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Abstract

Despite two centuries of fossils collecting, no cetacean remains from the Oligocene marine deposits of the Mainz Basin
(western Germany) have ever been reported. Here, we describe a possible mysticete tooth from the sand pit of Eckelsheim,
which exposes high energy deposits belonging to the Rupelian Alzey Formation. The latter has yielded a rich assemblage
of vertebrates and invertebrates, but so far, only one marine mammal in the form of the sirenian Kaupitherium. The whale
tooth in some ways resembles the m2 of Lianocetus from the latest Eocene of Seymour Island, Antarctica. If the find from
the Mainz Basin is not a regionally evolved form, Llanocetus, which is known from the South Atlantic, could have migrated
through the Atlantic realm during the early Oligocene. It cannot be excluded that the tooth represents a more widely occur-
ring lineage, neither endemic nor necessarily related to llanocetids, that—given the generally poor Rupelian record—has

not been well documented yet.
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Introduction
Cetaceans of the early Oligocene

The Eocene—Oligocene transition coincides with a minor
extinction event affecting both marine and terrestrial organ-
isms. The installation of the Antarctic circumpolar coldwater
currents contributed to the global cooling and the formation
of the first Antarctic ice shield (Fordyce 1977; Kennett 1977,
Jicha et al. 2009; Katz et al. 2011). The dramatic cooling of
ocean deep waters after the Eocene—Oligocene boundary is
well documented by oxygen isotopes in Paleogene benthic
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foraminifers (Shackleton 1986; Zachos et al. 1996) and oto-
liths (Ivany et al. 2000).

Cetaceans are documented by only scarce findings in the
early Oligocene. The lowering of the sea level could either
limited deposition of fossil cetaceans or destroyed already
deposited specimens because of resulting more widespread
erosion (Fordyce 2003; Uhen and Pyenson 2007; Uhen
2010).

Odontocetes, are represented besides indeterminable
remains predominantly by the arising Agorophiidae (Whit-
more and Sanders 1976, Fordyce 1981; Godfrey et al. 2016),
Xenorophidae (Uhen 2008; Boessenecker et al. 2017a, b),
Simocetidae (Fordyce 2002), and Ashleycetidae (Sanders
and Geisler 2015)—as well as some genera of as yet unde-
termined higher ranked assignment: Mirocetus (Mchedlidze
1970, 1984), Ediscetus (Albright et al. 2018), Ankylorhiza
(Boessenecker et al. 2020), and a possible early evidence
of ?waipatiids (aff. Waipatia sp.; Boessenecker and Boess-
enecker 2019).

Mysticetes appeared in the early Priabonian with the
toothed forms Mystacodon selensis, found in the sediments
of the Yumaque Formation in Peru (Lambert et al. 2017; de
Muizon et al. 2019), followed by Llanocetus denticreantus,
also documented from the southern hemisphere (La Meseta
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Formation of Seymour Island, Antarctica; Mitchell 1989;
Fordyce and Marx 2018).

Only poor fossil remains of a probable mysticete are
known with Willungacetus aldingensis from the early Oli-
gocene of Australia (Pledge 2005). Further fossil mysticetes
were found in North America: the aetiocetid Fucaia buelli
(Marx et al. 2015) from the early Oligocene of Washing-
ton State, the first toothless eomysticetid Micromysticetus
rothauseni from a Rupelian lagoonal/shallow subtidal hori-
zon in the Ashley Formation of South Carolina (Sanders and
Barnes 2002), and the toothed species Coronodon haven-
steini from a latest Rupelian coastal horizon in the Ashley
Formation (Geisler et al. 2017). From Japan, the eomysti-
cetid Yamatocetus canaliculatus has been described from
Kyushu (Okazaki 2012) and is dated to be of latest Rupelian
age (Marx and Fordyce 2015).

Geology

The Mainz Basin (Fig. 1) comprises the area between the
Rhenish Schiefergebirge (Hunsriick and Taunus) in the
north, the northern part of the Upper Rhine Graben in
the east, the Haardt in the south, and the Palatinate For-
est in the west (Grimm et al. 2011). It represents a remain-
ing plateau in the overlap area of ortho- and paragraben in

Fig. 1 Map of central Europe
showing the principal palacoge-
ography for the late early Oli-
gocene (late Rupelian) with the
gulf-like character of the Upper
Rhine Graben with adjacent
Mainz Basin at this time, after
compiled data from Ziegler
(1990), Berger et al. (2005),
Grimm (2006), Pirkenseer et al.
(2013). The point of discovery
of the whale tooth is circled

in red
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the intersectional zone of the Upper Rhine Graben and the
Permo-Carboniferous Saar-Nahe Depression (Rothausen and
Sonne 1984).

