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Oceanographic and climatic evolution of the Miocene Mediterranean
deduced from Nd, Sr, C, and O isotope compositions of marine
fossils and sediments
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[1] Isotopic compositions of marine sediments and fossils have been investigated from northern basins of the
Mediterranean to help constrain local oceanographic and climatic changes adjacent to the uplifting Alps. Stable
C and O isotope compositions of benthic and planktonic foraminifera from the Umbria-Marche region (UMC)
have an offset characteristic for their habitats and the changes in composition mimic global changes, suggesting
that the regional conditions of climate and the carbon cycle were controlled by global changes. The radiogenic
isotope composition of these fossil assemblages allows recognition of three distinct periods. In the first period,
from 25 to 19 Ma, high eng values and low ®’Sr/*®Sr of sediments and fossils support intense tectonism and
volcanism, related to the opening of the western Mediterranean. In the second period, from 19 to 13 Ma the
87S1/%Sr ratio of Mediterranean (UMC) deviate from the global ocean, which is compatible with rapid uplift of
the hinterland and intense influx of Sr from Mesozoic carbonates of the western Apennines. This local control
on the seawater was driven by a humid and warm climate and indicates restricted exchange of water with the
global ocean. Generally, the eng values of the fossils are very similar to those of Indian Ocean water, with brief
periods of a decrease in the eng Values coinciding with volcanic events and maybe sea level variation at 15.2 Ma.
In the third period, from 13 to 10 Ma the fossils have *’Sr/*°Sr similar to those of Miocene seawater while their
eng values change considerably with time. This indicates fluctuating influence of the Atlantic versus the
Paratethys and/or locally evolved seawater in the Mediterranean driven by global sea level changes. Other
investigated localities near the Alps and from the ODP 900 site are compatible with this oceanographic
interpretation. However, in the late early Miocene, enhanced local control, reflecting erosion of old crustal
silicate rocks near the Alps, results in higher ®’Sr/*Sr.
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isotope compositions [Piepgras and Wasserburg, 1980].
The two end-members of the modern seawater are the
northern Pacific Ocean and the North Atlantic Deep Water
(NADW), which have large differences in their Nd isotopic
compositions [e.g., Piepgras and Wasserburg, 1980]. This
large variation among the different oceans indicates that
neodymium, as well as the other rare earth elements (REE),
has a short residence time in seawater relative to the time of
global oceanic circulation [e.g., Bertram and Elderfield,
1993; Tachikawa et al., 1999]. Neodymium is mainly
derived from atmospheric and riverine terrigenous inputs,
while the impact of hydrothermal processes at the mid-
oceanic ridges can largely be neglected [e.g., Frank, 2002].
Therefore, differences in Sm/Nd and age for different
lithologies of the source rocks in the hinterland can result

1. Introduction

[2] Radiogenic and stable isotope compositions of ma-
rine sediments and fossils have been documented to be
useful proxies for the determination of past oceanic and
climatic conditions [e.g., Savin et al., 1985; Zachos et al.,
2001; Frank, 2002]. The interpretative strength is partic-
ularly good, if different isotopic systems can be used
simultaneously.

[3] The application of neodymium isotope geochemistry
to oceanography began when it was recognized that the
main oceanic provinces have their own characteristic Nd
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in differences in the radiogenic isotopic composition of the
local seawater. As such, the relatively low '*Nd/"**Nd of
the NADW reflects a dominance of erosion of old cqystal—
line rocks of the Canadian Shield, while higher '**Nd/"**Nd
of the Pacific Ocean are controlled by a large contribution
from erosion of young volcanic rocks. The other ocean
basins generally have intermediate '**Nd/'**Nd [Albaréde
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Figure 1. General paleoceanographic situation of the
Mediterranean area showing the major oceanic provinces
and possible seaways linking this area to the open ocean
during the late Oligocene to early Miocene [after Régl,
1998]. The star indicates the former position of the Umbria-
Marche composite sections, and the arrows the possible
water currents between the different basins. Other possible
gateways marked on the map are RG, Rhine Graben; SC,
Slovenian Corridor; and RV, Rhone Valley.

and Goldstein, 1992], related to the pattern of the present
global thermohaline circulation and/or related to boundary
exchange processes in the shelf areas [Lacan and Jeandel,
2005; Jeandel et al., 2007].

[4] Several archives are used to constrain the ancient
oceanic Nd isotope compositions: deepwater Fe-Mn nod-
ules or crusts [e.g., Albarede and Goldstein, 1992; Albarede
et al., 1997; Abouchami et al., 1999; Frank et al., 2002],
foraminifera [e.g., Palmer and Elderfield, 1985; Vance and
Burton, 1999; Burton and Vance, 2000; Pomies et al., 2002]
or fossil fish teeth [e.g., Staudigel et al., 1985; Vennemann
and Hegner, 1998; Martin and Haley, 2000]. On the basis
of such studies, it was shown that the deepwater of the
three main oceanic basins of the Atlantic, Indian, and Pacific
were also compositionally distinct during the Oligo-Miocene
[e.g., Ling et al., 1997; O Nions et al., 1998; Burton et al.,
1999] and that the Nd isotope compositions of ancient
seawater are useful tracers of changes in oceanic circulation,
including the opening and closing of gateways to seawater
circulation, and/or in estimating continental inputs and
mixing of different water masses [e.g., Burton et al., 1997;
Frank et al., 1999; Scher and Martin, 2006].

[5] Although some earlier studies have looked at changes
in the Mediterranean Nd isotopic compositions [Jacobs et
al., 1996a; Stille et al., 1996; Miihistrasser, 2002], here a
more detailed and continuous study on marine deepwater
sediments of the Umbria-Marche region in Italy, as well as
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of a number of other south Alpine Marine Molasse sedi-
ments, were investigated in order to address the variation in
the Nd isotope compositions of Miocene seawater in dif-
ferent basins of the Mediterranean during a period of active
Alpine-Himalayan tectonism. In addition, deepwater sedi-
ment samples from the Ocean Drilling Program (ODP) Site
900 of the eastern North Atlantic close to the Mediterranean
outflow were examined to evaluate the importance of the
Gibraltar Strait as a gateway between the Mediterranean and
the Atlantic Ocean at this time.

[6] To help constrain the effects of local Nd inputs
compared to those of the circulating seawater, the neodym-
fum isotopic compositions of calcareous fossils and, where
possible, of the carbonate-free bulk sediments containing
the fossil were analyzed.

[7] Strontium isotope compositions of marine fossils and
sediments were also measured, to help evaluate the effects
of local hinterland versus those of the open ocean on the
local seawater and hence marine fossil compositions within
the Mediterranean basins. Unlike Nd, Sr has a long resi-
dence time in seawater, longer than the turnover of the
Earth’s oceans, and it was shown that the Sr isotope
composition of seawater is similar for the major oceans at
any one time [e.g., Burke et al., 1982; DePaolo and Ingram,
1985; Veizer, 1989]. Hence, on the basis of the Sr isotopic
composition of well-preserved marine fossils compared to
that of the global ocean at the same time, marine sediments
may also be indirectly dated [e.g., DePaolo, 1986; Hodell et
al., 1991; McArthur et al., 2001].

[8] Finally, oxygen and carbon isotope compositions from
benthic and planktonic foraminifera of the Umbria-Marche
samples were examined to help evaluate the climatic
changes during the Miocene of this part of the Mediterra-
nean and/or to address possible diagenetic changes in
isotopic compositions of the fossils used for this study.

2. Geological Setting of the Sampled Sites
2.1. Mediterranean

[o] The Mediterranean Sea today represents the remainder
of the most western part of the Mesozoic Neotethys Ocean
that vanished by the end of the Eocene because of the
Alpine-Himalayan orogeny. During the Miocene, however,
the Mediterranean still served as a passage between the
Atlantic and Indian Ocean (Figure 1) [e.g., Rogl, 1998].
Several major events changed the shape of the Mediterra-
nean over the course of time (Figure 2a). At the beginning
of the Oligocene a new intercontinental sea, the Paratethys,
was created to the north of the Mediterranean because of
Alpine tectonism. Several seaways opened and closed
between the Mediterranean and the Paratethys during the

Figure 2. (a) Geographic and (b) stratigraphic positions of the sampled Miocene marine beds. UMC, Umbria-Marche
composite section; MS, Moransengo; VF, Veneto-Friuli area; SLO, Slovenian outcrops; CT, Contessa Valley; MOR, Moria;
VED, La Vedova; MDC, Monte dei Corvi Beach; SAR, La Sardella. In the simplified stratigraphic column the numbers
correspond to 1, limestone; 2, marly limestone; 3—4, siliceous-calcareous-tuffitic beds; and 5, tuff levels with Raffaello
(RAF), Francesca (Franc.), and Respighi (Resp.) levels indicated in the column. See also Tables 1a—1e for further details.
The stages and planktonic foraminifera zones are after Gradstein et al. [2004] and Rég/ [1998]. The different marks for the
sampled layers indicate those where both fossils and sediments (crosses), only fossils (horizontal dashes), or only sediments

(vertical dashes) were involved in the isotope measurements.
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Table 1a. Studied Localities and Layers: Umbria-Marche Composite Section®

