction event, and is near the beginning of 
“Romer's Gap” (Marshall et al., 2020). 

Morphotype B is represented by a single specimen which is large in 
size, spiral in structure and contains predominantly acanthodian re-
mains, with a small number of actinopterygian scales (Fig. 4b; Fig. 6b). 
This information suggests that the producer of this coprolite is a large 
pelagic carnivorous predator, and based on the fauna from the lake we 
postulate that the chondrichthyan cf. Cladodoides sp. was the producer. 
Little is known on the diet of Devonian-Carboniferous sharks, however, 
studies on coprolites from Late Devonian deposits in Poland and US 
show them to contain palaeoniscoid fishes, arthropods, and conodonts 
(Williams, 1990; Zatoń and Rakociński, 2014). 

The most abundant fish taxon from the OBF, Cuneognathus gardineri, 
is relatively small and probably possessed a spiral gut valve as it is a 
phylogenetically deep-branching actinopterygian (Argyriou et al., 
2016). It is thus probably the producer of one of the small spiral 
coprolite morphotypes. The similar and closely related Limnomis dela-
neyi (an actinopterygian from the Late Devonian Catskill Formation of 
Pennsylvania) is thought to have preyed on small soft-bodied in-
vertebrates (Daeschler, 2000). A diet of soft-bodied organisms could 
associate C. gardineri as a producer of morphotype F as these coprolites 
are void of, or contain very few, hard inclusions. It cannot be ruled out 
that C. gardineri may have fed on juvenile acanthodians, as it's anatomy 
suggest it to be a predatory fish, so it may be associated as a producer of 
morphotypes C and E (Friedman and Blom, 2006). Similarly, it is un-
known if C. gardineri engaged in cannibalism, and so there is a possibility 
of C. gardineri being the producer of morphotypes D and F with their 
abundant actinopterygian inclusions (Fig. 6d,f). 

It is postulated that Acanthodes are filter feeders based on the large 
gape, large gill rakers and lack of teeth (Brazeau and de Winter, 2015). 

Fig. 6. Schematic diagrams of the generalised internal morphology of the eight morphotypes from the OBF coprolite assemblage. Morphotypes A and B (A, B) are 
from the large-sized coprolites and morphotypes C–H (C–H) are from the small-sized coprolites. 
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Therefore, Acanthodes is likely not a predatory fish, and so is not a 
producer of coprolites in morphotypes C–F (Fig. 6c-f). As acanthodians 
are thought to be stem-chondrichthyans, it is highly likely they 
possessed a spiral gut valve, thus produced spiral coprolites (Argyriou 
et al., 2016). Considering this information, Acanthodes could be strongly 
attributed as a producer of morphotype G as there is an absence, or very 
few, determinable hard inclusions i.e. fish scales and they appear to have 
a spiral morphology (Fig. 6g). 

In terms of producers for the other coprolite morphotypes, it is 
difficult to speculate further based on the evidence presented. 
Comparing the morphotypes to those from other early Tournaisian de-
posits, there are some general similarities with finding rounded and 
elongated pellets like as reported from Horton Bluff, Pumpherston and 
East Kirkton deposits (Sumner, 1991, 1993). We can posit that the 
producers of the remaining morphotypes likely have few turns within 
their spiral gut valve as there are few whorls present in the coprolites, 
compared with the numerous whorls observed in coprolites from the 
Anstruther Formation and Wardie Shale formations (Sumner, 1991). It is 
also interesting to note that there appears to be an absence of the cop-
rotaxon Crasssocoprus in the assemblage. This corpotaxon is dominant in 
many other Carboniferous deposits, and its absence suggests that 
chondrichthyans were not a very abundant group in that OBF ecosystem, 
an inference that is also supported by the body fossil assemblage (Hunt 
and Lucas, 2021). 

With the potential coprolite producers considered, the data suggests 
that large tetrapods (of around 1–1.5 m based on coprolite size) and 
ctenacanth sharks as the apex predators of the lake ecosystem, based on 
their large heterogeneous droppings. The tetrapods appear to have a 
preferential prey of C. gardineri, whereas the ctenacanth prefers to prey 
on Acanthodes sp. Further analysis of the OBF coprolites to produce 3D 
reconstructions of their contents will likely further illuminate on po-
tential producers and could contain elements from additional taxa that 
are suggested to exist by the coprotaxa diversity but are not captured in 
the body fossil record. It could also help further constrain the coprolite 
morphotypes, especially in placing miscellaneous coprolites, and give 
further insight in to the ecosystem dynamics of the OBF. 

7. Conclusions 

The coprolite assemblage from the OBF represents the largest sample 
of earliest Carboniferous coprolites from a single location and strati-
graphical horizon. Fifty-five specimens were scanned and analysed, 
which with the scan data led to the analysis of seventy coprolites, 
making this one of the most comprehensive studies of Palaeozoic 
coprolites. 

Information from both external and internal observations concludes 
that the initial separation of the coprolite collection into large and small 
coprolite groupings is robust, however, the further subdividing of these 
groups into morphotypes based on external characteristics alone has 
proven to be very inaccurate (Fig. 5; Table 1). External analysis of 
coprolite specimens works best when coprolites are isolated and are free 
from the host rock, and have minimal compression or weathering de-
fects. It also works well if the coprolite shapes and size are vastly 
different, like with PMU 33487 (Figs. 3k-l; Fig.4h; Fig. 6h). Internal 
observations revealed that there were an additional ten coprolites 
identified that were concealed within the host rock of the coprolite 
specimens, enriching our data set and would have been overlooked 
based on external observations alone. The internal visualisation of the 
specimens using PPC-SRμCT has proven very successful with the OBF 
specimens, producing exceptionally detailed virtual thin sections of each 
coprolite revealing internal structure, matrix appearance and inclusion 
composition. These virtual thin sections have allowed for a compre-
hensive analysis of the coprolite assemblage, which has proven far su-
perior to the analysis based on external observations alone. This tool 
could be used to obtain a more comprehensive data set from coprolites 
in near contemporaneous deposits as it is vital to extract as much 

information from D–C boundary deposits to add to our depauperate 
knowledge on faunal turnover after the Hangenberg extinction event 
and of “Romer's Gap” (Mansky et al., 2012; Pollard, 1985; Sumner, 
1991, 1993). 

Eight morphotypes have been identified from the scanned samples 
from the coprolite assemblage, which could be an underestimate when 
considering the entire assemblage. The greater number of coprolite taxa 
to faunal taxa demonstrates a greater faunal diversity of a post- 
extinction recovery ecosystem and also that the lake was part of an 
open system. It is well documented that the terrestrial landscape of East 
Greenland was greatly perturbed during the Hangenberg extinction 
event, through the presence of malformed land plant spores caused by 
UV-B radiation, followed by a complete turnover in faunal and floral 
composition, in the OBF (Marshall, 2020; Marshall et al., 2020). The 
inferred presence of tetrapods as part of this post-extinction recovery 
fauna suggests that the Greenland tetrapods may not have been as 
severely impacted by the Late Devonian extinction events as some 
studies have postulated (McGhee, 2013; Sallan and Coates, 2010), and 
adds to mounting data suggesting that ‘Romer's Gap’ is a sampling 
artefact (Ahlberg, 2018; Mansky and Lucas, 2013; Smithson et al., 
2017). 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2022.111215. 

Data statement 

The propagation phase-contrast synchrotron microtomography 
(PPC-SRμCT) data used in this study will be used in a future project 
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able to the public after the publication of this work. 
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