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Abstract

A differentiated reconstruction of palaeolimnologic, —environmental, and —climatic conditions is presented for the Middle
Miocene long-term freshwater lake (14.3 to 13.5 Ma) of the Steinheim basin, on the basis of a combined C, O, and Sr isotope study
of sympatric skeletal fossils of aquatic and terrestrial organisms from the lake sediments.

The oxygen isotope composition for lake water of the Steinheim basin (0'%0y0=%2.0+0.4% VSMOW, n=6) was
reconstructed from measurements of §'%0pg4 of aquatic turtle bones. The drinking water calculated from the enamel of large
mammals (proboscideans, rhinocerotids, equids, cervids, suids) has 6180H20 values (6180Hzo:*5.9i1.7%0 VSMOW, n=31)
typical for Middle Miocene meteoric water of the area. This 8'*Oy,0 value corresponds to a mean annual air temperature (MAT) of
18.8£3.8 °C, calculated using a modern-day 58 010-MAT relation. Hence, large mammals did not use the lake water as principal
drinking water. In contrast, small mammals, especially the then abundant pika Prolagus oeningensis drank from '®O-enriched water
sources (6'0y20=12.7+2.3%0 VSMOW, n=7), such as the lake water. Differences in Sr and O isotopic compositions between
large and small mammal teeth indicate different home ranges and drinking behaviour and support migration of some large
mammals between the Swabian Alb plateau and the nearby Molasse basin, while small mammals ingested their food and water
locally.

Changes in the lake level, water chemistry, and temperature were inferred using isotopic compositions of ostracod and
gastropod shells from a composite lake sediment profile. Calcitic ostracod valves (Hlyocypris binocularis; 5'*0=+1.7+1.2%0
VPDB, §'*C=-0.5+0.9%0, VPDB, n=68) and aragonitic gastropod shells (Gyraulus spp.; 6'*0=+2.0+1.3% VPDB, §"°C=
—1.1£1.3%0 VPDB, n=89) have 6'°0 and 6'*C values similar to or even higher than those of marine carbonates. 3'>C values of
the biogenic carbonates parallel lake level fluctuations while 6'%0 values scatter around +2+2%o and reflect the short term
variability of meteoric water inflow vs. longer term evaporation. ®’St/*°Sr ratios of aragonitic Gyraulus spp. gastropod shells
parallel the lake level fluctuations, reflecting variable inputs of groundwater and surface waters. Using a water 8' *Oypo0 value of
+2.0%0 VSMOW, water temperatures calculated from skeletal tissue 6'*O values of ostracods are 16.7+5.0 °C, gastropods 20.6+
5.6 °C, otoliths 21.8+1.4 °C, and fish teeth 17.0+2.7 °C.

* Corresponding author. Institut fiir Geowissenschaften, Geochemie, Universitit Tiibingen, Wilhelmstrasse 56, 72074 Tiibingen, Germany. Tel.:
+49 7071 29 73 156.
E-mail address: thomas.tuetken@uni-tuebingen.de (T. Tiitken).

0031-0182/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.palaco.2006.04.007


mailto:thomas.tuetken@uni-uebingen.de
http://dx.doi.org/10.1016/j.palaeo.2006.04.007

458 T. Tiitken et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 241 (2006) 457-491

The calculated MAT (~ 19 °C), lake water temperatures (~ 17 to 22 °C) and the '®0-enriched water compositions are indicative of
warm-temperate climatic conditions, possibly with a high humidity during this period. Vegetation in the area surrounding the basin
was largely of the Cs-type, as indicated by carbon isotopic compositions of tooth enamel from large mammals (8'>C=—11.1£1.1%o

VPDB, n=40).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Detailed reconstruction of past changes in environ-
mental or climatic conditions are largely based on high-
resolution studies of proxies in marine sediment cores
(e.g., Miller et al., 1991; Lear et al., 2000; Zachos et al.,
2001). For the terrestrial realm such reconstructions are
more difficult to obtain and high-resolution archives
such as ice cores, speleothems or lake sediments are
mostly restricted to the Quaternary. For pre-Quaternary
periods such reconstructions of terrestrial palacoenvir-
onments and palaeoclimates are commonly based on
palacosols (e.g., Retallack, 2004), fossil plants (e.g.,
Eberhard, 1989; Liicke et al., 1999; Utescher et al.,
2000), vertebrate occurrences (e.g., Markwick, 1998;
Jernvall and Fortelius, 2002; Bohme, 2003, 2004), or
the isotopic compositions of soil or biogenic carbonates
(e.g., Quade et al., 1992; Patterson et al., 1993; Swart et
al., 1993; Patterson, 1999 and references therein;
Dettmann et al., 2001; Janz and Vennemann, 2005),
and mammal bones and teeth (Luz et al., 1984;
Longinelli, 1984; Luz and Kolodny, 1985; Longinelli,
1995; Fricke and O’Neil, 1996; Fricke et al., 1998;
MacFadden et al., 1999; Kohn and Cerling, 2002;
Lindars et al., 2003). The carbon and oxygen isotopic
composition of biogenic apatite such as mammalian
tooth enamel has proven itself as a valuable archive for
reconstructions of past climatic and environmental
changes (Cerling et al., 1997; Sharp and Cerling,
1998; Fricke et al.,, 1998; Koch, 1998; Kohn and
Cerling, 2002; Grimes et al., 2005). Such archives from
mammals can be combined with measurements from
biogenic carbonates formed by sympatric freshwater
organisms in order to allow for both the reconstruction
of past mean annual air temperatures and summer
season temperatures, as well as the oxygen isotope
composition of freshwater for Tertiary settings (e.g.,
Grimes et al., 2003, 2005).

A detailed palacoenvironmental and palaeoclimatic
reconstruction for the Middle Miocene long-term
freshwater lake of the Steinheim basin is presented on
the basis of a multi-proxy C, O, and Sr isotopic approach
of analysing biogenic carbonate as well as phosphatic

fossils from autochthonous aquatic as well as sympatric
terrestrial species, including mammals, fish, aquatic
turtles, ostracods, and gastropods. The Steinheim basin
has been palacontologically and sedimentologically
well characterized (e.g., review in Heizmann and
Reiff, 2002), as it represents the international reference
locality for the European Neogene Mammal assemblage
zone MN 7 (~ 13.5 Ma) in the Middle Miocene, a period
with significant global changes in climatic conditions
(e.g., Flower and Kennett, 1994; Zachos et al., 2001,
Bohme, 2003).

In this study the meteoric and lake water "% 0mo
values will be reconstructed from mammalian tooth
enamel and aquatic turtle bone phosphate 6'*Opos
values and used as proxies for vertebrate drinking water
compositions (e.g., Longinelli, 1984, 1995; Barrick et
al., 1999; Grimes et al., 2003). On the basis of the
reconstructed lake water 8'*Oyyo0 value, water tempera-
tures are calculated using well-preserved carbonaceous
and phosphatic skeletal remains of freshwater organ-
isms. Implications from enamel carbon, oxygen, and
strontium isotope data for the drinking and feeding
behaviour of large vs. small mammals will also be
discussed.

2. Geologic setting of the Steinheim basin
2.1. Formation and age of the basin

The Steinheim basin is a small Tertiary sedimentary
basin, situated on the Upper Jurassic limestone plateau
of the Swabian Alb in SW Germany (Fig. 1). The basin
was formed by a meteorite impact during the Middle
Miocene (Dietz, 1959; Engelhardt et al., 1967). The
impact was presumably simultaneous with that forming
the larger Nordlinger Ries crater (Shoemaker and Chao,
1961; Reiff, 1988; Schudack and Janz, 1997) situated
40 km further east on the Swabian Alb plateau (Fig. 1).
The Ries crater was dated with various methods to
around 15 Ma (K/Ar: 14.8+£0.6 Ma, Gentner et al.,
1963, and fission track: 14.7+0.7 Ma, Gentner and
Wagner, 1969; OAr22Ar: 15.1+0.1 Ma, Staudacher et
al., 1982). However, more recent OAr2Ar dates
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Fig. 1. Simplified geological map of the Swabian and Franconian Alp region with the contemporaneously formed Middle Miocene meteorite impact
crater basins of Steinheim and the Nordlinger Ries in the Upper Jurassic limestone plateau, modified after Buchner et al. (2003).

suggested an age for the Ries impact (and thus the
formation of the Steinheim basin) of 14.3+0.2 Ma
(Buchner et al., 2003, Fig. 2a).

2.2. Evolution of the freshwater lake and stratigraphy
of lake sediments

The Steinheim basin is a complex impact crater of
3.5 km diameter and an original depth of about 220 m. It
has an almost circular outline and a central elevation
(Reiff, 1976). The bottom of the basin is covered by a
40-50 m thick polymict impact breccia consisting of
Jurassic limestone blocks with a clayey matrix, which
sealed the cleaved and karstic Upper Jurassic limestone
(Mensink, 1984). The Steinheim basin was successively
filled by meteoric water, forming an oligotrophic lake.
The lake in the Steinheim Basin existed for at least a few
100 ka up to more than 1 Ma (Gorthner and Meier-
Brook, 1985; Reiff, 1988; Gorthner, 1992). The
Nordlinger Ries was also filled by a long-term lake
that probably existed for 0.3 up to 2 Ma (Jankowski,
1981 and references therein). But in contrast to the
Steinheim basin, the Ries Lake is considered to have
been an evaporative saline shallow-water lake (Rothe
and Hoefs, 1977; Jankowski, 1981).

As there is no evidence for any river in- or outflow,
the Steinheim basin is generally assumed to have been
an isolated basin with a water supply mainly from
subterranean karst systems and/or surface runoff (Reiff,
1988). The lake level fluctuated significantly (Mensink,

1984; Bahrig et al., 1986), related both to tectonic
movements of the Swabian Alb (Reiff, 1988) as well as
a function of evaporation (Bajor, 1965). The lake level
fluctuations had an important influence on the ecosys-
tem of Lake Steinheim and its faunal evolution,
especially the freshwater gastropod and ostracod fauna
(Mensink, 1984; Gorthner, 1992; Janz, 1992, 1997,
2000) as well as on the chemical and isotopic
composition of the lake water (Bajor, 1965; Wolff and
Fiichtbauer, 1976).

Detrital input into the Steinheim basin was negligible
and the sedimentation rate was low, as reflected by the
dominant deposition of lacustrine carbonates such as
aragonitic siltstones, arenites and limestones of different
degrees of consolidation (Wolff and Fiichtbauer, 1976;
Mensink, 1984; Bahrig et al., 1986). The basin facies is
characterized by gyttjas while the littoral rim facies is
made up of biogenic carbonate sands and silts and green
algae bioherms around the central hill (Groschopf and
Reiff, 1969; Bahrig et al., 1986). Calcareous sediments
contain predominantly bioclasts, mainly aragonitic
gastropod shells and characean pieces but also ostracods
and carbonate grains as sub-mm sized fecal pellets and
aragonite-cemented particles (Wolff and Fiichtbauer,
1976). The unusual preservation of aragonite may be
related to Mg**-rich and aragonite-saturated pore fluids
from dolomite weathering of the dolomitized bioherms
(Wolff and Fiichtbauer, 1976). The lake deposits can not
be lithostratigraphically subdivided and contain only a
few marker horizons such as one leaf layer and two fish
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Fig. 2. a. The Steinheim basin craters formed contemporaneous with the Nordlinger Ries (Reiff, 1988), for which newest *°Ar/**Ar dates of impact glasses give an age of 14.3£0.2 Ma (Buchner et al.,
2003). The abundant mammal remains date the Steinheim basin lake deposits biostratigraphically to the Middle Miocene European Neogene mammal zone MN 7 for which it is the reference locality
(Heizmann and Reiff, 2002 and refs therein). MN zones are after Steininger (1999). The Miocene ages are after Berggren et al. (1995). b. Schematic stratigraphy of the lake sediments with the
succession of the 7 different Gyraulus gastropod beds which form a calcareous sedimentary sequence of about 30 m thickness. The Gyraulus gastropods allow for a biostratigraphic classification of the
otherwise lithostratigraphically uniform lake sediments. Typical cross sections of the different Gyraulus spp. are from Mensink (1984). Only the sediments of the trochiformis and lower oxystoma beds
(grey shaded) contain mammal remains and were deposited during the lake level low-stand phase. The schematic lake level fluctuations and the associated abundance changes of two facies indicating

ostracod species are drawn after Janz (1998).
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layers. However, lake sediments can be biostratigraphi-
cally subdivided into distinct sedimentary units of
gastropod beds, named after the 7 morphospecies of
the planorbid freshwater gastropod Gyraulus spp. (G.
kleini, G. steinheimensis, G. sulcatus, G. trochiformis,
G. oxystoma, G. revertens, G. supremus) (Fig. 2b and
photographs in Fig. 4). Lake Steinheim reached a
maximum water depth of 120—160 m during the lake
level high-stand of the sulcatus period. The lake became
meromictic and oxygen deficient conditions existed in
the deeper parts at this stage (Janz, 1992), resulting in
the deposition of organic-rich leaf and fish layers
(Weiler, 1934; Gaudant, 1989; Schweigert, 1993).
During the trochiformis period the lake level decreased
significantly reaching the low-stand in the upper
trochiformis/lower oxystoma period (Mensink, 1984;
Bahrig et al., 1986; Fig. 2). Mammal remains were
mainly found in sediments from the slope of the central
hill deposited during the lake level low-stand phase (Fig.
2b). Despite these fluctuations the lake never dried out
until the end of the supremus period when the whole
basin presumably was filled up with lake sediment
(Bahrig et al., 1986). The thickness of the lake
sediments is 30—40 m (Reiff, 1976); a continuous
succession of the sediments has not been preserved due
to Quaternary fluvial erosion.

2.3. Fossil fauna and flora of the Steinheim basin

About 230 animal and 90 plant species are
represented as fossils within the lake sediments, making
this locality one of the most important Miocene fossil
localities in Europe with 54 preserved mammal taxa
(Heizmann and Reiff, 2002). The faunal associations
and especially the cricetids allow the Steinheim deposits
to be placed into the European Neogene mammal
assemblage zone MN 7 (Fahlbusch, 1976; Heissig,
1995), for which the deposits are also the reference
locality (Steininger, 1999). The mammal fauna of
Steinheim is a mixed fauna with woodland-related
forms (Palaeomeryx, Taucanamo, Heteroprox,
Anchitherium, Hemicyon), open, more arid landscape
related forms (Euprox and Listriodon), probably
representing faunal elements of a warm-temperate
open landscape, and semi-aquatic species (Stenofiber,
Paralutra, Trochotherium) (Heizmann, 1973; Heizmann
and Reiff, 2002). Besides the large mammal fauna,
small mammal remains are also found. The pika P.
oeningensis is by far the most abundant mammal in
Steinheim (Heizmann and Reift, 2002).