Location Samples Meter Planktonic Foraminifera Formation Stages Absolute Age
Conero Riviera Rossini Level ~7.26
Conero Riviera SAR+15 206.08 N17 Schlier Formation Tortonian 8.4
Conero Riviera MDC-217 177 NI16 Schlier Formation Tortonian 10.1
Conero Riviera SAR-15 176.08 Nl16 Schlier Formation Tortonian 10.1
Conero Riviera MDC-205 167 NI16 Schlier Formation Tortonian 10.7
Conero Riviera MDC-188 156.79 NI14-N15 Schlier Formation Tortonian 11.3
Conero Riviera 149.85 Ancona Level ~11.68
Conero Riviera MDC-154 147.73 N11-N13 Schlier Formation Serravallian 11.7
Conero Riviera MDC-123 137.1 NI1-N13 Schlier Formation Serravallian 12.0
Conero Riviera MDC-68 121.13 N11-N13 Schlier Formation Serravallian 12.4
Conero Riviera MDC-42 112.37 N11-N13 Schlier Formation Serravallian 12.6
Conero Riviera MDC-16 104.69 NI1-N13 Schlier Formation Serravallian 12.8
Conero Riviera MDC-6 101.36 N11-N13 Schlier Formation Serravallian 12.9
Conero Riviera 101.35 Respighi Level (1 cm) ~12.9+0.2
Conero Riviera VED-36.2 36.2 N9 Schlier Formation Langhian 14.6
Conero Riviera VED-30 30 N9 Schlier Formation Langhian 14.8
Conero Riviera 24 VED-24 ~14.9+0.2
Conero Riviera VED-17.2 17.2 N8 Schlier Formation Langhian 15.3
Moria MOR-184 99 N8 Schlier Formation Langhian 15.2
Moria 76.8 MOR-76.8 ~155+0.2
Moria MOR-155 76 N8 Schlier Formation Langhian 15.5
Moria MOR-121 63.8 N8 Schlier Formation Langhian 16.0
Moria 584 MOR-58.4 ~16.2+0.2
Moria MOR-99 57.5 N7 Schlier Formation ? Langhian 16.2
Moria MOR-59 36 N7 Schlier Formation Burdigalian 16.7
Moria 19.5 Francesca Level ~17.1+0.2
Moria MOR-40 18 N7 Bisciaro Formation Burdigalian 17.1
Moria MOR-6 3 N6 Bisciaro Formation Burdigalian 17.5
Contessa valley CT-62 3222 N5/6 Bisciaro Formation Burdigalian 18.0
Contessa valley CT-51 318.2 N5/6 Bisciaro Formation Burdigalian 18.6
Contessa valley 311.3 CT-WALL ~19.7 £ 0.3
Contessa valley CT-28 311 N5/6 Bisciaro Formation Burdigalian 19.8
Contessa valley CT-22 309 N5/6 Bisciaro Formation Aquitanian 20.8
Contessa valley 306.7 RAF ~21.9+0.3
Contessa valley CT-13 306.5 N4 Scaglia Cinerea Aquitanian 219
Contessa valley CT-5 303.5 N4 Scaglia Cinerea Aquitanian 22.3

“Stratigraphic information was obtained from Deino et al. [1997], Montanari et al. [1997a, 1997b], Mader et al. [2001], and Hilgen et al. [2005].

Italicized rows represent volcanic ash layers and their obtained ages.

Oligo-Miocene as a result of global sea level changes and
orogenesis [e.g., Rogl and Steininger, 1983; Popov et al.,
2004].

[10] In the late Oligocene, rifting of the Valencia Trough—
Gulf of Lion—Ligurian Sea started the formation of the
western Mediterranean, also opening many other subbasins
during the Miocene [e.g., Rosenbaum et al., 2002]. This was
accompanied by short-lived subduction zones, volcanism,
and the anticlockwise rotation of Sardinia and Corsica,
together with the formation of the Apennine foredeep that
shifted east-northeastward [e.g., Gueguen et al., 1998].

[11] In the eastern Mediterranean, the connection with the
Indian Ocean remained until the late Burdigalian when the
newly formed land bridge between Africa and Eurasia
allowed for the migration of terrestrial fauna. Later, the
Indo-Pacific seaway reopened, at least twice during the
middle Miocene before it finally closed, just shortly after
the Langhian/Serravallian transition (~13-14 Ma [e.g.,
Popov et al., 2004]).

[12] After this time, the Mediterranean had a connection
to the global ocean only via the Gibraltar Strait. In the
Messinian this gateway was strongly restricted because of
major sea level fall that was accompanied by salinity crises
in the region. Conditions similar to today were established

by the Pliocene transgression [e.g., Orszag-Sperber, 2006;
Popov et al., 2006].

[13] To help constrain the oceanic and climatic evolution
of the Miocene Mediterranean and to trace the influence of
different water masses in the region, a reference section was
established. Deep water sediments of the North Apennine
foredeep from the Umbria-Marche region in Italy were
sampled to construct a composite sequence of Miocene
marine sedimentation (Figure 2). The samples were taken
from five previously described and well-dated sections that
belong to three formations [Deino et al., 1997; Montanari et
al., 1997a, 1997b], referred to here as UMC (Umbria-
Marche composite section).

[14] The Chattian/Aquitanian boundary (i.e., the Oligo-
cene-Miocene boundary) in the Contessa Valley section
(CT), near Gubbio, is in the uppermost part of the Scaglia
Cinerea Formation, and bears a hiatus [Montanari et al.,
1997a]. The base of the overlying Bisciaro Formation is in
the middle Aquitanian (Chron 6AA), and it is marked by a
regional bentonite layer (Raffaello Level), which has an Ar/
Arage of 21.9 £ 0.3 Ma [Montanari et al., 1997a]. Samples
spanning the Chattian to Burdigalian interval were collected
through this CT section, and also in the Moria section
(MOR), which is located about 30 km north of Gubbio.
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Sequence Samples Meter Planktonic Foraminifera Formation Stages Absolute Age
Moransengo MS-57 620 N8 Tonengo Calcarenites Langhian 15.2
Moransengo MS-52 570 N8 Moransengo Sandstone Langhian 15.4
Moransengo MS-48 532 N8 Moransengo Sandstone Langhian 15.5
Moransengo MS-40 455 N8 Moransengo Sandstone Langhian 15.8
Moransengo MS-36 412 N8 Moransengo Sandstone Langhian 15.9
Moransengo MS-30 330 N8 Moransengo Sandstone Langhian 16.2
Moransengo MS-24 249 base of N7 Moransengo Sandstone upper Burdigalian 17.2
Moransengo MS-20 212 N5/6 Antognola Marls Burdigalian 18.9
Moransengo MS-7 47 P22 Antognola Marls upper Oligocene 23.7

“Stratigraphic information was obtained from Miihlstrasser [2002].

The Schlier Formation spans from the upper Burdigalian to
the Tortonian. Samples covering this time interval have
been taken from Moria (MOR) and from three cliff sections
along the Conero Riviera near Ancona, as samples from La
Vedova (VED), Mont dei Corvi Beach (MDC) and La
Sardella (SAR).

[15] Several volcaniclastic layers occur within these sec-
tions and many of them were dated [e.g., Mader et al.,
2001]. Given estimates of the sedimentation rates [Deino et
al., 1997; Montanari et al., 1997a, 1997b], as well as the
biostratigraphic position of the samples, and combining this
with recent astronomical and magnetostratigraphic estimates
of the ages of the sediments [e.g., Cleaveland et al., 2002;
Hilgen et al., 2003, 2005], it was possible to assign absolute
numerical ages to the sampled horizons (Table 1a).

[16] Beside the detailed stratigraphy of the area, the
paleobathymetry of the basin is not well known. Sediments
of the Scaglia Cinerea Formation were deposited in a deep
water basin, its pelagic homogenous sequence consisting of
well-bedded biomicritic limestone containing sporadic vol-
canoclastic layers. The older middle Eocene deposits of the
Scaglia sequences in the region are deposited in middle-
lower bathyal settings (800—1000 m) [Jovane et al., 2007],
which might be applicable for the Oligo-Miocene parts as
well.

[17] In contrast, the Bisciaro Formation is made up of an
alternation of different rock types. The lower marly member
contains pelagic limestones and calcareous marls, while the
middle member is an alternation of siliceous-calcareous-
tuffitic beds. The upper member is dominated by marls
again, and it is similar to the lower part of the following
Schlier Formation. The boundary between these two for-
mations is a volcaniclastic level that can be recognized all
over the region (Piero della Francesca Level). The hemi-
pelagic marl of the Schlier Formation is followed by layers

of a calcareous member that is characterized by a rhythmic
sequence of foraminiferal, marly limestones grading into
marlstones with fewer marly limestone intercalations to-
ward the top. The paleobathymetry was investigated only at
La Vedova (VED) section, where an estimate of 600 m was
calculated for the Schlier Formation [Mader et al., 2001].

2.2. South Alpine Molasse

[18] Additional samples were taken from the southern
Alpine Miocene marine deposits in order to obtain a better
spatial distribution of sampling and to help constrain the
influence of the terrestrial sediments eroded from the
uplifting Alps on the Nd and Sr isotopic composition of
the local seawater.

[19] The most western site is the Monferrato (MS) area
located east of Turin in northwestern Italy, where the Alps
and Apennines are juxtaposed (Figure 2). The area can be
subdivided into two main tectonostratigraphic units: Eastern
Monferrato that is interpreted as an individual unit, and
Western Monferrato that consists of several minor tectonos-
tratigraphic units with well-defined fault-bounded geomet-
ric elements [Clari et al., 1995; Piana and Polino, 1995].
Samples were obtained from the subunit of Western Mon-
ferrato from the Moransengo block (MS) where Chattian-
Langhian deepwater (600—1500 m) sediments are exposed
(Table 1b) [Miihistrasser, 2002].

