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This study reports on a rare assemblage of deep-marine elasmobranchs from the middle Badenian (Langhian) of Austria,
which has been recovered by extensive bulk sampling of sediment deposited in the Krems embayment. The applied mul-
tidisciplinary approach enabled an age assignment, placing the assemblage around the mid Badenian flooding event
(14.59£0.2 Ma). Palaeoenvironmental reconstruction, based on a well-preserved foraminifera assemblage and fish oto-
liths, indicates predominantly oxic to suboxic with partially dysoxic conditions of a rather deep-marine (>100 m) setting,
which align with the recovered elasmobranch taxa. Despite analyzing 180 kilograms of sediment, only five elasmobranch
teeth were recovered. The low number of teeth and the extraordinarily well-preserved foraminifera argue for an autoch-
thonous deposition and point to high sedimentation rates associated with the flooding event. The teeth represent five
different elasmobranch orders (Squaliformes, Squatiniformes, Carcharhiniformes, Torpediniformes, and Myliobatiformes)
with a wide range of feeding behaviors, providing new insights into the ecological structure of this deep-marine environ-
ment. Despite common genera known from other marine settings of the Paratethyan realm (e.g., Squatina, Scyliorhinus,
and Centrophorus), this study documents the first distinct records of Torpedo and Mobula from Austria, expanding the

known palaeogeographic distribution of these taxa.

1. Introduction

The Central Paratethys Sea played a crucial role in shap-
ing the marine biodiversity of Eurasia before the epicon-
tinental sea transformed into the brackish Lake Pannon
(~7 Ma) (Rogl, 1998, 1999; Popov et al., 2004; Harzhauser
and Piller, 2007; Harzhauser et al., 2024a). This vast and
dynamic system underwent significant palaeoenviron-
mental and palaeogeographic changes, influenced by
global sea-level fluctuations, regional tectonics, and cli-
matic shifts (see Harzhauser et al., 2024a, 2024b). While
shallow-water environments of the Central Paratethys
are relatively well-documented through extensive fossil
records, our understanding of its deep-water ecosystems

remains notably incomplete. This concerns particularly
marine vertebrates, especially elasmobranchs (sharks,
rays, and skates), whose fossil record is mostly limit-
ed to isolated teeth. Deep-marine sediments from the
Burdigalian, comprising the regional stages of the late
Eggenburgian, Ottnangian, and Karpatian, have already
provided rare but valuable insights into the diversity of
elasmobranchs from that period (e.g., Barthelt et al., 1991;
Underwood and Schlégl, 2013; Pollerspdck and Straube,
2017; Marrama et al., 2019; Pollerspock et al., 2022). How-
ever, deep-marine elasmobranch assemblages from the
stratigraphically younger sediments of the Langhian
(Badenian) have never been described from Austria. To
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reconstruct the elasmobranch diversity of a deep-ma-
rine ecosystem, extensive bulk sampling in meaningful
quantities is necessary to adequately assess also teeth
of small elasmobranch taxa (e.g., Underwood, 2004).
Bulk sampling has become more common over the last
decade, enabling the description of several new elasmo-
branch taxa from different palaeoenvironmental settings
from both the Tethys (e.g., Feichtinger et al., 2023, 2024,
2025) and Paratethys (e.g., Underwood and Schldgl, 2013;
Pollerspock and Straube, 2017; Pollerspéck et al., 2018;
Feichtinger et al., 2020; Pollerspdck and Straube, 2021).
This has been vital for understanding elasmobranch
evolution and their spatial and temporal distribution.
Here we present a new elasmobranch assemblage of a
deep-marine succession of the Langhian from Austria,
which significantly contributes to our knowledge on the
palaeogeographic distribution of the recovered elasmo-
branch genera. In order to obtain the best estimate of the
environmental conditions, otoliths and foraminifera were
used to assess palaeobathymetry and oxygen availability.

2. Geographical and geological settings

The section Heiligenstein (Fig. 1) is situated in the
Austrian part of the North Alpine Foreland Basin (NAFB)
about 10 km NNE of Krems and about 70 km NW of Vien-
na. The section is close to the southeastern margin of the
Bohemian Massif, which formed the Miocene coastline in
the area (Harzhauser et al., 2003). In terms of palaeogeog-
raphy, the area was part of the Krems embayment, which
formed a western embayment of the Central Paratethys
Sea during the Badenian (= Langhian) (Gebhardt et al.,
2023). For a detailed description of the regional geology
see Gebhardt et al. (2023). In the region west of the vil-
lage of Stral im Straf3ertal, numerous small outcrops of
few meters thickness are accessible along wine-terraces
exposing purple-red, continental Permian sandstones of
the Z6bing Formation and marine clays, sands and grav-
els of the Middle Miocene Badenian Gaindorf Formation
(Fig. 1). Due to landslides along the terrace boundaries,
no continuous profiles can be logged and the contact
between the Permian and Miocene is currently not acces-
sible. The herein described Middle Miocene section com-
prises a basal unit of about 1 m of grey and partly limo-
nitic silts, sandy silts, and gravelly silts. These are overlain
by around 1 m of gravelly silts, which contain limonitized
plant debris in the top. An approximately 10 cm thick lay-
er of blue-grey clay is overlain by 70 cm of yellowish me-
dium to coarse sand with gravel and pebbles. The sands
are abruptly overlain by about 3 m of darkgrey clay, rich
in foraminifera and small, often articulated nuculanid bi-
valves. The samples processed here come from this unit,
which extends from 2.30 m - 4.70 m of the section log at
Figure 1b.

