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The Paratethys evolved as a marginal sea during the Alpine-Himalayan orogeny in the Oligo-Miocene.
Sediments from the northern Alpine Molasse Basin, the Vienna, and the Pannonian Basins located in the
western and central part of the Paratethys thus provide unique information on regional changes in climate
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and oceanography during a period of active Alpine uplift. Oxygen isotope compositions of well-preserved
phosphatic fossils recovered from the sediments support deposition under sub-tropical to warm-temperate
climate with water temperatures of 14 to 28 °C for the Miocene. 6'®0 values of fossil shark teeth are similar to
those reported for other Miocene marine sections and, using the best available estimates of their
biostratigraphic age, show a variation until the end of the Badenian similar to that reported for composite
global record. The 87Sr/%5Sr isotope ratios of the fossils follow the global Miocene seawater trend, albeit with
a much larger scatter. The deviations of 87Sr/%6Sr in the samples from the well-constrained seawater curve
are interpreted as due to local input of terrestrially-derived Sr. Contribution of local sources is also reflected
in the &yg values, consistent with input from ancient crystalline rocks (e.g., Bohemian Massif) and/or
Mesozoic sediments with eyg<—9. On the other hand, there is evidence for input from areas with Neogene
volcanism as suggested by samples with elevated enq values >-7. Excluding samples showing local influence
on the water column, an average &€yq value of =7.9+0.5 may be inferred for the Miocene Paratethys. This value
is indistinguishable from the &yq value of the contemporaneous Indian Ocean, supporting a dominant role of

this ocean in the Western and Central Paratethys.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The Paratethys evolved as an epicontinental sea that was isolated
from the Tethys during the Late Eocene-Early Oligocene due to the
Alpine orogeny and global changes in sea level (e.g., Rogl and
Steininger, 1983, Lemcke, 1988; Bachmann and Miiller, 1992; Berger,
1992; Steininger et al., 1996). The Western and Central Paratethys
were situated to the north and east of the emerging Alps during the
Oligo-Miocene. Theses marine provinces can be further subdivided for
smaller basins such as the north-Alpine Molasse, Vienna-, and
Pannonian Basins. Sediments deposited in these marginal basins
provide an opportunity to examine possible links between Alpine
uplift and regional variations in climate (c.f. Raymo and Ruddiman,
1992; Ruddiman, 1997; Zachos et al,, 2001). Also important in this
tectonic context are the possible marine pathways connecting the
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various circum-Alpine basins with major marine provinces such as the
Mediterranean, the Atlantic and Indian oceans. Such palaeoceano-
graphic pathways may be delineated by using various geochemical
methods (e.g., Piepgras and Wasserburg, 1980; Bertram and Elderfield,
1993; Stille et al., 1996).

This study attempts to constrain the palaeoclimatic and palaeo-
ceanographic conditions that existed during deposition of the Early to
Middle Miocene sediments of the Western- and Central Paratethys
with the help of oxygen, strontium, and neodymium isotope com-
positions in phosphatic marine fish and mammal skeletal remains. In
addition, we provide data of composition of the host sediments. This
combination of isotopic data has gained increasing recognition as
oceanographic proxies (e.g., Longinelli and Nuti, 1973a,b; Staudigel
et al., 1985; Kolodny and Luz, 1991; Ingram, 1995; Vennemann and
Hegner, 1998). Foraminifera (Hagmaier, 2002) and ostracods (Janz and
Vennemann, 2005) have also been investigated in accompanying
studies of Miocene clay-rich sediments from the deeper parts of the
Vienna and the Pannonian Basins. The results of these studies will be
used for comparison purposes.
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2. Geological setting and sample localities

The Paratethys developed as a large epicontinental sea extending
from the Alpine foredeep to the Caspian area, with several connec-
tions to other marine provinces from the Late Eocene onwards
(Fig. 1a). Isolation and reopening of oceanic gateways to the Paratethys
occurred repeatedly, allowing the development of a distinct palaeo-
biologic province (e.g., Rogl and Steininger, 1983; Berger, 1992;
Steininger et al., 1996; Rogl, 1998; Berger et al., 2005a,b). Both oc-
currences of anoxic layers (Lower Oligocene) and/or brackish faunal
assemblages support multiple stages of isolation (Fig. 1b). Collectively,
the different endemic evolution led to the establishment of local
biostratigraphic stages for the Central and Eastern Paratethys (e.g.,
Rogl and Steininger, 1983; Steininger et al., 1996).

This study focuses on the Western and Central Paratethys
including the north Alpine Molasse, the Vienna and the Pannonian
Basins. Marine sediments of the north Alpine Molasse Basin are
exposed from south-west of Lake Geneva in France, via Switzerland
and southern Germany to Austria in the east, where the Molasse Basin
merges into the Vienna- and Pannonian Basins (Fig. 2). The Molasse
Basin is a classical foreland basin, which formed along the northern
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Fig. 1. (a) Simplified palinspastic reconstruction of the Paratethys after Rogl (1998),
illustrating the marginal nature of the Paratethys and showing possible pathways with
major oceans (arrows). SC — Slovenian Corridor; RV — Rhone Valley. (b) Stratigraphic
stages of the Mediterranean Tethys and Central Paratethys after Gradstein et al. (2004),
Rogl and Steininger (1983), and Steininger et al. (1996). The main sedimentary cycles of
the north Alpine Molasse Basin and the main endemic events when the Paratethys
became partly isolated are from Rogl (1998) and Berger et al. (2005a). The studied
stratigraphic interval is marked by the light grey band.

Alps during the Alpine orogeny. Molasse sedimentation started at the
end of the Eocene, shifting northwards with the movement of the
Alpine front during the Oligocene and Miocene. Thus, the deepest
parts and thickest sedimentary fillings of the present basin occur close
to the northern margin of the Alps. The sediment consists predomi-
nantly of Alpine denudation debris and marine to terrestrial beds,
deposited during two major transgression-regression cycles (Fig. 1b;
Lemcke, 1988; Bachmann and Miiller, 1992; Kuhlemann and Kempf,
2002).

The Miocene marine deposits investigated here were deposited
during a transgression that reached the north Alpine foredeep during
the Early Miocene (Eggenburgian). This transgression occurred from
the SW via the ancient Rhone valley and from the E via the Pannonian
Basin, and it continued as two smaller cycles during the Ottnangian
(Upper Marine Molasse — OMM). Water was exchanged with the
Mediterranean and eastwards via the Central Paratethys with the
Indian Ocean (Lemcke, 1988). During the Late Ottnangian the sea
withdrew from the central part of the Molasse Basin, and after a short
period of brackish conditions terrestrial sedimentation set in (Upper
Freshwater Molasse — OSM). In the eastern part of the Molasse Basin
and the Vienna- and Pannonian Basins, after a short brackish event
(“Rzehakia” beds), the sea still persisted during the Karpatian,
Badenian, and Early Sarmatian, and finally brackish conditions set in
during the Late Sarmatian. Transgression/regression cycles of the
Paratethys are described in more detail by, for example, Rogl and
Steininger (1983) or Popov et al. (2004), and a comparison of the
assumed global sea-level fluctuations with those of the Paratethys and
Mediterranean Tethys is given therein.