[20] The Oligo-Miocene Veneto-Friuli Molasse Basin
(VF) is located further east at the junction of three orogenic
belts of the Dinarides, Alps, and the Apennine—Southern
Alps system. It evolved in two distinct stages. During the
Chattian-Langhian, this region was a foreland basin to the
Dinarides, formed in response to relatively weak tectonic
forces. Nonetheless, four sedimentary megasequences can
be distinguished that represent different transgressive-
regressive cycles. From the Serravallian onward the tectonic

Table 1c. Studied Localities and Layers: Veneto-Friuli Molasse Basin®

Sequence Samples Sr Age Location Stages Absolute Age
Belluno Gia-2 16.8 Giazzo Burdigalian-Langhian 16.8
Belluno Lib-2 20.1 Libano lower Burdigalian 20.1
Belluno Orz-1 24.4 Orzes Chattian 24.4
Vittorio-Veneto Lor-2 11.0 S. Lorenzo upper Serravallian 11.0
Vittorio-Veneto Zue-1 17.7 Zuel di La Burdigalian 17.7
Vittorio-Veneto Nog-1 24.2 Nogarolo Chattian-Aquitanian 24.2

“Stratigraphic information was obtained from Massari et al. [1986].
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Sequence Samples Biostratigraphy Location Stages Absolute Age

B2: Celje basin L-4-1 NP 25 Petrovee/Lisce lower Egerian 23.5
B2: Sava folds SJ-25-11-56m Amon (west of Podeetrtek) Sarmatian 12

B2: Sava folds $J-120-1 Bulimina-Bolivina higher Mestinje (west of Rog. Slatina) upper Badenian 13.3
B2: Sava folds SJ-47-2 Bulimina-Bolivina Mestinje (west of Rog. Slatina) middle-upper Badenian 13.5
B2: Sava folds CE-86-1 lower Lagenidae Kompole (near Store) lower Badenian 15.9
Al: Mura basin $-58 Selnica middle Badenian 14.8
Al: Mura basin S-l/a -1 upper Lagenidae Sentilj (beside the highway) lower Badenian 15.5
Al: Mura basin S-111 lower Lagenidae Sentilj (beside the highway) lower Badenian 15.9

“Stratigraphic information was obtained from Jelen and Rifelj [2002].

framework changed drastically with extreme subsidence
rates and large displacements along the faults, incorporating
the basin in the South Alpine—Apennine tectonic system.
The basin hence received large amounts of clastic sediments
from the Southern Alps [Massari et al., 1986]. Outcrops
were sampled near Belluno and in the area of Vittorio-
Veneto covering the Chattian-Serravallian (Table 1c), where
layers were deposited in a shallow water environment (50—
250 m) [Massari et al., 1986].

[21] Further eastward, the Tertiary sediments of Slovenia
(SLO) were also sampled, to help trace the connection
between the Mediterranean and Paratethys during the Mio-
cene. In this region the rocks are strongly deformed and it is
characterized by several faults and broad shear zones [e.g.,
Fodor et al., 1998]. The present situation results from
collision of the Adriatic microplate with the European Plate,
involving three large geodynamic systems: the Alps, Dinar-
ides, and IntraCarpathian Basin. At least four different
Tertiary tectonostratigraphic units can be distinguished from
which two were sampled (Al and B2, see Table 1d and
Jelen and Rifelj [2002]).

2.3. ODP Site 900 Eastern North Atlantic

[22] The ODP Site 900 is situated within the Iberian
Abyssal Plain west of the Iberia peninsula at 46°40.994'N
and 11°36.252'W, where present seawater depth is more
than 5000 m. The depositional history of the Iberian
Abyssal Plain is characterized by the influence of down-
slope transport of terrigenous sediment with various types
of debris flow, turbidity current and also contour current
reworking [Milkert et al., 1996]. The turbidites may have
been triggered by local tectonic activity. At the Site 900 the
igneous basement is covered by pelagic-hemipelagic marine
deposits with ages from late Paleocene to Pleistocene.
However, a hiatus is observed in the late Miocene and the

early Pliocene. The sediments consist mainly of silty,
nannofossil claystones and in the younger deposits also of
nannofossil chalks. In the older deposits, hemipelagic to
pelagic contourite facies with turbidite sediments are domi-
nant, while from the late early Miocene onward, mud-
dominated turbidites are common, which decrease up-section
giving way to continuous sequences of pelagic marls.

[23] Seven samples were obtained from the ODP East
Coast Repository (Table 1e). They were chosen to be time-
equivalent to the age of the UMC section in order to
determine the eyy values for the outflow of the Mediterra-
nean. The absolute age of the sampled layers are based on
Milkert et al. [1996] and de Kaenel and Villa [1996].

3. Material and Analytical Methods

[24] All samples were disaggregated with 10% H,0O, in an
ultrasonic bath; washed with distilled water and sieved
(mesh size 125 and 250 pum). Well-preserved fossils were
picked under a binocular microscope. The state of preser-
vation was examined for some samples using a scanning
electron microscope (SEM) (Figure 3). The surface of
planktonic foraminifera is somewhat etched, but not recrys-
tallized. No oxide coatings were visible for any of the
samples. Chamber lumen, apertures and pores can be filled
with lithified, carbonate-rich ooze consisting largely of
coccoliths. Some early diagenetic dolomite may occur as
part of the infill and as overgrowth on the surface of
foraminifera. Specimens with visible dolomite were not
used for isotope analyses.

[25] For oxygen and carbon isotope measurements ben-
thic and planktonic foraminifera were separated from the
UMC section. To test whether species-specific fractionation
(vital effect) is preserved or not, different genera (e.g.,
Orbulina, Globigerinoides; see Table 2) were measured

Table 1e. Studied Localities and Layers: ODP 900 Eastern North Atlantic®

Calcareous Nannoplankton Stratigraphic Age Absolute Ages

Samples Depth (mbst) Planktonic Foraminifera
149-900-A-14R-4 118.16 N17-N16
149-900-A-18R-3 154.91 N11-N9
149-900-A-19R-2 162.65 N8
149-900-A-21R-5 186.63 N7
149-900-A-24R-5 215.93 N6
149-900-A-27R-5 244.42 N6-N5
149-900-A-33R-2 297.88 N4

NNI11 late Miocene 7.1

NN7 middle Miocene 11.9
NN6 middle Miocene 12.5
NNS5 middle Miocene 15.6
upper NN2 early Miocene 18.8
NN2 early Miocene 20.4
NN1 early Miocene 22.9

“Stratigraphic information was obtained from Milkert et al. [1996] and de Kaenel and Villa [1996].
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Figure 3. SEM images of planktonic foraminifera of the lineage Globigerinoides trilobus-G.
immaturus-G. quadrilobatus (G. trilobus s.1. in this paper) from the Umbria-Marche composite sections.
For the exact age and position of the samples see Figure 2 and Table 1a. Scale bar at the bottom equals
200 pum. Scale bars of details equal 20 um. (a) Globigerinoides quadrilobatus (d’Orbigny). (b) Detail
showing moderately etched pore frames filled in by coccolith ooze and the typical cancellate ornamental
wall (MDC-42, Serravallian). (¢) Globigerinoides quadrilobatus (d’Orbigny). (d) Detail showing test
surface covered with well preserved coccoliths: Coccolithus pelagicus (Wallich 1871) Schiller 1930
(MDC-68, Serravallian). (e) Globigerinoides tribolus sacculifer (Brady); note dolomite rhombohedra at
the test surface (MDC-205, Middle Tortonian). (f) Globigerinoides trilobus s.1. (g) Detail showing early
diagenetic micritic dolomite mixed with coccolith ooze (VED-30, Langhian). (h) Globiger-
inoides trilobus immaturus Le Roy, (SAR-15, Late Tortonian). (i) Orbulina universa d’Orbigny. (j) Detail
showing well-preserved pustules and pores (MDC-217, Tortonian).