During the early Oligocene, tectonic events created a con-
tinuous sedimentation area from the North Sea over the Hes-
sian Depression through the Mainz Basin and Upper Rhine
Graben (Grimm 2005; Grimm and Grimm 2005; Grimm
et al. 2011). Sea-level rises and contemporary subsiding of
the Upper Rhine Graben let to wide transgressions and the
forming of an expanded embayment with islands and pen-
insulas at the place of the Mainz Basin (Grimm et al. 2011;
Kuhn 2012; Schéfer 2012).

Sediments of the Alzey Formation (former “Unterer und
Oberer Meeressand ) contain coarse-grained sands and
gravels and were deposited in the later Rupelian age (second
Rupelian transgression, after Hardenbol et al. 1998). They
display predominantly beach sediments originating from
underlying Palaeozoic rocks, such as Permian sandstones,
arkoses, fine conglomerates, and also rhyolithic volcanites
and tuffites (Grimm et al. 2000, 2011). Occasionally, also
shell layers, carbonate, and silt are observable. Radiomet-
ric dating (3’Sr/%Sr) on bivalve shells yielded an age of
30.1 +£0.1 Ma (Grimm and Grimm 2003).

The Alzey Formation (Fig. 2) at the Eckelsheim local-
ity, the Steigerberg, has been well investigated in the past
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regarding sedimentology, sequence stratigraphy, palacoen-
vironment, and biostratigraphic background (Grimm and
Grimm 2005). The sand pit of Eckelsheim represents a
breakwater cliff containing high energy deposits, with sub-
aqueous slump structures and erosion channels suggesting
formation during tides and storms (Neuffer et al. 1978; Hart-
kopf and Stapf 1984; Grimm and Grimm 2005; Kuhn 2008).
The bedrock surfaces here allow the interpretation of water
flows (Rousse et al. 2012). Micro- (pollen and spores from
adjacent core holes) and megafloral (palm trees from the
Eckelsheim pit) remains suggest deposition in a subtropi-
cal humid climate resembling that of Florida today (Schaar-
schmidt 1982; Pross et al. 1998; Schindler and Poschmann
2001).

Fossil assemblage of the Alzey Formation

The sands of the Alzey Formation at the Steigerberg are
extremely fossiliferous and contain a diverse subtropical-
Mediterranean marine fossil assemblage comprising thou-
sands of specimens in likely more than 600 species, as well
as washed-in terrestrial remains (Grimm and Grimm 2005).

The Eckelsheim locality alone yielded an enormous
variety of invertebrate fossils (e.g., Doebl and Sonne 1973;
Neuffer et al. 1978; Vavra 1983; Giirs 1995; Nungesser
2021).

Depositional characterisation

brackish shallow marine pelagic

evaporitic

hiatus

The vertebrate fauna is just as highly diverse. Generally,
more than two dozens elasmobranch species are documented
in the near-coastal Alzey Formation by their teeth so far
(Boy 1975, von der Hocht 1978, Kuhn 2008, Schindler 2011,
Nungesser 2021) including the top predator Otodus (Carcha-
rocles) angustidens with an estimated length up to 10 m, and
the largest fish, the basking shark Keasius parvus, known by
many teeth (von der Hocht 1978) as well as preserved and
connected gill rakers from siltic layers passing over to the
deeper marine Bodenheim Formation (Reinecke et al. 2015).

Over 100 teleost species are proven in the Alzey Forma-
tion by their otoliths with alone 53 species in Eckelsheim
(Syring 2015).

Reptiles are rare in the Alzey Formation. Crocodiles,
addressed as marine-semiaquatic predators, are documented
by teeth (Berg 1984; Schindler 2013a). One not yet pub-
lished crocodile tooth was discovered from the Eckelsheim
locality. A little more common remains in the Alzey For-
mation are marine Cheloniidae (shell, skull and scapular
remains of Rupelchelys breitkreutzi) and also Trionychi-
dae (dermal plates of Trionyx boulengeri) and possibly
Emydidae, turtles, predominantly adapted to freshwater
and brackish environment deposited in the coastal sediments
(Lepsius 1883; Berg 1984; Karl and Tichy 1999; Schindler
2013b; Nungesser 2021).

Further amniote remains are the rarely found bones of
birds. Documented in the Alzey Formation so far are one
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«Fig. 3 Mysticeti indet., NHMMZ PW2022/5017-LS, probably right
mandibular cheek tooth from the Alzey Formation, Rupelian, late
early Oligocene of Eckelsheim, SW-Germany. a Lingual view. b Buc-
cal view. ¢ Occlusal view. d Posterior view. e Anterior view. f Basal
view

osprey claw of the Accipitridae (Schindler and Mayr 2004;
Mayr 2006) and several long bones including femora and
tarsometatarsus of the extinct Diomedeoididae, a kind of sea
birds of the Procellariiformes (Schindler 2013c¢).

