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ABSTRACT

The Miocene Climate Optimum (MCO) and the subsequent Miocene Climate Transition (MCT) are important
biotic, environmental and geologic events. Here we address whether this holds true for the epicontinental Eastern
Paratethys Sea (today's Black — Caspian Sea region). Two Tarkhanian - lower Chokrakian sequences of Middle
Miocene age in the Kerch Peninsula were investigated using foraminifera, calcareous nannofossils, molluscs, fish
otoliths, spores and pollen, oxygen and carbon stable isotopes and strontium isotope stratigraphy (SIS). Our
results show that the marine environment during the Tarkhanian to early Chokrakian in the study area was
characterized by open shelf conditions (near upper part of lower sublittoral zone), variable water column
stratification and bottom water oxygen levels. Biostratigraphy and new SIS data suggest an age of >15.5
(~16.0?) — 14.75 Ma for the Tarkhanian, which implies a considerably longer duration (> 0.75 Ma vs. 0.1 Ma)
than was previously suggested. The maximum transgression seen in the middle Tarkhanian could be dated to
~15.5-15.1 Ma and correlates with the highstand of sequence Bur 5/Lan 1 (15.2 Ma) and terminal phase of the
MCO. The vegetation indicates a gradual change from subtropical humid (early Tarkhanian) to arid (early
Chokrakian) conditions, which reflect the MCT. The climate change in the Eastern Paratethys occurred slightly
earlier than in the Central Paratethys, possibly related to the existence of the large flat Eurasian continent.

1. Introduction

The late Burdigalian,

Climatic Optimum (MCO; ~17.0-15.0 Ma, Zachos et al., 2001). It was
followed by an important climatic change associated with the Antarctic

Langhian and Serravallian time span ice sheet expansion, which is known as Miocene Climate Transition

(17.3-11.6 Ma) represents a very significant Neogene period from the
view of climatic evolution and palaeogeographic reorganisation. It
started with the last warm interval of the Neogene - the Miocene

* Corresponding author.

(MCT; ~15.0-13.0 Ma, Holbourn et al., 2005; Shevenell et al., 2006).
These global climatic events were described from the oceanic realm, but
their manifestation in the epicontinental seas and on land is not well
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known. From this viewpoint, the system of the Paratethys Sea, a large,
semi-closed epicontinental sea, represents a unique archive (Piller et al.,
2007). Several works interpreted the climatic and paleoceanographic
evolution during the MCO and MCT in the area of the Central Paratethys
in Central Europe (Hohenegger et al., 2009; Bohme et al., 2011; Kovac
etal., 2017, 2018; Sant et al., 2017; Holcova et al., 2019; Dolakova et al.,
2021; Scheiner et al., 2019). According to these studies, global climate,
as recorded from the oceanic archives, probably had a clear impact on
the Central Paratethys environments. However, a different paleoclimatic
evolution due to strong influence of continental climate can be supposed
for the Eastern Paratethys (today's Black Sea — Caspian Sea region) as the
Middle Miocene sea interfaced here with the large continent of Eurasia
(Rogl, 1998). Although a complex circulation model has recently been
created for the Middle Miocene Eastern Paratethys sea (Palcu et al.,
2017, 2019), the interaction between marine palaeoenvironments and
adjacent continental settings has not yet been studied considering the
perspective of regional versus global climate evolution. The present
study aims to fill this gap and to test the hypothesis that both the MCO
and MCT can be detected in the area of the Eastern Paratethys. The
specific objectives were (1) to refine the age model of the Tarkhanian
and early Chokrakian, (2) to carry out paleoenvironmental re-
constructions of the Tarkhanian to early Chokrakian marine habitats
(bathymetry, trophic conditions, bottom water oxygenation, water col-
umn stratification), and (3) to reconstruct the continental vegetation as
a proxy for the palaeoclimate during the MCO and MCT. To achieve this,
we conducted a multiproxy approach using marine microfossils, pollen
and spores, stable isotope analyses (oxygen, carbon, strontium) from
two large outcrops on the Kerch Peninsula (Eastern Paratethys) that
expose the Tarkhanian and Chokrakian of the regional Eastern Para-
tethys chronostratigraphy (Langhian of the Global Time Scale).