separately. The 6'®0 and §'*C values were obtained using a [26] Oxygen and carbon isotope compositions are
Gasbench 1I coupled to a Finnigan MAT Delta Plus XL expressed in the & notation relative to VPDB (§'%0 =
mass spectrometer [Spotl and Vennemann, 2003]. The (180/'6054,“;;/3_1) % 1000)
analytical precision for this method was better than £0.1%o.  \'*0/"Oreos '
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Table 2. Oxygen Isotope Composition of the Different Investi-  Table 2. (continued)
. . : a
gated Foraminifera Groups From the UMC Section Samples s3C VPDB _ 6'°0 VPDB
Samples §C VPDB _ §'*0 VPDB Average 0.74 017
SAR+15 SD 0.25 0.28
Orbulina 1.02 —0.68 MDC-68
Orbulina 0.70 ~0.51 G. trilobus s.1. and G. sacculifer 1.00 —0.65
G. trilobus s.l. 1.60 ~0.57 Globorotalia and Rotalidae 0.20 0.37
Average 1.11 —0.59 MDC-42
SD 0.46 0.08 Orbulina 1.00 -0.91
Globorotalia: dextral 0.83 0.05 G. trilobus s.l. 1.28 —1.04
Globorotalia: sinistral 0.72 ~0.18 G. trilobus s.1. 1.25 -0.78
Average 0.77 —-0.06 G. sacculifer 1.01 -1.03
SD 0.08 0.17 Orbulina 1.17 -1.06
MDC-217 Plankton 1.06 -0.93
Orbulina 0.11 -0.95 Average 1.13 -0.96
Orbulina 0.20 -1.07 SD 0.12 0.11
G. trilobus s.1. 0.03 -0.75 Benthic 0.43 0.04
Average 0.11 ~0.92 Benthic 0.45 —0.13
SD 0.08 0.16 Average 0.44 —0.04
Globorotalia -1.02 -0.17 SD 0.01 0.12
SAR-15 MDC-16
Orbulina 0.32 —0.55 Orbulina 1.40 —1.00
Orbulina 0.35 ~0.71 Orbulina 1.41 -0.98
Orbulina 0.35 —0.72 Orbulina 1.25 -0.95
G. trilobus s.1. 0.76 -0.62 Average 1.35 -0.98
Average 0.45 —-0.65 SD 0.09 0.03
SD 0.21 0.08 Globorotalia 1.20 —0.82
Microbenthic (Rotalidae) -0.07 0.06 Rotalidae 1.15 0.20
Globorotalia 0.13 ~0.20 Benthic 0.59 —-0.16
Average 0.03 —-0.07 Benthic 0.99 —-0.01
SD 0.15 0.18 Average 0.98 -0.20
MDC-205 SD 0.28 0.44
Orbulina 0.77 ~0.86 MDC-6
Orbulina 0.89 -1.26 G. trilobus s.1. and planktonic fragments 1.41 -0.81
Orbulina 0.45 —0.81 Globorotalia and microbenthic 1.01 -0.09
G. trilobus s.1. 0.61 —0.60 VED-36.2
G. trilobus s.l. 0.56 -1.03 Orbulina 1.86 -1.30
G. trilobus s.1. 0.47 —0.63 Orbulina 1.97 —1.48
G. bulloides 0.88 —0.84 Orbulina 1.94 -1.38
Orbulina 0.55 ~1.05 G. trilobus s.1. 2.10 -1.26
G. sp. 0.91 —~1.13 Average 1.97 -1.36
Average 0.68 -0.91 SD 0.10 0.10
SD 0.19 0.22 Microbenthic 1.52 —0.40
Benthic 0.27 0.19 VED-30
Benthic 0.08 —~0.60 G. trilobus s.1. 1.55 —1.52
Average 0.18 —0.20 G. trilobus s.l. 1.55 ~1.70
SD 0.13 0.55 Average 1.55 -1.61
MDC-188 SD 0.00 0.13
Orbulina 0.92 —1.29 Globorotalia 0.98 ~0.93
Orbulina and G. trilobus s.l. mixed 1.23 —1.14 Uvigerina 0.69 —-0.42
Orbulina 1.25 ~1.15 Microbenthic 0.03 -0.75
Average 1.13 -1.19 Average 0.57 -0.70
SD 0.19 0.09 SD 0.49 0.25
Benthic 1.08 -0.13 VED-17.2
Benthic 0.73 0.28 Preorbulina ? 1.65 —2.04
Average 0.91 0.07 G. trilobus s.1. 1.39 ~1.55
SD 0.25 0.29 G. trilobus s.. 1.42 _1.44
MDC-154 Average 1.49 —1.68
Orbulina 1.00 -0.93 SD 0.15 0.32
Orbulina 0.76 -0.96 Benthic 0.97 0.15
G. trilobus s.1. 0.46 ~0.85 Benthic 0.48 —0.56
Average 0.74 -0.91 Average 0.73 -0.20
SD 0.27 0.06 SD 0.35 0.50
Microbenthic (Rotalidae) 0.67 0.06 MOR-184
MDC-123 Fragments of globigerinoides 0.92 -2.58
Orbulina 1.04 -0.70 G. trilobus s.l. 1.06 -2.50
G. trilobus s.1. 1.05 —-0.83 Average 0.99 -2.54
Orbulina 1.02 -0.94 SD 0.10 0.06
Globogerina 1.03 —0.45 Fragment of microbenthic —0.01 -1.96
Average 1.03 -0.73 MOR-155
SD 0.01 0.21 G. trilobus s.1. 1.41 213
Globorotalia 0.92 0.03 G. trilobus s.l. 1.54 —2.44
Microbenthic 0.56 -0.37
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Table 2. (continued)

Samples 6"C VPDB  §'°0 VPDB
G. trilobus s.l. 1.17 -2.37
Average 1.37 -2.32
SD 0.19 0.16
Benthic 1.12 -1.32
Benthic 1.15 -1.16
Benthic 1.13 —1.69
Average 1.13 -1.39
SD 0.01 0.27
MOR-121
G. trilobus s.. 1.08 -2.67
Microbenthic 0.67 —1.46
Rotalidae 0.61 —1.45
Average 0.64 —1.46
SD 0.05 0.01
MOR-99
Praeorbulina 0.02 -1.73
G. trilobus s.l. 0.96 -2.03
G. trilobus s.l. 0.91 -2.26
G. trilobus s.l. 1.18 -2.36
G. trilobus s.l. 1.00 -1.97
Plankton 0.80 -2.26
Plankton 0.86 -2.14
Average 0.82 -2.11
SD 0.37 0.22
Benthic 1.49 -0.95
Benthic 0.24 -2.24
Benthic 0.13 -1.59
Average 0.62 -1.59
SD 0.75 0.64
MOR-59
G. trilobus s.l. 0.84 -2.70
Microbenthic (Rotalidae) -0.31 -1.83
MOR-40
G. trilobus s.l. 0.42 -3.03
Globorotalia -0.39 -1.72
MOR-6
G. trilobus s.1. 0.95 -2.84
Praeorbulina 1.04 -2.51
Average 0.99 —2.68
SD 0.06 0.24
Fragments of microbenthic 1.26 —-0.26
CT-28
G. trilobus s.l. 0.60 -2.71
G. trilobus s.1. 0.48 -2.01
Plankton 0.41 —1.98
Plankton 0.43 -2.66
Average 0.48 -2.34
SD 0.08 0.40
Benthic 0.13 -1.20
CT-13
G. trilobus s.l. 0.84 -2.81
CT-5
Planktonic ?? 1.62 -2.00

“Bold values indicate average isotopic values for the given layer. These
average values are used to plot the data in Figure 4.

[27] For the Sr and Nd isotopic compositions, measure-
ments were made on mixed, well-preserved calcareous
fossils because there is no known species-specific fraction-
ation for these isotopic systems. The samples are largely
composed of foraminifera, bivalves and in case of some
ODP samples, bulk carbonates. An average of about 10 mg
of sample (500 mg ODP sediment) was decomposed in
5 molar acetic acid in an ultrasonic bath for 1 h. This
method, first proposed by DePaolo and Ingram [1985] was
also tested by Hagmaier [2002], where it was confirmed
that in contrast to using HCI, no contribution of Sr from the
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detrital silicate fraction is leached. The solution was then
passed over cation exchange columns for the separation of
Nd and Sr [Hegner et al., 1995].

[28] Homogenized, powdered sediment samples were
prepared following the method described by Weldeab et
al. [2002]. Only the carbonate-free, siliceous fraction was
analyzed as most of the carbonate within the sediment is
either marine in origin and, if present, the older detrital
carbonate has very low Nd content compared to that of the
siliciclastic detrital component of the sediment [e.g., Faure,
1986].

[29] The isotopic ratios from both sediment and fossils
were determined on a Finnigan MAT 262 using a semi-
dynamic multiple mass data collection routine. Analysis of
NBS-SRM 987 Sr standard yielded ®’Sr/*¢Sr = 0.710240 +
12 [20, n = 31] and the La Jolla Nd standard _)/ielded
3Nd/'**Nd = 0.511845 + 4 [20, external, n = 26]. 3’Sr/*°Sr
are relative to *°Sr/*®Sr = 0.1194 and '"*Nd/"*'Nd to
"ONd/'**Nd = 0.7219.

[30] eng values are given in Table 3 and are expressed as

( lA}Nd/ 144Nd) measured
('43Nd/144Nd)0 -1
CHUR
resent-da; 1s 0. an 1s 0.
p day CHUR is 0.512638 and '*’Sm/"**Nd is 0.1967
[Jacobsen and Wasserburg, 1980].

ENd = X 104, where "*Nd/'"*Nd for

4. Results

4.1. The 60 and 6'3C Values of Foraminifera From
the UMC Section

[31] Oxygen and carbon isotope compositions of the UMC
samples are given in Table 2. For some samples, separate
analyses of different species were made in order to test the
preservation of vital offsets. However, no measurable differ-
ences were obtained between compositions of the genera
Orbulina and Globigerinoides (Table 2 and Figure 3).
Coccolith ooze present as infill in the foraminifers, while
largely having been disaggregated and removed with the
ultrasonic treatment, may have influenced the isotopic
composition of the foraminifera where residues thereof have
remained hidden within the skeletal structure. Averages for
planktonic and separately for benthic foraminifera are
plotted in Figure 4. A higher standard deviation of the
repeated measurements for benthic foraminifera is thought
to be the result of a more important and variable influence
of the surface-derived coccolith infill in the benthic tests.
Despite this, benthic and planktonic foraminifera differ
consistently for both C and O isotopes: 6'*0 and 6'"°C
values of the planktonic foraminifera are about 0.5 to 1%o
lower and about 0.2 to 0.8%o higher, respectively, compared
to those of the benthic foraminifera.

[32] Between 22.3 to 14.8 Ma the 6'%0 values change
from about —3 to —1.5%o for planktonic and from —2 to —
0.2%0 for benthic foraminifera, respectively, while from
about 13 Ma the values increase slightly to —1 to —0.5%o
and —0.2 to 0.4%o for planktonic and benthic foraminifera,
respectively.