The marine mammals had been known up to date only by
sea cows (Sirenia: Dugongidae). Isolated bones, partially
articulated skeletal remains and skeletons were discovered
and documented (e.g., Lepsius 1882; Bahlo and Tobien
1982; Rothausen and Sonne 1984; Voss and Hampe 2017,
Nungesser 2021), and even from Eckelsheim two sympat-
ric living species Kaupitherium gruelli and K. bronni are
proven (before revision of Voss and Hampe 2017 named as
“Halitherium schinzii”).

Several inwashed terrestrial mammals had been found in
the Alzey Formation as well, such as hyaenodonts (Apterodon:
Bahlo and Tobien 1982), carnivores (Amphicynodon:
Schindler 2013b), rodents (Cricetidae: Bahlo and Tobien
1982; Theridomyidae: Schindler et al. 2009), perissodactyls
(Rhinocerotidae: Schindler et al. 2009; Schindler and
Schneider 2020), and artiodactyls (Anthracotherium,
Bachitherium: Bahlo and Tobien 1982, Schifer 2012).

Collecting fossils from Eckelsheim has a long history.
Walchner (1850) mentioned this locality for the first time,
followed by Braun (1851a, b) who began with lists and
short descriptions of the fossil content. Schopp (1888) rec-
ognised the special nature of the site and presents a detailed
description of the various profiles of the sand pit. During
the twentieth century, sand mining was intensified and the
Eckelsheim pit was enlarged under different owners. Since
the second half of the twentieth century onwards, geologists
of the Johannes Gutenberg-Universidt Mainz and many ama-
teur geologists recovered large quantities of fossil material
from various facies of the sand pits of the Steigerberg at
Eckelsheim.

Materials and methods

The tooth presented here was discovered by Mr. Dirk Gille,
an autodidact and specialist for “Meeressand” fossils, after
sieving about one tonne of sediment (in fractions of 5 and
10 mm) in search of shark teeth. Prior to study the Eck-
elsheim tooth was prepared (post-treatment) to remove
grains sand and to stabilise the root. The tooth was then
measured with an electronic digital Kraftixx caliper.
Pictures were taken with a Sony alpha 7R III camera
using both Canon and Sony macro lenses. To receive an

optimised depth of focus, the stacking method with Novo-
flex Castel micro stack sleds was applied (between 9 and
21 stacking steps). Capture One and Helicon Focus image
processing software were utilised for this task.

Outlines of comparative objects were drawn in ink based
on published figures and original fossils.

Institutional abbreviations

CCNHM—Mace Brown Museum of Natural History, Col-
lege of Charleston, U.S.A.

KMNH—Kitakyushu Museum of Natural History and
Human History, Fukuoka Prefecture, Japan.
MB—Museum fiir Naturkunde Berlin.

MNHN—Muséum national d’Histoire naturelle, Paris.
OU—Geology Museum, University of Otago, Dunedin, New
Zealand.

NHMMZ—Landessammlung fiir Naturkunde Rheinland-
Pfalz, Naturhistorisches Museum Mainz.
UCMP—University of California Museum of Paleontology,
Berkeley, U.S.A.

UWBM—Burke Museum of Natural History and Culture,
Seattle, U.S.A.

USNM—United States National Museum, Smithsonian
Institution, Washington, D.C.

Systematic Palaeontology

Class Mammalia Linne, 1758.

Order Cetacea Brisson, 1762

Clade Neoceti Fordyce and de Muizon, 2001
Suborder Mysticeti Gray, 1864

Mysticeti indet.

Material. NHMMZ PW?2022/5017-LS, a single, probable
posterior right mandibular tooth.

Occurrence. Sand pit of Eckelsheim, breakwater cliff at
Steigerberg hill, Rhineland-Palatinate State, SW-Germany;
Alzey Formation, Rupelian, late early Oligocene.

Description. The tooth (Figs. 3, 4a) has a tricuspid crown
with one principal cusp and two smaller posterior (distal)
denticles. We use the terms ‘cusp’ and ‘denticles’ here
because of uncertain homology with the cusps of other
mammal teeth (proto-, metaconid, etc.).

