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This study describes for the first time a number of distinct fossil teeth documenting
several deep-sea shark species from the Eocene, which were previously not recorded
from the North Sea Basin, including Apristurus sp., Orthechinorhinus cf. pfeili, Deania cf.
angoumeensis, Squaliolus sp., Etmopterus cf. cahuzaci and Paraetmopterus nolfi. Our find-
ings significantly increase the deep-sea shark diversity documented from this area
so far. Despite the fact that the North Sea Basin had already lost direct connections
to the neighbouring marine areas in the Eocene, the fauna shows highest similarities
with documented Eocene deep-sea faunas of France, Austria and northern Morocco
using cluster analysis.
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The North Sea persists since the Late Cretaceous when
the uplift of the British Isles forced the separation of
the basin from the North Atlantic Realm. Since then,
this predominantly shallow sea, today with an aver-
age depth of 90 m and a maximum depth of 700 m
(European Maritime Spatial Planning Platform 2023),
has existed almost continuously between the Fennos-
candian Shield and the British Isles. It was connected
to adjacent basins during several time intervals, for
example, to the southwest with the Paris Basin during
the Late Paleocene (Thanetian to Early Eocene, middle
Ypresian), to the southeast with the Paratethys Sea, or
to the south with the Tethys Ocean (Late Oligocene,
middle Chattian) (Gibbard & Lewin 2016; Palcu &
Krijgsman 2023).

Today, Palaeogene sediments of this basin are
mainly exposed along the south-eastern coast of Great
Britain as well as along the Belgian, Dutch, German
and Danish North Sea coasts. Retrieving information
from a keyword-based query (keywords Place defined

as ‘United Kingdom, Netherlands, Denmark, Belgium,
Germany” and Time defined as ‘Paleocene, Eocene’)
from the bibliographic database www.shark-referenc-
es.com (Pollerspock & Straube 2022) resulted in 107
scientific publications on this topic. Some notable con-
tributions are, for example, the Eocene elasmobranch
and osteichthyes faunas of South-East England (Lon-
don Clay) monographically studied by Casier (1966),
supplemented and extended by works of e.g. Cappetta
(1976), Cappetta & Ward (1977) and Ward (1979, 1984).
The Palaeogene sediments exposed on the European
mainland (Belgium), were also intensively studied, see
for example Herman (1974a, 1974b, 1977, 1979, 1982a,
1982b, 1984, 1986). Considerable amounts of sediment
of the Danish Lillebeelt Clay (Kirstinebjerg) were
also analysed in the course of this study. However,
Palaeogene deposits of Denmark were not in focus of
research until the 21% century (e.g. Hansen et al. 2013;
Carlsen & Cuny 2014; Adolfssen & Ward 2015; Shimada
& Ward 2016; Adolfssen et al. 2017, Myrvold et al. 2018).
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To date, only a few characteristic deep-sea shark taxa
have been recorded within all the aforementioned
studies. Typical taxa are, for example, Pentanchidae
of the genus Apristurus or Squaliformes in general.
The following species have been hitherto documented
from the Danish Paleocene deposits only: Squalus ga-
brielsoni, Squalus sp., Squaliodalatias sp., Centroscymnus
praecursor (Adolfssen & Ward 2015; Adolfssen ef al.
2017). Only two squaliform species were recorded from
Danish Eocene deposits: Centrophorus aff. granulosus
and Isistius trituratus (Carlsen & Cuny 2014).

In this study we describe new Eocene deep-sea
shark taxa based on tooth fossils from a Danish
Ypresian succession and characterise the available
fauna by comparing diversity indexes from other de-
scribed Eocene faunas. Our findings include several
new records contributing to the understanding of the
deep-water shark diversity during the Ypresian in the
North Sea Basin.

Geographical and geological
settings

The fossil shark teeth described in this paper were col-
lected at Kirstinebjerg (GPS coordinates: 09°48'09.03"E,
55°35'52.6"N), Trelde Naes, a peninsula in eastern Jyl-
land, Denmark (Fig. 1). The exposed succession was
divided into six lithological layers L1 to L6 (Lillebeelt
Clay Formation) by Heilmann-Clausen et al. (1985).
All shark teeth analysed herein derive from layer L2
representing a Late Ypresian age. For a detailed geo-

logical description, we refer to Heilmann-Clausen et
al. (1985) and Carlsen & Cuny (2014).

Material and methods
Sampling procedures

During a period of 3 years, approximately 6000 kg of
material was disintegrated and sieved on the shore
of Trelde Nees. Two preparation procedures were
applied. The first procedure involved the follow-
ing steps: soft clay samples of 15 kg were placed in
a plastic bucket (20 L) and ocean water was added.
Mechanically stirring of the mixture was obtained
by using an electric screwing machine (Flake 18V,
35 Nm) fitted with a paddle mixer. The dissolved
material was poured through double nylon stock-
ings (Denim 20). The process was repeated for 5850
kg in total until all the material was dissolved and
poured through the double nylon stockings (Denim
20). Generally, three buckets (approximately 45 kg) of
material were reduced each to 1-2 kg before the nylon
stocking was replaced.

The second procedure involved collecting bulk ma-
terial (approximately 150 kg) on the shore of Lillebeelt.
The collected material was divided into smaller pieces
(5 cm) and submerged under water in large plastic
containers (30 x 45 x 70 cm). Regular mechanical stir-
ring (once in 24 hours) was maintained until most of
the material was dissolved. After approximately one
week the material was sieved through a large DIY
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Fig. 1. A, Map of Denmark showing the location of Trelde Nees (TN), a peninsula in eastern Jylland. B, Google Earth image of the
Trelde Nees area, showing the location of Kirstinebjerg (KB; GPS coordinates: 09°48'09.03"E, 55°35'52.6”N).
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sieve (30 x 50 cm, mesh 7 =3 x 3 mm) and rinsed with
plenty of water. The dissolved material was poured
through double nylon stockings (Denim 20). The re-
maining undissolved material was left submersed un-
der water for another week with regular mechanical
stirring (once a day) and processed when dissolved.

The reduced material from both procedures was
further processed in the following steps. The mate-
rial was first rinsed with cold water while gently
massaging the nylon stocking until clear water was
leaving the nylon stocking (approximately 15 min).
The material was then rinsed with lukewarm water
(5 min) before dish soap (approximately 5 ml) was
added while gently massaging the nylon stocking (2
min). After soaking for 15 min, cold water was used
to remove the excess soap. The material was then
transferred to a large (7 x 20 x 30 cm) plastic container
and water was added. The floating organic material
was given a stir to ensure that no inorganic material
(sand and fossils) was attached. The organic material
was then slowly decanted out of the plastic container.
This process was repeated until all the organic mate-
rial was removed. The remaining water was decanted
out of the container before the material was dried in
an oven at 90 degrees (15 min or until completely dry).
The final pure material was sorted using a binocular
microscope (efix). Within the context of this study, a
total of 413 fossil teeth were analysed.

Images were taken using automatic photo stacking.
A full frame camera (Canon EOS RP) was mounted on
a vertical stand holding a WeMacro focus stacking rail
(100 mm). The camera was equipped with a Raynox
DCR 150 tube lens system and either a Mitutoyo M
Plan Apo (10X / 0.28) or a Mitutoyo M Plan Apo (20X
/ 0.42). Light was provided by custom led lights (3 X
M]58 Led). Helicon remote was used to control the
photo stacking rail and Helicon Focus 7 to render
(Method C (pyramid), Smoothing 2) the photos.

The dental terminology and systematic scheme
employed here largely follow those of Cappetta (2012).

Statistical analysis and fossil fauna
comparisons

Data for statistical analysis were obtained from the
bibliographic database www.shark-references.com
(Pollerspock & Straube 2022). We collected data to
assemble a presence/absence matrix of fossil shark
species. A query targeting the database www.shark-
references.com directly was written in SQL searching
the database entries for records of species in fossil
fauna inventories. In a first step, all database records
containing ‘Eocene’ as time-dependent keyword were
assembled and combined with the database columns
‘reference’ (including information on author, year,

title, journal), ‘described species” and if necessary
‘valid species’, ’keyword time’, ’keyword place” and
‘keyword content”. In a next step, database entries
containing information on sharks were extracted.
Further, all works dealing with other stratigraphic
units besides Eocene sedimentary sites were removed.
The resulting dataset contained a list of publications
from sites of interest and allowed for extracting a
list of all Eocene deep-sea shark records on genus
level. This full list was applied to different Eocene
palaeogeographic regions and an absence/presence-
matrix was constructed. The matrix also allowed to
gain insights of regional Eocene diversity. For gaug-
ing the similarity and diversity of the selected 30
faunas, four different indexes (Dice (1945), Jaccard
(1912), Kulczynski (1927) and Ochiai (1957)) were
calculated and two different versions of the matrix
were created. One version of the matrix contains all
occurring taxa, the second version was restricted to
typical deep-sea taxa. Dataset details can be found
in the Supplementary Material Part 1.