[33] The carbon isotopic compositions have a general
range from —1 to 2% with a maximum between 17 to
13 Ma. During this period the trend toward more positive
values is more pronounced for the planktonic foraminifera.
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Table 3. Sr and Nd Isotopic Compositions of the Studied Sediments and Fossils

Sediment Fossils
Samples  Age Y’Sr/*°Sr 2SE* Nd/'"**Nd 2SE* %y SD  ¥'Sr/f°Sr 2SE* Nd/'"*Nd 2SE* %y SD

Umbria-Marche Region

Conero Riviera SAR+15 84 0716789 4 0.512112 5 —-10.3 0.1 0.709091 16 0.512181 11 -89 0.2
Conero Riviera MDC-217 10.1 0.715258 7 0.512126 4 —-10.0 0.1 0.708807 6 0.512275 24 -7.1 05
Conero Riviera SAR-15 10.1 0.716692 7 0.512141 5 -9.7 0.1 0.708856 5 0.51223 16 -8.0 0.3
Conero Riviera MDC-205 10.7 0.714561 7 0.512093 6 —-10.6 0.1 0.708845 8 0.512202 26 -85 0.5
Conero Riviera MDC-188 11.3  0.714505 63 0.512142 3 -9.7 0.1 0.708831 8 0.51215 13 -95 03
Conero Riviera MDC-154 11.7 0.71503 4 0.512155 3 -94 0.1 0.708824 6 0.512127 20 —-10.0 04
Conero Riviera MDC-123 12.0 0.713738 7 0.512126 4 —-10.0 0.1 0.708881 6 0.512176 33 -9.0 0.6
Conero Riviera MDC-68 124 - - - - - - - - - - - -

Conero Riviera MDC-2 12.6 0.714699 6 0.512149 5 -9.5 0.1 0.708825 5 0.512276 33 -7.1 0.6
Conero Riviera MDC-16 12.8 0.714171 10 0.512165 4 -9.2 0.1 0.708819 7 - - - -

Conero Riviera MDC-6 129 0.716446 8 0.512105 3 —-104 0.1 0.708849 6 0.512226 24 8.0 05
Conero Riviera VED-36.2 14.8 0.708142 9 0.51213 5 -9.9 0.1 0.708700 8 0.512221 10 -81 0.2
Conero Riviera VED-30 15.0 0.709906 7 0.512123 6 —-10.0 0.1 0.708753 6 0.512195 13 -86 03
Conero Riviera VED-17.2 15.3 0.710305 8 0.512172 3 -9.1 0.1 0.708820 8 0.512271 35 =72 0.7
Moria MOR-184 15.2 0.714488 10 0.512124 4 —-10.0 0.1 0.708402 8 0.512113 10 -102 0.2
Moria MOR-155 15.5 0.716464 13 0.512124 3 -10.0 0.1 0.708677 9 0.512190 4 -8.7 0.1
Moria MOR-121 16.0 0.717333 6 0.512127 3 -10.0 0.1 0.708589 8 0.512180 8 -89 0.2
Moria MOR-99 16.2 0.717703 10 0.512120 3 —-10.1 0.1 0.708437 7 0.512202 16 -85 03
Moria MOR-59 16.7 0.712283 7 0.512126 3 —-10.0 0.1 0.708483 5 0.512218 8 -82 0.2
Moria MOR-40 17.1 0.712888 9 0.512105 4 —-104 0.1 0.708450 6 0.512198 5 -8.6 0.1
Moria MOR-6 17.5 0.712427 12 0.512126 3 —-10.0 0.1 0.708407 7 0.512186 16 -88 03
Contessa valley CT-51 18.6 0.711823 6 0.512203 3 -85 0.1 0.708272 9 0.512182 28 -89 0.5
Contessa valley CT-28 21.9 0.708976 7 0.512327 3 -6.1 0.1 0.708218 8 0.512334 19 -59 04
Contessa valley CT-22 20.8 - - - - - - 0.708227 6 0.512385 7 -49 0.1
Contessa valley CT-5 22.3 0.713250 9 0.512199 3 -8.6 0.1 0.708203 6 0.512227 51 -80 1.0

Western Monferrato Area

Moransengo MS-57 149 0.711916 18 0.512175 3 -9.0 0.1 0.708785 9 0.512201 4 -85 0.1
Moransengo MS-52 15.0 0.712942 8 0.512208 5 -84 0.1 0.708764 8 0.512157 3 -94 0.1
Moransengo MS-48 15.1 0.712954 10 0.512219 4 -82 0.1 0.708824 9 0.512104 7 -104 0.1
Moransengo MS-40 152 0.712336 4 0.512151 5 -9.5 0.1 0.708786 8 0.512158 16 -94 03
Moransengo MS-36 159 0.712033 7 0.512158 4 -94 0.1 0.708812 8 0.512104 4 -104 0.1
Moransengo MS-30 16.3 0.713100 8 0.512143 3 -9.7 0.1 0.708766 6 0.512146 9 -9.6 0.2
Moransengo MS-24 17.2 0.712667 7 0.512167 4 -9.2 0.1 0.708831 12 - - - -

Moransengo MS-20 18.9 0.714869 11 0.512195 5 -8.6 0.1 0.708604 14 0.512139 5 -9.7 0.1
Moransengo MS-7 23.7 0.718968 14 0.512152 5 -9.5 0.1 0.708304 17 0.512206 5 -84 0.1

Veneto-Friuli Molasse Basin

Belluno Gia-2 16.8 0.715627 6 0.512159 8 -9.3 0.2 0.708696 11 - - - -

Belluno Lib-2 20.1 0.718456 14 0.512105 3 -104 0.1 0.708455 7 0.512187 4 -88 0.1
Belluno Orz-1 244 0.717382 9 0.512114 4 -10.2 0.1 0.708233 8 0.512345 30 -57 0.6
Vittorio-Veneto Lor-2 11.0 0.712591 7 0.512162 4 -9.3 0.1 0.70886 6 0.512120 34 -10.1 0.7
Vittorio Zue-1 17.7 0.714277 9 0.512153 4 -9.5 0.1 0.708622 8 0.512201 11 -85 0.2
Vittorio Nog-1 242 0.71914 7 0.512201 9 -85 0.2 0.708247 6 0.512328 6 -6.0 0.1

Slovenia

B2: Celje basin L-4-1 23.5 0.722134 6 0.512157 6 -94 0.1 0.708292 8 0.512241 13 -7.7 03
B2: Sava folds SJ-25-11-56m 12 0.720543 5 0.512141 32 -97 0.6 0.708861 6 - - - -

B2: Sava folds SJ-120-1 13.3 0.716499 9 0.512072 8 —-11.0 0.2 0.708851 8 0.512194 19 -8.7 04
B2: Sava folds SJ-47-2 13.5 0.711788 5 0.512099 4 —-10.5 0.1 0.708848 7 - - - -

B2: Sava folds CE-86-1 159 0.713354 7 0.512137 5 -9.8 0.1 0.709044 8 - - - -

Al: Mura basin S-58 14.8 0.723748 10 0.512046 3 -11.5 0.1 - - - - - -

Al: Mura basin S-Va-1 15.5 0.718536 6 0.512157 4 -94 0.1 0.708846 8 0.512237 14 -7.8 0.3
Al: Mura basin S-I11 17.0 0.721804 6 0.512114 36 —10.2 0.7 0.709118 16 — — — —

Bulk Carbonate Fossils
Depth (mbsf) Age  *’Sr/*°Sr  2SE* 'Nd/"**Nd 2SE* &Xq SD  ¥'Sr/*°Sr  2SE?
Eastern North Atlantic: ODP Site 900

149-900-A-14R-4 118.16 7.1 0.708822 8 0.512113 5 -10.2 0.1 0.708979 30
149-900-A-18R-3 154.91 11.9 0.708823 7 0.512138 14 -98 03 0.708674 13
149-900-A-19R-2 162.65 12.5 0.708829 10 0.512160 5 -93 0.1 0.708849 12
149-900-A-21R-5 186.63 15.6 0.708705 7 0.512160 4 -93 0.1 0.708740 38
149-900-A-24R-5 215.93 18.8 — - 0.512185 14 -88 03 0.708453 31
149-900-A-27R-5 244.42 204 - - 0.512183 6 -89 0.1 0.708315 14
149-900-A-33R-2 297.88 229 - — 0.512229 6 —-8.0 0.1 0.708168 56

“Internal uncertainties expressed as two standard errors.
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Figure 4. Stable (a) oxygen and (b) carbon isotopic compositions of benthic and planktonic
foraminifera from the UMC section and comparison of these values with the mean global isotope record
after Zachos et al. [2001]. The arrows show the general similarity to the global trends. Note that the scales

are different between the two data sets.

4.2. Measurements of '*Nd/"**Nd and *’Sr/3°Sr

4.2.1. UMC Section

[34] Nd and Sr isotope compositions are given in Table 3
and illustrated in Figures 5 and 6. The '"*Nd/'**Nd of the
fossils and sediments vary from 0.512113 to 0.512392 and
from 0.512093 to 0.512327, respectively, corresponding to
eng values of —10.2 to —4.8 and —10.6 to —6.1,
respectively. In general, the values for the sediments are
lower or similar to those of the fossils. Samples with an age
older than 19 Ma have higher enq values for both fossils and
sediments compared to those for the rest of the section.
After 19 Ma, the sediment eng values are quite homo-
geneous, with an average of —9.9 + 0.4, with few
exceptions only (e.g., at 15.2 Ma), while the fossil eng
values cover a wider range with an average of —8.5 + 0.9.
The fossils have minimum values at 15.2 Ma and around
12—11 Ma, where the engq values approach those of the
sediment, while three peaks with higher values occur at
15.3, 12.5, and 10 Ma.

[35] The strontium isotope ratios of the fossils have a
range from 0.708185 to 0.709091. Samples older than
15 Ma have lower values compared to Miocene open ocean
seawater (Figure 5c), while the younger samples have the
expected Miocene seawater °'St/*°Sr, except for the youn-
gest one with a clearly higher ®’Sr/*°Sr.

[36] The sediment ’Sr/*°Sr vary from 0.708142 to
0.717703 and are generally higher than those of the
corresponding fossils, with sample VED-36.2 at 14.6 Ma
being the only exception. Other samples from La Vedova
(VED) and also samples of CT-13 and CT-28 have much
lower ®’Sr/*Sr compared to other sediments and they are
also very close to the ¥’Sr/**Sr of the fossils.

4.2.2. South Alpine Molasse

[37] The Moransengo fossils have eng values from —10.4
to —8.4 and the sediment from —9.7 to —8.2. Fossils
tend to have lower values compared to sediment. However,
for the oldest (MS-7) and the youngest (MS-57) samples,
the opposite is the case with sediments having lower
values, while for yet two other layers (MS-30 and 40) the
values are identical between the two archives (Table 3).
Miihlstrasser [2002] has already reported Nd data of
foraminifera from this area. However, he obtained higher
eng values, values that are thus also closer to those of the
sediments presented here. This discrepancy can be ex-
plained by the HCI digestion of the fossils used by
Miihlstrasser [2002], which may have leached additional
Nd from the detrital components.

