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A total of 462 coprolites from three localities exposing Upper Cretaceous deposits in
the Münster Basin, northwestern Germany, have been subjected to an array of analyti-
cal techniques, with the aim of elucidating ancient trophic structures and predator–
prey interactions. The phosphatic composition, frequent bone inclusions, size and mor-
phology collectively suggest that most, if not all, coprolites were produced by carnivo-
rous (predatory or scavenging) vertebrates. The bone inclusions further indicate that
the coprolite producers preyed principally upon fish. Putative host animals include
bony fish, sharks and marine reptiles – all of which have been previously recorded from
the Münster Basin. The presence of borings and other traces on several coprolites
implies handling by coprophagous organisms. Remains of epibionts are also common,
most of which have been identified as the encrusting bivalve Atreta. Palynological anal-
yses of both the coprolites and host rocks reveal a sparse assemblage dominated by typ-
ical Late Cretaceous dinoflagellates, and with sub‐ordinate fern spores, conifer pollen
grains and angiosperm pollen grains. The dinoflagellate key taxon Exochosphaeridium
cenomaniense corroborates a Cenomanian age for the Plenus Marl, from which most
studied coprolites derive. The findings of this study highlight the potential of a multi‐
proxy approach when it comes to unravelling the origin, composition and importance
of coprolites in palaeoecosystem analyses. □ Cenomanian, coprolites, Late Cretaceous,
Münster Basin, palaeoecology.
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The behavioural repertoire of long extinct organisms
is difficult to assess and usually relies on inferences
from circumstantial evidence. The palaeobiological
‘toolbox’ for such studies commonly includes statisti-
cal analyses of associated and/or co‐occurring fossils
(such as potential predators and prey animals), theo-
retical models, trace fossil analyses, and inferred
functional morphology and phylogeny. Although
infrequently preserved, the fossil record can also
yield extraordinary material that documents beha-
viour and organismal interactions more directly, with
illustrious examples including fish putatively choking
on large prey, dinosaurs that died while fighting, or
organisms caught in the act of reproduction (e.g.
Kowalewski 2002; Joyce et al. 2012, and references
therein). Such unusual fossils typically derive from
Konservat Lagerstätten, in particular amber deposits
(Poinar & Poinar 1994).

Occasionally, seemingly unremarkable fossils can
provide quite remarkable insights. Coprolites, or fos-
sil faeces, represent one such group. Despite their
rather unappealing origin (and sometimes morphol-
ogy), they can provide extraordinary palaeobiological
and palaeoecological information, obviously with a
focus on diet, feeding, predation and parasitism of
extinct animals (e.g. Bertrand 1903; Prasad et al.
2005; Poinar & Boucot 2006; Eriksson & Terfelt
2007; Eriksson et al. 2011; Dentzien‐Dias et al. 2013;
Shen et al. 2014; Peel 2015; Zatoń et al. 2015; Bajdek
et al. 2016; Vajda et al. 2016; Qvarnström et al.
2017). Moreover, coprolites can reveal novel aspects
of the digestive system of the producer (e.g. Chin et
al. 1998, 2003; Bajdek et al. 2016). Furthermore, they
can form ‘micro‐Lagerstätten’ that preserve labile
structures, organisms or parts thereof, and biomark-
ers that typically are rare or otherwise lacking in the
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fossil record (e.g. Chin et al. 2003; Northwood 2005;
Zatoń et al. 2015; Qvarnström et al. 2016, 2017).
Another significant advantage – which is counter‐
intuitive given their origin and primary characteris-
tics – is that these fossils are quite common in the
Phanerozoic fossil record (e.g. Hunt et al. 2012).

Despite problems of linking coprolites to specific
producers, their potential as a source for palaeobio-
logical information has been much appreciated. In
the published literature, there is however a bias
towards coprolites produced by vertebrates, and par-
ticularly those from carnivores, partly because these
often are less complicated to identify but also because
they seem to be more commonly preserved than are
those of herbivorous animals (Chin 2002; Hunt et al.
2012).

In this study, we have analysed a large number of
coprolites from the Upper Cretaceous strata of the
Münster Basin, northwestern Germany. By subject-
ing these ancient faeces to a wide range of analytical
techniques, we aimed at categorizing and describing
them, thereby elucidating the nature and composi-
tion of coprolites from this region and time. The col-
lected data can, in turn, provide insights into the
affinity of the scat producer and nature of their prey,
as well as having taphonomic and palaeoenviron-
mental implications.

Geological setting

The Late Cretaceous was a time of fluctuating sea
levels, which occasionally reached around 200 m
higher than today (Miller et al. 2005; Müller et al.
2008, and references therein). As a result of a promi-
nent transgression (e.g. Vajda & Solakius 1999;
Wilmsen 2007), the Münster Basin (in what is nowa-
days North Rhine‐Westphalia, northwestern Ger-
many) became part of an extensive epicontinental
sea north of the Rhenish‐Bohemian island, which (in
Central Europe) separated the Tethys Ocean from
the boreal realm. Today, the Münster Basin is mani-
fested by a wide syncline with deposits locally
exceeding 2,000 m in thickness. Cretaceous sedi-
ments, with a stratigraphical range from the lower
Cenomanian to upper Campanian, are mainly
underlain by Carboniferous deposits and partly cov-
ered by Cenozoic sediments (Fig. 1; Kronimus et al.
2008).

The coprolites documented herein derive from
three Cretaceous localities within the Münster Basin:
The Rauen quarry (Mülheim‐Broich), Lünen‐Nor-
dlünen (former Robbert brickyard) and Lüding-
hausen‐Seppenrade (former Pilgrim brickyard; see
Table 1).

The Rauen quarry is located on the eastern flank
of Kassenberg, a hill on the western shore of River
Ruhr within the Broich district of the city of Mül-
heim an der Ruhr (Figs 1, 2). The quarry has been
excavated for Carboniferous shale and sandstone for
more than one hundred years, and is still active on a
small scale (Kasielke 2011). Upper Cretaceous sedi-
ments unconformably overlie Carboniferous sedi-
ments and were first described by Kahrs (1927). He
mentioned the extremely rich occurrence of fossils in
ochre to reddish limestones (‘Rotkalk’), found in
wave‐cut pockets within the Carboniferous sand-
stone and as matrix within a conglomerate bed, over-
lying deeply eroded Carboniferous shale between two
sandstone ridges. This was interpreted by Kahrs
(1927) as a barrier beach, which he called ‘Strand-
wall’. Nowadays, the ‘Rotkalk’ is defined as a special
facies of the Essen Greensand Formation (Hiss
2006a). A comprehensive list of fossils and references
was provided by Scheer & Stottrop (1995). Since
then, a highly diverse gastropod fauna has been
described (Kiel & Bandel 2004), the first occurrence
of marine turtles from this facies revealed (Sachs et
al. 2016), and roveacrinid crinoids studied (Hess &
Thiel 2015). The first biostratigraphical subdivision
of the ‘Rotkalk’ on the basis of ammonites was pro-
vided by Hancock et al. (1972) and Wiedmann &
Schneider (1979). This was later revised by Kaplan et
al. (1998) to range from the basal Mantelliceras man-
telli Zone (Neostlingoceras carcitanense Subzone)
into the upper part of Mantelliceras dixoni Zone of
the lower Cenomanian.

Several phases of successive sea‐level changes have
been identified in the Upper Cretaceous strata in the
Rauen quarry (Fig. 3; Scheer & Stottrop 1995, and
references therein). The thick glauconitic Plenus
Marl was deposited (during Phase 5) following a hia-
tus corresponding to the late early Cenomanian to
early late Cenomanian. Compared to the ‘Rotkalk’,
little work has been conducted on the fossil content
of this unit, which in the western localities of the
Ruhr area forms the upper part of the Essen Green-
sand Formation. As the Plenus Marl could be found
overlying the ‘Strandwall’ in the above‐mentioned
wave‐cut pockets, Kahrs (1927) included both of
these units in what he called ‘Klippenfazies’ (cliff‐
facies). The glauconitic Plenus Marl is characterized
by the occurrence of the belemnite Praeactinocamax
plenus (Blainville 1827) and has been correlated with
the Metoicoceras geslinianum ammonite Zone
(Fig. 3). Unlike other localities, the Plenus Marl in
the Rauen quarry (and especially its basal part) is
rich in fossils. Invertebrate body fossils, including
oyster‐like bivalves, corals (Synhelia gibbosa and cf.
Moltkia), and large quantities of excrement, were
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deposited during this phase, leading to extensive
phosphate accumulation (Scheer & Stottrop 1995).

The Plenus Marl is overlain by what was tradition-
ally called the ‘Labiatus Marl’ (Phases 6–7) from the
early Turonian, but which has later been defined as
the Büren Formation (Hiss et al. 2006a). This exten-
sive transgression was followed by a regression that
entailed a hiatus, which includes the middle Turo-
nian (Phase 8), and resulted in the deposition of the

Soest Greensand Member of the Oerlinghausen For-
mation (Phase 9) (Hiss et al. 2006b). Dölling et al.
(2017) proposed that this member should be trans-
ferred into the newly established Duisburg Forma-
tion, a move accepted by the German
Subcommission of Cretaceous Stratigraphy in the
autumn of 2017 (Dölling 2018). A rich phosphatized
fauna, which may be partly reworked from older
strata, occurs near the base of the Soest Greensand
Member. Lommerzheim (1976) provides a list of the
faunal content, which includes several ammonites
and nautiloids. The ammonite taxa are currently
being revised by W. J. Kennedy (Oxford) and U. K.
Kaplan (Gütersloh), and the fauna is indicative of the
Subprionocyclus neptuni Zone in the upper Turonian
(U. Kaplan, personal communication to U.S.).
Younger Cretaceous sediments are not preserved in
the Rauen quarry.