The present study focused on phosphate fossils of marine origin from
the Early-Middle Miocene (Eggenburgian-Badenian) because these
fossils are regionally abundant in the Molasse Basin and are known to be
robust to diagenetic alteration (e.g., Vennemann and Hegner, 1998). The
development of a number of basins and sub-basins within the Western
and Central Paratethys and a lack of continuous sequences in the circum-
Alpine region in general, will complicate any interpretation of the
marine evolution during the Miocene. Hence, in order to assure the most
reliable stratigraphic positioning of the samples, palaeontologically and,
wherever possible, biostratigraphically well known localities have been
selected for this study. Geographic distribution, bio- and lithostrati-
graphic position of the sample localities are shown in Fig. 2 and Table 1,
respectively. The ages of sedimentation were derived from the global
stratigraphic stages of Gradstein et al. (2004) and for the Paratethys from
Rogl (1998) and Berger et al. (2005a), combined with the relative
biostratigraphic position of the layers sampled. In some cases, however,
extrapolations were made on the basis of the relative differences in Sr-
isotope compositions for nearby localities (for details see the discussion
below).

As shark teeth are the most common phosphate fossils in the
sediments, thus these remains are in the center of this study. While
the shark species listed in Table 2 (see online version of the paper) are
not considered representative for the molasse sediments as a whole
because of the small number of samples, it is apparent from other
studies (e.g., Barthelt et al., 1991; Kocsis, 2007) that teeth from species
typical of the open ocean or of bathyal zones are rather rare. This
suggests coastal sedimentation and rather shallow water conditions, a
conclusion that is compatible with the interpretation from ostracods
and foraminifera of the molasse sediments (Hagmaier, 2002; Janz and
Vennemann, 2005). However, as teeth from shark species typical of
deeper waters (e.g., Mitsukurina lineata), and of the open ocean
(Isurus) do occur, good connection to deeper basins or the open ocean
must have existed.

3. Geochemical background

Shark teeth are readily classified on taxonomic level and the
enamel of the teeth has good crystallinity and hardness, hence
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Fig. 2. Geographic and biostratigraphic position of the sampled localities in the north Alpine Molasse-, the Vienna-, and Pannonian basins. Localities: Al — Allerding, Apf — Apfingen,
Aub — Auberson, Ba — Ballendorf, Bal — Baltringen, BV — Bad Véslau, Ben — Benken, Dan — Danitz-puszta, DV — Devinska Nova Ves, Eg — Eggingen, Er — Ermingen, Ga — Gauderndorf,
Gri — Griesskirchen, Him — Himeshaza, Ipo — Ipolytarndc, Kaz — Kazar, Kii — Kiihnring, Lei — Leithakalk, Ma — Maierhof, Mol — La Moliére, Msz — Matraszollos, Mus — Mussel, Nex —
Nexing, Neu — Neustift, Pfu — Pfullendorf, Re — Rengetsweiler, Sau — Saulgau, Tav — Tavannes (see also Table 1). *The volcanic events are from Harangi (2001) and Wedepohl et al.
(1994); D.T. — Dacite tuff; R.T. — Rhyolite ruff; NPB CA — Northern Pannonian Basin calc-alkaline volcanics; RG — Rhine Graben.

allowing for a good physical preservation (Fig. 3). Furthermore, shark
teeth are generally deposited with little or no residual organic matter,
limiting enzyme-mediated recrystallization (e.g., Boyer, 1978), which
may be common for bones. Biogenic phosphate in shark teeth is thus
commonly judged to be robust to post-depositional diagenetic
alteration (e.g., Kolodny et al., 1983; Kolodny and Raab, 1988; Lécuyer
et al., 1993), although such alteration cannot be routinely excluded
(e.g., McArthur and Herczeg, 1990; Shemesh, 1990; Kolodny and Luz,
1991).

For some localities it was also possible to analyze bones from sea
cows as well as teeth from dolphins, together with shark teeth (see
online version Table 3). The oxygen isotope analyses of fossil fish teeth
and bones or teeth of marine mammals from the same locality allows
for an evaluation of both the water oxygen isotope composition as well
as temperature of the ambient water, because mammals have a
constant body temperature. A pre-requisite for such evaluations is
that the original isotope compositions have been preserved and that
calibrations for the species under consideration are available (e.g.,
Lécuyer et al., 1996).

Sr- and Nd-isotope studies have indicated that fish teeth generally
record the isotope composition of the ambient seawater (Piepgras and
Wasserburg, 1980; Staudigel et al., 1985; Ingram, 1995; Vennemann

and Hegner, 1998; Vennemann et al., 2001; Frank, 2002). The primary
Sr-isotope compositions represent those obtained in vivo as Sr
(replacing Ca) is incorporated into the apatite structure during growth
of the teeth (Staudigel et al., 1985; Schmitz et al., 1997; Kohn and
Cerling, 2002). Unlike Sr, trace elements such as Nd are not important
for the metabolism of the sharks and hence its content is very low in
shark teeth (Elderfield and Pagett, 1986; Vennemann and Hegner,
1998; Vennemann et al., 2001). However, fossil shark teeth have high
concentration of Nd and other Rare Earth Elements (REE) because the
REEs have an affinity for the apatite lattice and are strongly
incorporated post mortem during early diagenetic recrystallization
(Staudigel et al., 1985; Reynard et al., 1999; Trueman and Tuross, 2002;
Tiitken, 2003).

Nd and Sr within marine waters are largely sourced from
weathering and erosion of the continental crust. In case of Sr, mid-
ocean ridge hydrothermal activity is another important source. The
isotope compositions of these elements (57Sr/%6Sr; #3Nd/'*“Nd)
reflect different behaviour in seawater. Owing to the long residence
time of Sr in seawater (several Ma), which is much longer than the
turnover period of the Earth's oceans (10° yr), the 87Sr/26Sr of seawater
is similar for all the major oceans at any one time (e.g., Burke et al.,
1982; DePaolo and Ingram, 1985; Veizer, 1989). The long residence
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Table 1

Sample localities and stratigraphic horizons investigated in this study. A maximum error for the absolute age is given as +1 My for most of the studied outcrops, otherwise alternative

age ranges are indicated in this table

Sample locality Paratethys stage Age (Ma) Beds studied References and remarks

North Alpine Molasse Basin — France and Switzerland

Benken, Ben Middle Ottnangian 17.6 St. Gallen Formation ~ Grimmelfingen Schichten Hoffmann and Hantke (1964); Becker (2003: 219)

(Graupensande); MN3-MN4;

Tavannes, Tav Eggenburgian-?Early 18.2 Muschelsandstein-Grés coquiller ~?Luzern Formation; ~ Becker (2003: 108-111); Berger et al. (2005a,b)
Ottnangian MN3

Mussel, Mus Eggenburgian-?Early 18.2 Muschelsandstein-Grés coquiller ~?Luzern Formation;  Berger, pers. com. (2006)
Ottnangian MN4

Auberson-St. Croix— Eggenburgian 19 Muschelsandstein-Grés coquiller ~?Luzern Formation;  Berger, pers. com. (2004)