[38] The ®Sr/*®Sr ratios have a range from 0.708304 to
0.708831 and from 0.711916 to 0.718968 for fossils and
sediments, respectively, with sediment values always higher
than those of the fossils. However, the fossils, although
having ratios very similar to those of the global ocean
87Sr/*®Sr curve, always have marginally higher ratios during
this time interval.

[39] From other studied basins of Veneto-Friuli and Slov-
enia, six and eight samples were analyzed, respectively.
However, the neodymium isotopic ratio in the fossils was
not always measurable (Table 3). For samples where this
was possible, the fossils have higher exg values com}gared to
the sediment, except one sample (Lor-2). The ®*’Sr/*°Sr
ratios of the sediments vary from 0.712591 to 0.719140 and
from 0.711788 to 0.723748, resg)ectively. The Sr isotope
ages calculated from the *’Sr/*°Sr of the fossils in the
Veneto-Friuli Basin are very close to the indicated
stratigraphic age [e.g., Massari et al., 1986], with one
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Figure 5. (a) The eyq values and (b) strontium isotopic compositions of mixed calcareous fossils
(open triangles) and the sediment samples (solid triangles) from the UMC section. The reference lines
in Figure 5a mark the eyq evolution of the North Atlantic deepwater (NA) [after Burton et al., 1997,
O’Nions et al., 1998]; Indian Ocean (In) [O Nions et al., 1998], and Pacific Ocean (Pa) [Ling et al.,
1997]. (c) Comparison of the *’St/*°Sr of the UMC fossils to the Miocene open ocean Sr isotopic
composition after McArthur et al. [2001]. The open arrow indicates the possible effect of the siliceous
detrital components on the fossils [cf. Gutjhar et al., 2007], while the black arrow shows the influence
of Mesozoic carbonates on the seawater Sr isotopic composition. (d) Main trends in the eustatic sea
level during the studied periods are generalized after Hardenbol et al. [1998; see also Gradstein et al.,

2004]. T, transgression; R, regression.

exception the Lor-2 sample. These ages were thus used for
the plot of Figures 6b and 6¢. In case of the Slovenian
samples, most of the fossils have higher 87Sr/%0Sr compared
to Miocene seawater, given their respective biostratigraphi-
cal ages. The oldest sample (L-4) is an exception though.
4.2.3. ODP Site 900
[40] Seven samples were chosen covering the age range

of 7-23 Ma (Table 3). Separated foraminifera generally
have lower *’St/*°Sr and hence would give an older Sr
isotope age compared to the indicated biostratigraphic level
gMilkert et al., 1996]. Also, for the four youngest samples,
St/*Sr ratios of bulk carbonates were measured and the
values clearly deviate from the corresponding Miocene
seawater Sr isotopic composition. Nd isotopic compositions
of the samples were analyzed also on the bulk carbonate
fractions and the eng values gradually decrease from —8 to
—10.2 upward with the stratigraphy.

5. Discussion
5.1. Oxygen and Carbon Isotope Compositions of
Benthic and Planktonic Foraminifera

[41] Differences expected between the 6'°0 and 6"°C
values of planktonic and benthic foraminifera that have

lived in different habitats within the same water column
have been preserved (Figure 4). The lower §'*0 values of
the planktonic foraminifera in this case reflect higher water
temperatures near the surface compared to those for the
benthic foraminifera of the same age. However, the
difference between these average values is generally less
than about 1%o, whereas it is over 2%o for most other open
ocean Miocene sections (e.g., Douglas and Savin [1975,
1978] for sections from the Central Pacific). Two
possibilities could explain this relatively small difference
observed for the composite section studied here. For one,
the coccolith infill within benthic forams certainly has
added a “surface” component to their isotopic value, which
is expected to be closer in isotopic composition to that of
the planktonic forams. Alternatively, this small difference
could also indicate shallower and warmer bottom water
conditions with vertical mixing for the Miocene Mediterra-
nean sections studied here compared to the open ocean.

[42] The carbon isotope differences between the two
groups do, however, reflect the differences observed for
open ocean foraminifera and also for §'°C values of
dissolved inorganic carbon between the bottom and surface
waters [e.g., Kroopnick, 1985].
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Figure 6. (a) Comparison of eng values of the UMC fossils to data from Malta [Stille et al., 1996]
(diamonds), Piedmont Basin [Jacobs et al., 1996a] (crosses), and Paratethys [Kocsis et al., 2008]
(triangles). (b) The engq values and (c) the *’Sr/**Sr of fossils from the other studied regions: Moransengo,
triangles; Veneto-Friuli Basin, circles; Slovenia, crosses; ODP Site 900, gray (bulk sediment) and open
(fossils) squares. Note that the general trends in the eng values are similar in most of the studied regions.
The reference lines in Figures 6a and 6b mark the eyq values of the North Atlantic deepwater (NA)
[Burton et al., 1997; O Nions et al., 1998], Indian Ocean (In) [O Nions et al., 1998], and Pacific Ocean
(Pa) [Ling et al., 1997], while Figure 6¢ shows the Miocene open ocean Sr evolution curve [McArthur et

al., 2001].

[43] The variations of the carbon and oxygen isotope
compositions with time show a similar trend to those of
the global oxygen and carbon isotope records (Figure 4),
with 6'°C values also similar in terms of absolute values
[e.g., Miller et al., 1987, 1991; Zachos et al., 2001].

[44] The lower 6'0 values from 22.3 to 14.8 Ma indicate
warmer climatic conditions, coinciding with the middle
Miocene climatic optimum. The gradual changes to higher
8"80 values accord well with an onset of global cooling and the
development of polar ice sheets [e.g., Zachos et al., 2001].

[45] In terms of 6'°C values, the positive excursion
between 17 and 13 Ma coincides with the globally
recognized Monterey event, linking this part of the
Mediterranean to the global carbon cycle. This was also
observed to be the case for the C isotopic compositions
measured for shelf sediments of Malta [Jacobs et al.,
1996b].

[46] It can thus be assumed that the fossils analyzed from
the UMC section have preserved C and O isotopic compo-
sitions characteristic for the habitat and environmental
conditions within this basin and the similarity to the global
records also supports that this basin has been influenced by

the global changes in climate during the Miocene. This
would also argue against a strong diagenetic alteration
having affected the chosen samples. Diagenesis, for exam-
ple, would have lead to homogenization of the §'*0 values.
The possible presence of small secondary dolomite that may
have remained undetected in some samples (see Figure 3) is
thus likely not to have influenced the original isotopic
compositions to a large extent.

5.2. Strontium Isotope Composition of the Fossils

[47] Sr substitutes for Ca and is generally incorporated in
vivo within biogenic marine carbonate and thus the isotopic
composition of the fossils is thought to reflect those of
seawater at the time of formation [e.g., DePaolo and
Ingram, 1985; Koepnick et al., 1985; Hodell et al., 1991].
However, the ¥’Sr/*°Sr may also be influenced locally
through a strong riverine runoff from the hinterland [e.g.,
Bryant et al., 1995] and may also be altered during late
diagenetic processes. As such, the older samples of the well-
dated UMC section with lower strontium isotope ratios
compared to Miocene open ocean seawater (Figure 5c),
might either reflect a large input of Sr from sources with

13 of 20



PA4211

low 37Sr/%Sr [e.g., Kocsis et al., 2007] or reflect alteration
in the presence of fluids low in *’Sr/*®Sr. Given that the
stable C and O isotope compositions appear to be preserved
for these fossils, and given that the Sr concentrations in
freshwater diagenetic solutions are generally low, Sr input
into a marginal sea from a drainage basin with *’Sr/*°Sr
lower than that of contemporaneous seawater is considered
to be more likely.

[48] The effects of Fe-Mn coatings on the Sr isotopic
compositions of the fossils can be an important factor
[Gutjahretal., 2007] as Sr in these phases can be scavenged
from the sediment. However, in our case the Sr isotopic
compositions of the detrital fraction is generally much
higher comgared to the fossils (Figure 5c), while the fossils
have lower *’Sr/**Sr compare to the seawater. A source with
appropriately low *’Sr/**Sr could have been the Mesozoic
carbonates. According to Deino et al. [1997] and Montanari
et al. [1997a, 1997b], such rocks have discharged sediments
from the western Apennines. Indeed, warmer and more
humid conditions during the middle Miocene could have
also favored weathering of carbonate rocks. Another source
of low *’St/*°Sr would be the hydrothermal influx from rift
zones related to the opening of the western Mediterranean
during the early Miocene [e.g., Gueguen et al., 1998].
Contribution of these sources to the Sr budget of the
Mediterranean may have been enhanced relative to global
seawater as the Gibraltar Strait and/or the eastern Indo-
Pacific seaways were also thought to have partially closed
several times during the Miocene [Rog/, 1998].

[49] The ®’Sr/*°Sr between 13 and 9 Ma are similar to
those of the global ocean ratios and may reflect that the
local control on the Sr budget of the Mediterranean termi-
nated and connections with the global ocean were reestab-
lished. A change toward colder climates during this period
may have also decreased the intensity of chemical weath-
ering processes in the hinterland, thus helping to reduce the
dissolved Sr input. At 8.4 Ma the youngest sample again
deviates from open ocean Sr isotope compositions, indicat-
ing yet another closure of the seaways and additional
terrestrial influx of Sr.

[50] In case of the sites closer to the Alps, the older fossils
appear to reflect the Sr isotopic composition of ancient
seawater. However, for samples younger than about 16—
15 Ma, the ¥’Sr/*°Sr in most of the cases deviates toward
higher ratios relative to the Miocene open ocean (Table 3).
As these localities are close to the tectonically active areas,
where older crustal rocks have been exposed (e.g., the Aar
and Mont Blanc massifs [Massari et al., 1986; Kuhlemann
et al., 2001]), erosion of rocks enriched in ®’Sr may again
have had an influence on the local seawater Sr budget.