These four coefficients were presented by Hurbalek
(1982) as the most useful coefficients for the analysis of
absence/presence data sets. They measure the similar-
ity between two sets of binary data. The Jaccard index
is the quotient of the number of shared taxa to the
total number of taxa. This means that missing taxa in
both samples are ignored. The Dice index is similar
to the Jaccard index, but normalised with respect to
the average and not to the total number of taxa in two
given samples. Ochiai and Kulczynski coefficients are
also similarity indexes for binary data. The underly-
ing formulae of the four coefficients are listed in the
Supplementary Material Part 2.

These four indexes are used to calculate the levels
of similarities of different faunas documented from
different localities or similar habitat conditions of
the different localities (Biriukov 2021; Guinot 2013;
Guinot et al. 2014; Marrama et al. 2021; Holtke et al.
2022). The software package PAST 4.12 (Hammer et al.
2001) was used to perform the cluster analysis apply-
ing the four indexes from Kulczynski, Jaccard, Ochiai
and Dice using the unweighted pair group method
with arithmetic mean (UPGMA). The analysis was
not constrained by groups or stratigraphy. PAST was
further used to visualize the results.

For further characterization of the documented
diversity, we generated a Sankey diagram comparing
the four different faunas showing highest similarities
in the cluster analysis. The diagram was made with
SankeyMATIC (https://sankeymatic.com/).

All teeth from Kirstinebjerg are deposited in the
Natural History Museum of Denmark (NHMD), Uni-
versitetsparken 15, DK-2100 Copenhagen, collection
numbers NHMD-1201349-1201382.
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Results

Systematic palaeontology
Order Carcharhiniformes

Family Pentanchidae Smith, 1912a
Genus Apristurus Garman, 1913

Type species. Scylliorhinus indicus Brauer, 1906, type by
original designation.

Apristurus sp.
Figs 2A-B
Material. 1 tooth, NHMD-1201349.

Description. The tooth consists of a main cusp, three me-
sial and one distal lateral cusplets (Figs 2A-B). The main
cusp is clearly inclined distally, has a straight distal
and a strongly convex curved mesial crown edge. The
three lateral cusplets decrease in height in mesial direc-
tion. The distal lateral cusplet is only about one third
as high as the main cusp. The enameloid of the distal
cusplet is strongly ornamented labially and lingually
with the characteristic reticulate pattern of Apristurus,
which continues on the labial crown base towards the

mesial crown edge (Figs 2A-B, arrows). Additionally,
the main cusp and the mesial cusplets possess enam-
eloid folds on both faces. The thin, translucent and very
sharp cutting edges of the main cusp and the mesial
lateral cusplets are damaged and therefore appear to
be serrated. The distal cusplet lacks a well-pronounced
cutting edge. The root is not well preserved.

Remarks. The genus Apristurus is one of the most
diverse extant shark genera with currently 41 valid
species (Pollerspock & Straube 2022). Detailed mor-
phological studies with a focus on dental characters,
however, are only available for a single extant species
(Herman et al. 1990, A. laurussoni). Without further
knowledge on the inter- and intraspecific morphologi-
cal variations of different species, we refrain from an
identification to species level.

Distribution. Teeth of the genus Apristurus are scarce
in the fossil record and only known from the Eocene
of France (Apristurus sereti Adnet, 2006, middle Lu-
tetian, Angoumé, France (Adnet 2006)), the Upper
Marine Molasse (Apristurus sp., lower Ottnangian,
Mitterdorf, Bavaria, Germany (Pollerspdck & Straube
2017); Apristurus sp., Ottnangian, Allerding, Upper
Austria, Austria (Pollerspock et al. 2022)), from the
Pacific (Apristurus sp., Langhian, Japan (Nishimatsu
2019; Nishimatsu & Ujihara 2020)), and from the Plio-
cene of Italy (Apristurus sp., lower-middle Pleistocene,
Fiumefreddo, Sicily, Italy (Marsili 2007)). The specimen

Fig. 2. A-B, Apristurus sp. Lateral tooth, NHMD-1201349. A, labial view; B, lingual view. Scale bar: 1 mm. Explanation of arrows

is given in the text.
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from this study shows most similarities with the speci-
men from the lower Ottnangian of Bavaria figured in
Pollerspdck & Straube (2017 figs 4-5) but differs in the
less pronounced enameloid folds and the presence of
ornamentation on the distal lateral cusplet. This single
tooth is the first record of this genus for Denmark and
the North Sea Basin.

Order Echinorhiniformes
Family Echinorhinidae incertae sedis

Genus Orthechinorhinus Adnet, 2006

Type species. Orthechinorhinus pfeili Adnet, 2006, type
by original designation.

Orthechinorhinus cf. pfeili Adnet, 2006
Figs 3A-G

Material. 3 teeth, NHMD; 1201350 (Figs 3A—C), NHMD-
1201351 (Figs 3D-E), NHMD-1201352 (Figs 3F-G).

Description. The two anterior-lateral mono-cuspid
teeth (Figs 3A-E) possess an erect, labio-lingually
compressed, triangular crown. The crown height of
the anterior-lateral teeth is 2.1 mm (Figs 3A-C) and 1.6
mm (Figs 3D-E) respectively. The cusp has a weakly
pronounced sigmoid contour in mesial or distal view
(Fig. 3B). The labial crown face is weakly convex, the
lingual crown face is strongly convex. The mesial and
distal cutting edges are well-developed but smooth
and reach the base of the crown. Mesially, the cutting

Fig. 3. A-G, Orthechinorhinus cf. pfeili. NHMD-1201350-NHMD-1201352. A,D,F, lingual view; B, profile view; C,E,G, labial view.
Scale bar: 1 mm.
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edge extends further down and continues towards
the mesial heel. Distally, the cutting edge terminates
slightly more upwards and continues towards the
shorter distal heel. Thus, the teeth appear asymmetri-
cal and the cusp is displaced distally. The teeth pos-
sess a smooth crown surface without folds or visible
ornamentation. A central pulp cavity is visible (Figs
3C, D, E). The labio-lingually compressed root is only
fragmentarily preserved in both teeth. The basal face
of the root is lingually separated from the crown by a
narrow but robust transverse bulge, which is centrally
pierced by a medio-lingual foramen. In one tooth sev-
eral small foramina are visible above the transverse
bulge (Fig. 3A), and in two teeth is a rudimentary
nutrive groove developed below the bulge (Figs 3D
and F). The single latero-posterior tooth (Figs 3F-G)
shows a similar morphology. The tooth differs from
antero-lateral teeth in a lower crown height (0.8 mm),
has a proportionally wider crown base and slightly
distally inclined crown. Although the basal root is
not well-preserved, the root edge appears convex.
No tooth-interlocking device is visible. The labial
root face possesses numerous small foramina, which
open below the crown-root junction (Fig. 3G) and the
lingual face of the root developed a central, elongated
foraminal opening (Fig. 3F). All described teeth lack
an apron (Figs 3C, E, F).

Remarks. To date, only two valid species are known.
The type species Orthechinorhinus pfeili from the
Eocene of southern France and O. davidae Welton,
2016b from the Oligocene of Oregon, USA. Adnet
(2006) already highlights the unusual morphological
characters of this tooth type in his description. Due
to the root morphology for the family Echinorhinidae,
Adnet (2006) concluded that the taxonomic position
of this genus cannot be clearly determined. For this
reason, Adnet (2006) placed the taxa in the family
Echinorhinidae incertae sedis. Subsequently, Welton
(2016b) assigned the genus to the squaliform family
Etmopteridae based on the tearing-type dentition. He
also pointed out that the species O. davidae possesses
an orthodont cusp histology with a central pulp cav-
ity in contrast to recent Echinorhinus teeth. As a result,
he concluded that the morphological characters that
led Adnet (2006) to place the genus in the Echinorhi-
nidae (‘labio-lingually flattened teeth, absence of
dignathic heterodonty, absence of tooth imbrication
in the lower dentition, presence of a simple unicuspid
crown, numerous foramina and grooves on the labial
root face, poorly defined and short apron, and a flat
lingual root face’) also occur in the etmopterid genus
Trigonognathus.

The teeth described here strongly resemble the
teeth illustrated and described by Adnet (2006).
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The opinion of Welton (2016b) that the presence of a
central pulp cavity does not allow an assignation to
Echinorhinidae is not supported, as teeth of the extant
species Echinorhinus brucus possess such a pulp cavity
(Herman et al. 2003). For this reason, we follow the
opinion of Adnet (2006) and place the genus in the
family Echinorhinidae.

Distribution. Denmark, Late Ypresian to Middle Lute-
tian (this study); France, Ypresian/Lutetian-Bartonian
(Adnet 2006); Austria, Lutetian (Adnet et al. 2021),
Oregon, USA, early Oligocene (Welton 2016b). The
described teeth represent the first record of this genus
and species from Denmark, and the first record from
the North Sea Basin.

Order Squaliformes
Family Centrophoridae Bleeker, 1859

Genus Centrophorus Miiller & Henle, 1837

Type species. Squalus granulosus Bloch & Schneider, 1801,
type by monotypy.

Centrophorus sp.
Figs 4A-]

Material. 6 teeth, NHMD-1201353 (Figs 4A-B), NHMD-
1201354 (Figs 4C-D), NHMD-1201355 (Figs 4E-F),
NHMD-1201356 (Figs 4G-H), NHMD-1201357 (Figs
41-]), NHMD-1201358 (Figs 4K-L).