La Chaux, Aub MN3
La Moliére, Mol Eggenburgian 19.2 Muschelsandstein-Greés coquiller ~Luzern Formation; Weidmann and Ginsburg (1999); Becker

North Alpine Molasse Basin — Southern Germany — West of Miinchen

MN3a — base of MN4;

Grimmelfingen Schichten (Graupensande);

Erminger Turitellenplatte ~Sandmergel horizont

Eggingen, Eg Middle-Late Ottnangian 17.4
MN4a Mammal Zone

Baltringen, Bal Middle Ottnangian 17.7 Baltringer Schichten
Apfingen, Apf Middle Ottnangian 17.9 Baltringer Schichten
Ermingen, Er Early Ottnangian 18.2
Saulgau, Sau Early Ottnangian 183 Sandmergel horizont

(incl. Ursendorf,

Hohentengen

and Enzkofen)
Pfullendorf, Pfu Early Ottnangian 18.4 Sandmergel horizont
Rengetsweiler, Re Early Ottnangian 18.5 Sandmergel horizont
Ballendorf, Ba Eggenburgian ?? 20.5+0.3

??? the age of this site is highly debated.

North Alpine Molasse Basin — Southern Germany — East of Miinchen and Molasse Zone of Upper Austria

Neustift, Neu Middle Ottnangian 17.9 Bldttermergel hotizont
Griesskirchen, Gri Early Ottnangian 18.4 Phosphorit Sande ~ Atzbacher Sande
Allerding, Al Early Ottnangian 18.4 Ottnanger schlier ?

Maierhof, Ma Eggenburgian 19 Ortenburg Sands

Carpathian Foredeep and Vienna Basin — Austria and Slovakia

Formation (Kii 1) to Early Gauderndorf Formation

Egyhdazasgerge Formation, Kazar Sandstone Member

Nexing, Nex Late Sarmatian 12 Nonium granosum Zone: seven horizons:
Nex1-Nex 7
Leithakalk, Lei Late Badenian 13.5 Bulimina-Bolivina Zone
St. Margarethen,
Mannersdorf, Loretto,
Kalksburg
Devinska Nova Ves, DV Middle Badenian 14.8 Sandschaler Zonr; MN6 basal
Bad Véslau, BV Early Badenian 15.5 Upper Lagenid Zone
Gaudernforf, Ga Eggenburgian 19.5 Gauderndorf Formation
Kithnring (sand-pit), Kt Eggenburgian 20+0.8 three horizons ranging from Late Burgschleinitz
(Kii 2, 3)
Pannonian Basin — Hungary
Danitz-puszta, Dan Karpatian-Badenian 16 Pannnoian sand (teeth are reworked)
Himeshaza, Him Karpatian-Badenian 16 Pannnoian sand (teeth are reworked)
Matraszollos, Msz Early Badenian 16+0.5 Samsonhaza Formation
Kazar, Kaz Karpatian 17+0.2
Ipolytarnéc, Ipo Eggenburgian-?Early 18.6+0.6  Pétervasira Sandstone Formation
Ottnangian

(2003: 219)

Erb and Kiderlen (1955); Reichenbacher et al. (1998)

Erb and Kiderlen (1955); Barthelt et al.
Erb and Kiderlen (1955); Barthelt et al.
Geyer and Gwinner (1991); Baier et al.
Erb and Kiderlen (1955); Barthelt et al.

1991)
1991)
2004)
1991)

Erb and Kiderlen (1955); Barthelt et al. (1991)
Erb and Kiderlen (1955); Barthelt et al. (1991)
Vennemann and Hegner (1998);

Unger (1984)

Faupl and Roetzel (1990)

Faupl and Roetzel (1990)

Hagn et al. (1981); sample by courtesy of Dr. Witt

Papp et al. (1974: 162); Holostratotype of Sarmatian

Piller et al. (1996)

Steininger et al. (1996); Reichenbacher et al. (1998)
Piller et al. (1996)

Unpublished field guide by Tollmann and
Kristan-Tollmann

(1991), sample by courtesy of Dr. Witt

Steininger and Roetzel (1991:91)

Kazar et al. (2001)

Kazar et al. (2001)

Miiller (1984)

Solt (1992)

Bartké (1985); Palfy et al. (2007)

time of Sr in seawater has permitted the construction of a detailed Sr-
isotope evolution curve through analyses of sediments and fossils
from the open ocean (e.g., Koepnick et al., 1985; Hodell et al., 1991;
McArthur et al., 2001). Consequently, 87Sr/%6Sr of marine phosphate or
carbonate samples can also be used for an indirect dating of marine
sediments, most notably if differences in the seawater 87Sr/%6Sr are
large for a given change in time (e.g., Ingram, 1995). This is, for
example, the case for the Tertiary, but is clearly only reliable if the
samples formed under open marine conditions and not within
isolated basins.

In contrast to Sr, the residence time of Nd is less than the turnover
time of the oceans and hence the >Nd/'**Nd will reflect regional
rather than global conditions (e.g., Piepgras and Wasserburg, 1980;

Staudigel et al., 1985). The Nd-isotope ratio of different water masses
and sediments varies as a function of hinterland geology. Hence, the
Nd isotopic differences may allow for a quantification of water mass
fluxes and indicate opening or closure of oceanic gateways (Burton
et al., 1997; Scher and Martin, 2006).

4. Sampled materials and analytical methods
4.1. Sampled material
The fossils were obtained from collections of the Palaeontological

Museum of the University of Tiibingen, Natural History Museum of
Vienna, Eggenburg Museum, Federal Institute for Geosciences in
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Fig. 3. Scanning electron microscope (SEM) images of the enamel of a modern great
white shark (a), and a fossil tooth from the locality of Apfingen (b). Note that the scale
bar for (a) is 4 mm and 2 mm for (b).

Vienna, State Museum for Natural History in Stuttgart, Geological
Museum of Lausanne; Hungarian Museum of Natural History in
Budapest; National Park at Ipolytarndc. In addition, samples were also
collected in the field at Mussel, Tavannes, La Moliére, Apfingen,
Rengetsweiler, Ballendorf, Ermingen, Maierhof, Griesskirchen, Kiithnr-
ing, Gauderndorf, Nexing, Leithakalk in the Vienna Basin, Ipolytarnéc,
Kazar, Himeshaza, and Danitz-puszta.

To avoid species-specific effects on the oxygen isotope composition
due to the particular habitat of the sharks (e.g., Vennemann et al.,
2001), teeth from the genus Carcharias were used where possible.
Sharks of this genus can best be compared to the modern species
Carcharias taurus that occurs in coastal temperate to tropical waters
of all present-day oceans, from surface waters to depths of up to 200 m
(e.g., Compagno, 2002). At the locality of Nexing no shark teeth are
present, probably because these layers were already deposited after
the marine waters have receded. Instead, teeth from bony fish of the
family of Sparidae were analyzed from this locality, as was the case for
the locality of Apfingen. However at this latter site this teleost fish
family has coexisted with sharks as both teeth occur within these
sediments (Vennemann and Hegner, 1998).