Most of the studied coprolites from Rauen derive
from latest Cenomanian deposits (the Plenus Marl,
upper Essen Greensand Formation), which corre-
spond to sea‐level phase 5 (Fig. 3). Some of the speci-
mens found in the late Turonian, Soest Greensand
Member may represent reworked Cenomanian speci-
mens as well.

The other two coprolite‐yielding localities, Lünen–
Nordlünen and Lüdinghausen‐Seppenrade, expose
strata from the main (deeper) basin that were depos-
ited during the upper Santonian and lower Campa-
nian (Fig. 1). In both localities, marly sediments

Fig. 1. Geological map of the Münster Basin, showing the distribution of Upper Cretaceous strata and location of the coprolite‐yielding
localities indicated by stars (map modified from Walter 1995, originally after Arnold 1964a).

Table 1. Locality information.

Location Map co‐ordinates
Stratigraphical
range

Mülheim‐Broich,
Rauen quarry

Topographical map
1:25.000, sheet 4507
Mülheim (co‐
ordinates system
Gauß‐Krüger
r2560360/h5698580)

Lower
Cenomanian –
upper Turonian
(Essen Greensand
Formation, Büren
Formation,
Duisburg
Formation)

Lünen‐
Nordlünen,
former Robbert
brickyard

Topographical map
1:25.000, sheet 4311
Lünen (co‐ordinates
system Gauß‐Krüger
r3398770/h5723150)

Upper Santonian
(Emscher
Formation)

Lüdinghausen‐
Seppenrade,
former Pilgrim
brickyard

Topographical map
1:25.000, sheet 4210
Lüdinghausen (co‐
ordinates system
Gauß‐Krüger
r2598000/h5737600)

Lower Campanian
(Emscher
Formation)
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belonging to the Emscher Formation are accessible.
This marl locally begins in the Coniacian (Hiss
2006b). The Emscher formation is composed of
argillaceous and partly sandy grey marls. It is wide-
spread in the entire Münsterland region and is also
well known from Lower Saxony and Saxony‐Anhalt
(Arnold 1964b; Hiss 2006b). The Lünen–Nordlünen
and Lüdinghausen‐Seppenrade localities are not as
well investigated as the Rauen quarry. The local
fauna indicates a stratigraphical placement within
the Boehmoceras arculus/Marsupites testudinarius
Zone of the uppermost Santonian (Kennedy &
Kaplan 2000).

The former Pilgrim brickyard in Lüdinghausen‐
Seppenrade is poorly investigated, but the local succes-
sion belongs to the lower Campanian Emscher For-
mation (M. Hiss, personal communication to U.S.).

Late Cretaceous faunas of Germany

The Upper Cretaceous of the Münster Basin yields
diverse invertebrate faunas; molluscs are notably
abundant, but so are also vertebrates. Examples of the
latter include turtle remains from the Cenomanian
and Turonian (Diedrich & Hirayama 2003; Karl et al.
2012; Sachs et al. 2016), skeletal elements attributed to
the mosasaur Clidastes from the upper Campanian of
the Ahlen Formation, Beckum Member (Diedrich &
Mulder 2004; Caldwell & Diedrich 2005), fossils of
other marine reptiles, including ichthyosaurs and ple-
siosaurs (Sachs 2000; Wittler & Roth 2000; Sachs et al.
2018) as well as a choristoderan identified from an
isolated vertebra (Reiss et al. 2018). Moreover, a wide
range of cartilaginous and bony fish have been
described from the basin (e.g. von der Marck & Schlü-
ter 1858; von der Marck 1885, 1894; Kaever 1985;
Müller 1989, 2008, 2014; Müller & Diedrich 1991;
Scheer & Stottrop 1995; Diedrich 2012).

Lamniform and hybodont sharks, including Cre-
toxyrhina mantelli, Isurus cf. angustidens and Pty-
chodus mammilaris, have been described from
phosphatic beds of the Rauen quarry (Phase 5;
Scheer & Stottrop 1995, and references therein);
these taxa are found throughout the entire Münster
Basin. Kaever (1985) listed fish that occur in the
upwelling‐influenced greensands of the Münster
Basin in the vicinities of Essen, Dortmund and
Anröchte, including rare remains of Xiphactinus and
Berycopsis. Moreover, Diedrich (2012) described
trophic relations in fish assemblages across the Ceno-
manian–Turonian boundary, and also mentioned the
faunal components of the middle Turonian, with
Xiphactinus and Cretoxyrhina as the inferred top
predators. Xiphactinus, the largest predatory bony
fish at the time, could reach several metres in length,
but was nonetheless preyed upon by Cretoxyrhina,
the largest shark (Diedrich 2012). A similar trophic
interaction between the two taxa is also indicated by
stomach contents of a late Santonian–early Campa-
nian Cretoxyrhina from North America, which con-
tain remains of Xiphactinus (Shimada 1997).

The fauna of the upper Turonian phosphorites
(Phase 8) includes poriferans, anthozoans, bra-
chiopods, echinoids, pelecypods, gastropods, nau-
tiloids, ammonoids, fish and reptiles (Scheer &
Stottrop 1995, and references therein). Coprolites, pre-
sumably deriving from fish (attributed to Macropoma
sp.), have been described from these phosphorites
(Scheer & Stottrop 1995), although some specimens
may be reworked from older (Cenomanian) strata.

Material and methods

The studied coprolite collection comprises 462 speci-
mens stored at the Stiftung Ruhr Museum (formerly

Fig. 2. Geological cross‐section of the Kassenberg area (modified from Scheer & Stottrop 1995, originally based on Kahrs 1927).
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Ruhrlandmuseum) in Essen, Germany. The bulk of the
material (>420 specimens) originates from the Rauen
quarry. Most, if not all, specimens were either collected
by museum staff in 1920s or generously donated to the
museum by Mr Karl‐Heinz Hilpert. The fossils were
subjected to a wide range of analytical methods (see
below) performed at the Department of Geology, Lund
University, Sweden (if not stated otherwise).

Photography and measurement

Selected specimens were photographed using a digi-
tal camera mounted on a table set‐up with four exter-
nal light sources. A few fossils were coated with
ammonium chloride prior to photography in order
to enhance the contrast. Measurements were taken
with a vernier calliper.

Fig. 3. Sea‐level changes and ammonite zones at Kassenberg (modified from Scheer & Stottrop 1995).
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X‐ray fluorescence spectrometry

A selection of coprolites, of different morphologies,
and with or without visible inclusions, was analysed
using X‐ray fluorescence (XRF) to semi‐quantita-
tively assess their chemical composition. In addition,
some sediment samples from Rauen quarry were
analysed, as well as latest Santonian specimens of
coprolites and their enclosing sedimentary matrix
from Lünen‐Nordlünen. A portable ThermoFisher
Scientific Niton XL3t GOLDD+ instrument was
used, with each analysis lasting 240 seconds. The
NDTr software package was used for analyses and
processing of data.

CT‐scanning
Computed tomography (CT) non‐destructively
allows 3D reconstruction of the internal coprolite
structure and any inclusions (e.g. Milàn et al.
2012a; Villa & Lynnerup 2012). The CT‐scanning
was performed at the Department of Forensic Med-
icine, Copenhagen University. A Siemens Somatom
+4 MDCT equipment was used and the parameters
of the scan process were 120 kV and 200 mAs
(highest possible ampere output for this medical
scanner). The specimens were studied with perfo-
rating X‐rays where an opposing detector plate col-
lects values and creates a data set for processing.
Because of the high density of the specimens a
hard kernel 80 was used. To gain a high level of
detail, the scanning was performed with pixel val-
ues (X, Y) of 0.5 × 0.5 mm; the reconstructed Z
was 0.5 mm. This displays the object with isometric
voxels (volumetric pixels), which provide truthful
proportions of the specimens. The post‐processing
was performed at the Anthropological Department
of Copenhagen University using the software
Mimics. The successive scans subsequently were
stacked into 3D images that can be viewed from all
directions.

Scanning electron microscopy (SEM)

A selection of ten specimens (including one piece
of host rock) was studied in a Hitachi S‐3400N
Scanning Electron Microscope (SEM) in order to
evaluate microscopic features and to search for
inclusions. Prior to analysis, the coprolites were
crushed with a hammer to reduce size, but also
to expose fresh breakage surfaces. The resulting
fragments were mounted using double adhesive
carbon tape onto glass slides and subse-
quently coated with gold before being studied
under SEM.

Thin sections

For the preparation of petrographical thin sections,
the coprolites were initially sliced in transverse and/
or longitudinal section using a slow‐speed diamond
saw. Because some specimens were rather brittle,
they were embedded in transparent epoxy prior to
sectioning. The resulting rock chips were then
mounted on glass slides with epoxy, left to dry in an
oven overnight at 45°C, and then ground to appro-
priate thickness.

Palynology

Six samples, four coprolites and two pieces of host
rock, were sent to Global Geolab Limited, Alberta,
Canada, for palynological processing. The aim was
to date the samples, assess the palaeoenvironment
(proximity to land), and gain insight into the local
Late Cretaceous vegetation. Lycopodium spores
were added to the samples before processing with
the intention to estimate productivity. A few addi-
tional sediment samples from the Rauen quarry
were processed for palynomorphs with standard
HF techniques as outlined in Vajda et al. (2013) at
the Department of Geology, Lund University,
Sweden.