Description. The dental material described in this
study comprises teeth of all jaw positions of the genus
Centrophorus (Fig. 4). All examined teeth show the
typical morphological characters of Centrophorus. The
lower teeth (Figs 4A-F) show a strong labio-lingual
compression and a distally bent cusp. The distal heel
is convex and a serrated mesial cutting edge is present.
A weakly developed and short lingual uvulais visible
(Fig. 4A, arrow). A central infundibulum is placed
at the lingual bulge (Fig. 4A, arrows). The long and
well-developed apron narrows towards the root base.
The root shows a concave contour and a clear lingual
depression area is located below the distal heel.

The upper teeth show a strong disjunct monog-
nathic heterodonty. The parasymphyseal and ante-
rior teeth are triangular, symmetrical with a straight
crown (Figs 4I-]). The antero-lateral teeth become
more asymmetrical (Figs 4K-L) and the lateral to pos-
terior teeth resemble lower teeth but differ in having
a more erected cusp.



Fig. 4. A-L, Centrophorus sp. NHMD-1201353-NHMD-1201358, A-F, lower teeth, A,C,E, lingual view; B,D,F, labial view; G-L,
upper teeth, G,1K, lingual view; H,J,L, labial view. Scale bar: 1 mm. Explanation of arrows is given in the text.
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Remarks. The genus was already documented by
Carlsen & Cuny (2014) and described as Centrophorus
aff. granulosus. The authors noted the morphological
similarities of the teeth illustrated by Adnet (2006)
from the Eocene of France and Cappetta (2012) from
the Langhian, middle Miocene, southern France.

The usage of the species name ‘granulosus’ for a
large number of fossil teeth of the genus Centrophorus
is based on the studies of Ledoux (1970, 1972) and Her-
man et al. (1989). However, it must be considered in
this context that the specimen of a 97 cm female (Plate
11) illustrated by Herman et al. (1989) under the name
C. granulosus was taken from the Mediterranean Sea.
However, recent studies have shown that the species
C. granulosus does not occur in the Mediterranean
and that the species in question is C. uyato (White et
al. 2022).

Both the lower tooth illustrated by Carlsen &
Cuny (2014), and the lower teeth illustrated by Adnet
(2006) reach widths of 3-4 mm. So far, no such large
teeth have been found in the course of our study. The
largest specimens reach widths of about 2 mm (Figs
4A-D). Further collection efforts, not analysed herein,
resulted in numerous well-preserved teeth from all
tooth positions. A detailed study will analyse poten-
tial morphological differences between the Eocene,
Miocene and extant species of C. uyato.

Genus Deania Jordan & Snyder, 1902

Deania eglantina Jordan & Snyder, 1902, type by mono-
typy.

Deania cf. angoumeensis Adnet, 2006
Figs 5A-N

Material. 7 teeth, NHMD-1201359 (Figs 5A-B), NHMD-
1201360 (Figs 5C-D), NHMD-1201361 (Figs 5E-F),
NHMD-1201362 (Figs 5G-H), NHMD-1201363 (Figs
51-]), NHMD-1201364 (Figs 5K-L), NHMD-1201365
(Figs 5M-N).

Description. The assemblage contains teeth of all jaw
positions of the genus Deania (Fig. 5). All figured
teeth show the typical morphological characters of
Deania. The lower teeth (Figs 5A-H) are strongly labio-
lingually compressed with an oblique cusp, which is
inclined in distal direction. A convex distal heel, a
smooth or weakly serrated mesial cutting edge, and
anarrow developed lingual uvula are present. On the
root a displaced central foramen and a medio-lingual
foramen are developed (Figs 5A, C, arrows). A nutrive
groove is present on the labial face of the root. The
root is low and wider than high, with a rectangular

160 - Bulletin of the Geological Society of Denmark

outline. A well-developed apron is developed.

The upper teeth show a strong disjunct monog-
nathic heterodonty. The parasymphyseal tooth is
triangular, symmetrical with a straight crown (Figs
5K-L). The antero-lateral teeth become more asym-
metrical (Figs 5I-]) and the lateral to posterior teeth
resemble lower teeth but differ in having a more
erected cusp (Figs 5SM-N).

Remarks. Teeth of the genus Deania are rare in the fossil
record and have only been found at few sites. A de-
tailed description of the palaeogeographical distribu-
tion can be found in Pollerspock et al. (2022), regarding
the morphological differences to Centrophorus, we refer
to Ledoux (1970, 1972), Herman et al. (1989) and Cap-
petta (2012). From the Eocene, the genus is so far only
known from northern France (Deania angoumeensis,
Adnet 2006). The teeth analysed herein differ only in
size from D. angoumeensis. All teeth discovered have
a width of less than 2 mm, whereas D. angoumeensis
reaches a width of up to 3 mm (Adnet 2006). For this
reason, the species is provisionally listed in open
nomenclature.

Family Dalatiidae Gray, 1851

Genus Squaliolus Smith & Radcliffe, 1912 in Smith,
1912b

Type species. Squaliolus laticaudus Smith & Radcliffe,
1912 in Smith, 1912b, type by original designation.

Squaliolus sp.
Figs 6A-T

Material. 10 teeth, NHMD-1201366 (Figs 6A-B),
NHMD-1201367 (Figs 6C-D), NHMD-1201368 (Figs
6E-F), NHMD-1201369 (Figs 6G-H), NHMD-1201370
(Figs 61-]), NHMD-1201371 (Figs 6K-L), NHMD-
1201372 (Figs 6M-N), NHMD-1201373 (Figs 60-P),
NHMD-1201374 (Figs 6Q-R), NHMD-1201375 (Figs
6S-T).

Description. The monocuspid upper teeth are small
and do not exceed a total height of 2.0 mm (Figs 60-T).
The erect, approximately triangular cusps are more
or less symmetrical in anterior files (Figs 60-P) and
slightly inclined distally in lateral teeth (Figs 6Q-T).
The lingual crown face is convex and faint enameloid
folds are developed (Figs 6P, R and T). These irregular
folds extend from the base to almost the tip of the cusp.
All upper teeth show a well-developed and sharp
cutting edge, which continues from the pointed apex



Fig. 5. A-N, Deania cf. angoumeensis. NHMD-1201359-NHMD-1201365, A-H, lower teeth, A,C,E,G, lingual view; B,D,F,H, labial
view; I-N, upper teeth, I,K,M, lingual view; J,L,N, labial view. Scale bar: 1 mm. Explanation of arrows is given in the text.
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down to the crown base. The labial face of the crown
is flatter compared to the lingual side and teeth of
anterior positions possess a distinct enameloid fold
running from the apex of the crown down to the

lower end of the apron (Fig. 60). In lateral teeth this
fold is not developed (Figs 6 Q, S). The bilobed root
has a single small to medium-sized medio-lingual
foramen. The mesial root lobe is always longer than

Fig. 6. A-T, Squaliolus sp. NHMD-1201366-NHMD-1201375. A-H, lower teeth, A,D,E,H, lingual view; B,C,F,G, labial view; I-J,
lower commissural tooth, I, lingual view, J, labial view; K-L, lower (?juvenile) lateral tooth, K, labial view, L, lingual view; M-N,

lower symphyseal tooth, M, lingual view, N, labial view; O-T, upper teeth, O,Q,S, labial view, P,R,T, lingual view; Scale bar: 1

mm. Explanation of arrows is given in the text.
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the distal one. The lingual root face is flat and lacks a
nutritive groove. On the labial side of the root a very
narrow, clearly prominent bilobed apron is developed.
The large medio-labial foramen is situated centrally
between the two lobes of the apron. Anterior teeth pos-
sess an additional foramen, which is situated directly
below the crown-root junction distally of the apron.

The small monocuspid, labio-lingually compressed
lower teeth reach a height up to 2.1 mm and a width of
1.9 mm (Figs 6A-N). The strongly distally inclined cusp
is smooth, shows no ornamentation and is flanked by
a distal heel. In anterior teeth, the tip extends to the
distal edge of the tooth; in lateral teeth, the tip ends
wellin front of it. The mesial cutting edge is sharp, not
serrated and slightly convex or sigmoidally curved.
The distal cutting edge is slightly convex. The distal
heel is in anterior and lateral teeth well rounded, in
commissural teeth straight and elongated (Figs 6I-]).
The tooth interlocking devices are well-developed and
extend down to the middle or lower third of the root
(Figs 6A, E, arrows). The distal root contour is strongly
convex, the lower end straight with only a small notch
in the middle. A nutritive groove is absent. Lingually
there is only one central foramen present (Figs 6A, E,
arrows) but sometimes a button-hole is developed (Fig.
6D, arrow). Labially, a well-developed bilobed apron is
present (Figs 6F, G, arrows), which is pierced by a large
medio-labial foramen. Additional labial foramina,
which are variable in size, are situated mesially to the
apron in the tooth-interlocking surface. On the distal
side of the root, the enameloid extends down to the
height of the central foramen.