Cusp and denticles are decreasing in height towards the
posterior (Fig. 3a, b). The principal cusp has a broken apex,
revealing a somewhat rounded to slightly lanceolate occlusal
outline (Fig. 3c). The anterior denticle is complete with a
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b Lianocetus
denticrenatus
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Fig.4 Illustrations of selected teeth used in the comparisons. a The
probable right mandibular tooth of an yet undeterminable mysticete
from Eckelsheim, buccal view, NHMMZ PW2022/5017-LS. b Left
m?2 of Llanocetus denticrenatus (from Fordyce and Marx 2018), lin-
gual view, USNM 183022. ¢ Cheek tooth of ?Metasqualodon sym-
metricus (from Okazaki 1982), ?lingual view, KMNH VP 000.005.
d Left p2 of Coronodon havensteini (from Boessencker et al. 2023),
lingual view, CCNHM 108. e Left m2 of the basilosaurine Cynthi-
acetus peruvianus (from Martinez-Caceres et al. 2017), lingual view,

nearly a right-angled triangular apex; the posterior denticle
is broken in half (Fig. 3b—d). In occlusal view, cusp and den-
ticles are roughly aligned, with only the posterior denticle
deviating slightly buccally (Fig. 3d). Cusp and denticles are
straight and slightly inclined posteriorly (Fig. 3a, b).

The anterior (mesial) edge of the principal cusp is straight
but nodular which looks like slightly crenulated (Fig. 3a, e).
The posterior cutting edge is less crenulated. Both anterior
and posterior cutting edges of the lanceolate-shaped anterior
denticle are finely crenulated (Fig. 3d). The posterior denti-
cle is also lanceolate.

Both, buccal and lingual sides of the crown show a
weakly pronounced ornament of vertical carinae at the
principal cusp, and a combination of vertical and oblique
carinae are developed on the following denticles (Fig. 3a,
b). Generally, the enamel surface is smooth—there are no
directional wear facets determinable. A few narrow vertical
cracks are present.

@ Springer
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symmetricus
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MNHN.F.PRU10. f Left penultimate postcanine mandibular tooth of
the aetiocetid Salishicetus meadi (from Peredo and Pyenson 2018),
lingual view, UWBM 50004. g Left p4 of the early pinniped Enali-
arctos mealsi (from Poust and Boessenecker 2018), lingual view,
UCMP 114474. h Left p4 of the mustelid Plesictis robustus (MB.Ma.
29,335, Oligocene/Miocene of France), lingual view. i Right man-
dibular cheek tooth of the platanistoid Waipatia maerewhenua (from
Fordyce 1994), lingual view, OU 22095. Not to scale

The base of the crown is formed by a low cingulum,
less than or equal to 1 mm, with an arched course and with
ascending arch below the principal cusp in lingual and buc-
cal view (Fig. 3a, b). Here, the ectocingulum is dorsoven-
trally a little higher (Figs. 3b, 4a). The entocingulum is
damaged below the anterior denticle. A rhombic piece has
broken away. The elevation at the mesial and distal points
of the cingulum gives the impression of the presence of two
tiny accessory cusplets (Fig. 3a, b, d, e).

The base is double-rooted, separated from each other and
fused directly below the crown through a narrow isthmus
(Fig. 3a, b). Both roots are directed nearly straight down-
wards—there is no curvature. The inner margins of the roots
describe an angle of about 35° to each other. The very ends
of the roots are broken. The pulp canals are visible in basal
view (Fig. 3f). The anterior root has more or less an oval
cross-section whereas the posterior root is somewhat trap-
ezoid in outline.
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The measurements are as follows:

16.15 mm: Maximum height (anterior root to principal cusp;
mind the broken principal cusp).

12.47 mm: Maximum mesio-distal length at the level of the
cingulum.

9.87 mm: Maximum mesio-distal length at the level of the
preserved root ends.

5.27 mm: Maximum width at the lingual pronunciation of
the cingulum above posterior root.

7.04 mm: Mesiodistal length of crown basis of principal
cusp.

3.87 mm: Mesiodistal length of crown basis of anterior
denticle.

2.94 mm: Mesiodistal length of crown basis of posterior
denticle.

3.63 mm: Median distance between the roots.

Comparisons. The discovery of the tooth was a big surprise,
which had been expected at some point, but which seemed
unlikely due to the very good fossil record of the fossil-
bearing beds in the Mainz Basin so far. Although mammal
teeth are generally considered to be very characteristic, a
taxonomic classification is extremely difficult in this case. It
is just a single specimen that could not clearly be classified
at a first glance because teeth of other mammals (terrestrial)
were also found here in the coastal deposits of the Alzey
Formation.

Before we talk about the similarities with representatives
of the Cetacea, let us first clarify what we think it is not.
We exclude a belonging to the carnivores. From the Mainz
Basin, amphicyonids are documented from the younger Cor-
bicula and Hydrobia beds (today: Riissingen to Frankfurt
Formation; late Oligocene/early Miocene) with Cynelos,
Ysengrinia, Haplocyonoides and the mustelid Plesictis
(Rothausen and Sonne 1984; Rothausen 1988; Morlo 1996).