The abrupt change from coastal sands to deep water
clays of this unit (2.30 m - 4.70 m in profile of Fig. 1b) sug-
gests a very rapid flooding of the region. The mechanism
causing this rapid change in depositional environments
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is not solved yet. One might speculate that the Langhian
(mid-Badenian) transgression exceeded a swell separat-
ing the deeper valley of the eastern North Alpine Fore-
land Basin from the adjacent Vienna Basin resulting in a
rapid flooding of the basin. This hypothesis, however, will
need further geological evidence.

3. Material and methods

The elasmobranch teeth and fish otoliths derive from
two bulk-samples of 90 kg per horizon, which were col-
lected from lateral equivalents exposed on two differ-
ent terraces of the vineyards, encompassing a sample
from the lower terrace (48°29.1960 N, 15°43.2150 E; 326
m above sea level; Sample 1) and one sample from the
upper terrace (48°29.2240 N, 15°43.2030 E; 336 m above
sea level; Sample 2). Both samples represent roughly the
same horizon, taken from two terraces with a horizontal
distance of a few meters. The dark clay was disaggregat-
ed with 3% of diluted hydrogen peroxide and washed
through a set of sieves down to a mesh size of 320 um.
The teeth and otoliths were manually picked from the
residue and photographed with a Keyence VHX-7000
Digital Microscope in the Department of Mineralogy
and Petrography (NHM Vienna). In total, the bulk sam-
ples yielded five elasmobranch teeth, 213 well-preserved
otoliths, and a few bony fish teeth. The same procedure
was applied for foraminifera (200 g samples), which were
washed through a standard set of sieves (500 um, 250 pm,
125 um, 63 pm). The 200 g samples for the micropalaeon-
tological analyses were taken from the 90 kg bulk sam-
ples. Approximately 300 individuals were picked from
each sample and counted to genus level. Selected speci-
mens identified to species level were photographed with
a Keyence VHX-7000 Digital Microscope with automated
focus stacking. Foraminiferal species identification was
based on Papp and Schmidt (1985), Cicha et al. (1998)
and Rogl and Spezzaferri (2003) and cross-checked with
the World Foraminifera Database (Hayward et al., 2025)
and Mikrotax (Young et al., 2017). For the stratigraphic
assignment of planktonic foraminifera, we used Wade et
al. (2011) and Lirer et al. (2019). The described fossils are
stored in the Geological-Paleontological Department of
the Natural History Museum Vienna.

4. Results
4.1. Micropalaeontology
4.1.1. Age assignment and correlation with the mid-Bade-
nian flooding

The co-occurrence of Orbulina suturalis and Praeorbuli-
na circularis in both samples allows a correlation with the
Planktonic Foraminifera Zone M6 after Wade et al. (2011)
corresponding to a middle Langhian age (Young et al.,
2017) with an age range of 14.67 + 0.43 Ma. The FO of Or-
bulina suturalis in the Mediterranean is recorded at 14.56
Ma with the base of MMi5a (Lirer et al., 2019). Therefore,
the Heiligenstein section corresponds to the middle Bad-
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Figure 1: (a) Geographic position of the Heiligenstein section. (b) Section log of the succession. The samples derive from the upper part, which com-
prises dark grey clay of the Gaindorf Formation (Langhian, Middle Miocene). (c) Photograph of the sampled horizon (90 kg) from the upper terrace
(48°29.2240 N, 15°43.2030 E; Sample 2). (d) Photograph of the sampled horizon (90 kg) from the lower terrace (48°29.1960 N, 15°43.2150 E; Sample 1).

Basemap (Esri, 2009).

enian of the Vienna Basin as understood by Harzhauser
et al. (2020, 2024b) and SiedI et al. (2020). This dating is
in accordance with previous data for the Krems embay-
ment as presented by Gebhardt et al. (2023). Therefore,
the observed flooding in the Krems embayment corre-
sponds to the mid-Badenian flooding around 14.59+0.2
Ma as described by §egvic’ et al. (2022) and Harzhauser et
al. (2020, 2024b).