Remarks. The family Dalatiidae currently includes
four monotypic genera (Dalatias, Euprotomicroides,
Euprotomicrus, Heteroscymnoides) and three genera
with two species each (Isistius, Mollisquama, Squali-
olus). Considering the tooth morphology, the ten
species can be divided into two groups: species with
lower teeth with almost vertically erect main cusps
(Dalatias, Isistius, Euprotomicroides, Mollisquama) and
species with lower teeth that have a distinct distally
inclined main cusp (Euprotomicrus, Heteroscymnoides,
Squaliolus) (Pollerspock & Straube 2019). The following
fossil taxa also qualify for the inclusion in the second
group: Angoumeius Adnet, Cappetta & Reynders, 2006,
Eodalatias Engelbrecht, Mors, Reguero & Kriwet, 2017,
Eosqualiolus Adnet, 2006, Oligodalatias Welton, 2016a,
Squaliodalatias Adnet, Cappetta & Reynders, 2006,
Squaliomicrus Suzuki, 2015. The fossils described
herein are assigned to the second group. The lower
teeth of the fossil taxa differ from Eodalatias in having
smooth cutting edges and a smooth distal heel (vs.
cutting edges and distal heel coarsely serrated). The
teeth from this study differ from Angoumeius in show-

ing more strongly inclined crowns and considerably
smaller medio-lingual and medio-labial foramina.
Furthermore, they can be distinguished from Squali-
odalatias by smaller medio-labial foramina and nar-
rower as well as higher lower and upper teeth. The
new dental material differ from Eosqualiolus in more
strongly inclined crowns and, from Oligodalatias due
to the much smaller teeth (<3.00 mm vs maximum
tooth height 795 mm in Oligodalatias) and in having
a bilobate apron (vs non-bilobate apron). Teeth of
Squaliomicrus are generally wider than high and thus,
differ from the teeth of this study, which are higher
than wide.

From the two extant taxa Euprotomicrus and Hetero-
scymnoides the fossil taxa can be distinguished on the
basis of the following characters: from Euprotomicrus
by an enlarged distance between both labial apron
lobes, which covers a third of the root. Furthermore,
the mesial lower part of the apron is distinct, conical
and clearly separated from the root (Pollerspock et
al. 2022). The teeth from this study differs from Het-
eroscymnoides in having a convex to sigmoidal mesial
cutting edge (vs. straight cutting edges) and a smaller
medio-labial foramen.

Fossil teeth of the genus Squaliolus are generally
rare in the fossil record. Squaliolus gasconensis Adnet,
2006 from the Eocene of France and Squaliolus schaubi
(Casier, 1958) from Miocene deposits are the only
extinct valid species of this genus. The teeth of the
fossils analysed herein differ from S. gasconensis in
showing more distally inclined crowns, and thicker,
more pronounced aprons and roundish basal root
outlines. The fossils differ from the neogene species
S. schaubi by a distinctly smaller medio-labial fora-
men. Furthermore, the distal part of the labial apron
is more pronounced and clearly separated from the
adjacent enameloid surface (see Underwood & Schlogl
2013, Figs A1, D, E1 and F1).

The teeth described herein represent the first re-
cord of the genus from the North Sea Basin. The fossil
teeth will be the focus of a more detailed study as
they most probably represent an undescribed form.
The genus was also recorded in the Eocene in south-
ern France (Atlantic, Adnet 2006) and in the North-
western Tethyan Realm (Adnet et al. 2021).

Family Etmopteridae Fowler, 1934

Genus Etmopterus Rafinesque, 1810

Type species. Etmopterus aculeatus Rafinesque, 1810,
type by monotypy.

Etmopterus cf. cahuzaci Adnet, 2006
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Figs 7A-D

Material. One lower NHMD-1201376 (Figs 7A-B), one
upper tooth NHMD-1201377 (Figs 7C-D).

Description. The main cusp of the incomplete lower
tooth is very strongly inclined distally. The mesial
cutting edge is sigmoidally curved, whereas the distal
one is clearly convex. The distal heel is low and rela-
tively elongated. Lingually, the lower crown edge is
slightly wavy and below the crown-root junction are
several small foramina present. Labially, the apron
extends down to the lower third of the tooth. Several
foramina are present at the labial root junction with
some of them considerably larger (Fig. 7B).

The upper tooth is incompletely preserved. The
crown is distinctly convex lingually and only slightly
convex labially. On the mesial side, only one very
slender, dagger-shaped lateral cusp is present, reach-
ing to the middle of the main cusp. Two other lateral
cusps are broken off. On the distal side of the main
cusp, both lateral cusps are broken off. The mesially
preserved lateral cusp is sigmoidally curved in labial
or lingual views and inclined mesially, contrary to
the main cusp, which is slightly inclined distally.
Lingually, two large central foramina are present. The
root is bilobed. (Figs 7C-D).

Remarks. The upper tooth (Figs 7C-D) corresponds
to the teeth illustrated in Adnet (2006, pl. 8 figs 2-4),
the lower tooth (Figs 7A-B) appears narrow and high
due to the mesial fragmentation of the root. The lower
tooth from this study differs from the teeth of the
type series mainly by the slightly raised tip in the
upper part of the crown and the somewhat stronger

arched curvature of the labial enameloid edge. Due
to the limitation of only two incomplete teeth found
so far, it cannot be definitively clarified whether it is
the species mentioned. Based on the great similarity
of the upper teeth with the type material, both teeth
are tentatively assigned to Etmopterus cf. cahuzaci.

Family Etmopteridae incertae sedis
sensu Adnet 2006 or Somniosidae sensu
Pollerspock et al. 2023 (this study)

Genus Paraetmopterus Adnet, 2006

Type species. Paraetmopterus nolfi Adnet, 2006, type by
original designation.

Paraetmopterus nolfi Adnet, 2006
Figs 8A-]

Material. Two upper NHMD-1201378 (Figs 8A-B),
NHMD-1201379 (Figs 8C-D), three lower teeth
NHMD-1201380 (Figs 8E, H), NHMD-1201381 (Figs
8F, I), NHMD-1201382 (Figs 8G, ]).

Description. The upper teeth are small (maximum
height 1.6 mm), have a slender and slightly distally
inclined crown and a pair of lateral cusplets. The two
slender lateral cusps reach about half of the main cusp
(Figs 8A-D). The lingual face of the crown is convex,
the labial side is flatter. The main and lateral cusps of
the upper teeth show well-developed and sharp cut-
ting edges, which run from the pointed apex down
to the base of the crown. The cutting edges of the

Fig. 7. A-D, Etmopterus cf. cahuzaci. NHMD-1201376-NHMD-1201377. Lower anterio-lateral tooth. A, lingual view; B, labial view;
upper lateral tooth. C, lingual view; D, labial view; Scale bar: 1 mm.
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Fig. 8. A-]J, Paraetmopterus nolfi. NHMD-1201378—-NHMD-1201382. upper lateral tooth. A,D, lingual view; B,C, labial view; lower
lateral teeth. E,F,G, lingual view; H,L], labial view; Scale bar: 1 mm. Explanation of arrows is given in the text.
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main cusp split in the upper third of the cusp and
continue as a clear enameloid ridge towards the apex
(Figs 8B-C, arrows). The bilobed root has a single
small to medium-sized medio-lingual foramen. The
mesial root lobe is always longer than the distal one.
The lingual face of the root is flat and bears a short
nutritive groove. This groove ends in a notch between
the two root lobes. The labial crown-root transition
is smooth and lacks an apron. Additionally, several
foramina, some of them very large (Fig. 8B), are devel-
oped directly below the lower crown edge.

The small monocuspid, labio-lingually compressed
lower teeth possess a height up to 1.8 mm and a width
of 1.0 mm. In the illustrated teeth, the ratio of crown
height to root height is 1:2.5-2.8 (Figs 8E-G). The
strongly distally inclined cusp is smooth and flanked
by a distal heel (Figs 8E-]). The mesial cutting edge is
sharp, not serrated and straight to slightly convex or
sigmoidally curved. The distal cutting edge is slightly
convex. The distal heel is low, almost straight and
elongated. The tooth interlocking devices are small
and only formed as a triangular depression area in the
crown-root junction region (Fig. 8E-G). The distal root
contour is strongly convex, the lower end is straight
and the mesial side slightly curved. A labial nutritive
groove is absent. Lingually, three foramina are pre-
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sent, which are located along the bulge between the
crown and the root. Labially, a well-developed apron is
present accompanied by two or three large foramina.