When looking at the p4 of a Cynelos, however, it is
noticeable that, in contrast to the tooth from Eckelsheim the
anterior (mesial) edge is distinctly concave with an indicated
kink at the lower third of its course and not straight (see
Peigné and Heizmann 2003: fig. 6, 7, pls. 2, 3), also docu-
mented in Haplocynonoides (Peigné and Heizmann 2003:
fig. 23, 24, pl. 7). Other amphicyonids, like Ysengrinia have
a small anterior cusp in front of the principal cusp (Peigné
and Heizmann 2003: fig. 20).

The morphology of a carnivoran p4, amphicyonids and
mustelids (e.g., Tomiya and Tseng 2016: fig. 6; Wang et al.
2022: figs. 3D, 11A, B, 73C, D), is also different from the
tooth from Eckelsheim by having a posterior accessory cus-
pulid with or without a notch very close at the distal edge of
the principal cusp.

The cingulum of the posterior premolars is differently
developed in such carnivores, often higher and more distinct,

often stronger developed anteriorly than posteriorly. Morlo
(1996: pl. 4, fig. 31), for example, described the cingulum
anteriorly or anterolingually and posteriorly thickened like a
bulge in the mustelid Stromeriella (= Plesictis in Rothausen
and Sonne 1984: pl. 21, fig. 109). There is no ornamentation
of vertical striae developed in the carnivores (Fig. 4h).

Pinnipeds are also out of the question as an assignment
for the tooth from Eckelsheim. Pinnipeds have actually been
known since the Rupelian (Tate-Jones et al. 2020). The
early form Enaliarctos (Fig. 4g) from the northern Pacific
realm has differently shaped premolars. Here, the p3 and p4
develop a prominent paraconid in form of a trenchant protu-
berance or a blunt cusplet anterior to the principal cusp (e.g.,
Berta 1991; Poust and Boessenecker 2018).

The assumption that the tooth from Eckelsheim is of ceta-
cean origin was soon confirmed. At first glance, the multi-
cuspid crown with a higher number of denticles is notable,
a character that was already established in the archaeocete
whales during the Eocene and continues in basal odontocetes
and mysticetes. Basilosaurids possess also double-rooted
premolars and molars but are clearly excluded because of
the presence of an arched crown having a number of acces-
sory denticles in front and behind of the principal denticle
and the lack of any kind of cingulum in the upper molars
(Kellogg 1936; Uhen 2004; Martinez-Céceres et al. 2017).
And the lower distal molars, m2 (Fig. 4e) and m3, which
lack anterior accessory denticles are somewhat directed
towards the coronoid process (e.g., Kellogg 1936: pl. 13,
fig. 3f for Zygorhiza, Uhen 2004: fig. 21 for Dorudon, Mar-
tinez-Caceres et al. 2017: figs. 28, 30, 33 for Cynthiacetus).
Further differences are the lack of enamel ornament and the
narrow root spacing in basilosaurids.

An assignment to the Odontoceti is also unlikely. Repre-
sentatives with a multicuspid crowns clearly have a differ-
ent root morphology and different ornamentation patterns.
Double-rooted posterior teeth are found in at least in stem
odontocetes and squalodontids, Prosqualodon, Agorophius,
Simocetus, and Waipatia (de Muizon 1987; Lambert 2005;
Gaetan et al. 2019).

The squalodontids, known nearly worldwide from late
Oligocene and the early to middle Miocene deposits, devel-
oped no cingulum and often show a strong, rugose ornament
on the enamel surface. Additionally, their teeth are charac-
terised by distinctly lower incisions between the denticles of
the crown and a high, below the crown closed root with two
prongs of no more than the same height as the root base, as
documented for specimens from many places of the world
by, for example, Kellogg (1923: pl. 7, Squalodon calverten-
sis), Rothausen (1968a: pl. 11, 12, Eosqualodon langewi-
eschei), Pilleri (1985: pl. 1-5, Squalodon bariensis; pl. 7,
1013, 16-20, Squalodon bellunensis), Okazaki (1988: pl. 1,
Squalodon sp.), Dooley (2003: fig. 2, Squalodon atlanticus),
Hampe et al. (2019: fig. 1, Eosqualodon langewieschei). The
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middle Miocene Neosqualodon (Rothausen 1968b; Barucco
2012) from Italy shows swollen, finger-like denticles with
larger interdentical spaces with no concordance with the
Eckelsheim tooth. Also “Squalodon” gambierensis from the
late Oligocene of South Australia (Glaessner 1955: fig. 5),
recently identified as belonging to the Kekenodontidae is
different to the tooth discovered from the Mainz Basin in
having a more or less bilateral symmetric, fan-like crown in
lingual and buccal view with a central main denticle flanked
by a number of mesially and distally arranged denticles (see
also Corrie and Fordyce 2022: p. 1639).