The comparatively coarse-grained outer enamel layer of teeth was
separated for the present study, as it is considered to be more robust to
secondary alteration compared to the fine-grained dentine-like
interior of teeth (e.g., Kohn and Cerling, 2002; Tiitken, 2003). In
addition, scanning electron microscope images (Fig. 3) and X-ray

diffraction analyses of selected teeth from a number of localities
indicate that the enamel is largely still indistinguishable from that of
modern shark teeth. As the macroscopic appearance of other teeth
from the same locality was identical, it is assumed that this also
applies to other teeth analyzed from the same localities as well as
those from other localities. This assumption is also supported by the
similarity in isotopic composition of teeth from any one locality
relative to those from other localities (e.g., Vennemann and Hegner,
1998). The enamel was sampled using a micro-drill, or separated from
the tips of the teeth. Samples from fossilized bones were also taken
with a micro-drill.

For thirteen localities the embedding sediment was also analyzed
for its Sr- and Nd-isotope composition in order to assess possible post-
depositional exchange between sediment and the fossils (see online
version Table 4) and also to estimate the local Sr- and Nd-input from
the hinterland. At some localities (e.g., Benken, La Moliére) different
layers of sediments were sampled and measured in order to test for the
variability in the local Sr- and Nd-inputs at those sites. In general, the
carbonate free-sediments were measured following the technique
described in Weldeab et al. (2002), as most of the carbonate within the
sediment is either marine carbonate of biogenic fossils or older detrital
carbonate with low Nd-content compared to the siliciclastic detrital
component of the sediment. An exception was the bulk carbonate
analyzed from Leithakalk of Matraszo6ll6s, because this is a pure marine
carbonate. In other cases Jurassic carbonates were also measured to
trace the likely effects of such hinterland rocks in the region (Table 4).

4.2. Analytical methods

The oxygen isotope analyses of the phosphate followed a technique
adapted after Crowson et al. (1991), O'Neil et al. (1994) and Dettman
et al. (2001). After cleaning the samples from organic matters and/or
calcite overgrowths (2.5% NaOCI then 2.5% NaOH or 1 N acetic acid-
Ca-acetate buffer), the samples were dissolved in HF. The obtained
solutions were neutralized (KOH or 25% NH4OH), followed by either a
slow or rapid precipitation of AgzP0O, according to O'Neil et al. (1994)
or Dettman et al. (2001), respectively.

The oxygen isotope composition of some samples was measured as
CO, on a Finnigan MAT 252 mass spectrometer and corrected for
scale-compression (ST method of Vennemann et al., 2002), or via
reduction with graphite in a TC-EA (HTR method of Vennemann et al.,
2002) coupled to a Finnigan MAT Delta Plus XL mass spectrometer.

Oxygen isotope compositions are expressed in the é-notation
relative to VSMOW. Replicate analyses of NBS-120c gave values of
21.8%0+0.2%.. The replicates of TU-1 and TU-2 internal standards
averaged +0.3%. (10) as was the case for replicates of samples.

Sr- and Nd-isotope compositions were determined on the same
sample powders used for oxygen isotope analyses. About 5 mg of
sample powder was decomposed in dilute HNO3 and the Sr and Nd
were separated using conventional cation exchange chromatography
(Hegner et al., 1995). The preparation of the sediments samples was
performed according to Weldeab et al. (2002). The isotope ratios were
determined on a Finnigan MAT 262 at the University of Tiibingen and
University of Geneva using a dynamic multiple mass data collection
routine. Analysis of NIST-SRM 987 Sr standard yielded 37Sr/
865r=0.710238+10 (20, external, n=90) in Tiibingen and %7Sr/
865r=0.710240+12 (20, n=31) in Geneva. The La Jolla Nd standard
yielded *3>Nd/"**Nd=0.511852+10 (20, external, n=25) in Tiibingen
and 3Nd/'“Nd=0.511845+4 (20, external, n=26) in Geneva. The
agreements of the data for the reference materials, within error limits,
in both laboratories permit a direct comparison of the results. 87Sr/%6Sr
are relative to %6Sr/®8Sr=0.1194 and *Nd/'**Nd to '5Nd/'**Nd=

143y q /144
0.7219. 3Nd/"Nd are expressed as eyq = (ONd/ NG e —q x10%,

(143 Nd/“ANd)gHUR

where 3Nd/"**Nd for present day CHUR is 0.512638 and *’Sm/"**Nd
is 0.1967 (Jacobsen and Wasserburg, 1980).
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Sr and Nd concentrations were also measured using laser ablation
inductively coupled plasma mass spectrometry at the University of
Lausanne, following the method of Giinther et al. (1997). NIST 612 was
used as external standard and was measured twice before and after
each group of 16 samples in order to test precision and accuracy. The
NIST 612 gave an error (10) of <+2% for Nd and Sr.

5. Results
5.1. Oxygen isotope composition of biogenic phosphate samples

The oxygen isotope compositions of fish teeth from different
sample localities are given in Table 2 (online version of the paper) and
summarized in Fig. 4. The 6'80 values vary from 18.3 to 23.9%. and the
range at any one locality is typically between 1 and 3%. excluding two
shark teeth from La Moliére (Kocsis et al., 2007). The average 6'30
values increase from 20 to 18 Ma, reaching a peak of 22.5 to 22.8%. for
the localities of Tavannes and Mussel (age~18.2 Ma), in Switzerland
and France, respectively. After this peak, the average 60 values
decrease towards a value of 19.6%. for the locality of Kazar (~17 Ma).
This trend is followed by another increase of 6'0 values during the
Badenian, and a slight decrease for the Sarmatian locality of Nexing
(Fig. 4).

The overall range in 6'®0 values is similar to that observed for
recent shark teeth from a typical sub-tropical locality along the east
coast of southern Africa (Vennemann et al., 2001), which is compatible
with a preservation of primary values.

Marine mammal fossils were available for the sample sites of
Pfullendorf, Eggingen, Kiihnring, and Danitz-puszta (see online
version Table 3). A comparison of the 60 values for bones and
teeth from mammals and that of shark teeth for these sites is
summarized in Fig. 4. The 6'®0 values for all sea cow bones vary from
17.7 to 20.3%., while the two dolphin teeth have values of 19.4 and

3180 (%o, VPDB)

3180 (%o, VSMOW)

19.8%.. All of these values are lower than those of the shark teeth from
the same sediment horizon. Furthermore, the 60 values for the sea
cow bones compare well with those reported by Lécuyer et al. (1996)
for modern members of the Dugong family with 6'80 values between
19.6 and 20.3%.. This is also the case for 6'®0 values of the dolphin
teeth, which are similar to those for teeth from recent marine dolphins
(Roe et al., 1998; 18.1 to 19.6%.) and also with 680 values in bones of
cetaceans measured by Yoshida and Miyazaki (1991) with a range of
16.7 to 18.6%..