During the lake level low-stand phase of the
trochiformis period the central hill was exposed forming

an island where the vertebrate carcasses probably
accumulated by wind drift in shallow waters of the
swampy littoral zone (Heizmann, 1973). The mammal
remains are autochthonous and some of them are even
articulated indicating that the animals died in/at the lake
(Heizmann, 1973). Small mammal remains may also
have been brought in by birds of prey (e.g., Heizmann,
1973; Heizmann and Fahlbusch, 1983; Heizmann and
Reiff, 2002). Apart from mammal remains, further
skeletal remains from other vertebrates such as birds,
turtles, fish, and other taxa were found (Weiler, 1934;
Mlynarski, 1980; Gaudant, 1989; Heizmann and Hesse,
1995; Heizmann and Reiff, 2002). The aquatic verte-
brate fauna is not species-rich. 7inca micropygoptera is
the predominant fish species well-adapted to standing
water with muddy grounds and even oxygen-deficient
conditions while the rare Barbus steinheimensis prefers
well oxygenated flowing water and the skeletal remains
are thought to have been brought in from an inflowing
little creek (Weiler, 1934; Gaudant, 1989) but no
geological indication for such a stretch of running
water exists. The dominant turtle species of Steinheim
Chelydropsis murchisoni was a fish-eating aquatic turtle
while the herbivorous Clemmydopsis turnauensis was
feeding on aquatic plants (Mlynarski, 1980). In contrast,
otherwise abundant crocodiles were not found in the
Steinheim basin (Schleich, 1985), probably because the
isolated basin was not connected to the river network.
The lake sediments also contain a well-preserved
invertebrate fauna with more than 100 gastropod and 53
ostracod species (Hilgendorf, 1866; Mensink, 1984;
Gorthner, 1992; Janz, 1992, 1997, Finger, 1998;
Heizmann and Reiff, 2002). The Steinheim basin is
well-known for the intra-lacustrine speciation of the
freshwater gastropod Gyraulus into distinct morpho-
species, (Hilgendorf, 1866; Mensink, 1984; Gorthner,
1992), representing one of the earliest palaeontological
examples for Darwin’s evolution theory (Janz, 1999). A
similar evolutionary pattern with morphological
changes and one intra-lacustrine speciation is also
known for the sympatric ostracods (Janz, 2000). Of
the mostly non-endemic freshwater ostracods the
benthic ostracod Ilyocypris binocularis is the most
abundant species, occurring throughout the whole
section of the lake sediments (Janz, 1992, 1997, 2000).
Charophyte remains are abundant in the lake
sediments mostly as aragonitic mineralised stem frag-
ments (Gregor, 1983, see also Fig. 3e) while gyrogonites
are rare and only found in the basal lake sediments of the
kleini beds (Schudack and Janz, 1997). The hydrophytes
such as Isoetes and Characeae are characteristic for an
oligotrophic lake setting (Schweigert, 1993). Floral
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Fig. 3. Skeletal elements from vertebrates and invertebrates analysed for their isotopic compositions: (a) fish otolith: 7. micropygoptera, (b) fish tooth:
T. micropygoptera, (c) fish tooth: B. steinheimensis, (d) ostracod valve: 1. binocularis (SEM picture), (e) characean fragment (SEM picture), (f)
freshwater gastropod: Gyraulus trochiformis, (g) freshwater turtle carapace fragment: Clemmydopsis sp., (h) rhinoceros tooth: Brachypotherium sp.,
(i) incisor rodent indet., (j) Pika jaw: P. oeningensis, (k) hairy hedgehog jaw with two molars: G. socialis, (1) hairy hedgehog tooth: G. socialis.

remains preserved as impressions in the leaf layers
indicate that the background vegetation around the
Steinheim basin was a deciduous dry forest of
Mediterranean-type with Quercus, accompanied by
Celtis, Juglans, Pistacia and Leguminosae, species
which are taken to be characteristic for a warm-
temperate climate with a pronounced dry season
(Schweigert, 1993). The lake shore, however, was

surrounded by a humid alluvial forest (Gregor, 1983;
Schweigert, 1993).

3. Material and methods
Phosphatic and carbonaceous fossil skeletal remains

(Fig. 3) from Steinheim lake sediments have been
analysed for their C, O, and Sr isotopic compositions
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(Tables 1-13). All vertebrate skeletal remains originate
from the former Pharion’s sand pit at the SW slope of
the central hill and mammal remains come from the
trochiformis/lower oxystoma gastropod beds (Fig. 2b),
which is the only section of the lake profile with
abundant mammal remains (Heizmann, 1973).

Tooth enamel samples from different large mammal
taxa (proboscideans, rhinocerotids, equids, cervids,
suids, and palacomerycids) as well as whole teeth of
sympatric small mammal taxa (pikas, hairy hedgehogs,
and rodents) have been analysed. If available mammal

teeth that formed late during ontogenesis, such as third
molars, were chosen to avoid the influence of nursing on
the isotopic composition of the body fluids. Enamel was
sampled with a small diamond-studded drill over the
whole enamel length from the crown to the root to get a
representative mean sample of the period of tooth
enamel formation. Depending on mammal species,
tooth position, and enamel maturation the C, O, and
Sr isotopic composition of tooth enamel from large
mammals reflects the isotopic composition of food and
water ingested during a period of >6 months up to

Table 1
O and C isotopic compositions of large mammal teeth
Sample Species Tooth B¢ o 0co; o 5" 0co03 CO3 5" 0poa o
[%0] [%o0] [%0] [wt.%]  [%o]
VPDB VPDB VSMOW VSMOW
FZRH ST 1 Lartetotherium sansaniense Molar -10.5 0.08 -7.9 0.11 227 3.9 18.6 0.3
FZ RH ST 2 Dicerorhinus steinheimensis M3 —11.6 0.05 =57 0.08  25.0 53 20.1 0.3
FZRH ST 3 Brachypotherium brachypus Incisor -13.7 004 -95 0.10 21.1 4.7 16.5 0.0
FZ RH ST 4 Brachypotherium brachypus Molar —12.8 0.04 -69 0.09 238 3.8
FZRH ST 5 Brachypotherium brachypus Pd3 —13.1 0.07 —83 0.13 224 4.1 16.4 0.3
FZRH ST 6 Brachypotherium brachypus Canine -129 006 —4.1 0.10  26.7 5.1 18.2 0.3
FZRH ST 7 Alicornops simorrense M3 —-11.8 0.04 -7.7 0.10  23.0 33 17.7 0.3
FZ RH ST 8 Brachypotherium brachypus P2 —12.1 0.08 -7.5 0.12 232 4.0 17.2 0.1
FZRH ST 9 Lartetotherium sansaniense M2 -10.6 0.07 =57 0.13  25.1 3.6 18.4 0.0
FZ RH ST 10 Lartetotherium sansaniense Ml —-12.8 0.09 -55 0.12 253 44
FZ RH ST 11 Lartetotherium sansaniense Molar -11.5 0.07 —45 0.08 263 54 18.8 0.2
FZ RH ST 12 Lartetotherium sansaniense Molar -10.5 0.06 —6.0 0.09 247 6.1 17.3 0.2
FZ RH ST 13 Aceratherium simorense Molar -11.5 0.07 —-6.2 0.09 245 3.1 18.4 0.2
FZEQST 1 Anchitherium aurelianense Molar -9.9 0.05 -7.0 0.10  23.7 4.5
FZ EQ ST 2 Anchitherium aurelianense Molar —-12.3 0.08 -85 0.14 222 4.5 18.2 0.1
FZ EQ ST 3 Anchitherium aurelianense molar -10.0 0.08 -5.6 0.15 252 6.0 18.5 0.2
FZ EQ ST 4 Anchitherium aurelianense Molar —11.1 0.15 -6.6 0.18  24.1 4.9 17.1 0.2
FZEQST S5 Anchitherium aurelianense Molar —11.8 0.05 —-48 0.12  26.0 3.8 19.4 0.4
FZ EQ ST 6 Anchitherium aurelianense Molar -10.0 0.07 -52 0.12 256 3.9 19.1 0.1
FZ EQ ST 7 Anchitherium aurelianense Molar -10.8 0.03 -6.9 0.10 238 3.8 16.6 0.0
FZ CE ST 3 Euprox od. Heteroprox Molar -8.9 0.03 -1.9 0.08  29.0 6.9 21.6 0.1
FZ CE ST 4 Euprox od. Heteroprox Premolar —10.4 0.10 -34 0.16 274 4.1 20.2 0.1
FZCESTS Euprox od. Heteroprox Molar -10.3 0.04 -6.0 0.10 247 54 16.4 0.2
FZ CE ST 8 Micromeryx flourensianus Molar -10.2 0.05 -54 0.09 253 6.2 15.9 0.2
FZ CE ST 9 Micromeryx flourensianus Molar -10.0 0.06 —5.2 0.07  25.6 6.5 16.5 0.3
FZ CE ST 13 Euprox od. Heteroprox M2 -10.9 0.02 -44 0.10 264 53 19.2 0.4
FZ CE ST 14 cervid indet. Molar -10.5 006 —1.8 0.14  29.0 7.3
FZ CE ST 15 cervid indet. Molar -11.5  0.08 —6.7 0.14 240 5.1
FZ CE ST 16 cervid indet. Molar -108 008 -39 0.11 269 4.5
FZ PA ST 1 Palaeomeryx eminens molar -12.2 0.07 -23 0.11 285 43 23.6 0.3
FZ PA ST 2 Palaeomeryx eminens Molar -10.3 0.07 =25 0.10 283 43 24.0 0.1
FZ MA ST 1 Gomphotherium steinheimense ~ M3 —10.1 0.09 -63 0.19 244 6.4 17.3 0.0
FZMA ST 2 Gomphotherium steinheimense ~ M3 -10.3 0.14 =77 0.17 229 4.9
FZ MA ST 3 Gomphotherium steinheimense ~ Molar -10.7 0.06 —7.8 0.10 229 5.7 16.8 0.2
FZ SU ST 1 Conohyus simorrensis M3 -10.8 0.09 -7.0 0.14 237 5.0 17.2 0.3
FZ SU ST 2 Conohyus simorrensis M2 -10.3 0.16 -74 0.11 233 4.5 17.6 0.2
FZ SU ST 3 Conohyus simorrensis M3 -10.3 0.09 -8.6 0.16 22.0 5.7 153 0.3
FZ SU ST 4 Albanohyus pygmaeus Molar -10.0 006 -33 0.07 275 5.8 20.1 0.2
FZSU ST 5 Conohyus simorrensis Molar -10.5 0.06 —-59 0.14 248 2.5 19.8 0.2
FZ SU ST 6 Listriodon splendens Canine -12.7 0.10 —45 0.15 262 5.7 20.4 0.3
FK TRO ST 1 Trochotherium cyamoides Bone -8.5 0.06 —-2.7 0.11 282 8.3 20.4 0.2




464

T. Tiitken et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 241 (2006) 457-491

Table 2
O and C isotopic compositions of small mammal teeth
Sample Species Tooth s o 0"%0cos © 3"%0cos CO3 0" 0pos o
[%0] [%0] [%0] [wt.%] [%o]
VPDB VPDB VSMOW VSMOW

FK GA ST 2 Galerix socialis Jaw bone —-8.6 0.07 -2.0 0.09 28.9 9.6 21.7 0.1
FZ GAST 3 Galerix socialis Molar —-8.1 0.05 -4.0 0.08 26.8 8.6 22.0 0.1
FK GA ST 3 Galerix socialis Jaw bone -8.0 0.05 -35 0.07 273 9.6 20.7 0.9
FZ GA ST 4 Galerix socialis Molar 20.0 0.0
FZ RO ST 2 Rodent indet. Incisor -8.7 0.13 -1.5 0.11 29.3 7.4 249 0.3
FZ RO ST 3 Rodent indet. Incisor -9.7 0.05 =35 0.08 273 6.8 16.8 0.2
FZ RO ST 4 Rodent indet. Incisor -84 0.03 -32 0.08 27.7 8.8 21.1 0.1
FZ RO ST 5 Rodent indet. Incisor -82 0.06 -2.6 0.07 283 9.4 20.7 0.1
FZ RO ST 6 Rodent indet. Incisor —8.6 0.03 -24 0.06 28.5 7.0 243 0.8
FZLAST 1 Prolagus oeningensiss Molar -9.8 0.04 —3.7 0.09 27.0 7.0 19.4 0.5
FZLA ST 2 Prolagus oeningensis Molar -9.1 0.05 -0.9 0.08 30.0 10.4 23.9 0.3
FZLAST?3 Prolagus oeningensis Molar -10.5 0.06 =5.6 0.12 25.2 8.3 16.8 0.4
FK LA ST 4 Prolagus oeningensis Jaw bone -8.6 0.05 =27 0.06 28.1 10.4 21.2 0.1
FZ LA ST 4 Prolagus oeningensis Molar -10.1 0.06 -5.1 0.11 25.7 8.8 17.8 0.1
FZLASTS Prolagus oeningensis Molar -9.9 0.04 =57 0.06 25.0 15.9 0.3
FZ LA ST 6 Prolagus oeningensis Molar -8.8 0.04 -1.9 0.08 29.0 8.2 22.8 0.3
FZLAST7 Prolagus oeningensis Molar -9.8 0.05 =57 0.08 25.0 6.4 19.6 0.2
2 years (e.g., Hillson, 2005; Hoppe et al., 2004; Kohn, (Table 3). Furthermore, teeth of Palaeoleuciscus sp.,
2004) whereas in small mammal teeth only shorter time occurring only in the kleini beds, were analysed.
periods of only a few weeks or months are recorded Aragonitic shells of the freshwater gastropod Gyr-
(e.g., Lindars et al., 2001 and references therein). aulus spp. and sympatric calcitic valves of the benthic

Powdered whole teeth of two fish species (T ostracod 1. binocularis, which both occur over the whole
micropygoptera, B. steinheimensis) were analysed stratigraphic range of the lake sediment sequence, were
from the mammal-bearing sediments and 7inca teeth analysed from 43 samples covering all seven gastropod
also from the fish layer in the sulcatus gastropod bed beds (Fig. 4, Tables 9 and 10). The ostracods and
Table 3
O and C isotopic composition of fish teeth
Sample Species Gastropod bed Skeletal 8'*C o 0co; o 0®0co;  CO3 0%0pos o

element  [%o] [%0] [%0] [wt.%] [%o]
VPDB VPDB VSMOW VSMOW

FZSL ST 1 Tinca micropygoptera  trochiformis/oxystoma Tooth -6.5 011 -—-14 0.12 295 6.8 23.0 0.2
FZ SL ST 2 Tinca micropygoptera  trochiformis/oxystoma Tooth -72 007 —-1.8 0.11 29.1 6.7 24.1 0.3
FZ SL ST 3 Tinca micropygoptera  trochiformis/oxystoma Tooth =57 009 —-17 0.10 29.2 3.8
FZ SL ST 4  Tinca micropygoptera  trochiformis/oxystoma  Tooth -59 012 -19 0.14 29.0 4.5
FZSL ST S  Tinca micropygoptera  trochiformis/oxystoma Tooth -6.0 0.07 —-19 0.15 29.0 4.2
FZ SL ST 6  Tinca micropygoptera  trochiformis/oxystoma Tooth -6.6 0.05 —-1.7 0.07 29.1 8.4 24.5 0.1
FZ SL ST 7  Tinca micropygoptera trochiformis/oxystoma Tooth -63 0.04 —-19 0.06 28.9 8.2 242 0.6
FZ SL ST 10  Tinca micropygoptera  trochiformis/oxystoma  Tooth -6.6 005 —-24 0.07 284 9.8
FZ SL ST 11 Tinca micropygoptera  sulcatus (fish layer) Tooth =75 007 —-1.7 0.11 29.2 3.7
FZ SL ST 13 Tinca micropygoptera  sulcatus (fish layer) Tooth -69 0.05 -25 0.09 284 35
FZ SL ST FI  Tinca micropygoptera  sulcatus (fish layer) Il teeth —7.5 0.06 —1.1 0.07 29.8 7.5 239 0.3
FZ BA ST 1 Barbus steinheimensis  trochiformis/oxystoma Tooth -59 0.06 —1.3 0.09 29.5 6.2 24.2 0.3
FZ BA ST 2 Barbus steinheimensis  trochiformis/oxystoma  Tooth -58 007 —-17 0.07 29.2 7.4 24.1 0.0
FZ BA ST 3 Barbus steinheimensis  trochiformis/oxystoma  Tooth -6.0 0.07 —-12 0.07 29.6 6.0 25.3 0.8
FZ BA ST 4  Barbus steinheimensis  trochiformis/oxystoma  Tooth -58 0.08 —1.8 022 29.1 6.8
FZ BA ST 5  Barbus steinheimensis  trochiformis/oxystoma  Tooth -6.6 0.09 -23 0.11 28.5 6.2
FZ BA ST 6  Barbus steinheimensis  trochiformis/oxystoma  Tooth -69 005 -17 0.06 29.2 8.3 25.7 0.2
FK BA ST 8  Barbus steinheimensis ~ kleini Bone 22.8 0.0
FZ PA ST 1 Palaeoleuciscus kleini 3teeth —-24 0.09 —4.1 0.08 26.6 14.2 17.8
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Table 4
O and C isotopic compositions of turtle bones
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Sample Species Gastropod bed Skeletal 8°C & %0co; o 0%0co; CO3  6%0pos o

element  [%o] [%0] [%0] [wt.%] [%o]

VPDB VPDB VSMOW VSMOW

FK SCH ST 1  Testudo sp. trochiformis/oxystoma Carapace —8.2  0.06 —1.0 0.10 29.9 9.5
FK SCH ST 2 Testudo sp. trochiformis/oxystoma Carapace —8.2  0.05 —0.7 0.05 30.2 10.2
FK SCH ST 7 Chelydropsis murchisoni  trochiformis/oxystoma Carapace —8.3  0.05 —1.8 0.09 29.1 11.6
FK SCH ST 8  Chelydropsis murchisoni  trochiformis/oxystoma Carapace —8.4 0.07 —1.5 0.11 294 10.7 246
FK SCH ST 9  Chelydropsis murchisoni  trochiformis/oxystoma Carapace —8.3  0.07 —1.8 0.12 29.1 10.9 234 0.1
FK SCH ST 10 Chelydropsis murchisoni  trochiformis/oxystoma Carapace —8.3  0.07 —2.1 0.10 28.7 11.5 244 0.3
FK SCH ST 11 Chelydropsis murchisoni  trochiformis/oxystoma Carapace —8.2 0.06 —2.4 0.10 28.4 12.7
FK SCH ST 12 Chelydropsis murchisoni  trochiformis/oxystoma Carapace —8.1  0.06 —2.0 0.09 28.8 10.6
FK SCH ST 13 Clemmydopsis turnauensis trochiformis/oxystoma Carapace —8.2  0.04 —0.6 0.08 30.3 9.6 24.1 0.1
FK SCH ST 14 Clemmydopsis turnauensis trochiformis/oxystoma Carapace —8.0  0.09 —1.5 0.10 29.4 88 242 0.1
FK SCH ST 15 Clemmydopsis turnauensis trochiformis/oxystoma Carapace —8.4  0.08 —0.7 0.10 30.2 7.1 23.8 0.2

freshwater gastropods originate from several sediment
sections and outcrops in the Steinheim basin forming a
combined sediment profile of about 30 m thickness
(Janz, 1992, 1997, 2000).