A little different is the situation regarding Waipatia.
A few similarities are observable. Therefore, Waipatia,
known to date with two species, W. maerewhenua and W.
hectori from the late Oligocene of New Zealand (Fordyce
1994; Tanaka and Fordyce 2015), developed a strong lin-
gual cingulum on their teeth. This cingulum is higher than
that developed in the Eckelsheim tooth. And, the cingulum
of Waipatia display an ornament of strong parallel cristae
(Fig. 41) in contrary to the smooth cingulum in the Eck-
elsheim tooth which then also runs around the entire tooth.
Cheek teeth of Waipatia have the lack of anterior denticles
in common. Waipatia maerewhenua has two or three pos-
terior denticles (Fordyce 1994: fig. 13C, D), W. hectori
two (Tanaka and Fordyce 2015: fig. 5A—C). However, the
crown of the lower posterior teeth are recurved in Waipa-
tia maerewhenua and even more in W. hectori. The crown
surfaces of W. maerewhenua show an ornament of vertical
cristae rather than carinae, in which the lingual ornament
is stronger developed. The buccal ornament of Waipatia is
indistinct. The double-rooted posterior teeth of Waipatia
maerewhenua show a fused base for at least one third of
their length (Fig. 4i; Fordyce 1994: fig. 13C, D). The teeth
of W. hectori are situated in the jaw bone and their roots are
not completely visible (Tanaka and Fordyce 2015: fig. 5B,
C). No lower teeth are known from a yet unnamed waipatiid
from the late Oligocene of Victoria, Australia (Fitzgerald
2016). Preserved upper teeth reveal waipatiid-characteristic
features such as more distinct ornament of the lingual crown
surface, strong lingual cingulum with strong ridges, but with
blunt, worn principal denticle. Bases are double-rooted but
here strongly recurved and fused about two-thirds of their
length (Fitzgerald 2016: fig. SE-L). Crenulated edges are
not described at the denticles in Waipatiidae.

However, the similarities to some of the teeth of early
baleen whales in particular are intriguing. The most similari-
ties could be found out with posterior teeth of the dentary of
Llanocetus denticrenatus from the latest Eocene of Seymour
Island, Antarctica, the second-oldest described mysticete so
far (Fordyce and Marx 2018). Llanocetus was comparable
in size to an adult living minke whale (Peredo et al. 2017).
The general morphology of the m2 of Llanocetus (Fig. 4b)
resembles that of the Eckelsheim tooth, but is at least of
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more than double size (e.g., 32 mm crown length instead of
12 mm in the Eckelsheim tooth). Llanocetus has with the
tooth from the Mainz Basin a low cingulum and the presence
of sharp edges at the cusps/denticles in common (Fordyce
and Marx 2018: figs. 2B, C, S9). The Llanocetus m2 shows
also an enamel ornament of fine vertical carinae (Fig. 4b)
both lingually and buccally developed. The root as preserved
in the m2 is nearly identical to that seen in the Eckelsheim
tooth. It is open and not fused up to the beginning of the
crown. Different is the number of posterior denticles which
is higher in Llanocetus (four in the m2).

Llanocetus was undoubtedly a very large mysticete.
Metasqualodon, presumably a close relative of Llanoce-
tus, was much smaller but is not well known or yet fully
described (Geisler et al. 2017). We do not know about the
variability of teeth in Metasqualodon but some teeth affili-
ated to Metasqualodon symmetricus from the lower Mio-
cene Ashiya Group of North Kyushu in Japan show some
similarities with Llanocetus resp. the tooth from Eckelsheim
(Okazaki 1982: textfig. 1). A fragmentarily preserved pos-
terior cheek tooth assigned to Metasqualodon have cusps/
denticles with weakly but clearly developed edges and an
ornament of vertical carinae (Fig. 4c) likely similar to that
seen in the Eckelsheim tooth. However, a cingulum is not
clearly determinable and not described by Okazaki. Differ-
ent is again the number of accessory posterior denticles with
four in the Metasqualodon tooth.

The late Eocene Mystacodon selensis has predominantly
damaged teeth preserved with very limited comparison
options. de Muizon et al. (2019) describe the lack of evi-
dence of a cingulum which is different to the Eckelsheim
specimen.