5.3. Neodymium Isotope Composition of the Fossils

[51] Rare Earth Elements (REE) such as Nd are not vital
for the formation of biogenic carbonates, nor are they
important for the metabolism, hence their content is very
low in modern specimens [e.g., Palmer, 1985; Palmer and
Elderfield, 1985]. Palmer [1985] argued that most of the
REEs in fossil foraminifera are found within Fe-Mn
coatings, forming after the death of the organism. Several
attempts were performed to remove this coating [e.g., Boyle,

KOCSIS ET AL.: OCEANOGRAPHIC AND CLIMATIC EVOLUTION

PA4211

1981; Palmer, 1985] in order to constrain original seawater
or surface water Nd isotopic compositions [e.g., Vance and
Burton, 1999; Burton and Vance, 2000]. In contrast, Pomiés
et al. [2002] showed that after death of planktonic
foraminifera and during subsequent transport through the
water column and deposition in the sediment, the primary
Nd isotopic composition characteristic of the surface water
can be reset, and often the eng values of the fossils lie
between those characteristic of surface and bottom water. It
was also shown that during the cleaning procedure the
REEs can readsorb onto the calcite surface [Pomiés et al.,
2002]. In contrast, Vance et al. [2004] showed that even
uncleaned planktonic foraminifera can retain surface water
Nd isotope compositions, which can also be retained in the
sediment either in the calcite test, Fe-Mn coating or other
phases associated with the forams (e.g., organic matter).

[52] Given that mixed benthic and planktonic fossils were
measured together, this will give mixed bottom and surface
water Nd compositions. However, large differences cannot
be expected as the water column was generally well mixed
as supported by the oxygen isotope data. Furthermore, the
fossils were digested in weak acetic acid, hence assuring
that the Nd is largely derived from the calcite lattice, and
that additional Nd from incidental Fe-Mn coating is mini-
mized. However, even if contributing to the overall Nd
content, such early diagenetic coatings do generally record
Nd isotopic compositions of the seawater in which they are
formed and thus still allow for interpretations on the
seawater geochemistry [e.g., Palmer and Elderfield, 1986;
Gutjahr et al., 2007]. As Fe-Mn hydroxides are also formed
within the sediments they would contribute as a deep water
Nd component. Hence, if present, such hydroxides would
strengthen the bottom water Nd isotopic composition
measured. On the basis of the above arguments [cf. Frank,
2002], the eng values will be discussed in the context of the
overall Nd isotope composition for the Mediterranean.

[53] During the Miocene the three main oceanic basins of
the Pacific, Indian, and Atlantic had distinct exgq values
averaging —4, —8, and —12, respectively [Ling et al., 1997;
O’Nions et al., 1998; Burton et al., 1999]. The eng values of
the UMC fossils, during the period from 25 to 19 Ma are
between those corresponding to the Indian and Pacific
Oceans, while after 19 Ma the values fluctuate between
those of the Atlantic and Indian Oceans (Figure 5a).

[54] For the most western localities, such as at Moran-
sengo, some samples have rather low eyy values in the
middle Miocene compared to the other sections, while the
Slovenian samples have higher values, that is closer to those
corresponding to the Indian Ocean (Figure 6b). The samples
analyzed from Veneto-Friuli have values in between these
other sites, except for the oldest that have high eyg values
similar to the older UMC samples. The general trend in eng
values and also the absolute values at the shallow tidal
deposits of Veneto-Friuli are remarkably similar to the
deeper environments of the UMC sequences indicating
good connections and well-mixed water masses between
these areas.

[ss] The Oligo-Miocene phosphate layers of Malta [Stille
et al, 1996] as well as those from upper Oligocene
foraminifera from the Piedmont basin [Jacobs et al., 1996a],
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by analogy to our study, also show steadily decreasing
values from more radiogenic values typical for the Pacific
toward lower values typical for the Atlantic Ocean. These
data were interpreted to express a gradually decreasing
influence of Pacific Ocean and increasing dominance of
Atlantic Ocean water in the Mediterranean Sea [Stille et al.,
1996]. As the basins within the Mediterranean are
commonly relatively small and often represent marginal
seas, it is of interest to establish just how much of this
overall change can indeed be simply related to changes in
oceanographic links and how much of it is related to local
hinterland effects only. This question is addressed in the
following section.

5.4. Sediment Versus Fossils

[s6] Comparing the carbonate free sediment enq values to
those of the fossils (Figure 5a and Table 3) it is clear that in
general these values differ markedly. Given the low Nd
content in carbonates of the hinterland, it can be expected
that these have not contributed large amounts of Nd to the
water column [e.g., Faure, 1986]. In those cases where
the eng values of the sediment and the fossil are similar,
the local Nd input either overwhelmed the Nd budget of the
ocean, indicating a more restricted circulation with a more
important continental input, or the seawater had a similar
Nd isotopic composition compared to the local hinterland
input. To address this latter possibility, the exact lithologic
constitution and the relief of the hinterland as well as the
erosion rates, climatic influence and sea level fluctuations
would need to be known. However, the combined use of Sr
and Nd isotopes of the sediments as well as the fossils can
also be used to address this seawater versus hinterland
balance for the control on the seawater geochemical
composition.

[57] Mantle-derived rocks and rocks related to young
volcanism generally have high eng and low *’Sr/*®Sr, while
old crustal rocks generally have the opposite relationship
[e.g., Faure, 1986]. Accordingly, those sediments with high
eng values but low ®’Sr/*°Sr in the older part of the UMC
section (Figures 5a and 5b) can be interpreted as being
dominated by sediments derived from young volcanic rocks
at this time.

[58] This period does coincide with the opening of the
western Mediterranean that began around 25 Ma. In addi-
tion, the Sardinian and Corsican blocks were subjected to
anticlockwise rotation and this was accompanied by in-
creased volcanism in the area [e.g., Gueguen et al., 1998;
Rosenbaum et al., 2002]. Volcanic rocks dated at 32 Ma
occur in the Provence, France, and large eruptions of
rhyodacitic ignimbrites occurred at about 23 to 19 Ma in the
Provence, Sardinia, and southern Corsica [e.g., Beccaluva et
al., 2004]. Evidence for these eruptions is also given by the
volcaniclastic sediments in the Apennine sedimentary
sequence, such as the Bisciaro Formation in the Umbria-
Marche region (26.8—17.1 Ma in the works by Balogh et al.
[1993] and Montanari et al. [1994, 1997a]). Similarly, an
effect of volcanism has been detected in the La Vedova
region (sample VED-17.2) at 15.3 Ma [Mader et al., 2001].

[59] For the periods where the sediments have higher eng
values compared to the average values for the section as a
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whole, the fossils also have higher values, paralleling the
changes in values of the sediments. Hence, this can be
interpreted as a direct influence of erosion of the volcanic
rocks on the seawater Nd isotopic composition. Similar
relations between volcanism and seawater were observed
near Iceland [Palmer and Elderfield, 1985] where modern
foraminifera also have unusually elevated eyq values.

[60] Other UMC sediment samples, not having been
deposited during periods of known volcanic activity,
generally have homogeneous, low eng values and high

’St/*Sr. This would be compatible with sediment deriva-
tion from erosion predominantly of older crustal rocks. The
influence of old crustal rocks is also interpreted to have
been important for the local seawater Nd isotopic composi-
tions during deposition of the middle Miocene Moransengo
fossils, which have very low eng values (around —10,
Table 3). Conversely, these low values imply that old crustal
rocks were already exposed in the western Alps at this time
[cf. Henry et al., 1997; Briigel et al., 2000]. Today the
uncovered rocks have a very variable distribution in terms
of eng values [e.g., Mahlen et al., 2005], however the
proportion of eroding old upper continental crust appears to
dominate.

5.5. ODP Site 900

[61] Variable Sr isotope compositions from this site are
likely to reflect the complex depositional history of the
Iberia Abyssal Plain. While largely being characterized by
pelagic sedimentation, turbidity flows and reworking by
contour currents were common during the early and middle
Miocene at this site [Milkert et al., 1996]. The latter
processes might have caused some mixing of sediments,
which may also account for discrepancies noted for the
planktonic foraminifera [Gervais, 1996] and calcareous
nannoplankton zonations [de Kaenel and Villa, 1996]
relative to the absolute age given by Gradstein et al.
[2004] (Table le and Figure 2b). Nevertheless, oxygen
isotope compositions of foraminifera [Miihlstrasser, 2002]
are compatible with early to middle Miocene climatic
changes.

[62] The engq values of fossils (Figure 6a) for this site are
surprisingly high compared to those reported for the North
Atlantic [e.g., O Nions et al., 1998; Abouchami et al., 1999;
Reynolds et al., 1999]. However, eng values higher than
those typical for the North Atlantic have also been observed
at the Lion Seamount next to the Mediterranean outflow at
7 to 8 Ma [Abouchami et al., 1999]. These higher values
were interpreted to result from an additional Nd source from
the Mediterranean. As such, the gradually decreasing eng
values at the ODP Site 900 could indicate a weakening
effect of the Mediterranean outflow and strengthening of the
North Atlantic deepwater in this area. Conversely, the data
also imply that the North Atlantic influence on the
Mediterranean could well have become considerably more
important from the middle Miocene onward.