Results

General coprolite characteristics

The coprolites vary from approximately 10–90 mm
in length, and 5–28 mm in width. The largest are of
Santonian age from Lünen‐Nordlünen, and these
specimens are retained in their host rock. The copro-
lites range from beige to dark brown in colour. Speci-
fic colour nuances are independent of coprolite
morphology, sample locality and age, except for the
A 0595 and A 0596 collection series (altogether com-
prising 44 specimens) of middle Turonian age from
Rauen quarry that are all dark brown.

The coprolites are commonly anisopolar (i.e.
the longitudinal terminations are of different
shape), rod‐like or ellipsoidal, and variably bent
(Figs 4–6). However, a number of specimens are
fragmentary and/or worn, rendering their original
morphology difficult to assess. The majority of
the coprolites appear to be spiral, although obvi-
ous coiling is only visible on the surfaces on
some specimens (including most Santonian fos-
sils). Of these, heteropolar coprolites (the spiral
coils are concentrated to one end of the fossil,
with the remaining part being composed of one
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large coil with a wide lip; e.g. Figs 4G, H, K, 5B)
largely outnumber the possible amphipolar ones
(with an even coiling throughout the length of

the whole specimen; possibly Fig. 4I, J, M; see
also Williams 1972; McAllister 1985; Hunt et al.
1994; Diedrich & Felker 2012).

A B1 C D

E1

E2

F1 F2 G H

I J K L M N

B2

Fig. 4. Characteristic examples of different coprolite morphologies distinguished from the Upper Cretaceous of Germany. All specimens
are from the Rauen quarry, except for H, which is from Lüdinghausen‐Seppenrade. All scale bars are 0.5 cm. A, specimen A 0596/1. B,
specimen A 0596/12 in different views. C, specimen A 2137/24. D, specimens A 2137/21. E, specimen A 2137/3 in side and top view. F,
specimen 0922/61‐80.3 in different views. G, specimen from collection group A 1030/41‐60. H, specimen A 5921/2. I, specimen A 2137/9.
J, specimen A 2137/13. K, specimen A 0595/19. L, specimen from collection group A 1030/1‐20.20. M, specimen A 0595/22. N, specimen
A 2137/1. Specimens D, G, H, M, N are distinctly spiral as based on the external morphology. Arrows in B, C, and L point at epibionts;
larger arrows Atreta, smaller ones putative bryozoans [Colour figure can be viewed at wileyonlinelibrary.com].
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Surface structures

The coprolite surface textures range from almost
smooth and glossy (e.g. Fig. 4M; probably in part
due to reworking, abrasion and/or geochemical dif-
ferences related to secondary mineral deposits or the
original mucosal coating of the excrement; cf. Thul-
born 1991) to rough and sculptured/pitted (Figs 4,
5). Several specimens possess distinct circular holes,
ranging from one to almost 8 mm in diameter (Fig. 6
A–C). Similar structures have been described from
other Cretaceous deposits and are linked to copro-
phagous activity (e.g. Eriksson et al. 2011; Milàn et
al. 2012b, figs 3, 4). Other coprolite specimens have
grooves and pits on their external surface (Fig. 4I, L).
Additionally, distinct striations (e.g. Figs 4D, F, J, N,

5B, 6E–G) are seen on many coprolites from Rauen
quarry.

Another conspicuous feature is the presence of
encrusting organisms (epifauna) on some coprolites.
Several specimens, exclusively from the Rauen quarry,
show remains of seemingly monospecific assemblages
of the encrusting bivalve Atreta (Fig. 4B, C, L). They
are strikingly similar to, and most likely conspecific
with, Atreta sp. 1 of Žitt & Vodrážka (2013, fig. 9A,
C) from the lower Turonian of the Czech Republic.
This bivalve is common in the Upper Cretaceous
rocky‐coast facies of Bohemia (e.g. Žitt & Nekvasilová
1996; Žitt et al. 2006; Žitt & Vodrážka 2013). The
individual Atreta specimens in the material at hand
are in variable states of preservation (compare Fig. 4B
versus 4L), and they generally appear to be randomly

A B

C D

E F

Fig. 5. Photographs of upper Santonian coprolites from Lünen–Nordlünen, all residing in their host matrix. All scale bars are 0.5 cm. A,
specimen A 0972/4. B, specimen A 0972/3. C, specimen A 0972/1. D, specimen A 0982. E, specimen A 0972/5. F, specimen A 1019 [Colour
figure can be viewed at wileyonlinelibrary.com].
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A B C

D E

F G H

I
J

I1
J1

Fig. 6. Photographs of coprolites with distinct surface markings, burrows and inclusions. All scale bars are 0.5 cm, if not stated otherwise. A–
D, different views of coprolites with burrows. A, specimen A 0595/20. B, specimen A 0595/12. C, specimen A596/21. D, specimen A 0596/16. E,
different views of bone inclusion and striations in specimen A 1030/21‐40.5. The inclusion is from two cross‐section views and probably derives
from the same prey specimen. F, G, different views of striations in specimens A 0922/1‐20.1 and A 0922/1‐20.2, respectively. H, different views
of bone inclusions in specimen A 1030/141‐160.2. I, different views of possible tooth marks in specimen A 0922/41‐60.1; Overview showing
gross coprolite morphology (dark elongate pit and striations in centre left of specimen are possible tooth marks) (I1, close‐up view). J, different
views of an elongated fish vertebra in specimen A 1030/21‐40.1, overview showing gross morphology (J1, close‐up view) [Colour figure can be
viewed at wileyonlinelibrary.com].
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distributed on the surface of the coprolites. Also, when
multiple specimens occur on one coprolite their
umbonal direction differs. In addition to Atreta, puta-
tive bryozoans or worm tubes were observed on some
specimens (Fig. 4B).

Inclusions

Inclusions are common, particularly in coprolites
from the Plenus Marl, uppermost Essen Greensand
Formation (latest Cenomanian, Phase 5), of Rauen
quarry. Inclusions can be observed on the external
coprolite surface (Figs 4, 6), as well as internally in the
thin sections (Fig. 7) and CT‐scanning data (Fig. 8).

The most conspicuous inclusions are bone remains in
various stages of fragmentation (Figs 4E, F, 6E, H, J).
At higher detail, some of these inclusions show dis-
tinct lamellar structures, which probably represent the
cortical portion of the skeletal element (see, e.g.,
Fig. 7C1, E1). The bone fragments appear to have
been subjected to various degree of digestive corro-
sion: some specimens appear markedly corroded with
rounded and polished edges (Fig. 7A), whereas others
seem more or less unaltered (Fig. 7C).

In the CT data, the highlighted (light green) parts
in specimen A 0972/3 and A 5921/2 likely represent
bone material (Fig. 8A, A1, B1, B2). Conversely, the
bright areas in specimen A 1019 are similar to the

A A1 B

B1 C C1

D D1 E

Fig. 7. Thin‐section photographs showing the coprofabrics, internal architecture and inclusions of selected coprolites. A, longitudinal view
of bone inclusions in coprolite specimen A 0922/61‐80.2 (A1, close‐up of bone inclusion). B, transverse view of bone inclusions in copro-
lite specimen A 596/20, also showing the obvious internal coiling (B1, close‐up of bone inclusion in upper left corner of B). C, bone inclu-
sion in coprolite specimen A 1030/21‐40 (C1, close‐up of central bone inclusion in C, slightly rotated). D, coprofabric and central cross‐
shaped bone inclusion in coprolite specimen A 2137/3 (D1, close‐up of central bone inclusion in D). E, another bone inclusion in coprolite
specimen A 2137/3. Note the lamellar bone structure in shown in B and, particularly, C [Colour figure can be viewed at wileyonlinelibrar-
y.com].
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adjacent rock matrix (Fig. 8C1) and are most likely
too dense to represent bone material.

Palynomorph inclusions. – Assemblages of dinoflag-
ellates, green algae, freshwater algae, pollen, spores
and amorphous organic matter were identified in the
acid‐resistant residues of the coprolites and host sedi-
ment (Fig. 9). The palynomorphs are well preserved
but sparse, indicating a well‐oxygenated marine envi-
ronment. Dinoflagellates dominate the assemblages,
followed by green algae, spores and pollen. Seven
dinoflagellate taxa were identified, of which

Achomosphaera ramulifera and Exochosphaeridium
cenomaniense are age‐diagnostic, indicating a Turo-
nian and Cenomanian age, respectively. Recognized
green algae include Lecaniella jaenata, Pleourozonar-
ia sp. and Tasmanites spp. Spores and pollen are
uncommon, and only two conifer pollen grains were
identified.