4.1.2. Inference of palaeo-waterdepth and palaeoecology

The inference of the palaeo-waterdepth is based on
relatively high abundances (44% and 45%) of deep ma-
rine indicator taxa. This indicator taxa includes Spiroruti-
lus (Fig. 2a), Siphonodosaria (Fig. 2i), Melonis (Fig. 2x), Pul-
lenia (Fig. 2y), Heterolepa (Fig. 2za, zb), Lenticulina (Fig.
2cf), and Uvigerina (Fig. 2t, u), which suggest a water
depth of at least 100 m or more (e.g., Mandic et al., 2002;
Rogl and Spezzaferri, 2003; Spezzaferri, 2004; Tomanova
Petrova and Svabenicka, 2007; Kranner et al., 2021). In ad-
dition, typical shallow-water taxa of the Badenian, such
as Ammonia or Elphidium, are completely absent.

The micropalaeontological analyses of this section
show high abundances (53% and 60%) of cold and
cold-temperate indicators such as Amphicoryna (Fig. 2g,
h), Sphaeroidina (Fig. 2v), Cibicidoides (Fig. 2w), Heterolepa
(Fig. 2za, zb), Lenticulina (Fig. 2c-f), Melonis (Fig. 2x), and
Pullenia (Fig. 2y), which indicate cold bottom waters (Rogl
and Spezzaferri, 2003; Murray, 2006; Tomanova Petrova
and Svabenicka, 2007), whereas the planktonic taxa Prae-
orbulina (Fig. 2zc), Orbulina (Fig. 2zd), Trilobatus, and Glo-
bigerina are indicative of warm-temperate surface wa-
ters (Rogl and Spezzaferri, 2003). The possibility of a local
upwelling zone has been discussed in Harzhauser et al.
(2003). The benthic assemblages are dominated by Len-
ticulina (Fig. 2c-f) and Heterolepa (Fig. 2za, zb) (36% and
43%) pointing to mostly oxic-suboxic conditions in shelf
to bathyal settings (Rogl and Spezzaferri, 2003). Dysoxic
indicators such as Amphicoryna (Fig. 2d, h), Bolivina (Fig.
2n, 0), Bulimina (Fig. 2q), and Protoglobobulimina (Fig.
2r) make up 15 and 25% of the assemblage, suggesting
at least partially dysoxic conditions (Mandic et al., 2002;
Rogl and Spezzaferri, 2003).

207



Figure 2: Selected Foraminifera from Heiligenstein. All scale bars are 100 um. (a) Spirorutilus carinatus (d'Orbigny, 1846), NHMW-GEO-2025-0077-0001.
(b) Laevidentalina elegans (d'Orbigny, 1846), NHMW-GEO-2025-0077-0003. (c) Lenticulina ariminensis (d'Orbigny, 1846), NHMW-GEO-2025-0077-0004.
(d) Lenticulina calcar (Linnaeus, 1758), NHMW-GEO-2025-0078-0001. (e) Lenticulina clypeiformis (d'Orbigny, 1846), NHMW-GEO-2025-0077-0005. (f)
Lenticulina cultrata (Montfort, 1808), NHMW-GEO-2025-0077-0006. (g) Amphicoryna badenensis (d'Orbigny, 1846), NHMW-GEO-2025-0077-0009. (h)
Amphicoryna hirsuta (d'Orbigny, 1826), NHMW-GEO-2025-0078-0003. (i) Siphonodosaria scripta (d'Orbigny, 1846), NHMW-GEO-2025-0077-0019. (j)
Marginulina eximia Neugeboren, 1851, NHMW-GEO-2025-0077-0010. (k) Vaginulinopsis pedum (d'Orbigny, 1846), NHMW-GEO-2025-0078-0004. (l)
Guttulina austriaca d'Orbigny, 1846, NHMW-GEO-2025-0077-0012. (m) Cassidulina laevigata d'Orbigny, 1826, NHMW-GEO-2025-0077-0014. (n) Boliv-
ina antiqua d'Orbigny, 1846, NHMW-GEO-2025-0077-0013. (o) Bolivina hebes Macfadyen, 1930, NHMW-GEO-2025-0078-0006. (p) Lapugyina schmidi
Popescu, 1998, NHMW-GEO-2025-0077-0018. (q) Bulimina subulata Cushman and Parker, 1937, NHMW-GEO-2025-0078-0007. (r) Protoglobobulimina
pupoides (d'Orbigny, 1846), NHMW-GEO-2025-0078-0008. (s) Globobulimina pyrula (d'Orbigny, 1846), NHMW-GEO-2025-0077-0015. (t) Uvigerina pyg-
moides Papp and Turnovsky, 1953, NHMW-GEO-2025-0077-0016. (u) Uvigerina semiornata d'Orbigny, 1846, NHMW-GEO-2025-0077-0017. (v) Sphaeroi-
dina bulloides d'Orbigny in Deshayes, 1832, NHMW-GEO-2025-0078-0009. (w) Cibicidoides ungerianus (d'Orbigny, 1846), NHMW-GEO-2025-0077-0020.
(x) Melonis pompilioides (Fichtel and Moll, 1798), NHMW-GEO-2025-0078-0010. (y) Pullenia bulloides (d'Orbigny, 1846), NHMW-GEO-2025-0077-0022.
(z) Nonion commune (d'Orbigny, 1846), NHMW-GEO-2025-0077-0023. (za) Heterolepa praecincta (Karrer, 1868), NHMW-GEO-2025-0077-0024. (zb) Het-
erolepa dutemplei (d'Orbigny, 1846), NHMW-GEO-2025-0078-0011. (zc) Praeorbulina circularis (Blow, 1956), NHMW-GEO-2025-0077-0026. (zd) Orbulina
suturalis Bronnimann, 1951, NHMW-GEO-2025-0077-0025.