2. Geological setting
2.1. Tarkhanian — Chokrakian stratigraphy

The Tarkhanian and Chokrakian deposits were first discovered on
the Azov Sea shore near the Tarkhan Cape and the Chokrak Lake (Fig. 1)
by Andrusov (1889, 1893, 1961a, 1961b). The Tarkhanian and Chok-
rakian regional Eastern Paratethys stages were formally defined in 1975
(Nevesskaya et al., 1975; Nevesskaya et al., 1984). The Tarkhanian can
be further subdivided into three regional substages in some areas of the
Eastern Paratethys, whereas the Chokrakian is not (Nevesskaya et al.,
1975; Nevesskaya et al., 1984; Nevesskaya et al., 2003).

The Chokrakian corresponds to the Langhian based on the recogni-
tion of the nannofossil zone NN5 (Sphenolitus heteromorphus Zone)
(Konenkova and Bogdanovich, 1994) (Fig. 2). However, the correlation
of the Tarkhanian with the standard chronostratigraphy (Raffi et al.,
2020) is still under discussion (see Fig. 2). It was correlated with the late
Early Miocene (e.g. Konenkova and Bogdanovich, 1994; Barg and Iva-
nova, 2001), the early Middle Miocene (e.g. Andreyeva-Grigorovich and
Savitskaya, 2000; Krasheninnikov et al., 2003; Golovina, 2012), or with
the transition between the Early and Middle Miocene (e.g. Nosovsky
et al., 1976; Nevesskaya et al., 2003). These discrepancies are mainly
based on the presence, respectively absence, of the calcareous nanno-
fossil index species Helicosphaera ampliaperta, which is characteristic for
the nannofossil zone NN4 and has its last appearance datum at 14.8 Ma
(Raffi et al., 2020). Tarkhanian deposits containing this index species are
correlated with the upper Burdigalian to lower Langhian (e.g. Studencka
et al., 1998; Barg and Ivanova, 2000), whereas deposits which do not
contain this species are correlated to the middle to upper Langhian (e.g.
Rogl, 1998; Andreyeva-Grigorovich and Savitskaya, 2000; Golovina,
2012). Based on magnetostratigraphic data (Ciscaucasian sections), the
base of the Tarkhanian has been dated at ~14.85 Ma, while the base of
the Chokrakian has been dated at 14.75 Ma (Palcu et al., 2019).
Accordingly, the Tarkhanian would represent a very short interval of
100 ka.
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2.2. Regional geology

The study area is located in the northern-eastern part of the Kerch
Peninsula. This region is part of the Kerch-Taman folded zone between
the mountain structures of the Crimea and the Caucasus; it is charac-
terized by tectonic and mud-volcanic activity and formation of anti-
clines and synclines in the Neogene (e.g. Andrusov, 1893; Shnyukov
et al., 2006). Generally, Tarkhanian and Chokrakian deposits are
widespread on the Kerch Peninsula (e.g. Andrusov, 1889, 1893;
Arkhanguelsky et al., 1930; Archangelsky, 1940; Nosovsky et al., 1976;
Barg and Stepaniak, 2003; Rostovtseva, 2012; Vernigorova et al., 2012;
Vernyhorova, 2014). In this region, the Tarkhanian deposits follow
above the Maikop deposits without visible hiatuses and are overlain,
also without visible hiatuses, by sediments of the Chokrakian, or, after
an erosion gap, by younger sediments (Andrusov, 1889, 1893;
Arkhanguelsky et al., 1930; Nosovsky et al., 1976; Barg and Stepaniak,
2003; Vernigorova et al., 2012; Vernyhorova, 2014). The Tarkhanian
sediments were considered by Andrusov (1961b) as upper (final) part of
the Maikop strata as both deposits have a similar lithofacies. Following
this interpretation, the Tarkhanian deposits of the Kerch Peninsula are
considered as the upper part of the Arabatska and Alahol Formations
(Fig. 3).