Remarks. We consider the present material conspecific
with the material described by Adnet (2006) from
France (Lutetian-Bartonian) with respect to both the
upper and lower teeth. Only teeth with a distinctly
erect crown, as illustrated by Adnet (2006, tab. 10, figs
1 and 2), have not yet been found in Kirstinebjerg,
Denmark. As to its tentative placement in the family
Etmopteridae, we rather propose a classification of
the genus Paraetmopterus as a member of the family
Somniosidae. Adnet’s (2006) tentative placement is
based on the multicuspid upper teeth, a character
distinctive for the extant genus Etmopterus, but not
Etmopteridae per se. This led Adnet (2006) to sug-
gest an origin of the Eocene Paraetmopterus in the
Maastrichtian, multicuspid Proetmopterus Siverson,
1993 which also shows similarities in lower tooth
characters (Herman 1982c; Siverson 1993; Adolfssen
& Ward 2014; Feichtinger et al. 2023). However, Adnet
(2006) pointed out that lower teeth of Paraetmopterus
show morphological characters of Somniosidae, of the
genus Centroscymnus in particular. Fossil lower teeth
carrying somniosid characters were also documented

Fig.9. A-B, ?Paraetmopterus sp.,
lower lateral tooth, collection
no. NHMW/2023/0070/0001,
A, labial view; B, lingual view;
Upper Cretaceous, Campa-
nian/Maastrichtian, near Ber-
gen, Upper-Bavaria, Germany;
Scale bar: 1 mm.



from Miocene and Oligocene sediments (Germany:
Barthelt ef al. 1991; Austria: Bracher & Unger 2007;
Schultz 2013; Pollerspock et al. 2018; Filek et al. 2021;
Czech Republic: Tomanovd Petrovd et al. 2018; Slova-
kia: Underwood & Schlogl 2013; Spain: Martinez-Pérez
et al. 2018; Japan: Takakuwa 2007; Nishimatsu 2019;
Nishimatsu & Ujihara 2020) for which the somniosid
genus Palaeocentroscymnus was erected (Pollerspock
et al. 2018).

Newly discovered Campanian/Maastrichtian fossil
teeth of Upper Bavaria now also challenges the origin
of Paraetmopterus in Proetmopterus. Figure 9 shows a
lower tooth tentatively assigned to ?Paraetmopterus
(Collection No. NHMW/2023/0070/0001). These lower
teeth show a combination of characters of both Par-
aetmopterus and Palaeocentroscymnus. However, they
are distinct from Proetmopterus, i.e., this tooth type
co-existed with Proetmopterus. Even though no extant
somniosids are known showing multicuspid upper
teeth, the possibility of ancestral occurrence of this
character state in Somniosidae is currently under
investigation.

Statistical analysis

Multivariate Clustering - indexes after
Kulczynski, Jaccard, Ochiai and Dice

The matrix generated for the cluster analysis includes
30 different geographical locations of Eocene deposits
and a total number of 108 genera. Of these, 49 gen-
era were classified as deep-sea sharks based on the
predominant lifestyle of their modern ancestors. The
result of the cluster analysis suggests that the fauna
of Kirstinebjerg, Denmark (this study) analysed here
has the greatest faunistic similarity with the fauna
of North Morocco (Noubhani & Cappetta 1997; Sup-
plementary Material Part 2).

Performed cluster analysis for both matrices (all
taxa versus deep sea taxa) result in similar clusters
in all eight analyses (Figs 10A and B, Supplementary
Material). The cluster analysis with focus on deep-sea
taxa only shows highest similarity to faunas described
from northern Morocco (Ypresian) (Noubhani & Cap-
petta 1997) and northern France (Ypresian/Lutetian)
(Adnet 2006). Within this cluster, the sister fauna of
the Lillebzelt Clay fauna cannot be estimated with
confidence. Sister taxa are variable throughout the
different analysis which is further reflected in low
bootstrap node support (Supplementary Material). De-
pending on the Index matrix underlying the clustering
analysis, the Lillebeelt Clay fauna is sister to northern
Morocco (Ypresian; Kulczynski, Ochiai) or northern

France (Ypresian/Lutetian; Dice, Jaccard). This cluster,
however, is sister to northern Morocco in two of the
four cluster analysis only (Jaccard and Dice indexes
underlying the analysis), while it is sister to the fauna
of the Caribbean (Mexico), using the Kulczynski index
and to the fauna of France (Ypresian/Lutetian) using
the Ochiai index (Supplementary Material). Compar-
ing the clusters supported in three of the four analyses
(Figs 10A and B; Supplementary Material), we find
that of 24 deep-sea genera known to date from the
Lillebeelt Clay (France: 18, Morocco: 11), seven genera
occur in all three localities (Foumtizia, Echinorhinus,
Heptranchias, Hexanchus, Striatolamia, Hypotodus, Odon-
taspis). Five genera (Apristurus, Weltonia, Anomotodon,
Woellsteinia, Isistius and Paraetmopterus) are found in
at least one other location outside the Lillebeaelt Clay
(northern Morocco or France). All three sites that were
compared have in common that extensive material
was sieved (this study approximately 6000 kg, France:
2500 kg, Morocco: kg not specified, but 3 years field
campaign, several 10,000 teeth). Based on the high
amount of sediment processed, the cluster analyses
in relation to these three sites were not influenced by
the sample size. The Sankey diagram (Fig. 10C) shows
a typical deep-sea composition of the three compared
faunas (Lillebeelt Clay, this study; northern Morocco,
Ypresian (Noubhani & Cappetta 1997) and France,
Ypresian/Lutetian (Adnet 2006).

Discussion

At the deposition time of Lillebaelt Clay site Layer
2, there were apparently no direct geographical
connections to the adjacent genus-rich deep-water
shark faunas documented from the Tethyan Realm
(southern France, Austria), the Mediterranean or the
Pacific Ocean (Gibbard & Lewin 2016, fig. 4)). There-
fore, the high number of genera (25) of the Lillebeelt
Clay representing orders dominated by deep-sea
shark species, i.e. Carcharhiniformes (families Pent-
anchidae and Scyliorhinidae), Lamniformes (families
Mitsukurinidae and Odontaspididae), Squaliformes,
Hexanchiformes, Pristiophoriformes and Echinorhini-
formes is noteworthy, as the documented deep-sea
shark diversity of geographically adjacent sites (the
North Sea Basin in Belgium, the Netherlands, southern
England and northern Germany) is significantly lower.
For example, only the four genera Hexanchus, Weltonia,
Isistius and Squalus were recorded from the London
Clay sites analysed in Cooper (1977) and Rayner et
al. (2009); only two genera (Isistius and Squalus) were
documented from the Belgian sites (Van den Eeck-
haut & De Schutter 2009; Iserbyt & De Schutter 2012),
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and none were actually documented from northern Clausen 2011, Carlsen & Cuny 2014), comparatively
Germany (Diedrich 2012). The higher diversity of the ~ notably deeper to adjacent depositions (e.g. London
Lillebeelt Clay can likely be explained with an average ~ Clay less than 100 m depth (Friedman et al. 2016)). The
water depth of 100-350 m (Schnetler & Heilmann-  sites analysed herein represent those localities depos-
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Fig. 10. Cluster analysis of the 30 Eocene faunas. A,B, Dendrogram based on incidence (presence/absence) data showing results
based on the Dice index (three more dendrograms were obtained with the Kulczynski, Jaccard and Ochiai indices (see Supple-
mentary Material), A, all taxa; B, only deep-sea taxa.
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ited at the largest water depths within the North Sea
Basin during the Early Eocene (late Ypresian) (Gibbard
& Lewin 2016). Schwarzhans (2007) studied the otolith
fauna of the Lillebeelt Clay. He found a large number
of otoliths of the deep-water taxon Gephyroberyx, but
none of the typically shallow-water elements found
in the Belgian Eocene. From this result he concluded
that the water depth of the Lillebeelt Clay deposits
must have been deeper than in Belgium and probably
also in southern England (London Clay). Our findings
are complementary with Schwarzhans’ (2007) conclu-
sion adding numerous deep-sea shark species to the
recorded fauna.

All four calculated indexes suggest a sister-group
relationship of the Lillebaelt Clay with other Atlantic
and Mediterranean Tethyan faunas (Fig. 10A; Sup-
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plementary Material). Although the fauna of northern
Morocco (Mediterranean Sea, Tethys) represents taxa
characteristic for shallow shelf ecosystems with ad-
ditional pelagic and deep-water elements (Noubhani
& Cappetta 1997), the relationship to the Lillebeelt
Clay deep-water fauna is probably due to genera of the
order Hexanchiformes (3) and the families Odontas-
pididae (2), Mitsukurinidae (1), Echinorhinidae (1) and
Scyliorhinidae (1). In contrast, the order Squaliformes,
which comprises today almost exclusively deep-water
species, is of minor impact with only one similarity
(genus Isistius, Fig. 10C). Fossil teeth of Isistius are
widespread (Pollerspock et al. 2022) and often found
in nearshore environments, such as the shallow water
deposits of the London Clay or the Eocene of Belgium
(Cooper 1977; Rayner et al. 2009; Van den Eeckhaut. &
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Fig. 10 continued. C, Diversity comparison of the three sites clustering in the Dice index cluster analysis (this study, France,

northern Morocco). Left: the recorded orders with the number of different families; second column: the recorded families with

the cumulative number of genera (the given value corresponds to the sum of genera per site), third column: the recorded genera

with the cumulative number of records, right: the number of (deep-sea) genera of the three sites.
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De Schutter 2009; Iserbyt & De Schutter 2012). Com-
paring the sites of France, which represent a typical
deep-sea sediment (Adnet 2006), already 12 deep-sea
taxa (Apristurus, Foumtizia, Echinorhinus, Orthechinorhi-
nus, Heptranchias, Hexanchus, Anomotodon, Striatolamia,
Woellsteinia, Hypotodus, Odontaspis, Paraetmopterus)
co-occur (Fig. 10C). However, the sister-group relation-
ships should be re-evaluated in future analyses based
on denser sampling.