Figure 3: Otoliths from Heiligenstein (Langhian, Miocene). (a-c) Gadiculus argenteus Guichenot, 1850, (NHMW-GEO-2025-0110-0009) recovered
from Sample 1. (d-f) Diaphus austriacus (Koken, 1891), (NHMW-GEO-2025-0110-0007) recovered from Sample 1 and 2. (g-i) Peristedion sp. (NHMW-

GEO-2025-0110-0005) from Sample 1.

4.2. Otolith assemblage

Material: 12 specimens of Gadiculus argenteus Guic-
henot, 1850 (Fig. 3a-c, Sample 1); 120 specimens of Dia-
phus austriacus (Koken, 1891) (Fig. 3d-f, Sample 1); 1 spec-
imen Peristedion sp. (Sample 1); 80 specimens of Diaphus
austriacus (Koken, 1891) (Fig.3 g-i, Sample 2).

Remarks: Otoliths are relatively common in the studied
samples but show a very low diversity. The assemblage
is dominated by mesopelagic fishes (Diaphus austria-
cus and Gadiculus argenteus), which are both common
throughout the middle Badenian of the Central Para-
tethys (Schwarzhans and Radwanska, 2022 and 2025 in
press). Their abundance in combination with the lack
of demersal shelf fishes (with the singular exception of
one specimen of Peristedion sp.) indicates an offshore
environment. The absence of bathydemersal fishes may
point to suboxic to dysoxic conditions at the sea bottom
which would be an adverse ecologic environment for
fishes of this guild. Elsewhere in coeval deeper settings
of the Central Paratethys, bathydemersal fishes (for in-
stance of the family Macrouridae) are common and di-
verse (Schwarzhans and Radwarniska, 2025 in press).

4.3. Systematic palaeontology of elasmobranchs
The dental terminology and systematic scheme em-
ployed here largely follow those of Cappetta (2012).

Order Squaliformes Compagno, 1973

Family Centrophoridae Bleeker, 1859

Genus Centrophorus Miller and Henle, 1837

Centrophorus sp.

Figure 4a-b

Material: One tooth (NHMW-GEO-2025-0109-0001);

Sample 2

Description: Strongly labio-lingual compressed tooth
of the lower jaw, which is slightly higher (2.6 mm) than
wide (2.3 mm). The distally bent cusp possesses a faint
serration of the sigmoidal curved mesial cutting edge
and is flanked by a distal heel. The labial face bears a long
and narrow apron, which does not reach the basal root
edge (Fig. 4a). Several foramina open mesially and dis-
tally of the apron. The lingual crown possesses a small,
but acute uvula (Fig. 4b). A well-developed interlocking
surface is developed below the distal heel of the lingual
root face, which ends at the height of the elongated root
bulge. The root bulge extends from the distal interlock-
ing surface to the mesial root edge and is pierced by one
central foramen. A faint nutritive groove continues from
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the central foramen towards the basal root edge. Addi-
tional lingual foramina open along the crown-root tran-
sition.

Remarks: To date, the genus Centrophorus encompass-
es 13 extant species (Pollerspock and Straube, 2025),
which inhabit mainly deepwater environments with a
depth-range of 1000 - 1500 m (Compagno, 2005). So far,
three of the modern species have been identified in the
fossil record. The species C. atromarginatus Garman, 1913
was mentioned to have been found in the Miocene of
Japan (Suzuki, 2012). Teeth of the species C. squamosus
(Bonnaterre, 1788) are mentioned from different Ceno-
zoic strata of New Zealand (Keyes, 1984) and from the
Pliocene of Italy (Cigala-Fulgosi, 1986). Unfortunately,
none of the mentioned fossil occurrences of both ex-
tant species have been figured. Teeth of the third living
species, C. granulosus, have often been identified among
fossil assemblages of different strata (Cappetta, 2012).
However, it is important to note that living species can
exhibit considerable intraspecific variations of the tooth
morphology, though this remains poorly documented
(White et al., 2013, 2017, 2022). Nevertheless, several fossil
specimens have been attributed to C. granulosus or clas-
sified as Centrophorus sp., the latter being a more reliable
assignment given the limited data on dental variation
of extant species (e.g., Barthelt et al., 1991; Pollersp6ck
and Straube 2017; Pollerspock et al., 2022; Holtke et al.,
2022; Pollerspock and Unger, 2024). Although we prefer
to leave this tooth in open nomenclature, this tooth rep-
resents the first record of the genus Centrophorus from
the Langhian of Austria.