Internal architecture and coprofabrics

Scanning electron microscopy and energy‐dispersive
X‐ray microanalysis revealed that most coprolites

A

B1

B2

C C1

A1 A2

B

Fig. 8. CT‐scanning images of coprolites. All scale bars are 0.5 cm. A, transverse section showing the internal coiling in specimen A 5921/
2. A1, A2. 3D images showing the external side view of the same specimen. Arrow points to putative bone remains. B, transverse section
of specimen A 0972/3 still in host rock sediment. (B1, B2, 3D images showing external side views of the same specimen, virtually removed
from the host rock. Arrows point to putative bone fragments). C, transverse section of specimen A 1019 still in host rock sediment (C1,
3D image, external side view of the same specimen. Light‐coloured areas probably do not represent bone inclusions). The white lines in
A–C are added only to enhance the internal coiling [Colour figure can be viewed at wileyonlinelibrary.com].
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consist of a microporous fabric, with characteristic
calcium phosphatic microglobules and cavities
(Fig. 10A–C). The structures vary somewhat in size,
but are generally approximately 2–4 μm in diameter
(Fig. 10C). Comparable structures were described by
Lamboy et al. (1994, fig. 2) from putative fish copro-
lites from various Cretaceous–Eocene phosphorites
in North and West Africa, but have also been
observed in primary, non‐pelletal phosphorites from
the Campanian of Israel (Soudry 1992, fig. 4). More
recently, similar structures have been observed in ter-
restrial Triassic coprolites from Poland (Zatoń et al.
2015) and in Upper Permian specimens from Russia
(Owocki et al. 2012; Bajdek et al. 2016). Lamboy et
al. (1994) distinguished different types of microfab-
rics, and the coprolites studied here show a combina-
tion of these types. Most common are microgranular
calcium phosphate (Fig. 10A) combined with a
microporous texture (Fig. 10C); the latter probably
represents the internal part of the granules. In the
host rock of specimen A 0972/4 (Fig. 10D), a dense

microfabric similar to the botryoid‐based fabric
sensu Lamboy et al. (1994) is observed, and this
architecture also occurs in specimen A 0922/61‐80.3
(Fig. 10F).

Some specimens possess larger pits that may rep-
resent negative moulds of inclusions (Fig. 10E, F).
String‐like, ca 1‐μm‐wide structures were observed in
some coprolites (Fig. 10B). It cannot be excluded
that these represent fossilized biofilms, although they
could be much younger or even modern. No obvious
bone or scale inclusions were observed under SEM,
and the only identified shelly microfossil is a putative
coccolith recorded from the Santonian coprolite‐
bearing host rock (Fig. 10D).

In thin section, all examined specimens show a
dense, microcrystalline fabric. In addition to the
above‐mentioned bone inclusions, the thin sections
also revealed that most coprolites are internally
coiled (see, e.g., Fig. 7B, and less distinct in 7D), even
in specimens where this architecture is not readily
observable from the external morphology.

A B C D

E F G H

I J K L

Fig. 9. Light micrographs of representative palynomorphs from coprolites and sediments of the Münster Basin: A, Achomosphaera
ramulifera (from coprolite specimen A0972‐1). B, Spiniferites ramosus (Soest Greensand Member). C, Exochosphaeridium cenomaniense
(Bochum greensand basal). D, Oligosphaeridium spp. (Plenus marl). E, Pterospermella eisenack (Plenus marl). F, Fromea amphora
(Bochum greensand basal). G, Pleurozonaria sp. (Bochum greensand). H, Lecaniella sp. (Bochum greensand). I, Sestrosporites pseudoalveo-
latus (Labiatus marl). J, Laevigatisporites ovatus (Labiatus marl). K, Cyathidites minor (from coprolite specimen A 1030‐21‐40). L, Pinus-
pollenites minimus (Bochum greensand). Scale bars equal 10 μm [Colour figure can be viewed at wileyonlinelibrary.com].
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The CT‐scanning of the spiral‐shaped coprolite A
0972/3 and A 5921/2 (Fig. 8A, B) revealed multiple
internal layers, comparable to those of a coprolite
from the lower Palaeocene (Danian) of Denmark
(see Milàn et al. 2012a). A similar internal layering
was also identified in some specimens lacking appar-
ent external spiralling (Fig. 8C‐C2).

Chemical composition based on XRF

Typically, Ca (expressed as CaO, c. 15–50%) and P
(P2O5, c. 15–42%) form the bulk of the major‐ele-
ment chemistry of the coprolites, with Si (SiO2, c. 4–
26%) representing an important additional element.
All coprolites show enrichment of both Ca and P
compared to the host rock (Fig. 11). Only a few
coprolites (notably A 0972/3 and A 0972/4, from
Lünen–Nordlünen) approach the sediment in aver-
age Ca and P content. Some specimens show elevated
concentrations of Si, even exceeding that of the host
rock. There is no clear systematic variation in Si con-
centration; coprolites from the same host rock differ

in Si content and the concentrations can vary greatly
within a single specimen.

There is broad correspondence between the Si and
Al concentrations in the coprolites. The specimens
from Lüdinghausen‐Seppenrade (A 5921/2) and
Lünen‐Nordlünen (A 0972/3, A 0972/4) contain rela-
tively high concentrations of S and Fe (pyrite?), as do
the host rocks. Low analysis totals for some copro-
lites may reflect a large organic component, with C
being below the detection range of the XRF analyser.
In sediment samples, low analysis totals are mainly
considered to result from porosity and/or unevenness
in the substrate, resulting in significant loss and scat-
tering of X‐rays.

Discussion

The coprolites show variable morphologies and states
of preservation, indicating that they derive from dif-
ferent producers and have different taphonomic his-
tories. The largest and most well‐preserved

A B C

D E F

Fig. 10. SEM micrographs showing the microtexture of selected coprolites and coprolite‐bearing host rock. All scale bars are 10 μm. A–C,
calcium phosphate microgranules in coprolites; A, C, coprolite specimen A 1030/21‐40. B, specimen A 1030/161‐180.1; note the string‐like
putative biofilm. Microgranules are particularly distinct in A and B, whereas in C also a microporous texture is evident; the circular voids/
cavities most likely represent the internal part of the granules. D, Upper Santonian host rock of coprolite A 972/3 (coccolith marked by
white arrow). E, F, negative moulds/cavities in coprolite matrix. E, coprolite specimen A 2137/31. F, specimen A 0596/20.
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specimens are those of Santonian age from Lünen‐
Nordlünen; these show no signs of transportation,
and the occurrence of several large specimens (with
spiral convolutions) suggests that some of the copro-
lite producers reached considerable size. By contrast,
the Rauen specimens tend to be smaller and were,
without doubt, produced by different (and/or smal-
ler) animals. There is also a much higher relative
number of abraded and reworked coprolites from the
Rauen quarry compared to Lünen‐Nordlünen.

The initial consistency and composition of the fae-
ces, as well as the depositional setting and tapho-
nomic history, are all important factors contributing
to the preservation of coprolites (e.g. Hunt et al.
1994; Chin et al. 2003; Eriksson et al. 2011). Rapid
lithification seems to be essential for coprolite preser-
vation, and microbes probably played an important
role in this process (e.g. Lamboy et al. 1994; Seilacher
2002; Hollocher et al. 2010; Hollocher & Hollocher
2012; Qvarnström et al. 2016). It has also been pro-
posed that spiral faeces in particular must undergo
rapid burial and lithification in order to retain their
original morphology (e.g. Northwood 2005). Such
coprolites are particularly common from upper

Santonian and lower Campanian strata of the study
area, suggesting environments with better preserva-
tion potential for faecal matter than those from
Rauen quarry. However, many coprolites from
Rauen quarry show a spiral internal architecture,
although their fragmented and abraded state
obscures such details when observed externally.

Inclusions

Coprolite inclusions can be useful to identify the diet
and digestive system efficiency of the producer (Hunt
et al. 1994; Rodríguez‐de la Rosa et al. 1998; Chin et
al. 2003; Qvarnström et al. 2017). Clearly, however,
inclusions are more useful for identifying the affinity
of the prey than that of the host animal (Chin 2002).
Also, the state of preservation of the inclusions
depends on the digestive system of the host animal,
mode of feeding and exposure of the inclusions dur-
ing diagenesis (e.g. Owocki et al. 2012; Zatoń et al.
2015; Qvarnström et al. 2016). Inclusions are abun-
dant in the studied coprolites, particularly in Rauen
specimens, and consist of bones and possibly scales
of primarily actinopterygian fish, as implied by their

Fig. 11. CaO‐P2O5 diagram showing samples from coprolites (circles) and the host sediment (squares) from the Rauen quarry (Soest
Greensand Member and the Plenus Marl, Essen Greensand Formation) and Robbert brickyard, Lünen‐Nordlünen, Emscher Formation
[Colour figure can be viewed at wileyonlinelibrary.com].

LETHAIA 52 (2019) Late Cretaceous coprolites 563



morphology, size and histology (cf. Cohen et al.
2012). The well‐preserved bony inclusions in some
specimens (e.g. Fig. 7) suggest a short gut residence
time and/or a limited ability to digest bone, whereas
coprolites with more corroded and rounded inclu-
sions suggest longer residence time and/or more effi-
cient gut tract for digesting bone (e.g. Owocki et al.
2012; Zatoń et al. 2015; Qvarnström et al. 2016).
Extant crocodiles, for example, efficiently digest bone
and their scat either lack visible bone fragments
(Milàn 2012) or contain demineralized bone matrices
(Fisher 1981). This implies that coprolites devoid of
bone inclusions could derive from predatory animals,
although the remains of the prey items are no longer
identifiable.