In the kleini and steinheimensis beds where 1.
binocularis is not as abundant, additional specimens
of Ilyocypris sp. were analysed. Only clean and
transparent valves of adult individuals were chosen for
isotopic analysis. The gastropod shells were cleaned
from adhering sediment in distilled water using ultra-
sonification. The best preserved gastropod shells were
selected, carefully crushed and sediment fillings or shell
fragments with carbonate overgrowth were removed
under a binocular microscope. The chosen fragments
were powdered and homogenized in an agate mortar. 50
samples from all 7 Gyraulus spp. have been analysed by
X-ray diffraction and all, except for two that contained
some secondary calcite (Ph 12-2 and S 35-3), still
consisted of pure aragonite (>95 wt.%).

Fish teeth and otoliths from 7. micropygoptera as well
as charophyte stem fragments and carbonate sediment
particles were hand-picked from a sediment sample of
the fish layer from the sulcatus beds and analysed for
their C and O isotopic composition (Tables 5—7).

3.1. C and O isotope measurements of the carbonate in
the phosphate and carbonate

Tooth enamel and bone powders were chemically
pre-treated with 2% NaOCI solution, followed by a 1 M
Ca-acetate acetic acid buffer solution (Koch et al.,
1997), prior to analysis of the carbon (6'*C) and oxygen
(6"0c03) isotopic composition of the carbonate in the
phosphate, the oxygen isotopic composition of the
phosphate (6'®Opo4), and the strontium isotopic com-
position (*’Sr/*°Sr).

For C and O isotopic analysis of the carbonate in the
phosphate of bone and teeth about 3 mg was used. For
carbonate analysis 200 pg (gastropod shells) or 30 to
80 ng (ostracod valves) was used. Commonly between 2
and 4 ostracod valves were assembled for a single
isotope measurement. The samples were analysed at
70 °C using a ThermoFinnigan Gasbench II on a
Finnigan Delta Plus XL continuous flow isotope ratio
gas mass spectrometer at the University of Lausanne,
following a procedure adapted after Spotl and Venne-
mann (2003). The measured carbon and oxygen isotopic
compositions were normalized to the in-house Carrara
marble calcite standard that has been calibrated against

Table 5

O and C isotopic composition of characean stem fragments

Sample Material Gastropod bed Profile ocC o 0" 0co03 o 5"%0cos3 CcOo3
(m) [%0] [%o] [%o] [wt.%]

VPDB VPDB VSMOW

CHA ST 1 Characea indet sulcatus (fish layer) 16 44 0.03 2.7 0.05 33.7 95.3

CHA ST 2 Characea indet sulcatus (fish layer) 16 3.7 0.06 44 0.07 355 93.1

CHA ST 3 Characea indet sulcatus (fish layer) 16 34 0.05 2.4 0.07 334 84.0

CHA ST 4 Characea indet sulcatus (fish layer) 16 3.6 0.07 3.9 0.07 35.0 88.6

CHA ST 5 Characea indet sulcatus (fish layer) 16 3.9 0.04 2.5 0.09 33.5 102.8

CHA ST 6 Characea indet sulcatus (fish layer) 16 3.1 0.08 4.8 0.08 35.9 91.0
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Table 6

O and C isotopic compositions of carbonaceaous sediment particles

Sample Material Gastropod bed Profile o3cC o 3"%0cos3 o 0" 0co3 Cco3
(m) [%o] [%o] [%o] [wt.%]

VPDB VSMOW

SED ST 1 Carbonate sediment sulcatus (fish layer) 16 3.9 0.05 3.6 0.07 34.6 104.5

SED ST 2 Carbonate sediment sulcatus (fish layer) 16 34 0.05 1.1 0.07 32.1 104.2

SED ST 3 Carbonate sediment sulcatus (fish layer) 16 4.3 0.07 2.7 0.14 33.7 86.6

SED ST 4 Carbonate sediment sulcatus (fish layer) 16 3.7 0.08 4.2 0.09 352 86.2

SED ST 5 Carbonate sediment sulcatus (fish layer) 16 2.1 0.06 0.9 0.09 31.9 88.6

SED ST 6 Carbonate sediment sulcatus (fish layer) 16 3.5 0.06 2.3 0.07 333 85.6

NBS-19 and reported in the usual d-notation vs. VPDB.
The normalization incorporates the CO,-carbonate acid
fractionation factor for calcite, both for the calcite
samples analysed as well as the carbonate in phosphate.
6'®0 values for aragonite samples have not been
corrected relative to the normalization against calcite.
External reproducibility for carbonate in the phosphate
was checked with pre-treated NBS 120c Florida
phosphate rock standard giving values of 6'*Cyppg=
—6.29+0.08%0 and 8'* Oyppg=—2.32+ 0.14%0 (n=13).
The external reproducibility for the carbon and oxygen
isotopic composition of carbonate in the phosphate is
better than £0.1%o and +0.15%., respectively. For pure
carbonate samples the reproducibility was better than
+0.1%0 for both carbon and oxygen isotope
measurements.

3.2. O isotope measurements of the phosphate using
TC-EA

Oxygen isotope composition of phosphate
(6"®0po4) was measured on about 4 mg of pre-treated
powder precipitated as silver phosphate (AgzPOy,)

according to a method modified after Dettmann et al.
(2001). Samples were dissolved in 800 pl 2 M HF in a
2 ml safe lock centrifuge tube over night. The
centrifuged solution was transferred into a new 2 ml
centrifuge tube leaving the CaF residue behind. The
HF was neutralized by addition of 140 ul of 25%
NH4OH solution and the dissolved phosphate precip-
itated as Ag;PO,4 by the addition of 800 ul of a 2 M
AgNO; solution. The AgzPO,4 precipitate was washed
two times with distilled water and oven-dried at 50 °C.
The AgzPO, yields were monitored for each sample
and gave in the mean 2.1+£0.1 mg Ag;PO, for 1.0 mg
of enamel powder. Ag;PO,; of each sample and
standard was analysed in triplicate for its oxygen
isotopic composition according to methods described
in Vennemann et al. (2002) using a TC-EA at 1450 °C
linked to a ThermoFinnigan Delta Plus XL gas mass
spectrometer at the University of Lausanne. Several
isotopically distinct standards (TU 1, TU 2, benzoic
acid, K,HPO,4, NBS 120c), which cover the range of
oxygen isotopic compositions of the analysed samples,
were measured and used for off-line normalization
(Vennemann et al., 2002). 6'*Opo4 values are reported

Table 7

O and C isotopic compositions of fish otoliths (Tinca micropygoptera)

Sample Material Gastropod bed Profile ¢ o 8"0cos o 8"0cos3 CcOo3

(m) [%o] [%0] [%0] [wt.%]
VPDB VPDB VSMOW

OT SL ST 1 Otolith sulcatus (fish layer) 16 -124 0.07 1.1 0.07 32.1 65.2
OT SL ST 3 Otolith sulcatus (fish layer) 16 -11.5 0.07 1.1 0.07 32.0 64.9
OT SL ST 4 Otolith sulcatus (fish layer) 16 -12.8 0.07 0.8 0.07 31.7 65.1
OT SL ST S Otolith sulcatus (fish layer) 16 -11.7 0.05 0.9 0.07 31.9 70.1
OT SL ST 7 Otolith sulcatus (fish layer) 16 -12.2 0.05 1.0 0.05 32.0 63.3
OT SL ST 8 Otolith sulcatus (fish layer) 16 -12.6 0.07 1.2 0.08 32.1 62.5
OT SL ST 10 Otolith sulcatus (fish layer) 16 —-11.6 0.06 0.6 0.07 31.6 72.6
OT SL ST 11 Otolith sulcatus (fish layer) 16 -114 0.06 0.5 0.04 31.4 62.0
OT SL ST 12 Otolith sulcatus (fish layer) 16 -9.5 0.05 1.0 0.09 32.0 76.9
OT SL ST 13 Otolith sulcatus (fish layer) 16 -13.0 0.04 1.5 0.05 32.5 59.7
OT SL ST 15 Otolith sulcatus (fish layer) 16 -11.2 0.09 1.2 0.07 322 68.3
OTFIST 1 Otolith kleini 0.5 -9.9 0.06 =52 0.10 25.5 90.6




T. Tiitken et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 241 (2006) 457491 467
Table 8
O and C isotopic compositions of bivalves and ostracods from other Miocene localities
Sample Material Locality Mc o 0"%0cos © 0" 0cos CO3
[%0] [%0] [%o0] [wt.%]
VPDB VSMOW
MU HE 1 Unionidae fresh water bivalve Helsighausen, Switzerland —6.1 0.06 -10.4 0.12 20.2 91.0
MU HE 2 Unionidae fresh water bivalve Helsighausen, Switzerland -6.2 0.05 -10.6 0.13 20.0 94.6
MU HE 3 Unionidae fresh water bivalve Helsighausen, Switzerland -6.2 0.05 -10.6 0.09 20.0 93.8
MU HE 4 Unionidae fresh water bivalve Helsighausen, Switzerland -6.1 0.07 -9.9 0.09 20.7 99.9
MU HE 5 Unionidae fresh water bivalve Helsighausen, Switzerland -6.0 0.06 —10.1 0.08 20.5 95.0
MU HUE 1 Unionidae fresh water bivalve Hiilistein, Switzerland —-4.2 0.05 -9.8 0.08 20.8 88.2
MU HUE 2 Unionidae fresh water bivalve Hiilistein, Switzerland -2.2 0.04 -94 0.07 21.2 86.4
GA HUE 1 Unionidae fresh water bivalve Hiilistein, Switzerland -3.0 0.04 -9.5 0.05 21.2 79.3
OS HW 1 Eucypris lutzae ostracod Hoéwenegg, Gemany -7.1 0.07 -7.6 0.06 23.6 95.3
OS HW 2 Eucypris lutzae ostracod Howenegg, Gemany -7.4 0.07 =177 0.05 233 93.4
OS HW 3 Eucypris lutzae ostracod Hoéwenegg, Gemany =72 0.07 -7.6 0.03 23.5 86.6
OS HW 4 Eucypris lutzae ostracod Howenegg, Gemany -6.7 0.09 -9.1 0.09 24.1 65.7
OS HW 5 Eucypris lutzae ostracod Hoéwenegg, Gemany =73 0.05 —10.1 0.06 23.4 81.8
OS HW 6 Eucypris lutzae ostracod Howenegg, Gemany -2.7 0.06 —-0.6 0.05 28.1 83.9
OSNO 1 Strandesia risgoviensis ostracod Nordlinger Ries, Germany 3.9 0.05 23 0.05 349 94.5
OS NO 2 Strandesia risgoviensis ostracod ~ Nordlinger Ries, Germany 34 0.06 1.6 0.04 344 102.7
OSNO3 Strandesia risgoviensis ostracod Nordlinger Ries, Germany 3.5 0.05 1.7 0.02 34.6 93.5
in the usual é-notation vs. VSMOW. The Ag;PO4 4. Results

precipitated from the NBS 120c standard analysed in
different TC-EA runs gave a mean 6"%0pp4 value of
21.6+0.4%0, (n=25), a value similar to that published
for this standards elsewhere (e.g., Strait et al., 2004).

3.3. Sr isotope measurements

The preparation for Sr isotopic analysis was done in
a clean laboratory. A 1 mg aliquot of the pre-treated
enamel powder used for stable isotope analysis or
1 mg of aragonite was dissolved in 1 ml distilled 7 N
HNO;, respectively 6 N HCl in Savillex® beakers over
night. The Sr fraction was separated with standard
separation procedure on quartz glass cation exchange
columns filled with 5 ml resin bed of BioRad AG
50W-X12, 200-400 mesh using 2.5 N HCI. The
purified Sr was taken up in 1 pl of 2.5 N HCI and
loaded on tungsten filaments coated with 2x0.7 ul of
TaFs activator. The Sr isotopic composition was
measured with a Finnigan MAT 262 thermal ionization
mass spectrometer (TIMS) at the University of
Tiibingen. For each sample >200 ®’Sr/*°Sr ratios
were measured in the static mode with an internal
precision <10x10™°. ®’Sr/*°Sr ratios were corrected
for mass fractionation in the instrument, using the
natural *¥Sr/*®Sr ratio of 8.375209. Measured ®’Sr/**Sr
ratios were normalized to the certified value of NBS
987 (¥’Sr/*°Sr=0.710248). The NBS 987 gave a mean
87S1/%°Sr=0.710246+9, (n=7) during the period of Sr
isotope measurements.

Results for the stable isotope measurements of this
study are given in Tables 1-10. Results for the Sr
isotope compositions are given in Tables 11 to 12.
Additional results for carbon isotopic compositions of
dissolved inorganic carbon, oxygen isotopic composi-
tion of water (0 "¥01120), and the Sr isotopic composition
for some modern surface and groundwater samples from
the Steinheim basin are given in Tables 13 and 15. In the
following the range of isotope values for the different
skeletal tissues are given followed by the mean value=+
standard deviation in brackets.

4.1. C and O isotope compositions of ostracod valves

Calcitic valves of the benthic ostracod 1. binocularis
have 6'*0 values ranging from —2.3 to +4.0%. (3'%0=
+1.7+1.2%0, n=68) and 8">C values between —4.0 and
+1.9%0 (6" C=—0.5%0.9%0, n=68) (Table 10). Samples
of Ilyocypris sp. analysed from the lower lake sediments
of the steinheimensis and kleini beds have similar §'*C
values but about 2%o higher 6'0 values compared to /.
binocularis from the same samples (Fig. 4). Lowest
6'®0 and 6"°C values for both ostracod species occur
in the basal lake sediments of the kleini beds.