5.2. Sr- and Nd-isotope compositions

5.2.1. Fossil samples

The 87Sr/%5Sr in the Early and Middle Miocene phosphatic fossils
from the Western and Central Paratethys range from 0.70783 to
0.70965 (Table 2). The variation of 37Sr/®6Sr obtained at a single
locality may be as high as 0.00020, exceeding the analytical error by a
factor of 20. The highest average 87Sr/86Sr ratio of 0.70945+0.00023
was found in shark teeth from the locality Kiihnring. A sea cow bone
sample from this locality yielded Sr-isotope ratio of 0.70967 similar to
the average ratio in the shark teeth. The lowest Sr-isotope ratios were
measured in two of eight shark teeth from La Moliére with 37Sr/2Sr of
0.70783+0.00002. The average Sr-isotope ratios for each locality are
shown in Fig. 5 relative to those expected for Miocene seawater &/Sr/
86Sr (e.g., McArthur et al., 2001).

The 3Nd/"*Nd ratios of the fossil samples range from 0.51204 to
0.51245 (Table 2). These ratios correspond to &yq values of -11.6 to
-3.6. At single localities the variation in eyg values is restricted up to
1.5 &ng units. This variation is nevertheless rather large considering an
error of +0.3 &ng units (20) due to analytical uncertainty.

Sr and Nd concentrations measured for some samples range from
about 400 to 2970 ppm and from 0.2 to 150 ppm, respectively, in shark
teeth enamel (Table 2). In case of dentine samples the Sr and Nd
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Fig. 4. (a) Composite oxygen isotope curve for benthic foraminifera from DSDP Site 608 from the North Atlantic Ocean (Miller et al., 1987, 1991). (b) Average oxygen isotope
composition of fish teeth and (c¢) mammal remains from the studied sites. Solid triangles — shark teeth; open triangles — teeth from bony fish; open squares — sea cow bones; solid
square — dolphin teeth. Error bars indicate the standard deviation of the average '®0 values obtained for each locality. The data are listed in Tables 2 and 3. The dashed line marks the
final isolation of the Central Paratethys from the global ocean. Abbreviations: Dan — Danitz-puszta, Eg — Eggingen, Kii — Kiihnring, Pfu — Pfullendorf.
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Fig. 5. Comparison of the average 37Sr/®5Sr isotope ratios of the phosphatic fossils with
the Sr seawater curve (grey line — McArthur et al., 2001). The symbols correspond to the
studied localities; solid triangles — shark teeth; open triangles — bony fish teeth; open
squares — sea cow bones. Error bars indicate age uncertainties of £0.2 to 1 My and the
standard deviation of the average ®7Sr/%°Sr ratio measured for each locality (see also
Tables 2 and 3). Abbreviations: Kii — Kiihnring; Mol — La Moliére (the two exceptional
teeth, c.f. Kocsis et al., 2007). These sites exhibit the largest variation in 7Sr/*°Sr ratios.

contents vary from about 1350 to 3800 and 40 to 2420 ppm,
respectively. The higher Sr and Nd concentrations in the dentine
samples compare to the enamel are compatible with an advanced
trace element uptake during recrystallization of the dentine (Kohn
and Cerling, 2002). The Sr concentrations are similar to those reported
for modern and fossil fish teeth from elsewhere (e.g., Staudigel et al.,
1985; Vennemann et al., 2001).

5.2.2. Sediment samples

The 87Sr/36Sr ratio of 0.70883 in the only whole rock carbonate
samples from Matraszollos agrees with the Miocene seawater value
for the inferred biostratigraphic age of this locality. Similar 7Sr/25Sr
ratios of 0.70879+0.00003 were also measured in shark teeth from
this site (Fig. 6). For other sediment samples, where the bulk siliceous
fractions were analyzed, the 87Sr/®5Sr ratios vary from 0.71051 to
0.72641. These ratios are much higher than those in the associated
biogenic phosphates samples.

The 3Nd/'*Nd ratios range from 0.51192 to 0.51234, correspond-
ing to enq values of -14.0 to —5.9. Important observation is that the &ng
values of the sediments are distinct from the generally higher values
in the fossil samples. Exceptions to this observation are the
isotopically similar fossil and sediment samples from the localities
of Auberson and Griesskirchen (Fig. 6).

The Sr and Nd concentrations in the whole rock samples vary from
about 50 to 525 ppm and from 5 to 45 ppm, respectively (Table 4).

6. Discussion
6.1. Preservation of the studied fossils

The effect of diagenetic overprinting on the primary marine
compositions can never be completely excluded, however in our cases
extensive alteration of isotope compositions in the presence of
brackish or freshwater is considered unlikely. This is supported most
notably by the O-isotope compositions, because the differences
between fresh- and marine waters are particularly large during this
period (Kocsis et al., 2007). The Sr contents in seawater and freshwater
is also quite different with the latter being very much lower. Hence, in
order to explain deviations in Sr-isotope compositions of the fossils
from the seawater curve, a large fluid-rock ratio would be required

during diagenesis. In this case changes in the 680 values of the
phosphatic samples may also be expected, leading to lower values and
to a homogenization of originally different values between fish teeth
and mammalian samples.
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Fig. 6. (a)-(c) (a)-(c) 37Sr/®5Sr versus *3Nd/'“Nd ratios in the fossil and the host
sediment samples from the Western and Central Paratethys. Crosses — sediment values;
triangles — average values of fossil samples; cross-squares — Jurassic carbonates. In
(b) the arrows show the possible effects of different source rocks on the isotope
composition of local seawater. (c) Comparison of the eyq values in sediment and fossil
samples. The vertical grey bar indicates the average value of -7.9+0.5, which is
interpreted as the typical seawater in the Miocene Paratethys. The horizontal gray bar
shows the same &yg range for the host sediments demonstrating that values as such
come rarely from the local hinterland (Mol-S1, Tav). Note also that most of the eng
values in the sediment samples differ from those in the fossils. For abbreviations of the
samples see caption of Fig. 2 or Table 1 and 4.
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The interpretations of the following chapters are based on the
assumption that the O- and Sr-isotope compositions represent
primary values, or in the case of the Nd isotopes early diagenetic,
marine pore-fluid values (cf. Vennemann et al., 2001). This assump-
tion is based on the following reasoning:

O-isotope compositions of the fossil shark teeth (this study,
Vennemann and Hegner, 1998) and ostracods (Janz and Vennemann,
2005) are similar in absolute value to those expected for open
marine compositions under sub-tropical conditions.

Use of enamel for fossil shark teeth with a crystal structure that is
still similar to that of recent teeth.

Expected differences in 680 values between fish teeth and
sympatric fossils of marine mammals have been preserved. The
6'80 values of the seawater deduced from marine mammals are
similar to that of Miocene open ocean seawater at the time (see
discussion below).

Differences in O- and Sr-isotope compositions between shark teeth
at the locality of La Moliére, where distinct marine and freshwater
values have been recorded by different samples within the same
sediment and these differences have been preserved (Kocsis et al.,
2007), suggesting little or no post-formation changes within the
same sediment, where the sediment would control the final values
of the fossils within it.

* The Sr- and Nd-isotope compositions of the fossils are unlike those
of the bulk sediments in which these fossils were embedded and the
Sr content of the fossils is similar to that measured for teeth from
recent sharks (Vennemann et al., 2001).