The dominance of marine palynomorphs
together with fern spores and angiosperm pollen
grains indicate relatively near‐shore marine condi-
tions. This is further supported by the presence of
green algae, indicating freshwater influence. The
scarce palynomorphs found in the coprolites were
likely involuntarily ingested from the water or bot-
tom sediments by the coprolite producer(s). It has
been suggested that plant material in coprolites
deriving from carnivorous (or omnivorous) animals
could also be derived from the gut content of her-
bivorous prey animals (cf. Zatoń et al. 2015). It
seems highly unlikely that the few palynomorphs
recorded in this study were part of any major food
source, and no macroscopic plant remains, indica-
tive of an herbivorous diet, were identified. The
palynomorph assemblages are dominated by typical
Early Cretaceous taxa, but some reworked Triassic
taxa were also identified. The latter indicate that
Triassic strata were exposed, eroded, and the
weathering products transported into the basin
during the Early Cretaceous.

Phosphatic composition

Coprolites from carnivorous vertebrates are far more
abundant, or at least better known, in the fossil
record than are those produced by herbivores (e.g.
Chin 2002). Additionally, they are usually easy to dif-
ferentiate from the latter because of their typical
phosphatic composition and skeletal inclusions
(Dietrich 1951; Lamboy et al. 1994; Chin
2002). Invertebrate coprolites also typically have
considerable concentrations of calcium phosphate
(Häntzschel et al. 1968; Eriksson & Terfelt 2007; Peel
2015), but are usually smaller in size. It should be
noted that authigenic phosphatization may also take
place under other conditions (e.g. Fountain &
McClellan 2000; Marshall‐Neill & Ruffell 2004). Usu-
ally, however, such nodules can be differentiated

from coprolites through their internal structures and
lack of inclusions.

With regard to accessory compounds, there is a
broad correspondence between Si and Al concentra-
tions in the coprolites, indicating incorporation of
siliciclastic matter or adherence of such to the
surfaces of the fossils.

Morphology and producers

Per definition, coprolites represent fossilized faecal
matter that was fully excreted from their host ani-
mals (e.g. Hunt & Lucas 2012). Because coprolites
are generally not found in conjunction with the body
fossils of their host animal(s), the reconstruction of
the coprolite–producer link is often problematic.
However, there are some characteristics of the faecal
matter that can be used to pinpoint the producer, or
at least reduce the number of possible candidates.

The size and morphology of coprolites can provide
clues about the producer's identity, although a sub-
stantial intraspecific variation (depending on, e.g.,
diet and ontogenetic stage) must be taken into
account. In addition, unrelated organisms can pro-
duce superficially similar droppings, and a single
animal can produce differently shaped and composi-
tionally varied faeces due to dietary changes (Thul-
born 1991; Hunt et al. 1994; Stuart & Stuart 1998;
Eriksson et al. 2011). Moreover, large animals can
produce small faeces, but conversely, it is difficult for
small animals to produce large faeces (Hunt et al.
1994). The size range of the coprolites examined
herein indicates vertebrate host animals, as inverte-
brate faecal pellets generally are smaller than 5 mm
in diameter (Häntzschel et al. 1968; Hunt et al.
1994).

The coprolites from Germany include morpholo-
gies that have been assigned to specific host organ-
isms by several authors. For instance, spiral
coprolites are associated with animals with a spiral
gut valve, i.e., most cartilaginous and some bony fish
(Gilmore 1992; Hunt et al. 1994; Northwood 2005).
Some authors (e.g., McAllister 1985, and references
therein) described spiral coprolites as enterospirae,
that is, fossilized valvular intestines. Preserved valvu-
lar intestines are present in placoderm, chon-
drichthyan, actinopterygian, and probably
acanthodian fish (McAllister 1985, and references
therein). Neumayer (1904) distinguished two main
morphologies in his study on Permian spiral copro-
lites: heteropolar coprolites, which exhibit spaced
coils concentrated to one end, and amphipolar
coprolites, which have coils along the length of the
specimen that are more evenly spaced. Due to differ-
ences in intestinal valves, it has been suggested that
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sharks are likely producers of heteropolar coprolites
and bony fish of amphipolar ones (cf. McAllister
1985). Even if such distinction is almost certainly too
simplified, both sharks and bony fish were part of the
Late Cretaceous vertebrate faunas of the Münster
Basin (e.g. the chondrichthyans Ptychodus and
Odontaspis, as well as the actinopterygian Plethodus,
have been described from Rauen quarry; see Scheer
& Stottrop 1995), and droppings from animals of
both taxonomic groups are most likely present in the
material. A wide range of vertebrates has been found
in the Münster Basin, including sharks, rays, bony
fish, turtles, ichthyosaurs, plesiosaurs and mosasaurs.
Many of these were carnivorous and thus potentially
could be responsible for producing the coprolites at
hand. However, cephalopods cannot be ruled out as
producers of at least some of the coprolites (cf. Eriks-
son et al. 2011) since the Münster Basin housed a
diverse ammonoid fauna and individual specimens
could grow fairly large in size. Extant cephalopods
are known as agile hunters, feeding largely on live
prey, including fish, crustaceans and other cephalo-
pods (Markaida & Sosa‐Nishizaki 2003). However,
whereas cephalopod remains (especially their scleri-
tized mouth parts) are well known from stomach,
gut and faecal contents from a variety of animals,
including ichthyosaurs, sharks and bony fish (e.g.
Pollard 1968; Keller 1976; Uyeno & Tsutsumi 1991),
coprolites with a confirmed cephalopod origin have
yet to be documented.

External coprolite features

The various burrows, striations, pits and grooves
observed on the coprolites probably derive from
manipulation by coprophagous invertebrates and fish
both preceding and after lithification (cf. Eriksson et
al. 2011). The two distinct marks on a coprolite
belonging to specimen‐group A 1030/21‐40 (Fig. 6I1)
possibly represent tooth marks, and the larger of
them is similar to an inferred shark medial tooth
impression on a coprolite from the Miocene of Mary-
land (Godfrey & Smith 2010). Extant sharks are not
known to be deliberately coprophagous, but the
marks could be the result of exploration of objects on
the seafloor (see Godfrey & Smith 2010).

The circular holes (Fig. 6A–C) are likely made by
invertebrates that either exploited the faecal matter or
produced borings in the lithified coprolite. Coproph-
age traces have been observed in, for example, Lower
Triassic coprolites from Australia (Northwood 2005)
and Upper Cretaceous coprolites from Sweden (Eriks-
son et al. 2011). Even the largest burrows (e.g. Fig. 6
A) could have been made by invertebrates since, for
example, marine bivalves have been reported to

produce borings in coprolites (Tapanila et al. 2004),
as well as other hard substrates (Ekdale et al. 1984).

The grooves on the external surface of the
coprolites may derive from actions of scavenging
animals or possibly from the landing of faeces on a
sharp object (Eriksson et al. 2011), or from erosion
(see, e.g., Figs 4I, L). The ridges and striations
(Figs 4D, F, J, N, 5B, 6E–G) could originate from
impressions of the intestines and/or sphincter mus-
cles. Small holes likely represent gas‐escape features
(Broughton et al. 1978; Northwood 2005; Hollocher
et al. 2010).

Encrusters

Based on its inferred life strategies, the encrusting
bivalve Atreta (e.g. Žitt & Nekvasilová 1996) attached
to the coprolites when they were already lithified.
Specimens of Atreta tend to be chaotically oriented
on horizontal surfaces, but on oblique ones, they
commonly orient in a single direction (slope orienta-
tion). As such, they can be used as tools for recogniz-
ing substrate position during encrustation (Žitt &
Vodrážka 2013). However, the random distribution
suggests that the bivalve marks represent different
generations of attachment and that the coprolites
have been moving, or rolling, to some extent on the
seafloor, and that the faecal matter must have been
lithified in order to withstand such transport. The
variable, but relatively poor, preservation of the indi-
vidual Atreta specimens, particularly in their umbo-
nal parts, suggests that the organisms died before the
substrate was buried and that a rather prolonged
time of exposure allowed post‐mortem abrasion. The
absence of epibionts on the Santonian specimens
either suggests a different taphonomic history
or environments unsuitable for Atreta or other
encrusters.

Internal structures

As is evident from thin sections (Fig. 7) and CT‐
scanning data (Fig. 8), a spiral internal structure con-
sisting of several layers is dominant among the
coprolites. Along with the external morphology,
these concentric layers indicate that the majority of
the coprolite producers had a spiral gut valve, that is
a structure that occurs in cartilaginous and some
bony fish. The spiral architecture and presence of fish
bone inclusions support an interpretation of the
coprolite producers as piscivorous sharks or bony
fish.

The microglobular coprofabric (Fig. 10) likely
originates from phosphate precipitation at the sur-
face of globular bacterial cellular bodies (e.g. Lamboy
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et al. 1994). Such microorganismal pseudomorphs
are commonly found in coprolites, and there is an
ongoing discussion whether they derive from the
intestinal biota of the host animal or from the sur-
rounding environment (e.g. Hollocher et al. 2010;
Bajdek et al. 2016). DNA studies of subfossil human
coprolites have demonstrated that preserved micro-
bial DNA can be both intestinal and environmental
depending on, for example, climatic variables in the
depositional area (Tito et al. 2012; Cano et al. 2014).
Regardless of origin, the autolithifying bacteria most
likely facilitated early lithification of the faeces, and
thereby drastically increased their preservation
potential. Early bacterial‐induced lithification has
similarly been described as a key mechanism for the
preservation of delicate inclusions (e.g. soft tissues)
within coprolites (Chin et al. 2003; Qvarnström et al.
2016).