4.2. C and O isotope compositions of gastropod shells

The 6'®0 values of the aragonitic Gyraulus spp.
shells range from —3.6 to +4.0%o (3'*0=+2.0=1.3%o,
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Table 9

O and C isotopic compositions gastropod shells (Gyraulus spp.)
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8"3C [%0] VPDB

5'%0 [%o] VPDB

5'%0 [%o] VSMOW

Sample Gastropod bed ~ Profile (m)  Shell weight (mg) o o

SUP 1 supremus -0.6 0.04 1.7 0.07 327
SUP 2 supremus 1.0 0.04 2.5 0.08 334
SUP 3 supremus -1.7 0.05 1.1 0.09 32.1
SUP 4 supremus -0.9 0.05 1.6 0.07 32.6
SUP 5 supremus -14 0.04 2.2 0.07 332
K 19-2 supremus 224 8.7 -0.7 0.04 1.1 0.08 321
K 19-4 supremus 22.4 8.1 -0.3 0.13 3.9 0.16 349
REV 1 revertens -1.5 0.05 0.8 0.07 318
REV 2 revertens 0.0 0.05 1.9 0.07 329
REV 3 revertens —-0.1 0.04 1.9 0.09 329
REV 4 revertens 0.1 0.04 2.0 0.05 33.0
REV 5 revertens -2.1 0.03 33 0.08 343
K 14-2 revertens 21.5 0.5 1.0 0.08 2.5 0.12 335
K 14-3 revertens 21.5 0.4 1.3 0.06 22 0.12 332
K 8-2 revertens 20.4 3.7 1.5 0.09 1.9 0.13 329
K 8-3 revertens 20.4 1.8 0.0 0.07 2.5 0.09 335
K 5-1 oxystoma 20.15 6.7 -0.5 0.13 1.1 0.16 32.1
K 5-2 oxystoma 20.15 5.8 -1.2 0.09 1.0 0.12  32.0
K 1-1 oxystoma 19.6 4.7 -1.2 0.30 0.6 0.30 315
K1-2 oxystoma 19.6 6.0 0.3 0.08 2.4 0.13 334
Ph 19-1 oxystoma 19.2 2.7 -1.2 0.08 0.6 0.11 315
Ph 19-3 oxystoma 19.2 1.7 -1.2 0.06 33 0.10 343
Ph 16-2 oxystoma 18.9 1.1 0.7 0.04 35 0.08 345
Ph 16-3 oxystoma 18.9 3.7 -0.7 0.05 1.1 0.09 321
Ph 12-1 oxystoma 18.3 2.4 -2.2 0.09 2.8 0.12 338
Ph 12-2 oxystoma 18.3 2.4 1.2 0.27 4.0 029 35.0
Ph 10-2 oxystoma 18 53 0.5 0.08 3.8 0.09 348
Ph 10-4 oxystoma 18 43 -04 0.07 3.1 0.12  34.1
Ph 8-1 oxystoma 17.7 3.0 -0.4 0.13 1.3 0.15 322
Ph 8-2 oxystoma 17.7 1.7 -0.5 0.10 2.8 0.11  33.8
Ph 6-1 oxystoma 17.4 4.1 -0.4 0.11 1.3 0.10 322
Ph 6-2 oxystoma 17.4 23 -1.1 0.11 1.2 0.07 322
Ph 4-1 oxystoma 17.1 52 0.5 0.07 0.9 0.12 319
Ph 4-2 oxystoma 17.1 3.9 -2.0 0.06 0.5 0.09 315
Ph 2-1 oxystoma 16.6 10.1 -13 0.06 2.0 0.08  33.0
Ph 2-2 oxystoma 16.6 8.4 -0.1 0.07 1.1 0.11  32.0
S 37-2 oxystoma 16.45 1.9 =25 0.05 2.5 0.11 335
S 37-3 oxystoma 16.45 1.6 -1.7 0.04 0.6 0.09 31.6
S 35-3 oxystoma 16.25 83.6 -0.7 0.09 2.9 0.10 338
S 33-2 oxystoma 15.6 46.4 -1.6 0.16 0.8 027 325
S 33-3 oxystoma 15.6 553 -12 0.03 1.6 0.03 325
S 31-1 trochiformis 15.2 53.7 -13 0.03 3.0 0.04 34.0
S 31-3 trochiformis 15.2 35.0 -0.7 0.05 1.4 0.07 324
S 27-1 trochiformis 14.65 66. -0.6 0.03 1.4 0.07 323
S 27-3 trochiformis 14.65 385 -15 0.04 2.7 0.04 337
S21-2 trochiformis 13.7 41.5 —-0.6 0.03 2.7 0.07  33.7
S 21-3 trochiformis 13.7 37.8 0.1 0.05 2.0 0.06 33.0
S 18-1 trochiformis 13.3 48.3 -0.3 0.06 1.5 0.07 324
S 18-3 trochiformis 13.3 19.0 0.3 0.08 1.7 0.07 326
S 15-1 trochiformis 13.15 28.7 -0.1 0.07 1.0 0.08 319
S 15-3 trochiformis 13.15 22.3 -0.5 0.05 1.5 0.06 324
S 13-2 trochiformis 13 9.7 1.2 0.04 0.5 0.07 314
S 13-4 trochiformis 13 124 -0.2 0.07 0.3 0.08 312
S 10-1 trochiformis 12.75 27.8 -0.7 0.05 2.1 0.08 33.1
S 10-3 sulcatus 12.75 17.2 -0.3 0.10 1.3 0.10 322
SF 9-2 sulcatus 11.2 40.6 -1.0 0.09 35 0.12 345
SF 9-3 sulcatus 11.2 36.6 -0.5 0.13 4.0 0.18  35.0
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Table 9 (continued)

469

8"3C [%0] VPDB

3'%0 [%0] VPDB

Sample Gastropod bed  Profile (m)  Shell weight (mg) o o 880 [%0] VSMOW
S 1-1 sulcatus 10.75 13.1 -0.9 0.15 2.3 0.14 333
S1-2 sulcatus 10.75 17.9 -1.2 0.05 1.6 0.07 32.6
SF 10-2 sulcatus 10.4 15.8 -0.2 0.07 1.0 0.09 319
SF 13-1 sulcatus 9.6 322 -1.8 0.06 1.6 0.09 325
SF 13-2 sulcatus 9.6 27.4 -1.5 0.04 2.7 0.09 337
SF 16-1 sulcatus 8.9 14.7 -1.0 0.05 1.5 0.06 324
SF 16-3 sulcatus 8.9 12.0 -0.9 0.05 0.6 0.07 315
SF 18-2 sulcatus 7.8 8.5 -1.2 0.05 1.6 0.08 325
B 25.1-1 sulcatus 6.85 20.2 -1.2 0.04 2.3 0.09 333
B 25.1-2 sulcatus 6.85 3.5 -2.0 0.06 3.5 0.10 34.6
B 26.9-1 sulcatus 5 4.5 -2.7 0.05 2.8 0.09 40.8
B 26.9-2 sulcatus 5 4.5 -1.9 0.06 34 0.07 414
B 28.1-1 sulcatus 3.9 24.5 -2.5 0.05 3.7 0.09 41.8
B 28.1-2 sulcatus 3.9 15.6 -1.3 0.06 4.0 0.07 42.0
B 28.75-1  steinheimensis 3.15 27.3 =25 0.11 3.0 0.11 41.0
B 28.75-2  steinheimensis 3.15 38.2 -1.8 0.10 2.2 0.07  40.1
B 29.2-3 steinheimensis 2.7 29.5 =22 0.09 4.0 0.09 420
B 29.2-4 steinheimensis 2.7 26.2 -1.6 0.11 1.3 0.08 392
B 29.6-3 steinheimensis 2.35 8.8 -1.4 0.10 0.9 0.08 38.8
B 29.6-4 steinheimensis 2.35 5.1 -2.1 0.11 3.9 0.09 419
B 30.0-3 steinheimensis 1.75 43.4 =23 0.09 3.1 0.08 41.1
B 30.0-4 steinheimensis 1.75 38.5 -2.7 0.12 2.6 0.09 40.6
B 31.8-1 steinheimensis 0.1 13.5 -1.1 0.12 1.3 0.08 393
B 31.8-2 steinheimensis 0.1 4.0 =0.7 0.10 2.7 0.09 40.6
Gf 2-1 steinheimensis ~ —3 2.7 -3.6 0.12 1.2 0.08 39.1
Gf2-2 steinheimensis ~ —3 1.1 -4.9 0.11  -3.6 0.10 34.1
Ge 5-1 steinheimensis ~ —3.5 12.8 -6.0 0.17 1.4 0.11 394
Ge 5-4 steinheimensis -3.5 6.3 —4.1 0.06 29 0.09 409
Ge 4-1 kleini —4 4.4 -0.7 0.04 2.8 0.08 40.8
Ge 4-2 kleini -4 2.3 -2.1 0.05 2.1 0.09  40.1
Ge 1-1 kleini —4.58 8.4 -43 0.07 -2.2 0.07 35.6
Ge 1-2 kleini —4.5 9.6 -14 0.07 -0.2 0.08 377

n=89) and 6"°C values range from —4.0 to +1.9%o
(6"°C=—1.1%£1.3%0, n=89). Lowest 6'°0 and §'°C
values occur in the basal kleini beds (Table 9, Fig. 4).
Shells of Gyraulus spp. have similar 6'*0 and 6'°C
values compared to those of the ostracod /. binocularis
(Fig. 4). 6"%0 values of both, ostracods and freshwater
gastropods, are high and scatter around a mean value of
+2%o throughout the whole succession of lake sedi-
ments, except for those from the basal kleini beds with
lower 6'%0 values (Fig. 4). The 6'C values of the
Gyraulus gastropods and ostracods also display the
same trend over the complete succession of the 7
gastropod beds (Fig. 4), with 6'°C values increasing
continuously from the kleini period up until the
trochiformis period, the major lake level low-stand
phase. After a decrease during the trochiformis/
oxystoma period the §'C values increase again reaching
the highest 6'>C values in the final supremus period and
thus the end of sedimentation in the lake (Fig. 4). The
6'3C values seem to follow the known lake level
fluctuations (Fig. 4).

The aragonitic shells of the land snail Megalotro-
chlea sylvestrina have 6'*O values ranging from —2.2 to
—1.3%0 (6'"*0=-1.840.3%0, n=4) and 6"°C values
range from —6.1 to —3.3%o (6'°C=—4.6+1.2%0, n=4)
(Fig. 5).

4.3. C and O isotope compositions of fish teeth and
otoliths

The abundant 7. micropygoptera and rare B.
steinheimensis have similar carbon and oxygen isotope
compositions for their teeth and vary only within a
narrow range. The 6"% 003 values range from —2.5 to
—1.1%0 (8" 0co3=—1.8+0.4%0, n=17), "% 0po4
values from 23.0 to 25.7% (6'*Opos=24.3+0.8%o,
n=9) while the 6'*C values range from —7.5 to —5.8%o
(63C=-6.5+0.6%0, n=17) (Table 3). The T. micro-
pygoptera teeth from the fish layer in the sulcatus beds
have the same isotopic compositions as those of the
trochiformis/oxystoma beds, the mammal-bearing layer
(Fig. 4). Otoliths of 7. micropygoptera, all from the fish
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Table 10
O and C isotopic compositions of ostracod carapaces
Sample Ostracod species Profile Number Weight 83C [%o] o 530 [%o] o 5'%0 [%o]
(m) of valves ng VPDB VPDB VSMOW
K 19 Ilyocypris binocularis 22.4 1 30 1.4 0.06 3.8 0.11 34.8
K 14 Ilyocypris binocularis 21.5 2 29 0.8 0.05 1.9 0.13 32.8
K 14 Ilyocypris binocularis 21.5 2 43 0.8 0.07 1.1 0.14 32.1
K12 Ilyocypris binocularis 21.2 1 39 0.4 0.06 2.8 0.15 33.8
K12 Ilyocypris binocularis 21.2 1 33 1.1 0.08 33 0.15 34.4
K12 Ilyocypris binocularis 21.2 1 27 0.5 0.08 2.1 0.12 33.1
K38 Ilyocypris binocularis 20.4 1 28 0.1 0.07 2.0 0.14 32.9
K8 Ilyocypris binocularis 20.4 1 32 0.0 0.09 2.4 0.17 334
K5 Ilyocypris binocularis 20.2 1 25 0.1 0.08 0.4 0.12 31.3
K5 Ilyocypris binocularis 20.2 1 26 0.3 0.06 23 0.12 333
K1 Ilyocypris binocularis 19.6 1 27 0.1 0.07 0.4 0.13 31.3
K1 Ilyocypris binocularis 19.6 1 28 0.9 0.06 1.2 0.15 322
Ph 20 Ilyocypris binocularis 19.6 2 29 -0.3 0.05 2.5 0.13 33.5
Ph 16 Ilyocypris binocularis 18.9 3 66 -0.9 0.11 1.2 0.13 32.1
Ph 16 Ilyocypris binocularis 18.9 3 67 -0.2 0.09 1.8 0.11 32.7
Ph 16 Ilyocypris binocularis 18.9 3 88 0.0 0.11 2.8 0.12 33.7
Ph 16 Ilyocypris binocularis 18.9 2 49 0.5 0.10 3.0 0.14 34.0
Ph 12 Ilyocypris binocularis 18.3 1 29 -0.1 0.09 3.5 0.16 345
Ph 12 Ilyocypris binocularis 18.3 1 21 —-1.4 0.17 -0.6 0.13 30.3
Ph 10 Ilyocypris binocularis 18 1 36 0.5 0.07 33 0.14 343
Ph 10 Ilyocypris binocularis 18 1 22 -1.3 0.11 -0.2 0.13 30.7
Ph 8 Ilyocypris binocularis 17.7 1 25 -1.6 0.10 1.8 0.18 32.8
Ph 8 Ilyocypris binocularis 17.7 1 26 -1.0 0.15 1.5 0.17 325
Ph 6 Ilyocypris binocularis 17.4 1 20 -1.9 0.14 0.1 0.21 31.0
Ph 6 Ilyocypris binocularis 17.4 1 19 -1.2 0.10 -0.3 0.10 30.6
Ph 4 Ilyocypris binocularis 17.1 1 25 —0.6 0.08 2.9 0.16 33.9
Ph 4 Ilyocypris binocularis 17.1 1 27 -0.2 0.11 3.0 0.12 34.0
PH2 Ilyocypris binocularis 16.6 3 58 -0.7 0.07 2.1 0.07 33.1
PH2 Ilyocypris binocularis 16.6 4 89 -0.5 0.11 2.5 0.10 335
PH2 Ilyocypris binocularis 16.6 3 64 -0.5 0.11 1.4 0.20 324
S 37 Ilyocypris binocularis 16.5 1 34 -0.7 0.04 23 0.13 333
S 37 Ilyocypris binocularis 16.5 1 29 —0.6 0.11 2.6 0.16 33.6
S 35 Ilyocypris binocularis 16.3 2 34 -0.3 0.06 1.8 0.17 32.8
S 33 Ilyocypris binocularis 15.6 2 31 —0.1 0.10 0.3 0.16 31.2
S 33 Ilyocypris binocularis 15.6 2 36 0.8 0.07 1.5 0.09 32.5
S 33 Ilyocypris binocularis 15.6 2 35 0.2 0.23 1.1 0.13 32.1
S 33 Pseudocandona steinheimense 15.6 2 30 1.9 0.12 2.8 0.18 33.8
S 33 Pseudocandona steinheimense 15.6 3 45 0.5 0.19 33 0.17 343
S 31 Ilyocypris binocularis 15.2 1 19 0.1 0.13 3.0 0.19 34.0
S 31 Ilyocypris binocularis 15.2 2 32 0.1 0.07 24 0.15 334
S 27 Ilyocypris binocularis 14.7 2 37 0.3 0.14 0.3 0.17 31.2
S 21 Ilyocypris binocularis 13.7 1 28 -1.6 0.10 2.7 0.26 33.7
S 21 Ilyocypris binocularis 13.7 1 22 -0.5 0.11 2.6 0.17 335
S 17 Ilyocypris binocularis 13.3 1 25 -0.7 0.13 34 0.20 344
S 17 Ilyocypris binocularis 133 2 35 -0.4 0.07 3.6 0.13 34.6
S 15 Ilyocypris binocularis 132 2 31 -1.6 0.08 1.1 0.18 32.0
S 15 Ilyocypris binocularis 13.2 2 27 -1.3 0.10 1.0 0.17 31.9
S13 Ilyocypris binocularis 13 2 33 -0.6 0.10 2.8 0.15 33.8
S13 Ilyocypris binocularis 13 2 33 -0.9 0.10 2.0 0.18 33.0
S 10 Ilyocypris binocularis 12.8 3 42.5 -0.5 0.09 1.1 0.15 32.1
S 10 Ilyocypris binocularis 12.8 4 55.4 -1.1 0.11 1.1 0.22 32.0
S 10 Ilyocypris binocularis 12.8 3 41.7 -0.2 0.08 1.7 0.13 32.6
S8 Ilyocypris binocularis 12.6 2 31 -1.4 0.14 0.8 0.18 31.8
SF 9 Ilyocypris binocularis 10.8 2 33 0.2 0.09 3.1 0.12 34.1
S1 Ilyocypris binocularis 11.2 2 24 -0.9 0.11 0.5 0.12 314
SF 11 Ilyocypris binocularis 10.4 2 25 —-0.6 0.11 0.5 0.15 31.4
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Table 10 (continued)
Sample Ostracod species Profile Number Weight 0'3C [%o] o 330 [%o] o 580 [%o]