Variations of the Sr- and Nd-isotope compositions of the fossils are
compatible with local controls by the hinterland, especially for
localities with shallower water conditions or localities close to
important Miocene volcanic provinces and/or localities next to
crystalline massifs (see discussion below).

6.2. Oxygen isotope composition of biogenic phosphate as a
palaeoclimate indicator

6.2.1. Oxygen isotope composition of fish teeth

The oxygen isotope composition of fossilized fish teeth, when
preserved, is a function of the oxygen isotopic composition of ambient
seawater and of temperature at the time of teeth formation. The
temperature dependence of the oxygen isotope fractionation between
seawater and marine biogenic phosphate is expressed by the
following equation (Longinelli and Nuti, 1973a; Kolodny et al., 1983):

t(°C) = 111.4—4.3*(5‘80p—5180W) (1)

where t is the temperature in °C, and 6'80p, and §'®0yy are the oxygen
isotope compositions of the phosphate and seawater, respectively.
Measurement of the §'®0p and assumptions on the §'®0w values
allows the ambient seawater temperatures to be calculated.

In general, 6'®0 values for seawater of 0 and -1%. are considered
typical for the open ocean during glacial and interglacial Miocene
periods, respectively, depending on the ice volume (e.g., Zachos et al.,
2001). In view of the marginal environment of the Paratethys during
the Miocene (Fig. 1), it may be questioned if the 6'®0 values do
correspond to those typical of the open ocean or whether the isotopic
composition of water has been influenced either by evaporation,
precipitation or freshwater input from the hinterland (e.g., Reich-
enbacher et al., 2004). The overall range in absolute 6'80 values of the
teeth measured in this study is, however, similar to that in modern
marine fish teeth from sub-tropical oceans (e.g., Longinelli and Nuti,
1973a,b; Kolodny et al.,, 1983; Vennemann et al., 2001). The sub-
tropical conditions are also indicated by coralline carbonate fossils
(Nebelsick, 1989), ectothermic vertebrate remains (Bbhme, 2003) and

fossil wood flora (Steininger, 1998; Bohme et al., 2007) described
within the molasse sediments at this time.

In addition, given the best estimates for the biostratigraphic ages of
the sample localities, the average 6'80 values of the shark teeth show
similar trend compared to Early to Middle Miocene oxygen isotope
records of benthic foraminifera (Fig. 4; Savin et al., 1985; Miller et al.,
1987, 1991).

This comparison excludes samples from the youngest, Sarmatian
locality of Nexing. Here the teleost teeth clearly indicate lower values
compared to the general global trend (Fig. 4), which is compatible
with the brackish conditions reflected also by ostracods (e.g., Papp
etal., 1974; Janz and Vennemann, 2005). Also the locality of Ballendorf
was kept out from the comparison because of its age uncertainty
(Table 1).

Nonetheless, the absolute variations in 60 values in the shark
teeth with time are larger than that which would be indicated for the
water 6'80 values on the basis of the global benthic trend (Fig. 4). This
may be related to the temperature variations within the relatively
shallow water column typical for the habitat of sharks (Vennemann
et al, 2001) and expected for the sub-basins of the Paratethys.
Alternatively it may be related to evaporation or freshwater inputs
within these small basins. Localities where evaporation might have
played a role with high 6'80 are Tavannes (Becker, 2003) and possibly
Mussel, while freshwater influence with lower 680 could be
important at Eggingen (Reichenbacher et al,, 1998) and maybe at
Kazar (Solt, 1992; low Sr-content in these teeth) (see also Table 2 and
Fig. 4b). Indeed, excluding samples from these outcrops results in a
smoother curve as shown in Fig. 4.

On the basis of combined variations in 6'20 values as well as Mg/Ca
of foraminifera, Lear et al. (2000), have estimated the §'®0 values for
ancient seawater. For the Early to Middle Miocene seawater they
obtained 6'®0yy values varying between —0.2 and —0.8%.. Assuming
these values to be representative for water depths up to about 300 m
for the Paratethys, the shark teeth data would reflect water
temperatures of about 14 to 28 °C. This range in temperatures is
typical for sub-tropical to temperate waters between 0 and 300 m
water depths (e.g., Vennemann et al., 2001). Furthermore, the
variation in 680 values within any one locality of 1 to 3%. is also
similar to the variations measured in recent teeth of a similar habitat
(Vennemann et al., 2001), hence likely related to seasonal differences
in the temperature of the water column.

6.2.2. Oxygen isotope composition of the marine mammals

Oxygen isotope analyses of sympatric mammals and fish remains
(e.g., Lécuyer et al., 1996), allow of an evaluation of the influence of
diagenesis and, in an ideal case, can also constrain the isotope
composition of the seawater. Even though there is a species-
dependent fractionation between ambient water, body water and
the oxygen isotope composition in bone for all mammals, generally
lower 6'80 values of mammals compared to those in marine fish teeth
are to be expected. This is because the mammals have a constant body
temperature of about 37 °C, a temperature higher than that of ambient
seawater. Diagenetic alteration of the oxygen isotope compositions in
the presence of freshwater would not only tend to lower the 680
values of all samples, but also lead to a homogenization of values
between the shark teeth and the mammal remains. The fact that this is
not observed can be taken as further support for a preservation of the
primary O-isotope compositions (Fig. 4).

Tiitken (2003) examined modern sea cows and found the
following relationship between the oxygen isotope composition of
water (6'0y) and phosphate (6'20p):

5180p = 0.86%5'80y +20.23. )

Assuming a similar species-specific oxygen isotope fractionation
for the Miocene sea cows and recent sea cows, the oxygen isotope
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composition of the water can be calculated (Table 3). For the
Eggenburgian samples from the locality of Kiihnring the calculated
5'80yy value is —0.6%., which is in the range typical for Early-Middle
Miocene seawater (Lear et al., 2000).

During the Early Ottnangian (locality of Pfullendorf) the sea cow
bones give a 680y of —1.6%., which is marginally lower compared to
estimates for contemporaneous open ocean seawater by Lear et al.
(2000). This may suggest a local influence of freshwater for this part of
the basin. Dolphin teeth sampled from this site were also analyzed.
Using the calibration for phosphate-water oxygen isotope fractiona-
tion for whales as reported by Yoshida and Miyazaki (1991), the 60y
would be about 2.3%.. This unusually high value may suggest that the
fractionation proposed by Yoshida and Miyazaki (1991) may not be
applicable to the Miocene dolphin species. Alternatively it could
suggest that these samples have been influenced by alteration, an
interpretation that is considered unlikely in view of the differences of
630 values for these teeth and those of the fossil sea cow bones and
the shark teeth of this site.

For the localities of Eggingen and Danitz-puszta the calculated
oxygen isotope compositions of seawater using the sea cow bones are
-2.3 and -2.7%., respectively. As the sedimentation at Eggingen
occurred in an estuary (e.g., Reichenbacher et al., 1998) and the fossils
of Danitz-puszta are redeposited to freshwater setting, thus these
negative values may indicate early diagenesis of the bone phosphate
in the presence of freshwater. Whether or not such a diagenetic
change also influenced the enameloid of the shark teeth sampled for
this study remains in question though.