Conclusions

Coprolites represent common fossil elements in the
Upper Cretaceous deposits of the Münster Basin
(Germany), and the majority of the findings derive
from the Plenus marl bed (upper Cenomanian) and
the phosphorites (upper Turonian) of the Rauen
quarry. Most specimens have spiral morphologies.
Additionally, internal coiling is also present in sev-
eral coprolites that lack such external characteristics.
Thus, seemingly non‐spiral coprolites can likely
result from post‐depositional alteration (e.g. abra-
sion), and thus may not necessarily reflect an absence
of a spiral gut valve in the producer.

The texture of the coprofabric matrix is homoge-
neous with abundant phosphatic microglobular
structures, which most likely result from microbial
autolithification that facilitated preservation of the
faeces. Many coprolites contain macroscopic bone
inclusions showing variable stages of fragmentation
and degrees of etching. This suggests differences in
gut residence time and/or efficiency in breaking
down skeletal elements.

Borings and other traces occur abundantly on
coprolite surfaces, and most of them suggest han-
dling by coprophagous organisms. Encrusters are
also common, most of which are identified as the
bivalve Atreta. Their random distribution indicates
that they represent different generations and that the
coprolites were moving on the seafloor prior to final
burial. There is no evidence for herbivorous host ani-
mals, and the few plant palynomorphs extracted
from the coprolites were likely ingested involuntary.
Rather, piscivorous sharks and/or bony fish

presumably produced most or all coprolites, as indi-
cated by their phosphatic composition, size, mor-
phology, and abundance of fish bone inclusions.

Acknowledgements. – Thanks to Leif Johansson (Lund) for assis-
tance with the XRF analyses. MEE and JL acknowledge the Swed-
ish Research Council for funding. AL acknowledges the Royal
Physiographic Society of Lund for funding. MQ is funded by the
Department of Organismal Biology (Uppsala University). BWR
acknowledges the Department of Forensic Medicine, Copenhagen
University. VV's research was jointly supported by the Swedish
Research Council (grant 2015‐04264) and the Lund University
Carbon Cycle Centre (LUCCI). Finally, we would like to thank
Paula Dentzien‐Dias and an anonymous reviewer for their com-
ments that greatly improved the final version of the paper.

References
Arnold, H. 1964a: Die Erforschung der Westfälischen Krei-
demulde und zur definition der Oberkreidestufen und –zonen.
Fortschritte in der Geologie von Rheinland und Westfalen 7, 1–
14.

Arnold, H. 1964b: Fazies und Mächtigkeit der Kreidestufen im
Münsterländer Oberkreidegebiet. Fortschritte Geologie von
Rheinland und Westfalen 7, 599–610.

Bajdek, P., Qvarnström, M., Owocki, K., Sulej, T., Sennikov, A.G.,
Golubev, V.K. & Niedzwiedzki, G. 2016: Microbiota and food
residues including possible evidence of pre‐mammalian hair in
Upper Permian coprolites from Russia. Lethaia 49, 455–477.

Bertrand, C.E. 1903: Les coprolithes de Bernissart. Première par-
tie: Les coprolithes qui ont été attribués aux Iguanodons. Mém-
oire du Musée Royal d'Histoire Naturelle de Belgique 1, 1–154.

Blainville, H.M.D.de. 1825–1827: Manual de Malacologie et de
Conchyliologie, 664 pp. F. G. Levrault, Paris.

Broughton, P.L., Simpson, F. & Whitaker, S.H. 1978: Late Creta-
ceous coprolites from western Canada. Paleontology 21, 443–
453.

Caldwell, M.W. & Diedrich, C.G. 2005: Remains of Clidastes
Cope, 1868, an unexpected mosasaur in the upper Campanian
of NW Germany. Netherlands Journal of Geosciences/Geologie
en Mijnbouw 84, 213–220.

Cano, R.J., Rivera-Perez, J., Toranzos, G.A., Santiago-Rodriguez,
T.M., Narganes-Storde, Y.M., Chanlatte-Baik, L., García-Rol-
dán, E., Bunkley-Williams, L. & Massey, S.E. 2014: Paleomicro-
biology: revealing fecal microbiomes of ancient indigenous
cultures. PLoS ONE 9, e106833.

Chin, K. 2002: Analyses of coprolites produced by carnivorous
vertebrates. In Kowalewski M. & Kelley P.H. (eds): The Fossil
Record of Predation. The Paleontological Society Papers 8, 43–
49. The Paleontological Society, New Haven.

Chin, K., Tokaryk, T.T., Erickson, G.M. & Calk, L.C. 1998: A
king‐sized theropod coprolite. Nature 393, 680–682.

Chin, K., Eberth, D.A., Schweitzer, M.H., Rando, T.A., Sloboda,
W.J. & Horner, J.R. 2003: Remarkable preservation of undi-
gested muscle tissue within a Late Cretaceous tyrannosaurid
coprolite from Alberta, Canada. Palaios 18, 286–294.

Cohen, L., Dean, M., Shipov, A., Atkins, A., Monsonego-Ornan,
E. & Shahar, R. 2012: Comparison of structural, architectural
and mechanical aspects of cellular and acellular bone in two
teleost fish. The Journal of Experimental Biology 215, 1983–
1993.

Dentzien-Dias, P.C., Poinar, G. Jr, de Figueiredo, A.E.Q., Pacheco,
A.C.L., Horn, B.L.D. & Schultz, C.L. 2013: Tapeworm eggs in a
270 million‐year‐old shark coprolite. PLoS ONE 8, e55007.

Diedrich, C. 2012: Stomach and gastrointestinal tract contents in
late Cenomanian (Upper Cretaceous) teleosts from black shales
of Germany and analysis of fish mortality and food chains in
the upwelling-influenced pre-North Sea Basin of Europe. In
Hunt, A.P., Milàn, J., Lucas, S.G. & Spielmann, J.A.(eds):

566 Qvarnström et al. LETHAIA 52 (2019)



Vertebrate Coprolites, 241–254. New Mexico Museum of Nat-
ural History & Science, Albuquerque.

Diedrich, C.G. & Felker, H. 2012. Middle Eocene shark coprolites
from shallow marine and deltaic coasts of the pre-North Sea
Basin in central Europe. In Hunt, A.P., Milàn, J., Lucas, S.G. &
Spielmann, J.A. (eds): Vertebrate Coprolites, 311–318. New
Mexico Museum of Natural History & Science, Albuquerque.

Diedrich, C. & Hirayama, R. 2003: Turtle remains (Testudines,
Chelonioidea) from the middle Turonian of northwest Ger-
many. Netherlands Journal of Geosciences/Geologie en Mijn-
bouw 82, 161–167.

Diedrich, C. & Mulder, E.W.A. 2004: A new record of Clidastes
(Squamata, Mosasauridae) from the Upper Campanian of the
Münster Basin (NW Germany). Netherlands Journal of Geo-
sciences/Geologie en Mijnbouw 83, 73–78.

Dietrich, W.O. 1951: Koprolithen aus dem Pleistocaen Ostafrikas.
Neues Jahrbuch für Geologie und Paläontologie, Monatshefte
10, 310–314.

Dölling, B. 2018: Duisburg-Formation. In LithoLex [Online-
Data]. Hannover: BGR. Last updated 03.09.2018. [cited
11.01.2019]. Record No. 10000008. Available from: https://lit
holex.bgr.de

Dölling, B., Dölling, M., Hiss, M., Berensmaier, M. & Püttmann,
T. 2017: Upper Cretaceous shallow‐marine deposits of the
southwestern Münsterland (northwest Germany) influenced by
synsedimentary tectonics. Cretaceous Research 87, 261–276.
https://doi.org/10.1016/j.cretres.2017.05.002.

Ekdale, A.A., Bromley, R.G. & Pemberton, S.G. 1984: Ichnology:
The Use of Trace Fossils in Sedimentology and Stratigraphy,
317. SEPM Publication, Tulsa.

Eriksson, M.E. & Terfelt, F. 2007: Anomalous facies and ancient
faeces in the latest middle Cambrian of Sweden. Lethaia 40,
69–84.

Eriksson, M.E., Lindgren, J., Chin, K. & Månsby, U. 2011: Copro-
lite morphotypes from the Upper Cretaceous of Sweden: novel
views on an ancient ecosystem and implications for coprolite
taphonomy. Lethaia 44, 455–468.

Fisher, D. 1981: Crocodilian scatology, microvertebrate concen-
trations, and enamel‐less teeth. Paleobiology 7, 262–275.

Fountain, K.B. & McClellan, G.H. 2000: Mineralogical and geochem-
ical evidence for the origin of phosphorite nodules on the upper
west Florida coast. In Glenn, C.R., Prevot-Lucas, L. & Lucas, J.
(eds): Marine Authigenesis: From Global to Microbial, 201–220.
SEPM Society for Sedimentary Geology - Special Publication 66,
Tulsa.

Gilmore, B.G. 1992: Scroll coprolites from the Silurian of Ireland
and the feeding of early vertebrates. Palaeontology 35, 319–333.

Godfrey, S.J. & Smith, J.B. 2010: Shark‐bitten vertebrate coprolites
from the Miocene of Maryland. Naturwissenschaften 97, 461–
467.

Hancock, J.M., Kennedy, W.J. & Klaumann, H. 1972: Ammonites
from the transgressive Cretaceous on the Rhenish massif, Ger-
many. Palaeontology 15, 445–449.

Häntzschel, W., El-Baz, F. & Amstutz, G.C. 1968: Coprolites: an
annotated bibliography. Geological Society of America, Memoir
108, 132 pp.

Hess, H. & Thiel, H.V. 2015: Schwebcrinoiden aus dem untersten
Cenomanium vom Kassenberg in Mülheim‐Broich. Fossilien 6,
50–55.