Order Squatiniformes De Buen, 1926

Family Squatinidae Bonaparte, 1838

Genus Squatina Dumeril, 1805

Squatina sp.

Figure 4c-d

Material: One tooth (NHMW-GEO-2025-0110-0001);

Sample 1

Description: The incomplete tooth has a triangular
cusp with a narrow apron, which protrudes below the flat
root base (Fig. 4d). The combination of a triangular cusp
with smooth cutting edges, which continue towards the
mesial and distal root in combination with the apron, a
flat root base with a lingual root protuberance, is charac-
teristic for the genus Squatina.

Remarks: The genus Squatina includes 26 living spe-
cies and 14 extinct species (Pollerspock and Straube,
2025), with its earliest known records dating back to the
Jurassic (Cappetta, 2012). Since Squatina species exhibit
subtle differences in their tooth morphologies, distin-
guishing between Cenozoic species based solely on den-
tal characters remains challenging. The recovered tooth
of this study is poorly preserved, which precludes precise
species identification. Extant representatives occupy en-
vironments from the intertidal zone down to 1000 m wa-
ter depth (Compagno et al., 2005).
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Order Carcharhiniformes Compagno, 1977

Family Scyliorhinidae Gill, 1862

Genus Scyliorhinus De Blainville, 1816

Scyliorhinus sp.

Figure 4 e-f

Material: One tooth (NHMW-GEO-2025-0109-0003);

Sample 2

Description: A small scyliorhinid not exceeding a tooth
width of 600 um. The main cusp is slightly bent in distal
direction and is flanked by two pairs of lateral cusps. The
first pair of lateral cusps reaches the height of one third
of the main cusp. The second pair is significantly smaller,
but the distal cusplet is not preserved. The labial crown
face bears very well-developed enameloid ridges, which
extend from the crown base up to half of the total crown
height at the main cusp and almost to the apex at the
lateral cusplets (Fig. 4e). The lingual crown face possess-
es only faint enameloid striations (Fig. 4f). The root is not
well-preserved.

Remarks: The fossil record of Scyliorhinus dates back to
the Cretaceous, however, the origin of the genus based
on tooth fossils is poorly known (Underwood and Mitch-
ell, 1999; Cappetta, 2012). Although the genus Scyliorhi-
nus comprises almost 40 extinct species, it is not possible
to attribute the tooth of this study to a distinct species.
These small, bottom-dwelling sharks are well represent-
ed in the fossil record and show a wide palaeogeograph-
ic distribution (Cappetta, 2012). The majority of extant
species dwell in fairly deep waters of the continental
shelf or upper slope (Compagno et al., 2005; Soares and
Carvalho, 2019).

Order Torpediniformes De Buen, 1926

Family Torpedinidae Bonaparte, 1838

Genus Torpedo Dumeril, 1805

Figure 4g-j

Material: One tooth (NHMW-GEO-2025-0110-0002);

Sample 1

Description: An antero-lateral, asymmetrical tooth not
exceeding a crown height of 1.5 mm. The cusp is strong-
ly bent lingually, which exhibits only faint cutting edges.
The cutting edges disappear at the cusp base and thus,
do not continue towards the labial or lingual crown mar-
gin. The crown base is rectangular in basal view (Fig. 4j),
with a deep indentation of the lingual crown face (Fig.
4q). The labial visor is thick and distinctly overhangs the
bilobed root (Fig. 4h-j). Both root lobes are small but pro-
trude below the lingual crown (Fig. 4g-h). One large fo-
raminal opening is situated between the root lobes (Fig.
4j).

Remarks: The single tooth described in this study ex-
hibits typical morphological characters of the genus Tor-
pedo. The genus comprises twelve modern representa-
tives and four extinct species (Pollerspdck and Straube,
2025). Although the tooth from Heiligenstein is very well
preserved, it is difficult to attribute this single tooth to a
distinct species. Teeth of the species T. chattica Reinecke,
2015, T. dormaalensis Smith, 1999, and T. pessanti Adnet,



2006 exhibit a very well-developed cutting edge of the
cusp, which continues towards the mesial and distal
crown margins. Teeth of T. acarinata Adnet, 2006 differs
by a convex visor, which is straight at the tooth described
in this study. In addition, the almost rectangular outline
of the crown of the described specimen separates this
tooth from all known fossil Torpedo species.