6.3. Sr- and Nd-isotope compositions of phosphate samples — local
versus global effects

6.3.1. Strontium isotope ratios

Although the absolute ages of the sampled sites are not known to
better than about £1 Ma (cf. Table 1), a comparison of the measured
875r/88Sr in the fossils with those of the open ocean Sr-evolution curve
is shown in Fig. 5. While the general trend of the samples does follow
the trend of increasing 87Sr/®6Sr with decreasing age, the deviation
about the line defining the global ocean trend is pronounced. If all
ratios are accepted as primary, these differences compared to the open
ocean &7Sr/®5Sr ratios, may indicate influence of terrestrial run-off on a
local scale affecting the Sr-budget of the Paratethys. As most of the
teeth have higher 87Sr/26Sr compared to those expected for formation
in a Miocene open ocean, this would suggest a local source of Sr from
rocks enriched in 37Sr, which is compatible with generally higher 7Sr/
86Sr measured in the host sediments. This in turn also suggests the
proximity and erosional influence of old crystalline rocks, such as those
of the Bohemian Massif, the Black Forest area, and the Aar massif on the
Sr-isotope geochemistry of the Paratethys during the Miocene (Liew
and Hofmann, 1988; Schlunegger et al., 2001; Kuhlemann and Kempf,
2002). On a local scale, this influence may have been of equal im-
portance as the effect of the Himalayan orogen on the global oceanic
budget today (e.g. Krishnaswami et al., 1992). This interpretation of the
local control on the Sr-isotope compositions of the Paratethys is
preferred relative to an interpretation that these ratios are related to
diagenetic alteration (Martin and Scher 2004). Firstly, because shark
teeth sampled from those localities closest to such high 87Sr/®6Sr
sources also have the highest 37Sr/®¢Sr (e.g. Kiihnring, Benken),
secondly neither of them has unusually high Sr contents nor &’Sr/
86Sr ratios that are similar to those measured for the sediments.

In some cases the Sr-isotope ratios of the teeth are also lower than
those for contemporary Miocene seawater (i.e., two teeth from La
Moliére, Kocsis et al., 2007). In these cases, a dominant influence of Sr
from Mesozoic carbonates of the Alps and the Jura is indicated,
compatible with the detrital mineral fraction of the sediments (Frisch
et al,, 1998; Weidmann and Ginsburg, 1999; Schlunegger et al., 2001;
Kuhlemann and Kempf, 2002).

At three localities — Auberson, La Moliére (excepting for two
teeth), Kazar — the 87Sr/%0Sr in the shark teeth are indistinguishable
from Miocene seawater. In the case of Ipolytarnéc in the Pannonian
Basin, the 87Sr/35Sr of shark teeth suggest an age of 18.6+0.6 Ma using
the seawater curve of McArthur et al. (2001). This age is in agreement
with a 17.5 Ma for the overlying beds of the Gyulakeszi Rhyolite Tuff
Formation (Pélfy et al., 2007). It is also of interest to note that all of the
latter four localities are located at the most western and eastern part
of the studied area of the Paratethys. Hence, these localities may well
have had a higher seawater input from the global oceans.

Finally, measurements of ostracods from the deeper parts of the
Paratethys (Janz and Vennemann, 2005) as well as otoliths (Pippeérr
et al.,, 2007), largely from the SE German and Austrian localities are all
in agreement with the global 87Sr/86Sr record, therefore also
supporting primary values and open ocean conditions for deeper
waters in the basins.

The above interpretations, together with the fact that most shark
teeth have 87Sr/8Sr different from that of the embedding sediments
do favor a primary origin of the Sr-isotope compositions.

6.3.2. Neodymium isotope ratios

The neodymium isotope compositions of the fossils can differ
substantially from one locality to another, indicating different
compositions of the pore waters, and by inference that of the
seawater. Hence, in view of the general differences between fossil
and whole rock Nd-isotopic compositions (Fig. 6), short term
fluctuations in the balance between the local terrestrial input of Nd
and the seawater of the Paratethys are implied.

However, the bulk of the &yq values cluster close to an average
value of -7.9+0.5 (10; Fig. 6¢). It can, therefore, be suggested that this
dominant source of Nd represents the average Paratethys seawater
during the Early to Middle Miocene (e.g., Jeandel et al., 2007). Those
localities that are yielded fossil and sediment samples with relatively
low and high &yq values compared to the general average of —7.9 enq
units may then indicate a stronger local freshwater influence on the
seawater geochemistry for those parts of the basin.

At Kiihnring, for example, the fossils not only have the highest
average 37Sr/%sr, but also the lowest average &nq value of =10 of all
fossils analyzed so far. These data can be explained by a large input of
detritus from the Bohemian Massif at this locality relative to other
localities sampled. The bulk sediment from Kiihnring has an even
lower &g value of —14, supporting further this strong effect of the
hinterland (Fig. 6). Also, the two exotic teeth of La Moliére (cf. Kocsis
et al., 2007) have low &g values averaging —9.4, lower than the other
teeth from the same locality with gyq of —8. This is compatible with
the origin of the two teeth, which primarily may be deposited in
waters dominated by rivers draining Mesozoic carbonates (Table 4 and
Fischer and Gygi, 1989; Stille et al., 1996).

Low &ng Values were obtained for bulk sediments at other localities
of the north Alpine Molasse Basin (Fig. 6), such as those of
Griesskirchen, Maierhof, and Allerding, all of which occur close to
the Bohemian Massif, or Benken close to the Black Forest. For most of
these sites, the fossil eng values are, however, distinct from those of
the corresponding sediments, which indicate additional Nd-input in
these areas. One important Nd-source could have been the seawater in
the region. Alternatively, Mesozoic carbonates, where present, may
play a role as well (e.g., Auberson). In a few cases where the gyg value
is very similar between the fossils and the related sediment (Fig. 6¢),
this either reflects a strong local influence on the water column by the
hinterland, or that the seawater and terrestrial sources fortuitously
had the same values.

Yet other localities, such as Danitz-puszta and Matrasz6ll6s, have
teeth with relatively high enq values of -6.8 to —4.8 (Figs. 6 and 7)
compared to the other sites investigated. A possible explanation for
these high values could be the volcanic activity in the Pannonian basin
during the Miocene (Fig. 2 and e.g., Szab6 et al., 1992; Harangi, 2001).
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Fig. 7. (a) &ng values of fish teeth as a function of geologic age. Open triangles — samples
recorded eyq values of seawater; solid triangles — fish teeth samples with a Nd isotopic
composition dominated by local terrestrial sources; solid and open diamonds — marine
and brackish ostracods, respectively (Janz and Vennemann, 2005). Error bars indicate
age uncertainties of +0.2 to 1 My and the standard deviation of the average eyg value
measured for each locality (see also Tables 2 and 3). (b) Comparison of the exq values of
the studied fossils (triangles) with the trends for the Pacific (squares — Ling et al., 1997),
Indian (solid triangles — O'Nions et al., 1998), and Atlantic Oceans (circles — Burton
et al,, 1999), as well as the Mediterranean Sea (crosses — Stille et al., 1996). Only those
samples are plotted for which we preclude a locally controlled influence on the
seawater budget (see text for discussion).