(m) of valves ng VPDB VPDB VSMOW

SF 13 Ilyocypris binocularis 9.6 2 27 -1.1 0.17 —-0.1 0.17 30.8
SF 13 Ilyocypris binocularis 9.6 2 32 -12 0.15 1.5 0.17 325
SF 16 Ilyocypris binocularis 8.9 2 23 -0.3 0.15 1.1 0.18 32.0
SF 18 Ilyocypris binocularis 7.8 2 38 -0.2 0.09 4.0 0.14 35.0
SF 18 Ilyocypris binocularis 7.8 2 30 -1.0 0.13 23 0.17 333
B 25.1-25.2 Ilyocypris binocularis 6.9 2 30 -1.0 0.12 0.4 0.16 313
B 25.1-25.2 Ilyocypris binocularis 6.9 2 34 -1.6 0.08 0.7 0.17 31.6
B 26.9-27.1 Ilyocypris binocularis 5 4 30 -1.0 0.09 0.9 0.12 31.9
B 28.1 Ilyocypris binocularis 3.9 2 19 -2.2 0.16 1.9 0.21 329
B 28.1 Ilyocypris sp. 39 3 19 -14 0.11 0.6 0.07 315
B 28.75-29 Ilyocypris sp. 32 3 31 -1.6 0.10 34 0.11 344
B 29.2-29.4 Ilyocypris binocularis 2.7 3 23 -0.9 0.09 1.2 0.16 322
B 29.2-29.4  Ilyocypris sp. 2.7 3 30 -1.4 0.09 3.2 0.12 342
B 29.6-29.7 Ilyocypris binocularis 2.4 3 32 -0.9 0.11 1.4 0.08 323
B 29.6-29.7 Ilyocypris sp. 24 3 25 -2.1 0.10 3.5 0.13 345
B 29.6-29.7  Ilyocypris sp. 2.4 3 24 -2.0 0.04 33 0.26 343
B 30.0-30.5 Ilyocypris binocularis 1.8 3 31 -1.8 0.08 0.8 0.09 31.7
B 30.0-30.5 Ilyocypris sp. 1.8 2 23 -1.5 0.11 2.5 0.16 335
B 31.8-32 Ilyocypris binocularis 0.1 7 29 =03 0.09 0.5 0.12 314
Gf2 Ilyocypris sp. (I aff: gibba) -3 5 34 1.4 0.10 1.9 0.14 329
Ge 5 Ilyocypris sp. (I. aff- gibba) =35 4 25 -3.6 0.09 -1.9 0.13 28.9
Ge 2 Ilyocypris sp. (I. aff. gibba) -38 3 31 -3.1 0.09 -0.8 0.10 30.1
Ge 1 Ilyocypris sp. (L. aff- gibba) —4.5 3 30 -5.1 0.08 -2.1 0.20 28.7
Gb 6 Ilyocypris binocularis -4.7 2 35 -4.0 0.07 -23 0.15 28.5
Table 11
Sr isotopic composition of large and small mammal teeth
Sample Material Animal Species Locality 87S1/%Sr 20
FZ CE ST 8 Enamel Deer Micromeryx flourensianus Steinheim basin 0.707530 7
FZEQ ST 2 Enamel Horse Anchitherium aurelianense Steinheim basin 0.708142 13
FZEQ ST 4 Enamel Horse Anchitherium aurelianense Steinheim basin 0.707027 7
FZEQST 5 Enamel Horse Anchitherium aurelianense Steinheim basin 0.707722 9
FZEQST 7 Enamel Horse Anchitherium aurelianense Steinheim basin 0.707970 9
FZ MA ST 1 Enamel Elephant Gomphotherium steinheimense Steinheim basin 0.708530 9
FZ MA ST 2 Enamel Elephant Gomphotherium steinheimense Steinheim basin 0.707537 11
FZ MA ST 3 Enamel Elephant Gomphotherium steinheimense Steinheim basin 0.708567 9
FZPA ST 1 Enamel Antelope Palaeomeryx eminens Steinheim basin 0.708643 10
FZRH ST 5 Enamel Rhinoceros Brachypotherium brachypus Steinheim basin 0.708015 9
FZ RH ST 9 Enamel Rhinoceros Lartetotherium sansaniense Steinheim basin 0.707954 8
FZ RH ST 2 Enamel Rhinoceros Dicerorhinus steinheimensis Steinheim basin 0.708250 10
FZ RO ST 6 Tooth Rodent rodent indet. Steinheim basin 0.707535 8
FZ GA ST 3 Tooth Hairy hedgehog Galerix socialis Steinheim basin 0.707815 10
FZLAST 3 Tooth Pika Prolagus oeningensis Steinheim basin 0.707509 83
FZLASTS Tooth Pika Prolagus oeningensis Steinheim basin 0.708043 8
FZLAST 6 Tooth Pika Prolagus oeningensis Steinheim basin 0.707455 7
FZ LA ST7 Tooth Pika Prolagus oeningensis Steinheim basin 0.707856 9
FZ EQ EN 2 Enamel Horse Anchitherium aurelianense Engelswiese 0.707871 10
FZ EQ HW 3 Enamel Horse Hippotherium primigenium Howenegg 0.706241 7
FZEQNO 1 Enamel Horse Anchitherium aurelianense Nordlinger Ries 0.707027 7
FZ EQNO 3 Enamel Horse Anchitherium aurelianense Nordlinger Ries 0.707857 7
FZEQSA 1 Enamel Horse Anchitherium aurelianense Sandelzhausen 0.710319 9
FZ MA SA 4 Enamel Elephant Gomphotherium angustidens Sandelzhausen 0.710427 10
FZ MA HE 2 Enamel Elephant Gomphotheriidae Helsighausen 0.708476 10
FZ MA HU 1 Enamel Elephant Gomphotherium angustidens Hillistein 0.708273 8
FZRH LA 4 Enamel Rhinoceros Brachypotherium brachypus Ulm Langenau 0.708674 8
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Table 12

Sr isotopic composition of aquatic fossils from the Steinheim basin

Sample Material Animal Species Locality 87Sr/%0sr 20
FK SCH ST 14 Bone Turtle Clemmydopsis turnauensis Steinheim basin 0.707563 8
FK SCH ST 9 Bone Turtle Chelydropsis murchisoni Steinheim basin 0.707503 9
FZ SL ST 6 Tooth Fish Tinca micropygoptera Steinheim basin 0.707514 7
OT SL ST 14 Aragonite otolith Fish Tinca micropygoptera Steinheim basin 0.707437 7
SCH 4 Aragonite shell Gastropod Megatrochlea sylvestrina Steinheim basin 0.707413 10
K 19-3 Aragonite shell Gastropod Gyraulus supremus Steinheim basin 0.707464 8
K 5-1 Aragonite shell Gastropod Gyraulus oxystoma Steinheim basin 0.707338 7
OXY 5 Aragonite shell Gastropod Gyraulus oxystoma Steinheim basin 0.707461 11
Ph 16-3 Aragonite shell Gastropod Gyraulus oxystoma Steinheim basin 0.707440 8
ST S 35-3 Aragonite shell Gastropod Gyraulus trochiformis Steinheim basin 0.707418 9
S 31-1 Aragonite shell Gastropod Gyraulus trochiformis Steinheim basin 0.707410 9
ST S 21-3 Aragonite shell Gastropod Gyraulus trochiformis Steinheim basin 0.707483 9
ST SF 9-3 Aragonite shell Gastropod Gyraulus sulcatus Steinheim basin 0.707467 7
ST B 28.75-2 Aragonite shell Gastropod Gyraulus steinheimensis Steinheim basin 0.707463 9
ST Ge 1-2 Aragonite shell Gastropod Gyraulus kleini Steinheim basin 0.707375 8

layer in the sulcatus beds, have 6'®0 values that range
from +0.5 to +1.5%0 (8'30=+1.0+£0.3%o, n=11) and
6'3C values that range from —9.5 to —13%o (8'°C=
—11.8£1%o, n=11) (Table 7). In contrast to the
phosphatic fish teeth, the aragonitic otoliths of T
micropygoptera have 3%, higher 6'%0 and 5%o lower
8'3C values (Fig. 5). One otolith of the kleini beds has a
6%o lower 6'%0 value of —5.2%o than the other otoliths
but a similar 6'*C value of —9.9%o.

4.4. C and O isotope compositions of turtle bones

Carapace bones of two freshwater turtles, the
carnivorous C. murchisoni and the herbivorous C.
turnauensis have similar oxygen and carbon isotopic
compositions (Table 4). 6"8 003 values range from —0.6
to —2.4%0 (0'%0c03=—1.240.7%0, n=15), 6'"* Opoa
values from 23.4 to 24.6%o (3% 0pos=24.1%0.4%o,
n=6) and the 8'>C values range from —8.4 to —8.0%o
(6"3C=-8.240.2%o, n=15). The bones of the land turtle
Testudo sp. have 6'%0¢o5 values ranging from —0.6 to
—1.5%0 (8"*0co3=—0.6£0.5%0, n=6) and 6'>C values
that range from —8.6 to —7.7%o (6'°C=—8.2%0.3%o,
n=06), similar to those of the aquatic turtles (Table 4).

4.5. C and O isotope compositions of large mammal
teeth

Enamel samples of all large mammal taxa (equids,
proboscideans, suids, cervids, rhinocerotids, palacomer-
ycids) have 0"% 003 values that range from —8.6 to
—1.8%0 (8"%0c03=—5.8+1.9%0, n=40) (Fig. 5),
0" 0poa values from 15.9 to 24.0%0 (8'*Opos=18.4
+2.0%0, n=33) (Table 1). Most enamel samples have
6'"80poy4 values of between 15.9 and 20.4%o, only those
of two teeth from Palacomeryx eminens, an extinct
giraffe-like mammal, have very high 6'®Opo, values of
23.6 and 24.0%o. Based on their dental morphology
palacomerycids are browsers thus these high 6% 0po4
values are probably due to uptake of '®O-enriched leaf
water. Excluding these two evaporative influenced
Palaeomeryx samples all other large mammal enamel
samples have a mean 6" 0po4 value of 18.1+1.5%
(n=31).

6'3C values for all enamel samples range from —13.7
to —8.9%o (6'°C=—11.1%+1.1%0, n=40) (Fig. 5). Only
the enamel samples of the large rhinoceros Brachy-
potherium brachypus have a 2%o lower mean 6'>C value
of —=13.14£0.6%o0 (n=5).

Table 13

Sr isotopic composition of modern ground- and surface water from the Steinheim basin

Sample Water type Aquifer geology Water souce Locality 87Sr/20Sr 20
H,O ST 4 Groundwater Up. Jurassic limestone Well Sontheim Steinheim basin 0.707734 9
H,O ST 5 Surface water Mid. Jurassic claystone Lettenhiilbe, pond on central hill Steinheim basin 0.711219 9
H,O ST 8 Groundwater Mid. Jurassic claystone Well Eschental Steinheim basin 0.707352 10
H,O ST 9 Groundwater Up. Jurassic limestone Well Hirschtal Steinheim basin 0.707870 15
H,O ST 10 Groundwater Up. Jurassic limestone Well Rohrbrunnen Steinheim basin 0.707547 9
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Fig. 5. Plot of the 5'®0¢03 and 8'*C values of all terrestrial (grey shaded boxes) and aquatic vertebrate and invertebrate skeletal remains (white boxes)
of the Steinheim basin. For comparison, isotopic compositions of biogenic carbonates from other penecontemporaneous Miocene freshwater settings
(Table 8) and from the Upper Jurassic limestone of the Swabian Alb after Bausch and Hoefs (1972) are also plotted.

4.6. C and O isotope compositions of small mammal
teeth

Because of the scarcity of small mammal remains,
only 14 teeth and 3 jaw bone samples belonging to hairy
hedgehogs (Galerix socialis), pikas (P. oeningensis) and
rodents could be sacrificed for isotopic analyses (Table
2). To get sufficient material for isotope analysis the
whole teeth had to be used. The 6'%0co; values of those
small mammal teeth range from —5.7 to —0.9%o
(6"0co3=—3.5+1.7%0, n=13), 6'"* Opo4 values from
15.9 t0 24.9%o ("*0pos=20.4+2.9%0, n=14) while the
6"3C values range from —10.5 to —8.0%o (§'°C=-9.2+
0.8%0, n=13) (Fig. 5). In contrast to the enamel of large
mammal teeth (8'%0pps=18.4+2.0%0, n=14), small
mammal teeth have on average 2%o higher 6'*Opo4
values and a larger standard deviation. The teeth from the
abundant pika P. oeningensis (3'%Opos=19.5+3.0%o,
n=7) have a 2%o lower 6'*Opo, value than those of
rodent teeth (6180p04:21.6ﬂ:3.3%o, n=>5).

4.7. Sr isotope compositions of modern water samples

Results of the Sr isotopic composition (¥’ St/*°Sr) for
modern groundwater and surface water samples from the

Steinheim basin are given in Table 13. ®’St/*Sr ratios of
groundwater samples from 3 wells in the Steinheim basin
range from 0.707352 to 0.707870 (*’Sr/**Sr=0.70763 +
0.00023, n=4). Though all these samples are presum-
ably from an Upper Jurassic limestone aquifer the
87S1/%Sr ratios are well above the Sr isotopic compo-
sition to be expected for the dissolution of Upper Jurassic
marine limestone (*’Sr/*°Sr=0.70697 to 0.70722,
McArthur et al., 2001, Fig. 4). This indicates input of
dissolved more radiogenic Sr from another source e.g.
clayey rock members of the Upper Jurassic strata like the
marls of the underlying “Zementmergel” (Malm { 2) or
intercalated marly layers in the Upper Jurassic (Malm ¢
3) limestone forming the Swabian Alp plateau in the
vicinity of the Steinheim Basin. Furthermore, the Middle
Jurassic silt- and claystones, which are part of the impact
breccia and form the central hill, can supply Sr with high
87Sr/*°Sr ratios as indicated by a surface water sample
(*’Sr/*Sr=0.711219) from a little pond from the top of
the central hill based on Middle Jurassic Opalinus Clay.

4.8. Sr isotope compositions of aquatic fossil remains

87S1/%°Sr ratios of the gastropod Gyraulus from all 7
gastropod beds cover a narrow range from 0.707338 to
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0.707483 (¥’Sr/*°Sr=0.70743+0.00005, n=10; Table
12). The Sr isotopic composition of the Gyraulus shells
appears to be positively correlated with the lake level
fluctuations reconstructed from sedimentological data
(Fig. 4). The Sr isotopic compositions of the gastropod
shells increase from a ®’Sr/*Sr ratio of 0.707375 in the
basal kleini beds towards the maximum value of
0.707483 in the lower trochiformis beds. After a two-
step decrease the ®7Sr/*®Sr ratio reaches the minimum
value of 0.707338 in the middle oxystoma beds.
Afterwards the ®’Sr/*°Sr increases again to a value of
0.70746 in the supremus beds (Fig. 4).

The ¥’Sr/*°Sr ratio of the land snail Megalotrochea
sylvestrina (*'Sr/*°Sr=0.707413) as well as one otolith
of T. micropygoptera (¥’St/*¢Sr=0.707437) from the
fish layer falls within the range of the Gyraulus spp.
gastropods (Fig. 4). The phosphatic fish tooth of 7.
micropygoptera (*'Sr/**Sr=0.707514) and the carapace
bone of the aquatic turtles C. turnauensis (*'Sr/**Sr=
0.707563) and Chelydropsis murchinsoni (*’St/*¢Sr=
0.707503), however, have slightly higher ®*’Sr/*¢Sr
values than all Gyraulus gastropod shells (Fig. 4).

4.9. Sr isotope compositions of teeth from large and
small mammals

Sr isotopic compositions of the large and small
mammal teeth are given in Table 11. The enamel
87Qr/%°Sr ratios for large mammal teeth from the
Steinheim basin range from 0.707027 to 0.708643
(®7Sr/%°Sr=0.7080+0.0005, n=12) while *’Sr/**Sr
ratios of small mammal teeth range from 0.707509 to
0.708043 (*’St/*°Sr=0.7077+0.0002, n=6) having a
narrower range similar to that of modern groundwater
samples from the Steinheim basin (Table 13).