Hiss, M. 2006a: Essen-Grünsand-Formation. LithoLex, [Online-
Data]. Hannover: BGR. Last updated 22.06.2006, Record Nr.
2008009. Available from https://litholex.bgr.de

Hiss, M. 2006b: Emscher-Formation. LithoLex, [Online-Data].
Hannover: BGR. Last updated 22.06.2006, Record Nr. 2008007.
Available from https://litholex.bgr.de

Hiss, M., Kaplan, U. & Wiese, F. 2006a: Büren-Formation. Litho-
Lex, [Online-Data]. Hannover: BGR. Last updated 19.10.2015,
Record Nr. 2008024. Available from https://litholex.bgr.de

Hiss, M., Kaplan, U. & Wiese, F. 2006b: Oerlinghausen-Forma-
tion. LithoLex, [Online-Data]. Hannover: BGR. Last updated
03.09.2018, Record Nr. 10000018. Available from https://lithole
x.bgr.de.

Hollocher, K.T. & Hollocher, T.C. 2012: Early processes in the
fossilization of terrestrial feces to coprolites, and microstruc-
ture preservation. In Hunt, A.P., Milàn, J., Lucas, S.G. & Spiel-
mann, J.A. (eds): Vertebrate Coprolites, 79–92. New Mexico
Museum of Natural History & Science, Albuquerque.

Hollocher, K.T., Hollocher, T.C. & Rigby, J.K. Jr 2010: A phos-
phatic coprolite lacking diagenetic permineralization from the
upper Cretaceous Hell Creek Formation, Northeastern Mon-
tana: importance of dietary calcium phosphate in preservation.
Palaios 25, 132–140.

Hunt, A.P. & Lucas, S.G. 2012: Classification of vertebrate copro-
lites and related trace fossils. In Hunt, A.P., Milàn, J., Lucas,
S.G. & Spielmann, J.A. (eds): Vertebrate Coprolites, 5–24. New
Mexico Museum of Natural History & Science, Albuquerque.

Hunt, A.P., Chin, K. & Lockley, M.G. 1994: The paleobiology of
vertebrate coprolites. In Donovan, S.K. (ed.): The Paleobiology
of Trace Fossils, 221–240. John Wiley & Sons, London.

Hunt, A.P., Lucas, S.G., Milàn, J. & Spielmann, J.A. 2012. Vertebrate
coprolite studies: status and prospectus. In Hunt, A.P., Milàn,
J., Lucas, S.G. & Spielmann, J.A. (eds): Vertebrate Coprolites,
5–24. New Mexico Museum of Natural History & Science,
Albuquerque.

Joyce, W.G., Micklich, N., Schaal, S.F.K. & Scheyer, T.M. 2012:
Caught in the act: the first record of copulating fossil verte-
brates. Biology Letters 8, 846–848.

Kaever, M. 1985: Beiträge zur Stratigraphie, Fazies und
Paläogeographie der Mittleren und Oberen Kreide Westfalens
(NW‐Deutschland). Münstersche Forschungen zur Geologie
und Paläontologie 63, 233 pp.

Kahrs, E. 1927: Zur Paläogeographie der Oberkreide in Rhein-
land‐Westfalen. Neues Jahrbuch für Mineralogie, Geologie und
Paläontologie, Beiagenband B 58, 627–687.

Kaplan, U., Kennedy, W.J., Lehmann, J. & Marcinowski, R. 1998:
Stratigraphie und Ammoniten fauna des westfälischen Ceno-
man. Geologie und Paläontologie von Westfalen 51, 236 pp.

Karl, H.-V., Nyhuis, C.J. & Schöllmann, L. 2012: The first shell
remains of Rhinochelys pulchriceps (Owen, 1851) from the
upper Cretaceous of NW-Germany (Testudines: Protostegi-
dae). Studia Geologica Salmanticensia 9, 143–151.

Kasielke, T. 2011: Exkursion: Mülheim an der Ruhr, Steinbruch
Rauen am Kassenberg. Jahrbuch des Bochumer Botanischen
Vereins 2, 115–117.

Keller, T. 1976: Magen‐ und Darminhalte von Ichthyosauriern
des süddeutschen Posidonienschiefers. Neues Jahrbuch für
Geologie und Paläontologie, Monatshefte 5, 266–283.

Kennedy, W.J. & Kaplan, U. 2000: Ammonitenfauna des hohen
Oberconiac und Santon in Westfalen. Geologie und Paläontolo-
gie in Westfalen 57, 126 pp.

Kiel, S. & Bandel, K. 2004: The Cenomanian Gastropoda of the
Kassenberg quarry in Mülheim (Germany, Late Cretaceous).
Paläontologische Zeitschrift 78, 103–126.

Kowalewski, M. 2002: The fossil record of predation: an overview
of analytical methods. Paleontological Society Papers 8, 3–42.

Kronimus, A., Busch, A., Alles, S., Juch, D., Jurisch, A. & Littke,
R. 2008: A preliminary evaluation of the CO2 storage potential
in unminable coal seams of the Münster Cretaceous Basin,
Germany. International Journal of Greenhouse Gas Control 2,
329–341.

Lamboy, M., Purnachandra Rao, V., Ahmed, E. & Azzouzi, N.
1994: Nanostructure and significance of fish coprolites in phos-
phorites. Marine Geology 120, 373–383.

Lommerzheim, A. 1976: Zur Palaeontologie, Fazies, Palaeo-
geographie und Stratigraphie der turonen Grünsande (Oberk-
reide) im Raum Mülheim/Broich/Speldorf (Westfalen) mit
einer Beschreibung der Cephalopodenfauna. Decheniana 129,
197–244.

von der Marck, W. 1885: Dritter Nachtrag. Fische der oberen
Kreide Westfalens. Palaeontographica 31, 233–268.

von der Marck, W. 1894: Vierter Nachtrag zu: Die fossilen Fische
der oberen Kreide Westfalens. Palaeontographica 41, 41–48.

von der Marck, W. & Schlüter, C. 1858: Neue Fische aus der
Kreide von Westfalen. Palaeontographica 15, 269–305.

LETHAIA 52 (2019) Late Cretaceous coprolites 567

https://litholex.bgr.de
https://litholex.bgr.de
https://doi.org/10.1016/j.cretres.2017.05.002
https://litholex.bgr.de
https://litholex.bgr.de
https://litholex.bgr.de
https://litholex.bgr.de
https://litholex.bgr.de


Markaida, U. & Sosa-Nishizaki, O. 2003: Food and feeding habits
of jumbo squid Dosidicus gigas (Cephalopoda: Ommastrephi-
dae) from the Gulf of California, Mexico. Journal of the Marine
Biological Association of the UK 83, 507–522.

Marshall-Neill, G. & Ruffell, A. 2004: Authigenic phosphate nod-
ules (Late Cretaceous, Northern Ireland) as condensed succes-
sion microarchives. Cretaceous Research 25, 439–452.

McAllister, J.A. 1985: Reevaluation of the formation of spiral
coprolites. The University of Kansas Paleontological Contribu-
tions – Paper 114, 1–12.

Milàn, J. 2012: Crocodylian scatology – a look into morphology,
internal architecture, inter -and intraspecific variation and prey
remains in extant crocodylian feces. In Hunt, A.P., Milàn, J.,
Lucas, S.G. & Spielmann, J.A.(eds): Vertebrate Coprolites, 65–
71. New Mexico Museum of Natural History & Science, Albu-
querque.

Milàn, J., Rasmussen, B.W. & Lynnerup, N. 2012a: A coprolite in
the MDCT-scanner – internal architecture and bone contents
revealed. In Hunt, A.P., Milàn, J., Lucas, S.G. & Spielmann, J.A.
(eds): Vertebrate Coprolites, 99–103. New Mexico Museum of
Natural History & Science, Albuquerque.

Milàn, J., Rasmussen, B.W. & Bonde, N. 2012b: Coprolites with
prey remains and traces from coprophagous organisms from
the Lower Cretaceous (Late Berriasian) Jydegaard Formation of
Bornholm, Denmark. In Hunt, A.P., Milàn, J., Lucas, S.G. &
Spielmann, J.A. (eds): Vertebrate Coprolites, 235–240. New
Mexico Museum of Natural History & Science, Albuquerque.

Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Moun-
tain, G.S., Katz, M.E., Sugarman, P.J., Cramer, B.S., Christie-
Blick, N. & Pekar, S.F. 2005: The Phanerozoic record of global
sea‐level change. Science 310, 1293–1298.

Müller, A. 1989: Selachier (Pisces: Neoselachii) aus dem höheren
Campanium (Oberkreide) Westfalens (Nordrhein‐Westfalen,
NW‐Deutschland). Geologie und Paläontologie in Westfalen 14,
161 pp.

Müller, A. 2008: Ein artikulierter Fund von Ptychodus aus dem
Obercenoman von Westfalen. Geologie und Paläontologie in
Westfalen 70, 55–63.

Müller, A. 2014: Die Neoselachier der höheren Oberkreide (Cam-
panium) des Münsterlandes. Eine Übersicht. Geologie und
Paläontologie in Westfalen 85, 61 pp.

Müller, A. & Diedrich, C. 1991: Selachier (Pisces, Chon-
drichthyes) aus dem Cenomanium von Ascheloh am Teuto-
burger Wald (Nordrhein‐Westfalen, NW‐Deutschland).
Geologie und Paläontologie in Westfalen 20, 105 pp.