Comparing the tooth sizes of some of the taxa
documented in this study (e.g., Centrophorus, Deania,
or Paraetmopterus) with published material from south-
ern France (Adnet 2006), teeth analysed herein are on
average smaller in size. Several options may qualify
as explanation, such as genetic barrier (Catarino ef al.
2016) or nursery areas. However, estimation of a likely
scenario causing this are subject to future studies, as
a sampling artefact cannot be ruled out. This might
also be the reason for the lack of recorded deep-water
sharks in a first evaluation of the Lillebeelt Clay shark
fauna (Carlsen & Cuny 2014).

Conclusion

In this study, we describe a number of distinct fossil
teeth for the first time documenting deep-sea shark
species from the Eocene, which were previously un-
known from the North Sea Basin. Documented spe-
cies are Apristurus sp., Orthechinorhinus pfeili, Deania
cf. angoumeensis, Squaliolus sp., Etmopterus cf. cahuzaci
and Paraetmopterus nolfi. This significantly extends
the diversity hitherto known from this area. Cluster
analysis shows that the fauna shows highest similari-
ties with documented deep-sea shark faunas of France,
Austria and northern Morocco even though the North
Sea Basin had already lost direct connections to the
neighbouring marine areas in the Eocene.

Acknowledgments

We are very grateful to Bernhard Beaury for kindly
providing us with the undescribed tooth from the
Cretaceous sediments of Upper Bavaria. We thank
Philipp Friedenberger for programming the database
queries and Tamara Friedenberger for the design of
the figure 10C and their support with the statistical
analyses. We would also like to express our sincere
thanks to Gilles Cuny and an anonymous reviewer for
their comments improving the manuscript.

170 - Bulletin of the Geological Society of Denmark

References

Adnet, S. 2006: Nouvelles faunes de sélaciens (Elasmobranchii,
Neoselachii) de I'Eocene des Landes (Sud-Ouest, France).
Implication dans les connaissances des communautés d’eaux
profondes. Palaeo Ichthyologica 10, 1-128.

Adnet, S., Cappetta, H. & Reynders, J. 2006: Nouveaux genres
de Squaliformes (Chondrichthyes) du Paléogene des Landes
(Sud-Ouest de la France). Paldontologische Zeitschrift 80(1),
60-67. https://doi.org/10.1007/BF02988398

Adnet, S, Feichtinger, I, Harzhauser, M. & Pollerspock, J. 2021:
A mesopelagic selachian fauna from the middle Eocene of
St. Pankraz (Austria) reveals homogeneity in deep-marine
environments during the warm period in Europe. Neues
Jahrbuch fiir Geologie und Paldontologie, Abhandlungen
301(1), 25-63. https://doi.org/10.1127/njgpa/2021/0996

Adolfssen, J. & Ward, D.J. 2014: Crossing the boundary: an elas-
mobranch fauna from Stevns Klint, Denmark. Palaeontology
57 (3), 591-629. https://doi.org/10.1111/pala.12079

Adolfssen, J. & Ward, D.J. 2015: Neoselachians from the Danian
(Early Paleocene) of Denmark. Acta Palaeontologica Polonica
60(2), 313-338. https://doi.org/10.4202/app.2012.0123

Adolfssen, J., Milan, J. & Friedman, M. 2017: Review of the
Danian vertebrate fauna of southern Scandinavia. Bulletin
of the Geological Society of Denmark 65, 1-23. https://doi.
org/10.37570/bgsd-2017-65-01

Barthelt, D, Fejfar, O,, Pfeil, F.H. & Unger, E. 1991: Notizen zu ei-
nem Profil der Selachier-Fundstelle Walbertsweiler im Bere-
ich der miozdnen Oberen Meeresmolasse Siiddeutschlands.
Miinchner Geowissenschaftliche Abhandlungen Reihe A,
Geologie und Paldontologie 19, 195-208.

Biriukov, AV. 2021: Paleobiogeographical analysis of assem-
blages of Cenomanian Elasmobranchs (Chondrichthyes,
Elasmobranchii). Paleontological Journal 55(5), 559-570.
https://doi.org/10.1134/s0031030121050026

Bleeker, P. 1859: Enumeratio specierum piscium hucusque
in Archipeloga indico observatum, adjectis habitionibus
citationibusque, ubi descriptiones earum recentiores reperi-
untur, nec non speciebus Musei Bleekeriani Bengalensibus,
Japonicis, Capensibus Tasmanicisque. Acta Societas Scien-
tiarum Indo-Neerlandicae 6, p. I-XXXVI + 1-176.

Bloch, M.E. & Schneider, J.G. 1801: M.E. Blochii Systema Ich-
thyologiae iconibus ex illustratum. Post obitum auctoris opus
inchoatum absolvit, correxit, interpolavit. J.G. Schneider,
Saxo: 584 pp.

Bracher, H. & Unger, E. 2007: Untermiozéne Haie und Rochen.
Altheim, 183 pp.

Brauer, A. 1906: Die Tiefsee-Fische. I. Systematischer Teil. In:
Chun, C. (ed.): Wissenschaftliche Ergebnisse der deutschen
Tiefsee-Expedition, Valdivia, 1898-1899, 432 pp. Jena : Gus-
tav Fischer.

Cappetta, H. 1976: Sélaciens nouveaux du London Clay de
I'Essex (Yprésien du Bassin de Londres). Geobios 9(5),
551-575.

Cappetta, H. 2012: Handbook of Paleoichthyology, Vol. 3E:



Chondrichthyes, Mesozoic and Cenozoic Elasmobranchii:
Teeth, 512 pp. Verlag Dr. Friedrich Pfeil.

Cappetta, H. & Ward, D.J. 1977: A new Eocene shark from the
London Clay of Essex. Palaeontology 20(1), 195-202.

Carlsen, AW. & Cuny, G. 2014: A study of the sharks and rays
from the Lillebeelt Clay (Early-Middle Eocene) of Denmark,
and their palaeoecology. Bulletin of the Geological Society of
Denmark 62, 39-88. https://doi.org/10.37570/bgsd-2014-62-04

Casier, E. 1958: Contribution a '’étude des poisons fossils des
Antilles. Schweizerische Palaeontologische Abhandlungen
74, 1-95.

Casier, E. 1966: Faune ichthyologique du London Clay. Trustees
of the British Museum, 496 pp.

Catarino, D., Knutsen, H., Verissimo, A., Olsen, E.M., Jorde, P.E.,
Menezes, G., Sannaes, H., Stankovi¢, D., Company, ].B., Neat,
F., Danovaro, R., Dell'anno, A., Rochowski, B. & Stefanni, S.
2016: The Pillars of Hercules as a bathymetric barrier to gene-
flow promoting isolation in a global deep-sea shark (Cen-
troscymnus coelolepis). Molecular Ecology 24(24), 6061-6079.
https://dx.doi.org/10.1111/mec.13453

Cooper, J. 1977: The palaeontology of the London Clay (Lower
Eocene) of the Herne Bay coastal section, Kent, England.
Proceedings of the Geological Association 88(3), 163-178.
https://dx.doi.org/10.1016/S0016-7878(77)80025-4

Dice, L.R. 1945: Measures of the amount of ecologic associa-
tion between species. Ecology 26 (3), 297-302. https://dx.doi.
org/10.2307/1932409

Diedrich, C.G. 2012: Eocene (Lutetian) shark-rich coastal
paleoenvironments of the southern North Sea Basin in
Europe: Biodiversity of the marine Fiirstenau Formation
including Early White and Megatooth Sharks. International
Journal of Oceanography 2012, Article ID 565326. https://
dx.doi.org/10.1155/2012/565326

Engelbrecht, A, Mérs, T, Reguero, M.A. & Kriwet, J. 2017: Eocene
squalomorph sharks (Chondrichthyes, Elasmobranchii) from
Antarctica. Journal of South American Earth Sciences 78,
175-189. https://doi.org/10.1016/j.jsames.2017.07.006

European Maritime Spatial Planning Platform, [accessed 2023
Jan 29] https://maritime-spatial-planning.ec.europa.eu/sea-
basins/north-sea-0

Feichtinger, I, Pollerspéck, J., Harzhauser, M., Auer, G., Cori¢,
S., Kranner, M. & Guinot, G. 2023: Shifts in composition of
northern Tethyan elasmobranch assemblages during the last
millennia of the Cretaceous. Cretaceous Research 142, Article
105414. https://doi.org/10.1016/j.cretres.2022.105414

Filek, T., Hofmayer, F,, Feichtinger, I, Berning, B., Pollerspock, J.,
Zwicker, ], Smrzka, D., Peckmann, J., Kranner, M., Mandic, O.,
Reichenbacher, B, Kroh, A., Uchman, A., Roetzel, R. & Har-
zhauser, M. 2021: Environmental conditions during the late
Oligocene transgression in the North Alpine Foreland Basin
(Eferding Formation, Egerian) —a multidisciplinary approach.
Palaeogeography, Palaeoclimatology, Palaeoecology 580,
Article 110527. https://doi.org/10.1016/j.palae0.2021.110527

Fowler, HW. 1934: Descriptions of new fishes obtained 1907
to 1910, chiefly in the Philippine Islands and adjacent seas.