Teeth of the genus Torpedo are extraordinarily scarce in
the fossil record. The stratigraphically oldest record of this
genus is known from the Thanetian of Belgium (Smith,
1999). In Europe, the records comprise teeth from the Eo-
cene from Germany and France (Adnet, 2006; Reinecke et
al., 2024) and from the Oligocene of Germany (Reinecke
et al., 2005; Reinecke, 2015). To date, only two records
from the Miocene have been figured, which comprise
specimens from Portugal (Fialho et al., 2019) and Swit-
zerland (Bolliger et al., 1995). Additional Miocene reports
were mentioned from Belgium (Hoedemakers and Du-
fraing, 2015), Germany (Von der Hocht, 1986), and France
(Cappetta et al., 1967), but none of the mentioned spec-
imens have been figured. The only records from Austria
were mentioned by Pfeil (1984) and the same record was
listed in Schultz (2013), but the teeth have never been sci-
entifically described or figured and the mentioned teeth
are not stored in a public collection. Thus, the tooth de-
scribed in this study represents the first distinct record of
Torpedo from Austria.

Order Myliobatiformes

Family Mobulidae Bonaparte, 1838

Genus Mobula Rafinesque, 1810

Mobula sp.

Figure 4k-n

Material: One tooth (NHMW-GEO-2025-0109-0002);

Sample 2

Description: A small tooth, not exceeding 1.25 mm in
width with a monocuspid crown (Fig. 4k-n). The crown is
smooth and almost triangular in occlusal view. In profile
view, the occlusal face of the crown appears almost flat
with the apex of the cusp slightly exceeding the lingual
root margin (Fig. 4m). The labial visor is straight (Fig. 4k),
but the labial and lingual crown-root transition is strong-
ly narrowed (Fig. 4k-m). The height of the root is lower
than the crown, but protrudes below the crown in basal
view (Fig. 4n). The broad root represents a reduced poly-
aulacorhize stage.

Remarks: The phylogeny and taxonomy of extant rep-
resentatives of the family Mobulidae have long been
debated (Adnet et al., 2012; Naylor et al., 2012; Paig-Tran
et al., 2013; Aschliman, 2014; Poortvliet et al., 2015). Until
recently, the family Mobulidae comprised two modern
genera (Mobula and Manta), whose phylogenetic posi-
tion has been revised based on DNA data and morpho-
logical information (White et al.,, 2018). Based on this
comprehensive analysis, the genus Manta was placed in
synonymy with Mobula (White et al., 2018), making the
latter the only remaining extant genus within the family
Mobulidae.
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The stratigraphically oldest record of Mobula dates
back to the Danian (Noubhani and Cappetta, 1997). In
addition, the family comprises seven extinct genera
(Argoubia Adnet, Cappetta, Guinot and Notarbartolo Di
Sciara, 2012, Arnomobula Leder, 2015, Burnhamia Cap-
petta, 1976, Eomanta Pfeil, 1981, Eoplinthicus Cappetta
and Stringer, 2002, Oromobula Adnet, Cappetta, Guinot
and Notarbartolo Di Sciara, 2012, Plinthicus Cope, 1869).
Among these, the teeth of Arnomobula, Argoubia, Eoman-
ta, Plinthicus, and Oromobula possess very strong crown
ornamentation (e.g., furrows and irregular granules) and
thus, differ distinctly from the tooth described in this
study.

The teeth of the remaining extinct genera, Eoplinthi-
cus and Burnhamia, exhibit a marked transverse groove
or depression on the occlusal face of the crown, which
differs distinctly from the smooth and flat crown of the
tooth from Heiligenstein. Although the teeth of the ge-
nus Mobula display a wide range of morphological varia-
tions (Adnet et al., 2012), the described tooth of this study
shows the greatest similarity to the latter. The tooth mor-
phology of this genus comprises three main morpho-
types: (1) peg-like teeth with a high, tubular crown with a
holaulacorhize root, (2) cobblestone shaped tooth plates
with a crown that is higher than the small polyaulacorhize
root, which enables an interlocking of the tooth files, and
(3) comb-like shapes, which comprises small teeth with
smooth or ornamented crown faces of mono- or cuspi-
date cusps, combined with a low holaulacorhize or poly-
aulacorhize root. The teeth of the latter do not typically
interlock but instead represent the most common type
found in both extinct and extant Mobula species (Adnet
etal.,, 2012). Within the genus Mobula, the tooth from Hei-
ligenstein shares most similarities with teeth of the spe-
cies M. loupianensis (Cappetta, 1970). However, the tooth
described in this study differs from M. loupianensis by the
broad and massive root, which leads us to leave this sin-
gle tooth in open nomenclature. It is noteworthy, howev-
er, that teeth with a similar morphology to the tooth from
Heiligenstein have also been reported from the Langhian
in France, which was classified as M. loupianensis (Pl. 9 in
Brisswalter, 2009).