At the first glance, the p2 of the basal mysticete Corono-
don havensteini from the latest Rupelian of South Carolina
looks quite similar to the tooth from Eckelsheim (Fig. 4d).
However, the Coronodon tooth in question possesses two
tiny denticles anterior to the principal cusp. Other differ-
ences are the lack of a cingulum, a fused root below the
crown and denticles which are standing closer together but
posteriorly decreasing in height (Geisler et al. 2017: fig. 2A
as pl, Boessenecker et al. 2023: figs. 26-28). There is a kind
of “pseudoserration” on the edges of the principal cusp and
adjacent denticles in the description of Boessenecker et al.
(2023: fig. 42) which can be correlated with that we named
“finely crenulated” for the Eckelsheim tooth. Two recently
new described species of Coronodon are presented Boess-
enecker et al. (2023) by from the younger Chandler Bridge
Formation (late Oligocene). All coronodontids have in dif-
ference to the Eckelsheim specimen double-rooted postca-
nine teeth which are characterised by a generally long root
isthmus and equipped with a number of mesial denticles on
premolars.
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The mammalodontid Janjucetus hunderi from the late
Oligocene of Victoria/Australia differ greatly from the Eck-
elsheim tooth in having crowns of cheek teeth with distinctly
distally bended denticles and a strong ornament of coarse
longitudinal ridges (Fitzgerald 2006: fig. 2). A cingulum
is not developed and the two roots seem to possess here a
very narrow space in between. Although poorly preserved
with worn tooth crowns, it can be stated that Mammalodon
colliveri, also late Oligocene of Victoria, differ also from
the Eckelsheim tooth with the lack of a cingulum, probably
strongly ornamented crowns as seen at its base and very
narrow-spaced roots or even fused along their lengths that
is emergent from the alveoli (Fitzgerald 2010: figs. 37, 38).

Teeth of Aetiocetus are quite small and generally sim-
pler in their morphology, tending to be more homodontous
(Barnes et al. 1994; Peredo et al. 2017) with no similarities
to the tooth discovered from Eckelsheim.

Documented teeth of Aetiocetus cotylalveus belong prob-
ably to the maxillae. They are mostly worn and a number
of denticles are not detectable (Emlong 1966: fig. 9). The
figured specimen in Peredo et al. (2017: fig. 3D) shows a tri-
angular and pointed crown with few tiny accessory denticles
on a single, partly inflated root which is completely different
to the Eckelsheim tooth.

Mandibular teeth of Aetiocetus weltoni, like A. cotyla-
lveus also from the late Oligocene of Oregon, appear to be
single-rooted and have mostly damaged crowns (Deméré and
Berta 2008). Also here, the better preserved crowns are more
or less triangular in shape with a sharply pointed apex and
anterior accessory denticles that occur in the more posterior
teeth.

Aetiocetus polydentatus from the late Oligocene of Hok-
kaido, Japan, has also single-rooted teeth with sharply
pointed crowns. Accessory tiny denticles which look more
like a serration occur in the middle part of the mandible
(Barnes et al. 1994: figs. 19, 21).

All Aetiocetus teeth have a smooth enamel surface on the
buccal aspect of the crown, while lingually there is an orna-
ment of fine vertical ridges.

The teeth of the Fucaia buelli from the early Oligocene
of Washington State could be placed in the same category.
However, their characters are based on isolated teeth which
presumably belong to the upper jaw (Marx et al. 2015:
figs. 10, 11). The teeth are single-rooted with triangular
crowns possessing denticles mostly on both anterior and
posterior sides of the principal cusp. Another difference to
the Eckelsheim tooth is, that all tooth crowns are curved
lingually. The pattern of enamel ornament is similar to that
developed in Aetiocetus (see above) with predominantly
smooth buccal and carinae or ridges on the lingual side.
Additionally, a papillated cingulum at the lingual side is
notable on the posterior teeth.

Only Salishicetus meadi from the late Oligocene of Wash-
ington State and Morawanocetus yabukii from the late Oli-
gocene of Hokkaido seem to have double-rooted posterior
teeth (Barnes et al. 1994: p. 410, Peredo and Pyenson 2018:
figs. 8, 9). As in other aetiocetid specimens, the tooth crowns
of the Salishicetus mandibular teeth are distinctly triangular,
here with tiny posterior denticles and a fused upper part of
the root (Fig. 4f) really not corresponding to characters, seen
in the Eckelsheim tooth.

Discussion

First of all, it must be noted that the Upper Rhine Graben,
which at times shows a connection to the Tethys, transforms
into a Upper Rhine Gulf during the late Rupelian between
32.0 and 28.5 Ma ago by a southern closure (Berger et al.
2005; Grimm 2006). This gulf reached at least a length of
about 500 km starting at the level between the uplifts of the
Rhenish Massif and Harz Mountains.