Proceedings of the Academy of Natural Sciences of Phila-
delphia 85, 233-367.

Friedman, M., Beckett, HT,, Close, R.A. & Johanson, Z. 2016:
The English Chalk and London Clay: two remarkable British
bony fish Lagerstétten. Geological Society, London, Special
Publications 430, 165-200. https://doi.org/10.1144/SP430.18

Garman, S. 1913: The Plagiostomia (sharks, skates and rays).
Memoirs of the Museum of Comparative Zoology at Harvard
College 36, 1-528.

Gibbard, PL. & Lewin, J. 2016: Filling the North Sea Basin: Ce-
nozoic sediment sources and river styles. Geologica Belgica
19(3/4), 201-217. https://doi.org/10.20341/gb.2015.017

Gray, J.E. 1851: List of the specimens of fish in the collection of
the British Museum. Part 1. Chondropterygii, 160 pp. London:
Edward Newman.

Guinot, G. 2013: Late Cretaceous elasmobranch palaeoecology
in NW Europe. Palaeogeography, Palaeoclimatology, Palaeoe-
cology 388, 23—41. https://doi.org/10.1016/j.palaeo.2013.07.027

Guinot, G., Cappetta, H. & Adnet, S. 2014: A rare elasmobranch
assemblage from the Valanginian (Lower Cretaceous) of
southern France. Cretaceous Research 48, 54-84. https://doi.
org/10.1016/j.cretres.2013.11.014

Hammer, ©@., Harper, D.A.T. & Ryan, P.D. 2001: Past: Paleonto-
logical statistics software package for education and data
analysis. Palaeontologia Electronica 4(1), Article 4.

Hansen, B.B., Cuny, G., Rasmussen, B.W., Shimada, K., Jacobs, P.
& Heilmann-Clausen, C. 2013: Associated skeletal and dental
remains of a fossil odontaspidid shark (Elasmobranchii: Lam-
niformes) from the Middle Eocene Lillebeelt Clay Formation
in Denmark. Bulletin of the Geological Society of Denmark
61, 37-46. https://doi.org/10.37570/bgsd-2013-61-03

Heilmann-Clausen, C., Nielsen, O.B. & Gersner, F. 1985:
Lithostratigraphy and depositional environments in the
Upper Paleocene and Eocene of Denmark. Bulletin of the
Geological Society of Denmark 33, 287-323. https://doi.
org/10.37570/bgsd-1984-33-26

Herman, J. 1974a: Compléments paléoichthyologiques a la faune
éocene de la Belgique. 1. Palaeorhincodon, genre nouveau
de I'Eocene belge. Bulletin de la Société Belge de Géologie
83(1), 7-13.

Herman, J. 1974b: Compléments palaeoichthyologiques a la
faune éocene de la Belgique. 2. Présence du genre Eotorpedo
White, E.I, 1935 dans les Sables de Forest (Yprésien supérieur
belge). Bulletin de la Société Belge de Géologie 83(1), 33-34.

Herman, J. 1977: Les Sélaciens des terrains néocrétacés et
paléocenes de Belgique et des contrées limitrophes. Eléments
d’une biostratigraphie intercontinentale. Mémoires pour
servir a 'explication des Cartes géologiques et minieres de
la Belgique 15, 401pp.

Herman, J. 1979: Additions to the Eocene fish fauna of Belgium.
4. Archaeomanta, a new genus from the Belgium and North
African Palaeogene. Tertiary Research 2(2), 61-67.

Herman, J. 1982a: Additions to the Eocene fish fauna of Belgium.
5. The discovery of Mustelus teeth in Ypresian, Paniselian and
Wemmelian strata. Tertiary Research 3(4), 189-193.

Deep-sea shark teeth from the Lillebeaelt Clay (Eocene) of Denmark - 171



Herman, J. 1982b: Additions to the fauna of Belgium. 6. The Bel-
gian Eocene Squalidae. Tertiary Research 4(1), 1-6.

Herman, J. 1982¢: Die Selachier-Zihne aus der Maastricht-Stufe
von Hemmoor, Niederelbe (NW-Deutschland). Geologisches
Jahrbuch A 61, 129-159.

Herman, J. 1984: Additions to the Eocene (and Oligocene) fauna of
Belgium. 7. Discovery of Gymnura teeth in Ypresian, Paniselian
and Rupelian strata. Tertiary Research 6(2), 47-54.

Herman, J. 1986: Additions to the Eocene fish fauna of Belgium.
8. A new rajiform from the Ypresian-Paniselian. Tertiary
Research 8(1), 33-42

Herman, J. & Hovestadt-Euler, M. & Hovestadt, D.C. 1989: Contri-
butions to the study of the comparative morphology of teeth
and other relevant ichthyodorulites in living superspecific
taxa of Chondrichthyan fishes. Part A: Selachii. No. 3: Order:
Squaliformes - Families: Echinorhinidae, Oxynotidae and
Squalidae. Bulletin de I'Institut Royal des Sciences Naturelles
de Belgique, Biologie 59, 101-158.

Herman, J. & Hovestadt-Euler, M. & Hovestadt, D.C. 1990: Contri-
butions to the study of the comparative morphology of teeth
and other relevant ichthyodorulites in living superspecific taxa
of Chondrichthyan fishes. Part A: Selachii. No. 2b: Order: Car-
charhiniformes - Familiy: Scyliorhinidae. Bulletin de I'Institut
Royal des Sciences Naturelles de Belgique, Biologie, 60, 181-230.

Herman, J., Hovestadt-Euler, M. & Hovestadt, D.C. 2003: Contri-
butions to the study of the comparative morphology of teeth
and other relevant ichthyodorulites in living supraspecific
taxa of chondrichthyan fishes. Part A: Selachii. Addendum
to 1: Order Hexanchiformes-Family Hexachidae, 2: Order
Carcharhiniformes, 2a: Family Triakidae, 2b: Family Scylio-
rhinidae, 2¢: Family Carcharhinidae, Hemigaleidae, Lep-
tochariidae, Sphyrnidae, Proscylliidae and Pseudotriakidae,
3: Order Squaliformes: Family Echinorhinidae, Oxynotidae
and Squalidae. Tooth vascularization and phylogenetic inter-
pretation. Bulletin de I'Institut Royal des Sciences Naturelles
de Belgique, Biologie 73, 5-26.

Holtke, O., Maxwell, E.E., Pollerspock, J. & Rasser, M.W. 2022:
The shark and ray teeth of the Lower Miocene (Upper Marine
Molasse) from Apfingen, Baden-Wiirttemberg, Southern
Germany. Neues Jahrbuch fiir Geologie und Paldontologie,
Abhandlungen 305(3), 323-342. https://doi.org/10.1127/
njgpa/2022/1092

Hurbalek, Z. 1982: Coefficients of association and similarity based
on binary (presence-absence) data: an evaluation. Biological
Reviews 57(4), 669-689. https://doi.org/10.1111/j.1469-185x.1982.
tb00376.x

Iglésias, S.P, Lecointre, G. & Sellos, D.Y. 2005: Extensive para-
phylies within sharks of the order Carcharhiniformes inferred
from nuclear and mitochondrial genes. Molecular Phyloge-
netics and Evolution 34, 569-583. https://doi.org/10.1016/].
ympev.2004.10.022

Iserbyt, A. & De Schutter, PJ. 2012: Quantitative analysis of Elas-
mobranch assemblages from two successive Ypresian (early
Eocene) facies at Marke, western Belgium. Geologica Belgica
15(3), 146-153.

172 - Bulletin of the Geological Society of Denmark

Jaccard, P. 1912: The distribution of the flora in the alpine
zone.l. New Phytologist 11 (2), 37-50.

Jordan, D.S. & Snyder, J.O. 1902: Descriptions of two new
species of squaloid sharks from Japan. Proceedings of the
United States National Museum 25, 79-81.

Kulczynski, S. 1927: Die Pflanzenassoziationen der Pieninen.
Bulletin International de ’Academie Polonaise des Sci-
ences et des Lettres, Classe des Sciences Mathematiques et
Naturelles, B, 57-203.

Ledoux, J.-C. 1970: Les dents des Squalidés de la Méditerranée
occidentale et de I’Atlantique Nord-ouest africain. Vie et
Milieu, Serie A 21(2a), 309-362.

Ledoux, J.-C. 1972: Les Squalidae (Euselachii) miocenes des
environs d’Avignon (Vaucluse). Documents des Laboratoires
de Geologie de la Facult des Sciences de Lyon, Notes et
Memoires 52, 133-175.

Marrama, G., Carnevale, G. & Kriwet, J. 2021: Diversity,
palaeoecology and palaeoenvironmental significance
of the Eocene chondrichthyan as-semblages of the Bolca
Lagerstitte, Italy. Lethaia 54(5), 736-751. https://dx.doi.
org/10.1111/1et.12436

Marsili, S. 2007: A new bathyal shark fauna from the Pleisto-
cene sediments of Fiumefreddo (Sicily, Italy). Geodiversitas
29(2), 229-247.