Although distributed circumglobally, the total num-
ber of recovered devil ray teeth in the fossil record is low.
Fossil teeth from Europe are known from the Oligocene
of Germany (Pfeil, 1981, Reinecke et al., 2014; Reinecke,
2015) and from the Miocene of the Netherlands (Bor et al.,
2012), Germany (Barthelt et al., 1991), France (Cappetta,
1970; Brisswalter, 2009; Vialle et al., 2011), Portugal (Jonet,
1976; Antunes et al., 1981; Fialho et al,, 2019), Hungary
(Szabd et al., 2022), and Poland (Schultz, 1977; Reinecke
and Radwanski, 2015). The only record from Austria was
listed in Schultz (2013), but the mentioned tooth has nev-
er been figured and is not housed in a public accessible
collection. Thus, the tooth from this study represents the
first distinct record of the genus Mobula from Austria.
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Figure 4: Elasmobranch teeth from Heiligenstein (Langhian, Miocene). (a-b) Centrophorus sp. (NHMW-GEO-2025-0109-0001; Sample 2), (a) labial
view, (b) lingual view. (c-d) Squatina sp. (NHMW-GEO-2025-0110-0001; Sample 1), (c) lingual view, (d) labial view. (e-f) Scyliorhinus sp. (NHMW-
GEO-2025-0109-0003; Sample 2), (e) labial view, (f) lingual view. (g—-j) Torpedo sp. (NHMW-GEO-2025-0110-0002; Sample 1), (g) lingual view, (h) profile
view, (i) labial view, (j) basal view. (k-n) Mobula sp. (NHMW-GEO-2025-0109-0002; Sample 2), (k) labial view, (I) lingual view, (m) profile view, (n) basal
view.

5. Discussion

The studied section at Heiligenstein is dated to the
middle Badenian, based on the co-occurrence of the
planktonic foraminifera Orbulina suturalis and Praeor-
bulina circularis (Wade et al., 2011; Lirer et al., 2019). The
section documents a major flooding, which corresponds
to the mid-Badenian flooding around 14.59+0.2 Ma as

described by Segvi¢ et al. (2022) and Harzhauser et al.
(2020, 2024b).

The analysis of microfossils such as benthic foramin-
ifera and otoliths suggests a medium to deep-marine
environment with water depths of at least 100 m or more
(e.g., Mandic et al., 2002; Rogl and Spezzaferri, 2003; Kran-
ner et al., 2021) with cool bottom waters and warm-tem-



perate surface waters (Rogl and Spezzaferri, 2003; Mur-
ray, 2006). Foraminiferal indicators points to mostly oxic
to suboxic conditions with periodically dysoxic intervals
(Mandic et al., 2002; Rogl and Spezzaferri, 2003). A com-
parable setting was described by Harzhauser et al. (2003)
from the close-by Mihlbach section, where deep water
settings existed in close vicinity to the coast due to the
deep cliffs of the Bohemian Massif. The possibility of a
local upwelling zone, corresponding to the variable tem-
perature regimes, was discussed therein (Harzhauser et
al,, 2003).

The processed sediment (180 kg) of this section yielded
five teeth of five different elasmobranch orders, pointing
to a moderate diverse assemblage of cartilaginous fish-
es recovered from a deep-marine environment, which
are accompanied by a low diversity bony fish fauna. The
identified elasmobranch orders are Squaliformes (dog-
fish sharks), Squatiniformes (angel sharks), Carcharhini-
formes (ground sharks), Torpediniformes (electric rays),
and Myliobatiformes (stingrays and their relatives).

The associated bony fish fauna comprises otoliths of
the species Gadiculus argenteus, Diaphus austriacus, and
one single otolith of Peristedion sp., the latter of which
may be of allochthonous shallow water origin. Other-
wise, the otolith assemblage indicates a pelagic environ-
ment of at least 100 m water depth. Myctophids (Diaphus
austriacus), which are the most common, are known for
undertaking diel migrations living at depths of 300 to
1000 m during the day and migrating to the sea surface
at night (Robison et al., 2020). Gadiculus argenteus is one
of the few fish species from the Middle Miocene that still
exists today. This species is found in the oceanic pelagic
zone at depths ranging from 100 to 1000 meters (Froese
and Pauly, 2025). The absence of demersal fishes, partic-
ularly of the bathydemersal guild, speaks for suboxic to
dysoxic conditions at the sea bottom.