A modern analogue to such a situation is given by recent foraminifers
with high &yg values near Iceland (Palmer and Elderfield, 1985),
reflecting the effect of young volcanism on the water budget in terms
of an increased supply of mantle-derived Nd. It could be equally
proposed that other teeth with relatively high &yq values, such as
those from the Vienna Basin (Leithakalk and Devinska Nova Ves), may
reflect Northern Pannonian Basin calc-alkaline volcanism (NPB —
Fig. 2) and/or the potassic volcanism in the Styrian Basin at 17.5-13 Ma
(Harangi, 2001).

At the Swiss Molasse locality of Tavannes some samples also have
high engq values of up to -5.5, which may correspond to the Kaiserstuhl
volcanism in the Rhine Graben at around 18 Ma ago (Wedepohl et al.,
1994). However, at this locality the sediment with &yq of - 8.1, does not
support a strong influence of recent, mantle-derived material. This
discrepancy may be due to a short-lived volcanic event in the area that
influenced only briefly the sediment and/or water budget and/or the
influence occurred via the carbonate fraction only.

6.3.3. Palaeoceanographic implications for the Paratethys

Accepting that the Nd-isotope compositions measured for the
fossils have recorded a balance between local terrestrial input and
seawater, the compositions can be interpreted in a palaeoceano-

graphic context. In Fig. 7b, eng values from the Western and Central
Paratethys are compared to those of the global oceans (Ling et al.,
1997; O'Nions et al., 1998; Burton et al., 1999) and the Mediterranean
Sea (Stille et al., 1996). Neglecting those samples that support a
strong local influence on the seawater Nd-isotopic composition, the
trend of the data is similar to that for the Indian Ocean during
the Early to Middle Miocene. In the Central Paratethys from the Late
Eggenburgian-Early Ottnangian onwards, the samples already
recorded this typical Indian Ocean gyq value (Ipolytarndc).

In contrast, the western part of the north Alpine Molasse Basin
might have experienced Mediterranean water inflow via the Rhone
Valley during the Eggenburgian (e.g., Auberson). A clear Indian Ocean
influence in the north Alpine Molasse Basin appears only during the
transgression and high sea level stand of the Ottnangian, where eng
values of about -7.9 occur throughout the basin (e.g., Apfingen,
Saulgau). A decrease of this strong marine influence is well marked
from the Middle-Late Ottnangian (Eggingen) onwards, as larger
regional differences are once again recorded by the fossils.

In the Central Paratethys, after a short brackish event, full marine
conditions were re-established for the Karpatian (e.g., Popov et al.,
2004). Localities situated distant from weathering volcanic rocks
(Kazar, Bad Voslau, Himeshaza) reflect seawater compositions typical
for the Paratethys with average eng values of about -7.5 until the
Middle Badenian. Thereafter eng values decrease to —8.2 during the
Late Sarmatian.

By comparison, the &yq values of =8 to =9 in some Karpatian and
Badenian ostracods from the Austrian Molasse and the Vienna Basin
are still somewhat lower (Janz and Vennemann, 2005) than the shark
teeth measured here. This may be related to local effects and/or
temporal variations in the seawater composition, but the trend
towards lower values is the same. In contrast, Sarmatian ostracods
have uniform &yg values of about —8.7 similar to the bony fish teeth
analyzed in this study (Nexing). All these data indicate a gradual
separation of the Central Paratethys with brackish conditions
becoming obvious during the Sarmatian (e.g., Rogl, 1998; Magyar
etal., 1999; Janz and Vennemann, 2005; Popov et al., 2006). Moreover,
the &g value for the Sarmatian brackish water may also represent a
typical composition of the hinterland input to the Central Paratethys,
compatible with the similarity to the sediment &yq values in these
areas (Fig. 6; Jeandel et al., 2007).

In summary, the seawater in the region was primarily sourced from
the Indian Ocean, which may have also controlled large regions of the
Mediterranean. Nevertheless, from the Badenian onwards, the
Mediterranean has lower gyg values compared to the Paratethys and
the Indo-Pacific (Stille et al., 1996 and Fig. 7), indicating increasing
influence of the Atlantic Ocean in this region. While the eastern
connection towards the Indo-Pacific of the Mediterranean and the
Central Paratethys has been questioned (e.g., R6gl, 1998; Popov et al.,
2004), the present data would support at least a partial communica-
tion of water masses between the Central Paratethys and the Indian
Ocean. Alternatively, the overlap between the eyq values of the Central
Paratethys and the Indian Ocean at this time is fortuitous and may be
related to different terrestrial Nd-sources but with overall similar eng
values for these marine systems.

7. Conclusions

Oxygen, strontium, and neodymium isotope compositions of
Miocene marine vertebrate fossils as well as the surrounding
sediments were analyzed from the north Alpine Molasse-, Vienna-,
and the Pannonian Basins. The results are compatible with the fol-
lowing palaeoenvironmental interpretations:

1) Oxygen isotope compositions of fish teeth support a sub-tropical to
warm temperate climate during the Early to Middle Miocene, with
water temperatures of 14 to 28 °C.
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2) Using the best biostratigraphical age estimates of the sampled
outcrops, the variation in the average 6'80 values of the shark teeth
with time is similar to that indicated by the global benthic
foraminifera record, although the fluctuations in some cases might
have been enhanced by local processes in the Paratethys.

3) The oxygen isotope compositions of fish teeth and marine
mammals from the same localities not only allow the temperatures
to be estimated, but also the 6'80 values of the ambient seawater,
which is found to be similar to that reported for the global Miocene
ocean. Restricted input of freshwater cannot be excluded at some
localities though, it might account for larger overall variations
compared to the global trends.

4) Although the 87Sr/5Sr ratios broadly follow the Miocene seawater
curve within error of their biostratigraphic age estimates, many
localities have ratios that are clearly different from those of
contemporaneous open ocean seawater. For these localities, a local
control on the seawater Sr-budget by the hinterland rocks is
apparent. This local input is particularly pronounced in areas
situated close to old crustal rocks or Mesozoic carbonates, which
have Sr-isotope ratios that are quite different compared to those of
the Miocene seawater.

5) In agreement with the Sr-isotope variations, the Nd-isotope
compositions of the fossils are compatible with either an influence
of the old crystalline rocks and/or the Mesozoic carbonates on the
local seawater budget. In addition, several periods of active
volcanism in the hinterland also influenced locally the Nd-isotope
composition of the seawater within the Paratethys for short
periods of time.

6) Despite an important input of Nd from the hinterland, the
differences in Nd- and Sr-isotope compositions between the
sediments and the fossils suggest that in many cases the Nd in
the Paratethys was dominated by water input from other ocean
basins. This allows for a determination of the pathways for water
mass exchange between the Paratethys, the Mediterranean and the
Indian Ocean. The gyq values of the Paratethys were -7.4 to -8.4
during the Early-Middle Miocene, which is compatible with the
influx of water from the Indian Ocean.
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