Müller, R.D., Sdrolias, M., Gaina, C., Steinberger, B. & Heine, C.
2008: Long term sea‐level fluctuations driven by ocean basin
dynamics. Science 319, 1357–1362.

Neumayer, L. 1904: Die Koprolithen des Perms von Texas.
Palaeontographica 51, 121–128.

Northwood, C. 2005: Early Triassic coprolites from Australia and
their palaeobiological significance. Palaeontology 48, 49–68.

Owocki, K., Niedźwiedzki, G., Sennikov, A.G., Golubev, V.K.,
Janiszewska, K. & Sulej, T. 2012: Upper Permian vertebrate
coprolites from Vyazniki and Gorokhovets, Vyatkian Regional
Stage, Russian Platform. Palaios 27, 867–877.

Peel, J.S. 2015: Bromalites from the Cambrian (Series 2 and 3) of
North Greenland. GFF 137, 181–194.

Poinar, G. & Boucot, A.J. 2006: Evidence of intestinal parasites of
dinosaurs. Parasitology 133, 245–249.

Poinar, G. & Poinar, R. 1994: The Quest for Life in Amber, 219pp.
Perseus Publishing, Cambridge.

Pollard, J.E. 1968: The gastric contents of an ichthyosaur from
the Lower Lias of Lyme Regis, Dorset. Palaeontology 11, 376–
388.

Prasad, V., Strömberg, C.A.E., Alimohammadian, H. & Sahni, A.
2005: Dinosaur coprolites and the early evolution of grasses
and grazers. Science 310, 1177–1180.

Qvarnström, M., Niedźwiedzki, G. & Žigaitė, Ž. 2016: Vertebrate
coprolites (fossil faeces): an underexplored Konservat‐Lager-
stätte. Earth‐Science Reviews 162, 44–57.

Qvarnström, M., Niedźwiedzki, G., Tafforeau, P., Žigaitė, Ž. &
Ahlberg, P.E. 2017: Synchrotron phase‐contrast

microtomography of coprolites generates novel palaeobiologi-
cal data. Scientific Reports 7, 2723.

Reiss, S., Scheer, U., Sachs, S. & Kear, B.P. 2018: Filling the bios-
tratigraphical gap: first choristoderan from the Lower–mid‐
Cretaceous interval of Europe. Cretaceous Research 96, 135–
141.

Rodríguez-de la Rosa, R.A., Cevallos-Ferriz, S.R.S. & Silva-Pineda,
A. 1998: Paleobiological implications of Campanian coprolites.
Palaeogeography, Palaeoclimatology, Palaeoecology 142, 231–254.

Sachs, S. 2000: Ein Pliosaurier (Sauropterygia: Plesiosauria) aus
der Oberkreide von Anröchte in Westfalen. Geologie und
Paläontologie in Westfalen 56, 69 pp.

Sachs, S., Scheer, U. & Rabi, M. 2016: Reste von protostegiden
Meeresschildkröten aus dem Cenomanium (Oberkreide) des
Kassenberges (Mülheim an der Ruhr, Westdeutschland). Ber-
ichte Naturwissenschaftlicher Verein für Bielefeld und Umge-
gend 54, 32–42.

Sachs, S., Hornung, J.J. & Scheer, U. 2018: Mosasaurid and ple-
siosaurian remains from marginal facies of the lower Campa-
nian (Upper Cretaceous) Bottrop and Vaals formations of
western Germany. Cretaceous Research 87, 358–367.

Scheer, U. & Stottrop, U. 1995: Die Kreide am Kassenberg. In
Weidert, W.K. (ed.): Klassische Fundstellen der Paläontologie,
Band 3: 24 Fundgebiete und Aufschlüsse in Dänemark, Deutsch-
land, Frankreich, Österreich, Rußland, Schweiz und Tschechien,
127–141, 261–263. Goldschneck-Verlag, Korb.

Seilacher, A. 2002: Non olet: The strange taphonomy of copro-
lites and cololites. In De Renzi, M., Pardo Alonso, M.V.,
Belinchón, M., Peñalver, E., Montoya, P., Márquez-Aliaga, A.
& Villaverde, V. (eds): Current Topics on Taphonomy and
Fossilization, 233–239, Collecció Encontres 5. Ayuntamiento,
Valencia.

Shen, C., Pratt, B.R. & Zhang, X. 2014: Phosphatized coprolites
from the middle Cambrian (Stage 5) Duyun fauna of China.
Palaeogeography, Palaeoclimatology, Palaeoecology 410, 104–112.

Shimada, K. 1997: Paleoecological relationships of the Late Creta-
ceous lamniform shark, Cretoxyrhina mantelli (Agassiz). Jour-
nal of Paleontology 71, 926–933.

Soudry, D. 1992: Primary bedded phosphorites in the Campanian
Mishash Formation, Negev, Southern Israel. Sedimentary Geol-
ogy 80, 77–88.

Stuart, C. & Stuart, T. 1998: A Field Guide to the Tracks and Signs
of Southern and East African Wildlife, 488pp. Southern Books,
Cape Town.

Tapanila, L., Roberts, E.M., Bouaré, M.L., Sissoko, F. & O'Leary,
M.A. 2004: Bivalve borings in phosphatic coprolites and bone,
Cretaceous‐Paleogene, northeastern Mali. Palaios 19, 565–573.

Thulborn, R.A. 1991: Morphology, preservation and palaeobio-
logical significance of dinosaur coprolites. Palaeogeography,
Palaeoclimatology, Palaeoecology 83, 341–366.

Tito, R.Y., Knights, D., Metcalf, J., Obregon-Tito, A.J., Cleeland,
L., Najar, F., Roe, B., Reinhard, K., Sobolik, K., Belknap, S., Fos-
ter, M., Spicer, P., Knight, R. & Lewis, C.M. Jr 2012: Insights
from characterizing extinct human gut microbiomes. PLoS
ONE 7, 1–8.

Uyeno, T. & Tsutsumi, T. 1991: Stomach contents of Latimeria
chalumnae and further notes on its feeding habits. Environ-
mental Biology of Fishes 32, 275–279.

Vajda, V. & Solakius, N. 1999: Palynomorphs, foraminifera and
calcisphaeres from the greensand‐limestone transition at Arna-
ger, Bornholm: evidence for the late Cenomanian to early
Coniacian transgression. GFF 12, 281–286.

Vajda, V., Lyson, T.R., Bercovici, A., Doman, J.A. & Pearson,
D.A. 2013: A snapshot into the terrestrial ecosystem of an
exceptionally well‐preserved dinosaur (Hadrosauridae) from
the Upper Cretaceous of North Dakota, USA. Cretaceous
Research 46, 114–122.

Vajda, V., Pesquero Fernández, D., Villanueva-Amadoz, U., Leh-
sten, V. & Alcalá, L. 2016: Dietary and environmental implica-
tions of Early Cretaceous predatory dinosaur coprolites from
Teruel, Spain. Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy 464, 134–142.

568 Qvarnström et al. LETHAIA 52 (2019)



Villa, C. & Lynnerup, N. 2012: Hounsfield Units ranges in CT‐
scans of bog bodies and mummies. Anthropologischer Anzeiger
69, 127–145.

Walter, R. 1995: Geologie von Mitteleuropa, 516 pp. E. Schweizer-
bart'sche Verlagsbuchhandlung, Stuttgart.

Wiedmann, J. & Schneider, H.L. 1979: Cephalopoden und
Alter der Cenoman‐Transgression von Mülheim‐Broich,
SW‐Westfalen. Aspekte der Kreide Europas. IUGS Series A 6,
645–680.

Williams, M.E. 1972: The origin of ‘spiral coprolites’. The Univer-
sity of Kansas Paleontological Contributions – Paper 59, 1–19.

Wilmsen, M. 2007: Integrated stratigraphy of the upper Lower–
lower Middle Cenomanian of northern Germany and southern
England. Acta Geologica Polonica 57, 263–279.

Wittler, F.A. & Roth, R. 2000: Platypterygius (Reptilia, Ichtyo-
sauria) aus dem oberen Untercenoman des Teutoburger
Waldes (Oberkreide, Nordwestdeutschland). Geologie und
Paläontologie in Westfalen 56, 69 pp.

Zatoń, M., Niedźwiedzki, G., Marynowski, L., Benzerara, K., Pott,
C., Cosmidis, J., Krzykawski, T. & Filipiak, P. 2015: Coprolites
of Late Triassic carnivorous vertebrates from Poland: An inte-
grative approach. Palaeogeography, Palaeoclimatology, Palaeoe-
cology 430, 21–46.

Žitt, J. & Nekvasilová, O. 1996: Epibionts, their hard‐rock sub-
strates, and phosphogenesis during the Cenomanian‐Turonian
boundary interval (Bohemian Cretaceous Basin, Czech Repub-
lic). Cretaceous Research 17, 715–739.

Žitt, J. & Vodrážka, R. 2013: Terebella phosphatica Leriche (Poly-
chaeta) associated with phosphatic crusts and particles (Lower
Turonian, Bohemian Cretaceous Basin, Czech Republic). Cre-
taceous Research 41, 111–126.

Žitt, J., Vodrážka, R., Hradecká, L., Svobodová, M. & Zágoršek, K.
2006: Late Cretaceous environments and communities as
recorded at Chrtníky (Bohemian Cretaceous Basin, Czech
Republic). Bulletin of Geosciences 81, 43–79.

LETHAIA 52 (2019) Late Cretaceous coprolites 569