5.6. Paleoceanography in the Mediterranean

[63] The combined data set for the O, Sr and Nd isotopic
compositions of the fossils, in conjunction with interpreta-
tions of paleontological changes given in the literature [e.g.,
Rogl, 1998] allows for the distinction of three periods for
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Figure 7. Paleoceanography of the Mediterranean during
the Miocene deduced from the isotope data and their
paleogeographic interpretation illustrated on the maps of
Rogl [1998]. The black star indicates the former position of
the UMC samples, and the arrows indicate the seawater
currents into the Mediterranean. (a) 25—19 Ma (map:
Aquitanian), the period of the opening of the western
Mediterranean with active volcanism in the region but
an influx of seawater largely from the Indian Ocean. (b) 19—
13 Ma (map: Langhian), a dominant local influence on the
Mediterranean seawater together with influence through
gateways from the Indian Ocean, with an outflow into the
Atlantic Ocean. (c) 13—7 Ma (map: Tortonian), alternate
influences between the Atlantic and the Paratethys (see text
for details).

the paleoclimatic-paleoceanographic evolution of this part
of the Mediterranean.
5.6.1. Period From 25 to 19 Ma

[64] This period is characterized by high eyq values for
UMC fossils, two VF samples, also those measured for
phosphate beds of Malta [Stille et al., 1996], and
foraminifera of the Piedmont basin [Jacobs et al., 1996a].
The values are between those representative of the Indian
and Pacific Oceans [Ling et al., 1997; O Nions et al., 1998]
during the Oligo-Miocene and Stille et al. [1996] suggested
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a direct connection between the Mediterranean and the
Pacific Ocean at this time. Some samples from MS, SLO, as
well as others from UMC at around 22-24 Ma, and all
sampled localities toward the end of this period (19 Ma),
have values similar to those of the Indian Ocean (Figure 6).
For either a Pacific or an Indian Ocean influence, the same
eastern seaway is assumed to have been important [Rogl,
1998]. Furthermore, collision of India with Asia excludes
direct inflow from the Pacific Ocean. The Indian Ocean
influence in the region is further supported by the eng values
of the Paratethys (Figure 6a), which were very similar to
those of the Indian Ocean at around 19-20 Ma [Kocsis et
al., 2008]. Moreover, the older fossils (22—24 Ma) of the
northern localities (MS, SLO) might have been influenced
by Indian Ocean water, which entered through the
Paratethys via the Slovenian corridor into the Mediterra-
nean, which seaway existed during this period [Rogl, 1998].

[65] The siliceous fraction of the sediments in the UMC
section, however, also has elevated eng values and the low
87Sr/%6Sr, supporting important local volcanism in the
region that could be linked to the period of opening of the
western Mediterranean (see section 5.4). Therefore, instead
of a competitive influence between Indian and Pacific water
entering into the Mediterranean, strong local volcanism may
have influenced the water budget at this time.

5.6.2. Period From 19 to 13 Ma

[66] The seawater Sr isotopic compositions of the Med-
iterranean sections generally do not correspond to open
ocean Miocene values until after ~15 Ma (Figure 5c). The
low ¥’Sr/*Sr of the UMC fossils suggest a local influence
with an important contribution of Sr through erosion of
Mesozoic carbonates, weathering of which may well have
been supported by the subtropical climate during the early
depositional phase. In contrast, as these carbonates have low
Nd concentrations their contribution of Nd to the seawater
budget is probably quite small. The situation is reversed for
the Moransengo fossils that record high *’Sr/*°Sr and low
"N d/"**Nd ratios, indicating erosion of older continental
rocks near the southwestern Alps and Apennines [cf. Henry
et al., 1997].

[67] The UMC fossils have little differences in their eng
values during this time, which slowly increases from —9 to
—8. Exceptions to this trend are given by VED-17.2 at
15.3 Ma, with a higher value of —7 and together with
analyses from the sediment, suggest another short-lived
volcanic influence on the local seawater [Montanari et al.,
1994, 1997a, 1997b; Mader et al., 2001]. Another exception
is a very negative value down to —10.2 eyq values at
15.2 Ma (MOR-184). In this case the enq value is similar to
that of the silicate fraction of the sediment (Figure 6a) and
perhaps related to an enhanced weathering of the hinterland
together with even more limited water inflow in the area.

[68] Nd isotopic compositions of samples from the
Veneto-Friuli area, most of the Moransengo samples,
those from the phosphate layers in Malta [Stille et al.,
1996], and shark teeth from the Paratethys [Kocsis et al.,
2008], all have very similar values to those considered as
“background” or average enq values of the UMC section
(Figure 7). These values are very comparable to a mixed
seawater source between Atlantic and Indian Ocean water
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(Figure 6). However, fossils of the ODP Site 900 indicate
that the eastern Atlantic was not too different in value
compared to the Mediterranean during this period, making
exact estimates of proportions difficult.

[69] To sum up in agreement with the Sr isotope data, a
rather dominant local input together with Indian Ocean
influence can be assumed in the Mediterranean at this time,
which further have affected the eastern Atlantic as well.
5.6.3. Period From 13 to 8 Ma

[70] The UMC fossils generally recorded normal Miocene
open ocean Sr isotopic compositions indicating good con-
nection with the global oceans, whereas the eyg values
fluctuate between the Indian Ocean (13 and 10 Ma) and the
Atlantic Ocean (12—11 Ma) compositions (Figures 5 and 6).
However, the final cease of the eastern seaway was around
14—13 Ma at the Langhian/Serravallian transition [e.g.,
Régl, 1998; Popov et al., 2004] discarding the Indian Ocean
originated water in the area. Maybe this closure induced the
presence of enhanced Atlantic seawater entering into the
Mediterranean shown by the sudden decrease in the eng
values at 12—11 Ma.

[71] After this period the fossil eng values increased again
toward the Indian-Ocean-like seawater that marks the
diminishing Atlantic effect in the Mediterranean. The Nd
budget became controlled by extra inputs either from the
local hinterland and/or from the water masses entering from
the Paratethys (Figures 6 and 7c). An analogous example for
such local water development with similar eng values to the
Indian Ocean is the modern Mediterranean [ Tachikawa et al.,
2004]. The Paratethyan connection would be supported by
eng values at least till 12 Ma (Figure 6a) and it may have
lasted longer. Another rather tentative possibility rose up
from our eyq values such as the Indian Ocean reentered
into the Mediterranean once again maybe via the Paratethys
(~10 Ma), however such statement lacks of support in the
view of several other studies [e.g., Rogl and Steininger, 1983;
Rogl, 1998; Popov et al., 2004, 2006].

[72] In case of the youngest sample (8.4 Ma) the eng
value is much lower again, but in this case the *’Sr/*°Sr also
deviates from values typical of Miocene open ocean. This
might indicate the strengthening of the local influence again
in the region together with limited connection toward the
open ocean.

[73] At this time interval the gradually cooling climate
and the enhanced growth of the East Antarctic ice sheet
resulted in a more advanced succession of sea level fall
events, which are marked by oxygen isotope maxima (Mi 3
to 6 [cf. Miller et al., 1991]). Unfortunately, our 680 data
are not detailed enough to trace unambiguously the Mi
events, however isotoPe record from Sicily yielded these
global variations in %0 values for the Mediterranean as
well [Turco et al, 2001; Hilgen et al., 2005]. At the
transition between the middle and late Miocene (Serravallian/
Tortonian), where our lowest eng Values indicate the presence
of Atlantic seawater in the Mediterranean, the record
generally show a major sea level fall [Haq et al., 1987,
Hardenbol et al., 1998; Miller et al., 1998, 2005] coupled by
the Mi5 event [cf. Miller et al., 1991; Westerhold et al., 2005].
On the other hand, before this sea level drop a relatively
larger rise occurred [cf. Miller et al., 2005].
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[74] Nevertheless, the low eng value together with
87Sr/%6Sr ratio that remains typical of the open ocean
signifies the enhanced Atlantic influence in the Mediterra-
nean at 12—11 Ma. In the view of the sea level
fluctuations, one scenario could be that the Atlantic water
inflow may have started by a short sea rise [cf. Miller et
al., 2005] but apparently it peaked at a low global sea
level [Hardenbol et al., 1998]. After this period the
increasing eng values show the end of Atlantic dominance
which may have been driven by further sea level changes
and/or local tectonic adjustment.

6. Conclusion

[75] The Sr, Nd, C, and O isotope compositions of marine
fossils and the Sr and Nd isotope compositions of their
embedding sediments have been analyzed from sections of
the Miocene Mediterranean. Oxygen isotope compositions
of benthic and planktonic foraminifera have preserved
compositions compatible with their relative habitats and
that also vary in concert with those used for evaluating
global changes in climate. Carbon isotope compositions
also preserved differences characteristic for having equili-
brated with the carbon isotope compositions of dissolved
inorganic carbon in bottom and surface waters for benthic
and planktonic foraminifera, respectively. Furthermore,
between 17 to 13 Ma a positive §'°C excursion is noted,
which correlates well with the globally recognized Monterey
carbon isotope event. These results support that the fossils
are well preserved and did not experience strong diagenetic
overprints.

[76] The radiogenic isotope compositions, measured on
the same splits of samples as the stable isotope composi-
tions, when interpreted in conjunction allow for the follow-
ing paleoceanographic interpretations:

[77] 1. During the period of 25 to 19 Ma the compositions
are indicative of the opening of the western Mediterranean
and intense volcanism related to major tectonic events. The
seawater compositions are locally influenced and do not yet
reflect complete open ocean conditions, even though the
gateway to the Indian Ocean was already of importance.

[78] 2. During the period between 19 and 13 Ma the
influence of seawater from the Indian Ocean strengthened,
also affecting the Atlantic Ocean at the Mediterranean
outflow. However, the ¥’Sr/*Sr of the fossils do not yet
reflect Miocene open ocean conditions for the northern
Mediterranean basins (at least till 15 Ma), suggestive of
strong tectonic activity in the Alps with a predominant Sr
input from weathering of Mesozoic carbonates but also
significant erosion of older crustal rocks near the Alps. A
warm subtropical climate suggested by the oxygen isotopic
compositions favored intense weathering. Brief excursions
most notably in the Nd isotopic compositions may indicate
sporadic volcanic events.

[79] 3. Between 13 and 10 Ma the Sr isotope record
supports open ocean conditions, while the Nd isotope record
suggests a fluctuating influence of Atlantic versus Para-
tethys and/or locally evolved seawater in the Mediterranean,
which was driven by global sea level changes and by local
tectonic adjustments.
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