For comparison, the Sr isotopic composition of
enamel samples from large mammal teeth from other
Miocene localities in the Molasse basin and from SW
Germany and Switzerland have also been analysed
(Table 11). These enamel samples have ®’Sr/*®Sr ratios
ranging from 0.706241 to 0.710427 (n=9) covering and
exceeding the range of ®’Sr/*°Sr ratios from the
mammal teeth of the Steinheim basin.

5. Discussion

5.1. Diagenesis of the biogenic carbonates and
phosphates

In order to allow for an integrative palacoenviron-
mental and -ecologic reconstruction on the basis of the
isotopic composition of fossils it is essential that the

original chemical composition of the skeletal remains is
preserved. Because the carbonaceous lake sediments of
the Steinheim basin themselves have been preserved as
original aragonite (Wolff and Fiichtbauer, 1976) a severe
diagenetic alteration of the sediments and the fossil
remains therein is considered unlikely. This is supported
by the Gyraulus gastropod shells that have preserved
their original aragonite and even parts of their amino
acids (Degens and Steven, 1965). It can therefore be
assumed that the aragonitic gastropod shells, as well as
the more stable calcitic ostracod valves, have also
preserved their pristine C, O, and Sr isotopic composi-
tions, as isotopic exchange at low temperatures is
generally facilitated through chemical/mineralogical
reactions. This does not exclude that fossils may contain
early diagenetic aragonite cements (Wolff and Fiicht-
bauer, 1976). However, the sampling strategy avoided
specimens that contained visible contamination and/or
pre-treated the samples to remove diagenetic carbonate
(see Section 3).

The biogenic phosphate of enamel, tooth, and bone
samples from the Steinheim basin plot relatively close
and parallel to the expected 5"80c03-0"0pos isotopic
equilibrium line for modern mammal bones (Fig. 6).
However, for the enamel of the large mammal teeth
the mean difference of the §'%0c03—0'%0poy values is
6.6+ 1.5%0 (n=50), which is about 2%o lower than the
expected offset of 8.5 to 9.1%o0 for modern mammal
bones and teeth (Bryant et al., 1996; lacumin et al.,
1996). For some samples the difference between
0" 0cos and 6" 0pg4 values deviates several permille
from the expected equilibrium value. Isotopic compo-
sitions are likely biased to some degree for the whole
teeth of the small mammals and fish, which represent
a mixture of enamel, which is more robust to
diagenetic alteration, and dentine, which is less robust
to such alteration. The same will apply to bone
samples. These samples often have a higher carbonate
content >6 wt.% than pure enamel samples (Tables 1—
4) and some diagenetic change at least of the
carbonate in the phosphate of the dentine is likely.
Thus when using small mammal or fish teeth it is in
general preferable to analyse only enamel rather than
complete teeth even if this requires a mixing of
enamel from a number of sympatric teeth. Tooth
enamel of the large mammals has, however, retained
low average carbonate contents of 4.8+1.1 wt.%
(n=40) that is only slightly higher than that of modern
enamel (e.g., Schumacher and Schmidt, 1983: 2.3 to
3.5 wt.%). Furthermore, the original enamel carbon
isotopic composition seems to be preserved because
enamel 6'°C values of the large mammal teeth are
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Fig. 6. 5%0c03 vs. 8'%0po4 values of all vertebrate skeletal remains from the Steinheim basin. The regression line parallels the equilibrium line of

Tacumin et al. (1996).

much lower (8'*C=—11.1£1.1%o, n=40) than those
for the embedding sediments (6'°C about +3.5%o),
and the teeth have values typical for a C; plant diet.
This suggests that the enamel samples may well have
preserved their original isotopic compositions. As the
phosphate oxygen is generally considered to be more
resistant to exchange with water under inorganic
conditions than that of carbonate in the phosphate
(e.g., Zazzo et al., 2004), the skeletal apatite 6"%0po4
values are probably preserved. If, however, diagenetic
alteration was important, then the 6'°0 values are
potentially biased towards more positive 6'°0 values
as the lake water was '®O-enriched (Bajor, 1965; this
study). The enamel samples of the large mammal
teeth, though fossilized in the same '®O-rich lake
water, still have 6+2% lower 6'®0pos values
compared to sympatric aquatic turtle bones (Fig. 6),
reflecting significant differences in drinking water
6'"80400 values between these.

Hence, while diagenetic alteration cannot readily be
excluded, the fact that the samples plot in distinctive
groups of carbon and oxygen isotopic compositions
(Fig. 5) and this in good agreement with their different
habitats, diets, and drinking water consumption, would
suggest that the isotopic compositions have not been
substantially modified. A severe diagenetic alteration
would have attenuated or erased such primary isotopic

differences. Therefore, a relatively reliable geochemical
reconstruction of palacoenvironmental and palaeocli-
matic conditions based on isotopic compositions of the
fossil remains is possible for the setting of the Steinheim
basin.

5.2. 6'%0 values of the biogenic carbonates — an
archive for the lake water evaporation

The high 6'®0 values of the skeletal tissues of all
freshwater organisms from the Steinheim basin are
generally similar to marine but atypical for freshwater
biogenic carbonates (Fig. 5, Table 8). This may be
explained by strong '®O enrichment of the lake water
due to evaporation of water from the long-term lake in
the closed Steinheim basin (Bajor, 1965). These high
values are also well in accordance with the reconstructed
6" 00 value of around +2%o (see Section 5.3. below)
for the lake water of the Steinheim basin during the
trochiformis/oxystoma period (Fig. 7). Evaporative '*0
enrichment is known from the lake in the neighbouring
Nordlinger Ries, where 6'%0 values of up to +6.5%o
have been recorded in the carbonaceous lake sediments
(Rothe and Hoefs, 1977). On the basis of travertine §'*0
values Pache et al. (2001) also estimated a 6'*Oyn0
value of about +2%o for the Nordlinger Ries lake water.
Freshwater 6180H20 values of this magnitude are also
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typical for the epilimnion of deep meromictic lakes in
warm, sub-tropical climate zones such as Lake Malawi
(6" 0ma0=+1.7 to +2.1%0) or Lake Tanganyika
(6" 0p0="13.4 to +4.2%o0) in Central and East Africa
(Gat, 1995 and references therein). Under cooler and
more humid conditions such evaporation-influenced
values are less common and the mean hydrogen and
oxygen isotope composition of lake water lie closer to
mean values for meteoric water (Gonfiantini, 1986; Gat,
1995). The lake water of the Steinheim basin probably
became enriched in 'O soon after the kleini period and
the 6'®Oypo value of around +2%o was probably
retained throughout nearly all of the existence of the
lake (Fig. 4). The variations in 6'*0 values of the
gastropods and ostracods, which scatter without sys-
tematic variations around values of +2.0+1.3%0 and
+1.7+1.2%o, respectively, (Fig. 4), thus probably reflect
short term oscillations in water temperature and/or
inflow-evaporation balance throughout the post-kleini
period.

5.3. Calculation of the "800 value and lake water
temperatures

To calculate water temperatures (Ty20) for freshwater
settings on the basis of oxygen isotope compositions of
skeletal tissues from aquatic organisms it is necessary to
know the 6'®*Oypp0 value. The oxygen isotope compo-
sition of the lake water from the Steinheim basin was

calculated using the 6'*0pos—0'*0Omo Eq. (1) for
aquatic turtle bone from Barrick et al. (1999).
0" 00 = 1.01(8"0po4)—22.3 (1)

From the mean bone 5'%0po4 value of 24.1+0.4%o
for the two aquatic turtles C. murchisoni and C. tur-
nauensis a ' *Oypno value of +2.0+0.4%o is calculated.

The approach used to calculate ambient water
temperatures during their respective growing seasons
from skeletal 6'%0 values of ostracod valves, gastropod
shells, fish otoliths and teeth is based upon that
described by Grimes et al. (2003). This approach is
valid if the aquatic turtles lived in the same water with
all the other freshwater organisms, which is only strictly
the case for the upper trochiformis/lower oxystoma beds
in which the vertebrate remains are found (Fig. 2).
Because ostracod and gastropod 8'®0 values scatter
around a similar mean value throughout the whole lake
sediment section, except for the basal kleini beds (Fig.
4), the lake water 8'*Oya0 value of +2.0%o is assumed
to be similar for the whole post-kleini period and water
temperatures have been calculated only for this time
interval.

The equations used for the Ty,o calculation for
the different proxies are given in Table 14. Calculated
mean Tjpo range from 17 to 22 °C (Fig. 8). The
water temperature appears to have been relatively
homogeneous as skeletal remains from pelagic (fish
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Table 14

Equations for the calculation of §'®*Oyp0, Tizo, and MAT

Taxon Sekletal material Equation Reference

Rhinocerotids Enamel apatite 8" 0movsmow)= (0" *0poarvsmow) —25.09)/1.31 Tiitken, unpublished data

Equids Enamel apatite 61XOHZO(VSMOW)=(6lSOPO4(VSMOW)—22.6)/ 0.77 Modified after Huertas
et al. (1995)

Cervids Enamel apatite 8" Omz0vsmow) = (8" *Opoarvsmow, —25.53)/1.13 D’Angela and Longinelli
(1990)

Proboscids Enamel apatite 51SOHZO(VSMOW)Z((SISOPO4(VSMOW)—23.3)/ 0.94 Ayliffe et al. (1992)

Suids Enamel apatite
Small mammals Tooth apatite
Aquatic turtles Bone apatite

Fish teeth Tooth apatite

Gastropods Aragonite shell
(Gyraulus spp.)

Ostracods Calcite carapace

(Ilyocypris binocularis)
Fish otoliths aragonite
(Tinca micropygoptera)

Aragonite

temperature (MAT)

8"* Om20(vsmow) = (8" *0poacvsmow) ~22.61)/0.85

8" Om20vsmow) =((8"*Oposcvsmow) — 17.42)—0.24)/0.59
8"* Oma0vsmow) = 1.01 3'*Opoarvsmow) —22.3
Th20(°C)=113.4-4.38 (5" Oposvsmow) —0' *Omzovsmow))
Tr20(°C)=20.6—4.34 (6"*0cosvepr) — ' *Omorvsmow))

Tio(°C)=16.2-4.2(5"80¢ — 8" 0y) +0.13 * (60 — 550w )
Th20(°C)=(18.654/((In(((10° +6"*Oco3vsmow))/

(10°+6"0maovsmowy)) * 10°)+33.491))—273.15
MAT(°C)=(8"*0y1p0 + 14.178)/0.442 mean annual air

Longinelli (1984)

From Grimes et al. (2003)
Barrick et al. (1999)
Longinelli and Nuti (1973)
Grossmann and Ku (1986)

Epstein et al. (1953)
Patterson et al. (1993)
5" 0410 from the NISOT

(National Isotope
Network of Switzerland)

teeth 7. micropygoptera: Tyro=17.1£2.7 °C) and
benthic organisms (ostracod valves: I binocularis:
Tio0=16.7+£5.0 °C) give similar mean T}, of around
+17 °C. The Tyyo calculated from the gastropod shells
of Gyraulus spp. (Ti,0=20.6+5.6 °C), that lived in the
charophyte girdle of the lake littoral zone, is about 4 °C
higher, in accordance with a shallower water depth.
Otoliths from T. micropygoptera (Ty0=21.8£1.4 °C)
yield the highest water temperature, probably represent-
ing the warmest months of the growing season (Grimes
et al., 2003), during which fish otoliths are known to
grow most rapidly (e.g., Patterson et al., 1993). The
Tyoo of around 17 °C calculated from the fish teeth of
T. micropygoptera probably best represents the mean
Tioo of the lake water as fish migrate through the
water column.

Calculated Typo most likely represent those of the
littoral or slope zone as the lake in the Steinheim basin
was a deep, meromictic lake with episodic oxygen
deficient, hostile conditions in the hypolimnion (e.g.,
Mensink, 1984).

5.4. Calculation of mammal drinking water %020
values and MAT

Using existing species-specific 6" 0p0s—0"2 00
calibrations for extant large mammal taxa (equids,
proboscideans, suids, cervids, rhinocerotids; Table 14)
a drinking water 0"80mo value of —5.9+1.7%o
VSMOW (n=31) can be determined from the enamel
6'80po4 values of their teeth. This 8O0 value is

similar to that calculated for the enamel of large
mammal teeth from other Miocene localities of the
nearby Molasse basin (Tiitken and Vennemann, 2005)
and is therefore assumed to be representative of the
isotopic composition of the local meteoric water in the
region of southern Germany/Switzerland at that time.
The 6'%0ya0 value of —6%o is about 4%o higher than
that of groundwater from the Steinheim basin today
(6"*0m0=-9.9+0.3, n=7, Table 15), suggesting a
much warmer climate during the Middle Miocene.
Because the §'°0yo values of precipitation are
positively correlated with the mean annual air temper-
ature (MAT), especially in mid to high latitudes
(Dansgaard, 1964; Rozanski et al., 1993), they are a
valuable climate proxy. Using a 6'%0y1,0-MAT regres-
sion (Eq. (2)) based on present-day precipitation and air
temperature data from the National Isotope measure-
ment network of Switzerland (NISOT) (unpublished
NISOT data; Schiirch et al., 2003), a MAT of 18.8
+3.8 °C (Fig. 8) can be calculated from the 6'®Oppa0
value of —5.9+1.7%o.

MAT(°C) = (6" 0o + 14.178)/0.442 (2)

For the 6'®0pps—0"*Opno calibration of rodents Eq.
(3) as given by Grimes et al. (2003), drinking water
6180H20 values for all the small mammal teeth from the
Steinheim basin were calculated to cover a range from
—3.1to+12.3%o (Fig. 7). These 8'*Oyyp0 values indicate
ingestion of highly '®O-enriched water by some of the
small mammals. Similar 6'*Oyy, values of up to 12%o,
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(Table 14) from the mean 8'*0yyo0 value derived from enamel of large mammal teeth (Fig. 7), representing the Middle Miocene meteoric water value.
For comparison are plotted: present-day MAT and groundwater Ty, for the Steinheim basin, and MATSs based on the fossil flora from 1: Steinheim
basin (Gregor, 1983) and other contemporaneous localities, 2: Adelegg, (Eberhard, 1989), 3: Wengen (Eberhard, 1989), 4: Rhine Basin brown coal pit

Zukunft/Mine 6D (Utescher et al., 2000).

also with a positively skewed distribution, were
calculated from Eocene rodent enamel (Grimes et al.,
2003).