Sample 1 has yielded one tooth attributed to the ge-
nus Torpedo, which represents the first documented
occurrence of an electric ray in Austria. This discovery
significantly contributes to our knowledge of the spatial
distribution and expands the palaesogeographic range of
this genus to the Central Paratethys. The second recov-
ered tooth from Sample 1 has been identified as Squa-
tina, which is a common faunal element in different pa-
laeoenvironments of the Central Paratethys. Both electric
rays (Torpedo) and angel sharks (Squatina) are highly spe-
cialized benthic predators characterized by a predomi-
nantly demersal lifestyle (Capapé et al., 2007; Baremore
et al.,, 2010; El Kamel-Moutalibi, 2013; Veldzquez-Chiqui-
to et al., 2021), which indicates habitable conditions for
bottom-dwelling taxa of the depositional environment.
Although Torpedo and Squatina are both bottom dwell-
ers, their hunting behavior differs distinctly. Torpedo rays
possess electrogenic organs, which they use to generate
electric discharges to paralyze prey. In contrast, angel
sharks are ambush predators that bury themselves in
sand or mud, patiently waiting for their prey. Extant rela-
tives of electric rays occupy different environments rang-
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ing from coral reefs of coastal regions down to the upper
continental slope (De Carvalho et al., 2016 [in Last et al.,
2016]), which is in accordance with the preferred habitat
of angel sharks (Compagno et al., 2005).

The recovered teeth from the second sample (Sample
2) comprise the genera Centrophorus, Scyliorhinus, and
Mobula. Teeth of gulper sharks (Centrophorus) and cat
sharks (Scyliorhinus) are common in different palaeoen-
vironments of the Central Paratethys including the North
Alpine Foreland Basin (e.g., Schultz, 2013). However, teeth
of large pelagic devil rays (Mobula) are scarce in sedi-
ments of the North Alpine Foreland Basin (e.g., Cappetta,
2012; Schultz, 2013). Giant devil and manta rays exhibit a
planktivorous feeding behavior, with a diet mainly com-
posed of small crustaceans (Burgess et al., 2016; Bennett
et al,, 2017). Thus, all three identified elasmobranch gen-
era, recovered from the second sample (Sample 2), exhib-
it different hunting strategies and feeding preferences.
As mentioned, devil rays feed on planktonic organisms,
which are sieved from the water using their branchial filter
plates (White and Last, 2016). In contrast, gulper and cat-
sharks hunt more actively using their perfectly adapted
dentitions. Whereas gulper sharks (Centrophorus) possess
dignathic heterodonty, with needle-like upper jaw teeth
and overlapping, blade-like lower jaw teeth referred to
as clutching-cutting dentition, catsharks (Scyliorhinus)
exhibit only weak monognathic heterodonty, character-
ized by small, multicuspid teeth of a clutching-type den-
tition. Although both genera primarily feed on small in-
vertebrates and bony fish, their hunting behavior differs
significantly due to variations in their lifestyle. Whereas
catsharks are opportunistic, benthic ambush predators,
gulper sharks are active mesopelagic hunters that pref-
erentially prey on larger fish and cephalopods. Consid-
ering the habitat range of modern gulper and catsharks,
which occupy fairly deep environments (Compagno et
al., 2005), teeth of both genera are typical deep-water in-
dicators of a fossil assemblage.

Although a precise analysis of the environmental
conditions is still pending, the extraordinarily well-pre-
served foraminifera from this section likely indicate an
elevated sedimentation rate, potentially triggered by the
mid-Langhian (Badenian) transgression.

6. Conclusion

The Heiligenstein section represents a rare snapshot
of the trophic structure of a deep-marine realm of the
North Alpine Foreland Basin during the middle Badenian
(Langhian). In total, the sampled sediment enabled the
documentation of five different elasmobranch taxa, in-
cluding the first distinct record of Torpedo and Mobula
from Austria. Specialized hunting strategies among these
taxa further highlight their ecological diversity: Mobula
filters plankton, Torpedo paralyzes prey with electric
discharges, Scyliorhinus and Squatina ambush benthic
prey, and Centrophorus actively hunts in the mesopelagic
zone. The elasmobranch fauna is accompanied by typical
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deep-marine bony fish such as Gadiculus argenteus and
Diaphus austriacus. The absence of bathydemersal fishes
in the sediment points to low-oxygen (suboxic to dysox-
ic) bottom-water conditions that were likely unsuitable
for many deep-sea fish. However, the presence of bot-
tom-dwelling elasmobranchs like Torpedo and Squatina
- which usually require more oxygen - suggests that con-
ditions may have been more favorable at times. This is
supported by foraminiferal data indicating oxic to subox-
ic environments. The mixed signals make this interpreta-
tion somewhat uncertain, and more detailed, fine-scale
sampling is needed to better understand short-term
changes in bottom-water conditions. Nevertheless, the
combination of vertebrate and micropalaeontological
data offers a rare insight into the palaeoecology of this
deep-marine realm in the Central Paratethys Sea. How-
ever, due to the small number of recovered teeth further
and more extensive bulk-sampling is necessary to recon-
struct a more precise trophic structure of this deep-ma-
rine ecosystem.
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