Several of the 80-90 species of living cetaceans (Rice
1998; Hoyt 2005; Fordyce 2018) are found in today’s gulf
regions depending of geographic distribution and habitat.
The Gulf of Agaba (length: 160 km) which opens at Straits
of Tiran between the Sinai and Saudi Arabia, terminating in
the North at Eilat (Israel) and Aqaba (Jordan), the short Gulf
of Corinth (Iength: 127 km), a semi-enclosed embayment in
central Greece between mainland Greece in the North and
the Peloponesse in the South, and the Gulf of California
(length: 1,126 km) which has more than double length of
that of the reconstructed Upper Rhine Graben are exam-
ples of similar structured long and narrow gulfs like the late
Rupelian Upper Rhine Gulf. One can conclude, although
evaluation methods varied, that the larger the extension and
volume of the gulf is, the higher is the number and frequency
of species in that water body (see Pardo et al. 2013; Bearzi
et al. 2016; Costa et al. 2019). Therefore, cetaceans would
under these premises also have been expected in the deposits
of the Upper Rhine Graben.

Cetaceans are distributed worldwide today and enter all
oceanic areas. In the early Oligocene, their diversity was
generally lower (Uhen 2007; Uhen and Pyenson 2007;
Marx et al. 2016) and their distribution was basically only
pachy—fossils recorded from Oregon, Washington State,
South Carolina, Mississippi, Denmark (Jutland), and Azer-
baijan in the Northern Hemisphere and New Zealand,
South Australia, and Cabinda (Angola) in the Southern
Hemisphere (data were downloaded from the Paleobiology
Database on 15 February, 2022, using the following param-
eters: taxon = Cetacea, time interval = Rupelian; Uhen et al.
2022). Marx and Fordyce (2015) argued that lower Oligo-
cene deposits had been poorly sampled so far which finally
reflects a globally deficient record.
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Rothausen (1967) suspected climatic reasons for the lack
of cetaceans in the area of question in form of a warm-water
barrier that prevented the further northern advance of ceta-
ceans, in this special case, he wrote about the Squalodon-
toidea, the dominant cetacean group of Oligocene time. In a
later study, Walliser et al. (2015) could reconstruct a water
surface temperature in the Mainz Basin ranging between
12.3° and 22.0 °C, based on 8'30 isotopes of Glycymeris
shells and on 880, isotopes of Kaupitherium teeth. Still,
the only occurrences of cetaceans from the Rupelian to
date from the North Sea are those of a ?squalodontid (Ravn
1926).

Therefore, the assumed low diversity and dispersal in the
European waters can surely be considered to be a reason
why no cetacean remain occurred before in the Mainz Basin/
Upper Rhine Graben. A deficient sampling can be excluded
because of the long tradition of collecting in that area (see
above). A warm-water barrier as a reason for the lack of
cetaceans in the record so far in the Mainz Basin or Upper
Rhine Graben on the basis of water temperature is not con-
vincing and the North Sea, with its direct connection to the
Upper Rhine Graben, obviously had a very low abundance
of cetaceans in the Rupelian.

Bianucci et al. (2011) postulate migration routes of south-
ern hemisphere representatives (mammalodontids, waipati-
ids) to the Parathetys and Mediterranean realms (“Medi-
terranean-Indopacific Seaway”) during the late Oligocene
because of related finds in deposits of the Maltese Islands.
Assuming that the Eckelsheim specimen belongs to or is a
descendant of Llanocetus, which is essentially known from
the South Atlantic, we must assume that a migration route
through the entire Atlantic realm must have been possible
during the early Oligocene, independent of changes in oce-
anic gateways in context with global tectonics and climatic
alterations in that epoch.

Life behaviour of the Eckelsheim cetacean, for example,
regarding nutrition is speculative at this stage. As mentioned
above, there are no attrition traces definable on the Eck-
elsheim tooth and a raptorial feeding uncertain. The prin-
cipal cusp has a broken apex, probably a result of damage
during sedimentation processes.

Conclusions

The here presented find is the first report of a cetacean in the
Mainz Basin. This single tooth of the later Rupelian shows
greatest similarities with mandibular cheek teeth of the early
toothed mysticete Llanocetus denticrenatus which is known
from the latest Eocene of the Antarctic region and which is
the second-oldest described mysticete so far (Fordyce and
Marx 2018).
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Cetaceans seem to be extremely rare in the Mainz Basin
resp. Upper Rhine Graben despite centuries of intense fossil
hunting. One strong reason for this may have been the gener-
ally low diversity and dispersal in the North Atlantic and its
adjacent oceanic basins during the Rupelian (see Uhen et al.
2022). Another reason might lie in the preservation biases.
The global cooling after the Eocene—Oligocene transition
resulted in a marine regression. This could have either lim-
ited the deposition of cetaceans or destroyed already depos-
ited specimens as erosion expanded.

Considering the rich faunal content of the Mainz basin,
here of the Eckelsheim site (as presented in the chapter
“Faunal assemblage of the Alzey Formation™), a lack of food
resources would not be explicable even for a whale, although
finally we do not know how many of the species described
from the Alzey Formation could plausibly serve as whale
food and that we have to date no idea about the diet of the
species to which the tooth belonged.
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