0" 00 = (6" 0pos—17.42)-0.24]/0.59 (3)

Calculating a log-normal mean drinking water
6" 00 value (following Grimes et al., 2005) for the
pikas and rodents separately, 0" 00 values of +2.7+
2.3%0 (n=7), respectively +6.3+2.3%0 (n=5) are
obtained. Thus, the small mammal teeth from the
Steinheim basin do not faithfully record the meteoric

water (8'*Oypo~—6%0) as inferred from the large
mammal teeth but instead reflect intake of water from a
"®0-enriched local water source and/or plant water.
However, these 8'80yy,0 results for small mammal teeth
might be biased to some degree due to methodological
differences to the approach of Grimes et al. (2003,
2005): 1) whole teeth instead of enamel were used,
which may be influenced by diagenesis (see Section
5.1); 2) rodent incisor teeth instead of molar teeth were
analysed and according to Lindars et al. (2001) modern
rodents show a large intra-jaw variability of 6'*0 values
and they recommend the use of teeth formed late during
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Table 15
8'3C (DIC) and 6'®0yp0 values of water samples from the Steinheim basin and the surrounding
Name Type of karst Locality Date of DIC 6"3C o 5" 0ua0 o
water source collection VPDB VSMOW
Remsursprung River source 19.03.2005 —14.4 0.03 —10.6 0.07
Pfefferquelle River source Konigsbronn, Swabian Alb 19.03.2005 -17.2 0.06 -11.5 0.08
Brenztopf River source Konigsbronn, Swabian Alb 19.03.2005 -10.5 0.05
Schwarzer Kocher Quelle River source Unterkochen, Swabian Alb 19.03.2005 —16.1 0.02 -10.8 0.05
Schwarzer Kocher Quelle River source Unterkochen, Swabian Alb 19.03.2005 -16.9 0.04 -11.4 0.04
Weisser Kocher Quelle River source Unterkochen, Swabian Alb 19.03.2005 —17.5 0.04 -10.6 0.05
Hiilbe am Stockbrunnen Pond Steinheim basin 08.06.2005 -6.7 0.07
Brunnen in Sontheim Groundwater well Water works Steinheim Basin 08.06.2005 —14.2 0.03 -104 0.08
Lettenhiilbe Pond Steinheim basin 08.06.2005 -9.6 0.09
Kesselhiilbe Pond Steinheim basin 08.06.2005 -8.8 0.07
Eschentalbrunnen Groundwater well Steinheim basin 08.06.2005 -14.8 0.03 -10.0 0.07
Brunnen im Hirschtal Groundwater well Steinheim basin 06.06.2005 —15.6 0.04 —10.2 0.05
Rohrbrunnen Groundwater well Steinheim basin 06.06.2005 -16.0 0.04 -9.8 0.07
Hiilbe Pond Steinheim basin 03.06.2005 =75 0.08
Doppelhiilben Pond Steinheim basin 03.06.2005 -16.5 0.05 -8.6 0.07
Feldhiilbe Pond Steinheim basin 03.06.2005 -17.8 0.04 -8.7 0.07
Hiilbe Pond Steinheim basin 03.06.2005 =75 0.10
Schuleneshiilbe Pond Steinheim basin 03.06.2005 —15.0 0.05 =75 0.08
Tiirkenbrunnen Groundwater well Steinheim basin 03.06.2005 -10.0 0.07
Linsenbrunnen Groundwater well Steinheim basin 03.06.2005 —14.7 0.03 -10.2 0.07
Klosterhofbrunnen Groundwater well Steinheim basin 08.06.2005 -15.9 0.04 -9.6 0.07

ontogenesis, such as third molar teeth. However, their
study did not include incisor teeth; 3) the rodent species-
specific Eq. (3) is based only on results for the wood
mouse Apodemus sylvaticus (Luz et al., 1984). Because
rodent incisors were analysed, the rodent species could
not be determined and thus no information about their
feeding and drinking behaviour is available. For the
pikas the rodent equation was assumed to be valid
though their drinking behaviour/metabolism might have
been different. Despite these uncertainties, it seems
unlikely that the large difference of >8%o between
reconstructed small and large mammal mean drinking
water 6'*Oypo0 values are caused by these methodolog-
ical differences.

5.5. Differences in the drinking behaviour of small and
large mammals

Compared to the enamel of large mammal teeth
(6" 0pos=18.1+1.5%0, n=31) the small mammal (G.
socialis, P. oeningensis, rodents indet.) teeth (6" 0poa=
20.5+3.0%o, n=14) have a 2.4%o higher 6'*Opo4 value
and a two times larger standard deviation. This
supports a stronger evaporative influence on the body
water of the small mammals, which might be related
either to ingestion of '®O-enriched drinking water,
"¥0-enriched moisture from the food, and/or related to
physiological oxygen isotope fractionation due to a
small body mass and high metabolic rate (e.g., Bryant

and Froelich, 1995; however, see also Section 5.4.
above).

Using the data obtained for the pikas and rodents
from the Steinheim basin separately, the teeth from the
pika P. oeningensis (6'*Opos=19.5+3.0%0, n=7) have
about 2%o lower 8'*Opg4 values than the rodent teeth
(6" 0pos=21.6+3.3%0, n=5). The pikas thus ingested
the majority of their body water oxygen from a less
evaporated water source than the rodents, which
possibly ingested more water from feeding than from
drinking. The metabolism and drinking behaviour of the
extinct pika P. oeningensis, which is the most abundant
mammal fossil in the Steinheim basin (Heizmann and
Reiff, 2002), is unknown. However, it lived in the more
humid, vegetation-rich area directly surrounding the
lake (Heizmann and Fahlbusch, 1983), supporting a
water-related lifestyle and making the use of lake water
likely. This is supported by the log-normal mean
drinking water 6'*Oy0 value of +2.7+2.3%o for the
pikas, which is close to that estimated for the lake water
as reconstructed from the aquatic turtle bones (Fig. 7).
Small mammals, especially pikas, with much smaller
home ranges were thus presumably dependent on the
'"®0-enriched lake in the Steinheim basin as the drinking
water source.

6" 0o values for large mammals are about 8%o
lower than those calculated for the lake water using
aquatic turtle bones. Therefore, the large mammals did
not use the lake water as a principal drinking water
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source, even though other surface water sources may
have been scarce on the surrounding karstic limestone
plateau of the Swabian Alb (Fig. 1). Sympatric large and
small mammal teeth from the same autochthonous fossil
assemblage of the Steinheim basin thus record different
drinking water oxygen isotopic compositions. It is clear
that despite the availability of the '*O-enriched water
body of Lake Steinheim, large mammals mostly drank
meteoric water from other surface water sources with
lower 6'%0ypn0 values. Several possible explanations
may account for this: (1) poor water quality (high
salinity?) as a result of extensive evaporation, (2)
mammals drank from ground or surface water entering
the lake, as observed close to the salt lakes in the East
African rift valley today (Heissig, pers. comm., 2005),
(3) the large mammals were migratory.

Concerning point (1) it is known that large mammals
are sensitive to water quality deterioriation such as
elevated ion contents and they migrate to avoid such
waters sources (e.g., Wolanski et al., 1999). Saline
conditions prevailed most of the time in the contempo-
raneous shallow water long-term lake of the nearby
Nordlinger Ries (Wolff and Fiichtbauer, 1976; Rothe
and Hoefs, 1977; Jankowski, 1981). But in contrast to
the Nordlinger Ries, for Lake Steinheim there is no
direct evidence for saline or brackish water conditions.
The abundance of freshwater species (charophytes,
gastropods, ostracods, fresh water turtles and fish)
within Lake Steinheim (Gorthner, 1992; Janz, 1992;
Schweigert, 1993; Janz, 1997; Schudack and Janz,
1997) during the trochiformis and lower oxystoma
period, that is the period corresponding to the main
deposits of the mammal remains (Fig. 2), would not
support a high water salinity. Nevertheless, the low-
diversity of the fish and post-kleini period ostracod
fauna (Gaudant, 1989; Janz, 1992, 1997) can be taken to
support restrained living conditions. Furthermore,
geochemical investigations also support large changes
of the dissolved ion content of the lake water due to
evaporation (Bajor, 1965).

With regard to explanation (2), no major fluviatile
inflow into the Steinheim basin is known and the ground
water level in a karst landscape is generally well below
the surface. Thus, this possibility is considered unlikely.
This leads to explanation (3). Many large mammals
have large home ranges thus access to different surface
waters. Therefore, the large mammals from the
Steinheim basin may well have used water sources
located in the Molasse basin just south of the Swabian
Alb. At the time of the Ries impact the North Alpine
Foreland basin formed a system of large longitudinal
streams that accumulated gravels, sands, and silts of the

Upper Freshwater Molasse (Bohme et al., 2001),
suggesting the presence of other surface water sources.
This possibility of extensive migration away from the
Swabian Alb plateau will be considered more closely
using Sr isotopic compositions of the mammalian tooth
enamel.

5.6. Sr isotope compositions of mammal teeth —
migration or local Sr uptake?

The Sr isotopic composition of skeletal apatite of
mammal bones and teeth reflects that of the water and
food ingested, with the latter being the principal Sr
source. Because of the small mass difference of the two
stable Sr isotopes used, 87Sr and 86Sr, no measurable
fractionations of the ®7Sr/*°Sr ratio occurs during
weathering or sedimentation processes, nor during
metabolism or tissue mineralization in the plant or
animal. Therefore, the ®’Sr/*°Sr ratio does not change
along the food chain (e.g., Blum et al., 2000) and
87S1/%Sr ratios of biological tissues reflects the Sr
isotopic composition of the biologically-available Sr
entering the food web which is in most cases closely
related to that of the bedrock geology (Graustein, 1989;
Price et al., 2002). In settings where the *”St/*Sr ratios
of the underlying rock formations differ significantly
and are well constrained, the 3”St/%°Sr ratio can be used
as isotopic fingerprint for migration movements of
animals or human beings between different geologic,
respectively Sr isotopic domains (Sillen et al., 1998;
Hoppe et al., 1999; Miiller et al., 2003). Possible
migration and thus potential use of food and water
sources other than those in the vicinity of the Steinheim
basin would be supported by tooth enamel *’Sr/*®Sr
values that are different from the expected ®’Sr/*°Sr
values of the Swabian Alb plateau carbonates.

The Steinheim basin is situated on the Swabian Alb
plateau made up of Upper Jurassic marine limestones
(Fig. 1). The Srisotopic composition of the carbonates is
well known (¥’Sr/**Sr=0.70697 to 0.70722, McArthur
et al., 2001). Sr isotopic analysis from Upper Jurassic
limestones of the Swabian Alb yield ¥’ St/*Sr ratios of
0.7071 to 0.7072, falling in that range (Fig. 9). Such
87Sr/*°Sr ratios are expected to be incorporated in
skeletal tissues of animals feeding on the Swabian Alb
plateau as carbonates readily dissolve and are rich in Sr
(Bausch, 1965).

Of the 11 large mammal fossil enamel samples
analysed from the Steinheim basin only one sample
from the equid Anchitherium (*Sr/*°Sr=0.707027)
has a ®’Sr/*°Sr value typical for the Upper Jurassic
limestone (Fig. 9). All other enamel samples have
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and aquatic vertebrate skeletal remains.

87Sr/*°Sr values >0.70753 that are higher than those for
marine Jurassic carbonates and the lake water (*’Sr/*°Sr
about 0.70743) but similar to those of Tertiary Molasse
sediments (Fig. 9). It is possible that the Upper Jurassic
limestone of the Swabian Alb was, in parts, covered by
Tertiary sediments with higher *’St/**Sr ratios than the
underlying Upper Jurassic limestone. Thus, the Sr
entering the food chain may represent a mixture of
more radiogenic sediment-derived and less radiogenic
limestone-derived Sr. A Tertiary sediment cover is today
largely restricted to the southern margin of the Alb,
bordering the Molasse basin which was deposited
during the Early to Middle Miocene marine transgres-
sion of the Upper Marine Molasse and the following
basal part of the Upper Freshwater Molasse (Geyer and
Gwinner, 1991, Fig. 2a). Small patches of Tertiary
sediments also existed on the Swabian Alb plateau at
least in the Ries area at the time of the meteorite impact
(Horn et al., 1985; Engelhardt et al., 1987; Vennemann
et al., 2001). The ejecta of the Ries impact themselves

(Fig. 1) are mostly made up of Upper Jurassic limestone
and thus not of relevance.

The region north of the Swabian Alb consists of
Mesozoic rocks, mainly Triassic lime-, clay-, and
sandstones with high *’Sr/*°Sr ratios of 0.708 to 0.714
(Horwarth, 2000), while in the south the Tertiary
Molasse basin sediments occur (Fig. 1) with *’Sr/*°Sr
>0.7085 (Schnetzler et al., 1969; Bentley and Knipper,
2005). The enamel of most large mammal teeth from the
Steinheim basin have ®’Sr/*®Sr ratios between those of
the Jurassic limestone and the Tertiary Molasse basin
sediments and three of them, two Gomphotherium and
one Palaeomeryx teeth, have ®’Sr/*°Sr ratios >0.7085
and fall in the ®’Sr/*®Sr range of the Molasse sediments
(Fig. 9). This would support migration between the
Swabian Alb and the Molasse basin for which the
northern boundary lies about 30 km south of the
Steinheim basin (Fig. 1). The migration of gomphotheres
over such a distance is very likely as proboscideans are
capable of large, seasonal migration of up to 500 km as,
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for example, established for Quaternary mastodonts
(Hoppe et al., 1999) and modern elephants in Africa.

A third possibility to account for the Sr isotope
variations is the local uptake of high *’Sr/*°Sr food and
water sources. The central hill mainly consists of
disturbed Middle Jurassic clay and siltstones that are
potential sources for radiogenic Sr with much higher
87Sr/*°Sr ratios than the surrounding Upper Jurassic
limestone, as clearly indicated by a modern surface
water sample (*’Sr/*®*Sr=o0f 0.71122, Fig. 9) taken from
a little pond situated on the central hill. When the central
hill fell dry it became probably land-connected and was
inhabited by mammals and other land vertebrates
(Heizmann, 1973). At least some of the large mammals
may, therefore, have lived on the central hill and taken
up some radiogenic Sr there. But the low 6'%Opp0
values calculated from the enamel indicates that they
could not have lived there permanently because in this
case they would have relied on the '®O-enriched lake
water (8'%0y10=+2.0%0) as drinking water source t0o.

Teeth of small mammals with much smaller home
ranges and that most likely took up their food and water
in the local surrounding of the lake, have similar
87Sr/*°Sr ratios as the enamel of most large mammals
(Fig. 9). This is surprising but is also compatible with
the measurements of modern groundwaters from the
Steinheim basin (Fig. 9), that equally indicate that the
87Sr/*°Sr of groundwaters may in fact not have been
controlled only by the Jurassic marine carbonates. Thus,
it has been possible for small mammals to ingest Sr with
87Sr/%°Sr ratios as high as 0.7081 locally, though some
were brought there by birds of prey as indicated by in
situ found owl pellets material (Heizmann and Reiff,
2002). The combined interpretation of the Sr and the
oxygen isotope compositions of the large mammals,
however, supports migrational movements >30 km at
least for some of the large mammals.

5.7. 8"°C values of mammal teeth — feeding in a C;
plant dominated ecosystem

The C; and C,4 photosynthetic pathways fractionate
carbon isotopes to different degrees, hence C; and Cy
plants have 6'°C values ranging from about —30 to
—22%0 and —14 to —10%o, respectively (e.g., Deines,
1980; Farquhar et al., 1989). For large herbivorous
mammals the enamel 6'°C values reflect those of the
food with an offset of about 14%o (Cerling and Harris,
1999), and thus may record the proportion of C3/Cy
plants in mammalian diet (e.g., Quade et al., 1992;
Cerling et al., 1997; Cerling and Harris, 1999). The
mean enamel 6'>C value of —11.1+1.1%o (n=40) of the

large herbivorous mammals indicates that they exclu-
sively fed on C; plants. Thus, the surrounding of the
Steinheim basin was covered by C; vegetation and there
is no evidence for the occurrence of C,4 plants. This is in
good agreement with the fact that a global C4 plant
dispersal is only recorded from the late Miocene (8 to
6 Ma) onwards (Cerling et al., 1997). A similar mean
enamel 6'°C value of —10.9+1.2% (n=270) of
Miocene mammal teeth from the nearby Molasse
basin further corroborates a C; plant dominated
ecosystem in this area (Tiitken and Vennemann, 2005).

5.8. 67 C values of the biogenic carbonates — changes
in carbon cycling and lake level fluctuations

Respiration by Cs plants and/or natural decomposi-
tion of this type of organic matter in the soil produces
CO, with similar '*C values compared to the original
vegetation itself, but the diffusion of this CO, through
the soil leads to an enrichment of about 4%. (e.g.,
Cerling et al., 1991). For most natural systems, this soil
CO, is the major source of dissolved inorganic carbon
(DIC) in groundwaters. At typical temperature and pH
conditions for temperate climate zones (about 15 °C and
pH about 7), equilibrium dissolution of soil CO, would
produce DIC with 6'*C values of about —15 to —16%o
(Mook et al., 1974). Such values have been measured
for the present-day groundwaters (8'*Cpjc=—152+
0.7%o, n=6, Table 15) in the vicinity of the Steinheim
basin. Given ¢(calcite-DIC) of about +2 to +3%o
(Mook et al., 1974; Zeebe et al., 1999), a 8"3C value
for carbonates of —14 to —12%. would be expected, if
precipitated in equilibrium with groundwaters domi-
nated by typical C; plant derived soil-CO,. However,
the biogenic carbonates of gastropod and ostracod
shells of the Steinheim basin have much higher §'*C
values (Fig. 5).