Martinez-Pérez, C., Carrillo-Bricefio, ].D., Esparza, C., Fer-
rén, H.G., Manzanares, E,, Hammann, C. & Botella, H.
2018: A Serravallian (Middle Miocene) shark fauna from
southeastern Spain and its palaeoenvironment significance.
Historical Biology 30(3), 422-432. https://doi.org/10.1080/0
8912963.2017.1326111

Miiller, J. & Henle, F.G.J. 1837: Gattungen der Haifische
und Rochen, nach einer von ihm mit Herrn Henle unter-
nommenen gemeinschaftlichen Arbeit {iber die Naturge-
schichte der Knorpelfische. Berichte Akademie der Wis-
senschaften 1837(2), 111-118.

Myrvold, K.S., Milan, J. & Rasmussen, J.A. 2018: Two new
finds of turtle remains from the Danian and Selandian
(Paleocene) deposits of Denmark with evidence of preda-
tion by crocodilians and sharks. Bulletin of the Geological
Society of Denmark 66, 211-218.

Naylor, G.J.P, Caira, ].N,, Jensen, K., Rosana, K.A.M.,, Straube,
N. & Lakner, C. 2012: Elasmobranch phylogeny: A mito-
chondrial estimate based on 595 species. In: Carrier, J.C.,
Musick, J.A. & Heithaus, M.R. (eds): Biology of sharks and
their relatives, Edition 2, pp. 31-56, Boca Raton (CRC Press).

Nishimatsu, K. 2019: Deep-sea elasmobranchs from the late
early to middle Miocene (Burdigalian-Langhian) Makino
Formation (Awa Group), Japan. Journal of Vertebrate Pale-
ontology 39(2), Article €1597729. https://doi.org/10.1080/02
724634.2019.1597729

Nishimatsu, K. & Ujihara, A. 2020: Deep-sea elasmobranch
fauna with the first descriptions of genera Arynchobatis
and Pseudoraja from the Miocene Yatsuo group in Toyama,
central Japan. Historical Biology 32(8), 1120-1142. https://
doi.org/10.1080/08912963.2019.1566325



Noubhani, A. & Cappetta, H. 1997: Les Orectolobiformes,
Carcharhiniformes et Myliobatiformes (Elasmobranchii, Ne-
oselachii) des Bassins a phosphate du Maroc (Maastrichtien-
Lutétien basal). Systématique, biostratigraphie, évolution et
dynamique des faunes. Palaeo Ichthyologica 8, 1-327.

Ochiai, A. 1957: Zoogeographic studies on the soleoid fishes
found in Japan and its neighbouring regions. Nippon Suisan
Gakkaishi 22(9), 526-530.

Palcu, DV. & Krijgsman, W. 2023: The dire straits of Paratethys:
Gateways to the anoxic giant of Eurasia. Geological Society,
London, Special Publications 523(1), Article SP523-2021.
https://doi.org/10.1144/SP523-2021-73

Pollerspock, J. & Straube, N. 2017: A new deep-sea elasmo-
branch fauna form the central Paratethys (Neuhofener Beds,
Mitterdorf, near Passau, Germany, Early Miocene, Middle
Burdigalian). Zitteliana 90, 27-53. https://doi.org/10.5282/
ubm/epub.40476

Pollerspock, J. & Straube, N. 2019: An identification key to elas-
mobranch genera based on dental morphological characters
Part A: Squalomorph sharks (Superorder Squalomorphii).
Bulletin of Fish Biology 18(1/2), 77-105.

Pollerspock, J. & Straube, N. 2022: www.shark-references.com,
World Wide Web electronic publication, Version 2022.

Pollerspock, J., Flammensbeck, C.K. & Straube, N. 2018: Palaco-
centroscymnus (Chondrichthyes: Somniosidae), anew sleeper
shark genus from Miocene deposits of Austria (Europe).
Paldontologische Zeitschrift 92(3), 443-456. https://doi.
org/10.1007/s12542-017-0398-9

Pollerspock, J., Guithner, T. & Straube, N. 2022: Re-evaluation of
the Lower Miocene (Burdigalian, Ottnangian) elasmobranch
fauna (Elasmobranchii, Neoselachii) from Upper Austria
(Allerding, near Schirding, Austria) with comments on the
paleogeographic distribution of the recorded squaliform
sharks. Annalen des Naturhistorischen Museums in Wien
A 122, 87-163.

Rafinesque, C.S. 1810: Caratteri di alcuni nuovi generi e nuove
specie di animali e pinate della Sicilia, con varie osservazioni
sopraimedisimi, lere partie. (Part 1 involves fishes, pp. [i-iv]
3-69 [70 blank], Part 2 with slightly different title, pp. ia—iva
+ 71-105 [106 blank]).

Rayner, D., Mitchell, T. & Rayner, M. 2009: London Clay fossils of
Kent and Essex. Rochester, Kent, Medway Fossil and Mineral
Society, 228 p, ISBN: 978—0-9538243-1-1.

Schnetler, K.I. & Heilmann-Clausen, C. 2011: The molluscan
fauna of the Eocene Lillebelt Clay, Denmark. Cainozoic
Research 8(1-2), 41-99.

Schultz, O. 2013: Pisces. In Piller, W.E. (ed.) Catalogus Fossilium
Austriae, Band 3. Wien: Verlag der Osterreichischen Akad-
emie der Wissenschaften, ISBN13: 978-3-7001-7238-3, 576 pp.

Schwarzhans, W 2007: Otoliths from casts from the Eocene
Lillebaelt Clay Formation of Trelde Nees near Fredericia
(Denmark), with remarks on the diet of stomatopods. Neues
Jahrbuch fiir Geologie und Paldontologie - Abhandlungen
246(1), 69-81. https://doi.org/10.1127/0077-7749/2007/0246-
0069

Shimada, K. & Ward, D.J. 2016: The oldest fossil record of the
megamouth shark from the late Eocene of Denmark and
comments on the enigmatic megachasmid origin. Acta Pal-
aeontologica Polonica 61(4), 839-845. https://doi.org/10.4202/
app.00248.2016

Siverson, M. 1993: Maastrichtian squaloid sharks from southern
Sweden. Palaeontology 36 (1), 1-19.

Smith, H.M. 1912a: Description of a new notidanoid shark from
the Philippine Islands, representing a new family. Proceed-
ings of the United States National Museum 41, 489—491.

Smith, H.M. 1912b: The squaloid sharks of the Philippine Ar-
chipelago, with descriptions of new genera and species. Pro-
ceedings of the United States National Museum 41, 677-685.

Suzuki, H. 2015: A new genus of the Family Dalatiidae (Chon-
drichthyes: Elasmobranchii) from the Miocene of Japan.
Journal of Fossil Research 47(2), 41-47.

Takakuwa, Y.2007: A deep-sea shark assemblage from the Mio-
cene in southwest of Gunma Prefecture, central Japan and
the biogeographical significance. Palaeontological Society
of Japan 81, 24—44.

Tomanova Petrovd, P, Nehyba, S., Divis, K., Hladilov4 S,
Gregorova, R., Vit, ]. & Hudec, P. 2018: Paleoprostfedive
Spodnim Badenuna Severnim Okraji Brna (Divisova Ctvrt).
[Paleoenvironment during the Lower Badenian along the
northern margin of Brno city (the Divis district)]. Geologické
vyzkumy na Moravé a ve Slezsku 25(1-2), 65-72.

Underwood, C.J. & Schldg], J. 2013: Deep-water chondrichthy-
ans from the Early Miocene of the Vienna Basin (Central
Paratethys, Slovakia). Acta Palaeontologica Polonica 58(3),
487-509. https://doi.org/10.4202/app.2011.0101

Van den Eeckhaut, G. & De Schutter, PJ. 2009: The Elasmo-
branch fauna of the Lede Sand Formation at Oosterzele
(Lutetian, Middle Eocene of Belgium). Palaeofocus 1, 1-57.

Ward, D.J. 1979: Additions to the fish fauna of the English Pal-
aeogene. 2. A new species of Dasyatis (Sting Ray) from the
London Clay (Eocene) of Essex, England. Tertiary Research
2(2), 75-81.

Ward, D.J. 1984: Additions to the fish fauna of the English
Palaeogene. 5. A new species of Raja from the London Clay.
Tertiary Research 6(2), 65-68.

Welton, B.J. 2016a: A new dalatiid shark (Squaliformes: Da-
latiidae) from the Early Oligocene of Oregon and California,
USA. New Mexico Museum of Natural History and Science
Bulletin 74, 289-302.

Welton, B.J. 2016b: First report of Orthechinorhinus (Squali-
formes: Etmopteridae) from the Pacific Basin; a new species
from Early Oligocene Rocks of Oregon, USA. New Mexico
Museum of Natural History and Science Bulletin 74, 303-308.

White, WT.,, Guallart, J., Ebert, D.A., Naylor, GJ.P, Mo, AV,
Cotton, C.F., Harris, M., Serena, F. & Iglésias, S.P. 2022:
Revision of the genus Centrophorus (Squaliformes: Centro-
phoridae): Part 3-Redescription of Centrophorus uyato (Rafin-
esque) with a discussion of its complicated nomenclatural
history. Zootaxa 5155(1), 1-51. https://doi.org/10.11646/
zootaxa.5155.1.1

Deep-sea shark teeth from the Lillebeelt Clay (Eocene) of Denmark - 173