Several investigations so far have shown that
molluscs precipitate their shell carbonate in isotopic
equilibrium with the ambient water (e.g., Epstein et al.,
1953; Fritz and Poplawski, 1974; Grossmann and Ku,
1986) and thus the '*C value of shell carbonate should
reflect that of DIC. In contrast, a recent study
monitoring different live freshwater gastropods and
their host springs with nearly constant temperature and
isotopic composition indicates that offsets from
expected isotopic equilibrium shell 6'*C values, so
called vital effects attributed to the incorporation of
metabolic carbon enriched in '*C, of up to 4%o can occur
due to behavioural and physiologic differences (Shana-
han et al., 2005 and refs therein). Therefore, vital effects
may lower shell carbonate §'°C values relative to
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equilibrium values expected. Such vital effects seem to
be responsible for the low 6'°C values of the T
micropygoptera otoliths (6"°C=—11.6£1.1%o, n=12)
(Fig. 5). The high 8'°C values of the aragonitic
Gyraulus spp. gastropod shells and the calcitic 1.
binocularis ostracod valves may thus be taken as
minimum estimates for the 613CDIC of the palacolake
water. Even higher 8"3Cpyc values around +3.5%o can
be inferred from characean stem fragments and
carbonate sediment particles (Fig. 5).

High 6"*Cpyc values in shallower groundwaters or
surface waters can be caused by isotopic exchange with
or dissolution of atmospheric CO, (e.g., Talbot, 1990).
This becomes particularly important in evaporatively
influenced water bodies such as long-term lakes (Talbot,
1990) or in seawater. In addition, weathering and
dissolution of carbonates in aquifers may strongly
influence the §'°C values of DIC, commonly leading
to an increase in °C (e.g., Yang et al., 1996). Finally,
primary bioproductivity in the water column will tend to
increase the 613CDIC value, as 2¢ s preferentially
incorporated into the biological tissues (e.g., Kroopnick
et al., 1972; Longinelli and Edmond, 1983; Farquhar et
al., 1989).

Over the complete sediment section from the basal
kleini to the terminal supremus beds, the 6'>C values of
both aragonitic gastropod shells and calcitic ostracod
valves are similar and co-vary (Fig. 4). Their 6"°C
values increase discontinuously and parallel the long-
term lake level fluctuations with two transgressive—
regressive cycles established from sedimentological
data (Mensink, 1984; Bahrig et al., 1986; see Fig. 4).
This suggests that carbon cycling and lake level
fluctuations appear to be linked.

That the high 6'°C values are caused by unusually
high bioproductivity in the water of Lake Steinheim is
considered unlikely, even though a dense characean
vegetation existed in the littoral zone (Schweigert,
1993). Biologic activity may well influence the §'*Cp;c
values by several permille, but much of this biologically
fixed and thus isotopically-light carbon is returned to the
system during respiration and/or oxidation of organic
matter (e.g., Wachniew and Roézanski, 1997). The
Steinheim basin sediments are not very rich in organic
matter and the lake is largely considered to have been
oligotrophic (Schweigert, 1993), indicating that primary
bioproductivity is unlikely to have caused the high
613CDIC values of lake waters. A substantial input of
terrestrial organic material to the lake, as indicated by
sediments richer in fossil land plant remains, is
predominantly associated with low-stand periods of
the lake level for the kleini/lower steinheimensis and the

oxystoma period (Schweigert, 1993). These sediments
also have the lowest 6'°C values for the biogenic
carbonates (Fig. 4), supporting additional input of
carbon from oxidized terrestrial organic matter to the
carbon budget of the lake during these periods. But the
high 6'3C values coupled with the increase in values
throughout the section (Fig. 4) indicate that the lake
water DIC was probably largely controlled by exchange
with atmospheric CO, (e.g., Craig, 1953; Bajor, 1965;
Talbot, 1990) and less influenced by soil-zone CO,.
Increased inflow of groundwater with DIC controlled by
the dissolution of marine Jurassic limestones with high
6"3Cpyc values (Fig. 5) is not likely, given the present-
day values for groundwater (6" Cpie=—15.2+0.7%o,
n=6, Table 15) that essentially passes through the same
type of aquifer material.

5.9. Sr isotope compositions of aragonitic Gyraulus
shells — a record of long-term lake level fluctuations?

The Sr isotopic composition of river and lake water
reflects that of the rocks weathering in the drainage area
and varies only if the geology and/or hydrology of the
drainage area changes significantly (Jones and Faure,
1978; Neat et al., 1979; Hart et al., 2004). Therefore, the
Sr isotopic composition of biogenic carbonates from
aquatic organisms is a valuable tool for the reconstruc-
tion of lake level fluctuations (Hart et al., 2004).
Because all investigated Gyraulus spp. shells have
preserved their original aragonitic mineralogy, they
should faithfully record the lake water 8’ Sr/*®Sr ratio at
the time of mineralisation. The Sr isotopic composition
of the Gyraulus shells from all 7 gastropod beds varies
close to a mean ’Sr/**Sr ratio of 0.70743+0.00004
(n=10) but there are subtle but significant changes of
the %7Sr/%°Sr ratios that are positively correlated with
known lake level fluctuations (Fig. 4). Lake level
fluctuations for the Steinheim basin are mainly ascribed
to tectonic movements of the Swabian Alb and resulting
changes of the groundwater level (Reiff, 1988) though
evaporation may have played an additional role (Bajor,
1965, this study). If the lake level fluctuations would be
due to intensified evaporation only no changes of the
lake water ®’Sr/*®Sr ratio are to be expected. During
tectonically induced movements of the groundwater
level the water balance of the lake is likely to change.
Thus, if the Steinheim basin was a groundwater window
lake, during transgressive phases a stronger groundwa-
ter inflow with a slightly more radiogenic ®’St/*°Sr ratio
is to be expected, taking the present-day groundwater Sr
isotopic composition (*’Sr/**Sr about 0.7076+0.0002,
n=4) of the Steinheim basin as valid for the Middle
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Miocene. Assuming that during lake level low-stand
phases precipitation rate and surface runoff stay
constant, a higher proportion of Sr will be derived
from surface runoff than from groundwater inflow,
supplying slightly less radiogenic Sr from the dissolu-
tion of the surrounding Upper Jurassic limestone
(*’Sr/*Sr<0.7072, Fig. 4). Such a scenario would be
compatible with the results summarized in Fig. 4.

It is interesting to note that the Srisotopic composition
ofone T micropygoptera fish tooth and two aquatic turtle
bones have significantly higher *’Sr/*°Sr ratios of
>(.705 than the aragonitic Gyraulus spp. shells and 7.
micropygoptera otolith. This may indicate some diage-
netic exchange of Sr from the biogenic phosphate with
more radiogenic Sr from the ground water or may reflect
primary small Sr isotopic compositional differences of
the not so well mixed meromictic lake water body of
Lake Steinheim. But the former explanation seems more
likely as the turtle bone has the highest *’Sr/*°Sr ratio and
bone can relatively quickly alter its Sr isotopic
composition (Price et al., 2002 and references therein).
Furthermore, the aragonitic 7. micropygoptera otolith
still has the same ®’Sr/*°Sr ratio as the lake water
(*7S1/%°Sr ~0.7043) while the Tinca tooth has a higher
87S1/%Sr ratio of 0.70514 (Fig. 4).

5.10. Palaeoclimatic and palaeoenvironmental recon-
struction for the Steinheim basin

In Section 5.3 mean water temperatures for the lake
in the Steinheim basin have been reconstructed from the
different aquatic proxies to range from 16.7 to 21.8 °C
with these temperatures reflecting the different habitats
and/or growing seasons of the species used. This
temperature range also overlaps within error with the
MAT of 18.8+3.8 °C calculated from the mean 5180H20
value derived from enamel of the large mammals (Fig.
8). The good agreement between MAT and Tyo
confirms the validity of the calculated palaecotempera-
tures as MAT and lake surface Ty,o are often closely
correlated (e.g., Livingstone and Lotter, 1998). Such a
correlation is also apparent between the modern day
groundwater temperature (Ty0=7.5 °C) and the MAT
(7.9+0.8 °C, n=28) in the Steinheim basin (Seidel,
pers. comm. 2005, Fig. 8). Thus, groundwater recharge
Tipo is likely to have been similar to MAT for the
Middle Miocene Lake Steinheim.

The Middle Miocene MAT of 18.8 °C is about 11 °C
warmer than the present-day MAT of 7.9 in the
Steinheim basin (Fig. 8). The MAT estimates from the
contemporaneous Middle Miocene fossil floras from the
Steinheim basin itself (15+1 °C, Gregor, 1983) and

other localities in SW Germany (Adelegg: 161 °C;
Wengen: 15.5+2 °C, Eberhard, 1989) yield 3 to 4 °C
lower MATs (Fig. 8). In contrast, our reconstructed
MAT fits well into the MAT range of 15.5 to 21.0 °C
reconstructed for the late Early to late Middle Miocene
based on fossil megafloras from brown coal pits in NW
Germany (Utescher et al., 2000, Fig. 8) and to the sea
surface temperature of the North Sea at that time
(Buchard, 1978). Furthermore, the reconstructed MAT is
in accordance with the occurrence of warmstenotherm
ostracods in the lake sediments (Janz, 1997) such as
Cyprinotus inaequalis, indicative of a MAT >20 °C
(Janz, 1992). It is also in agreement with the MAT of
>17.4 up to 211 °C MAT reconstructed for the
Miocene climate optimum in Central Europe (18 to
14 Ma) based on the occurrence of thermophilic
vertebrate taxa (Bohme, 2003). However, a significant
decrease in MAT down to values of 15 to 16 °C occurred
between 14.0 and 13.5 Ma (B6hme, 2003), related to
global cooling (e.g., Zachos et al., 2001). If the
estimated age of 13.5 Ma for the mammal-bearing
lake sediments of the Steinheim basin is correct, our data
would suggest that a warm-temperate climate with a
MAT around 19+4 °C still prevailed in the region of the
Steinheim basin until then. The high 6'*0 values of
around +2%o for the lake waters of the Steinheim basin
and Nordlinger Ries (this study, Pache et al., 2001) also
suggest a significant evaporation during this period
(Bajor, 1965; Rothe and Hoefs, 1977; this study).
Whether this evaporation occurred under conditions of
high or low humidity is more difficult to establish.
Based on palaeofloral evidence a warm-temperate,
seasonal, semi-arid climate existed in the area around
the Steinheim basin (Schweigert, 1993; Heizmann and
Reiff, 2002). Semi-arid conditions are also supported by
the saline condition prevailing most of the time for the
nearby Nordlinger Ries Lake (Rothe and Hoefs, 1977,
Jankowski, 1981). However, a change towards fresh-
water conditions in the upper part of the Ries Lake
might indicate a climate humidification (Jankowski,
1981). According to experimental measurements, mod-
els, and measurements on recent controlled natural
settings (Craig et al., 1963; Gonfiantini, 1986), at high
humidities (= 75%) many lakes subjected to evaporation
rapidly reach a maximum, limiting value of isotopic
enrichment and then remain practically constant in
value, irrespective of the initial 6'%0 values of water
(Gonfiantini, 1986). The latter constancy represents a
steady-state between inflow and evaporation during the
evaporative stages. This is in contrast to evaporative
systems at low humidities, where the 6'*0 of water
continues to change as a function of the extent of
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evaporation. As such, the rapid change from much
lower 6'®0 values during the kleini period to higher but
more or less constant §'*0 values in the whole post-
kleini period would support evaporation at high
humidities for the Lake Steinheim. A similar trend is
also recorded in the lake sediments of the Nordlinger
Ries (Rothe and Hoefs, 1977). High humidity is further
supported by high annual precipitation rates of 1250+
250 mm/a estimated from the fossil flora of the
Steinheim basin and the Nordlinger Ries (Gregor,
1983) as well as other Middle Miocene localities in
Germany (Eberhard, 1989; Utescher et al., 2000),
which is even higher than the modern annual
precipitation in the Steinheim basin of 1038+199
mm/a (n=28) (Seidel, pers. comm. 2005). However,
there is some contradiction in the palaeoclimatic
interpretation of the palacoflora from the Steinheim
basin. While Schweigert (1993) deduced a warm-
temperate climate with a pronounced dry season,
Gregor (1983), respectively Gregor in Bohme et al.
(2001), postulates instead a more humid cfa-type
climate with mesophytic mixed-forests. Thus, questions
on the amount of rainfall remain open, even though our
data are more in favour of a higher humidity.

6. Conclusions

The Middle Miocene Steinheim basin represented an
isolated long-term freshwater lake whose isotopic
composition of the water was significantly enriched in
"0 due to evaporation. Biogenic shell carbonates of
calcitic ostracod valves and aragonitic gastropod shells
have 6'%0 and 6'°C values similar to or even more
positive than marine carbonates. The 6'®O values of the
biogenic freshwater carbonates scatter around these
mean values but remain at a high level over the complete
duration of the freshwater lake except for the initial lake
phase. A steady-state equilibrium between groundwater
inflow and evaporation of the lake water must have
existed, supporting evaporation under humid condi-
tions. The scatter of the '%0 values may reflect short
term variability of groundwater inflow and evaporation
under a warm climate but does not correlate with the
long-term lake level fluctuations.

In contrast, 6'°C values of ostracod and gastropod
shell carbonates parallel the known long-term lake level
fluctuations of the Steinheim basin, most likely
representing continued exchange of lake water DIC
with and increasing dominance of C sourced from
atmospheric CO,. Sr isotopic compositions of the
aragonitic gastropods also appear to record the lake
level fluctuations, reflecting variable inputs of ground-

water inflow and surface water runoff, supplying Sr
from two isotopically different sources: Upper Jurassic
limestone and Upper/Middle Jurassic marl and clay
stones.

Large mammal 61801)04 values indicate that meteoric
water had 8'*Oyp0=—5.9+1.7%o, values unlike those
of the lake in the Steinheim basin for which 6180H20=
+2.0£0.4%o is estimated from aquatic turtle bones, or
0" 0pp0=+2.742.3%0 as estimated from the pika P,
oeningensis, which had a much smaller habitat range
compared to large mammals, hence probably ingesting
the lake water. The oxygen isotope compositions of
tooth enamel of large and small mammals from the same
autochthonous fossil assemblage can thus differ largely
due to different home ranges and drinking behaviour.
Tooth enamel of large mammals is preferred for the
reconstruction of meteoric water 6'°Oy,0 values of a
certain geographic region because of their larger habitat
range, their integration over more surface water sources,
and the smaller influence of evaporative and/or
metabolic effects on their body water compared to
small mammals. For small mammals it is necessary to
analyse a large number of teeth in order to get reliable
and meaningful oxygen isotope compositions of mete-
oric water.

Migration of large mammals is also supported by the
Sr isotopic composition of their tooth enamel that
exceeds the range of *’Sr/*°Sr for teeth of small
mammals, the Steinheim basin lake, modern ground-
water, and those of the Upper Jurassic limestone of the
Swabian Alb. Large mammals may have migrated
between the Swabian Alb plateau and the Molasse basin
in the south.

During the European Neogene Mammal assemblage
zone MN 7 (Middle Miocene: ~ 13.5 Ma), for which the
Steinheim basin is the international reference locality, a
MAT of 18.8+£3.8 °C can be calculated using the
meteoric water %00 value —5.9+1.7%o derived
from enamel of large mammal teeth. The reconstructed
0" 0o value of +2%o for the lake water in the
Steinheim basin was used to calculate lake water
temperatures (Tyo) from skeletal 6'%0 values of
ostracod valves (16.7+5.0 °C), gastropod shells (20.6+
5.6 °C), fish otoliths (21.8+1.4 °C) and the 6'*Opos
value of fish teeth (17.0+2.7 °C). Fish teeth probably
record best the mean lake water temperature (17.0+
2.7 °C). Altogether the calculated MAT (~19 °C) and
lake water temperatures (17 to 22 °C) as well as the '*0O-
enriched lake water (6'*Oy00=-2%o) are indicative of a
warm-temperate and high-humidity climate with evap-
oration around the Steinheim basin during the Middle
Miocene.
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The presented multi-species and multi-proxy-ap-
proach combining stable C, O, and Sr isotopic
compositions from skeletal remains of aquatic and
terrestrial organisms allows for a differentiated
palacoenvironmental and palacotemperature reconstruc-
tion of the aquatic freshwater ecosystem as well as of the
habitat and drinking behaviour of large and small
mammals.
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