The Tarkhanian deposits of the eastern and north-eastern parts of the
Kerch Peninsula (Alahol Formation) are represented by Maikop-like
clays. Only in the middle part of the sections a marl layer (near 0,2
m), oyster banks and characteristic molluscs (e.g. Lentipecten corneus
denudatus) occur (e.g. Nosovsky et al., 1976; Vernyhorova, 2014). These
fossiliferous beds are indicative of the middle Tarkhanian (Terskie Beds
or Beds with Lentipecten corneus denudatus, see Muratov and Nevesskaya,
1986). In the remaining region of the Kerch Peninsula, the Tarkhanian
deposits are represented by Maikop-like clays (Arabatska Formation)
and fossils only rarely occur (e.g. Nosovsky et al., 1976; Vernyhorova,
2014).

The lower part of the Chokrakian deposits on the Kerch Peninsula
comprises dark-gray to gray clays, thin-, thick and not laminated with
fine-grained sands and small amounts of molluscs on the bedding planes;
common thickness is near 90 m (see “spirialis clays” in Nosovsky et al.,
1976; Goncharova, 1989; Barg and Stepaniak, 2003; Rostovtseva, 2012;
Vernigorova et al.,, 2012; Vernyhorova, 2014). These deposits are
termed Bulhanak Beds (Vernigorova et al., 2012; Vernyhorova, 2014)
(Fig. 3).

2.3. Study sites

The Malyi Kamyshlak section (45°26'04.2”N 36°30'53.8"E) and the
Skelia section (45°25'34.0”N 36°31'52.9”E) are located on the north-
eastern part of the Kerch Peninsula on the Azov Sea shore with a dis-
tance of 1.8 km from each other (Fig. 1). They form the western and
eastern wings of the Bulhanak anticline (Table 1 in Arkhanguelsky et al.,
1930) or northern part of the Bulhanak mud volcanic center (e.g.
Shnyukov et al., 2006) (Fig. 1). The Malyi Kamyshlak section is the
neostratotype of the Tarkhanian and Chokrakian of the Eastern Para-
tethys. At the Malyi Kamyshlak section, a 43 m thick sedimentary
sequence was studied (Fig. 4), while at the Skelia section only about 0,5
m of deposits were accessible for our work (Fig. 5). A detailed litho-
logical description of both sections is given in Figs. 4 and 5 and Sup-
plementary Fig. S1.

The litho- and biostratigraphic subdivisions of the Maly Kamyshlak
and Skelia sections have already been established in previous works
(Vernigorova et al., 2012; Vernyhorova, 2014). The corresponding
stratigraphic scheme (Fig. 3) is used in this work.

3. Methods

We used (micro) palaeontology, palynology, biostratigraphy, palae-
oecology and Strontium Isotope Stratigraphy (SIS) dating to obtain new
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stratigraphical and paleoenvironmental data for the Malyi Kamyshlak
and the Skelia sections and also compare with previous works. A total of
55 rock samples were selected for these analyses (43 from Malyi
Kamyshlak, 12 from Skelia; each sample contained 400 g sediments).

3.1. Foraminifera

Foraminifera were present in 40 samples from the Malyi Kamyshlak
section (Fig. 4) and nine samples from the Skelia section (Fig. 5). They
were picked after washing and sieving the rock sample through a 63 pm
sieve and were identified under a stereomicroscope. Representative
specimens were examined in detail using scanning electron microscope
(SEM) (see Plates 1-4). Species determination of benthic foraminifera
was based on Bogdanovich (1952), Dzhanelidze (1963, 1970), Kra-
sheninnikov (1959), Krasheninnikov et al. (2003), and Bugrova et al.
(2005). Revision of genera was based on Bogdanowich Bogdanovich
(1971) and Loeblich Jr. and Tappan (1988). Unfortunately, tests of
planktic foraminifera from both sections are very small (up to
~100-150 pm) and only three species could be identified: Globigerina
tarchanensis Subbotina et Chutzieva, Globigerinella obesa (Bolli) (=
G. praebulloides Blow) and Globigerinita cf. uvula (Ehrenberg) (with
specific surface structure of tests — see Plate 4). Benthic foraminifera
species diversity (after Boltovskoy and Totah, 1985) was the number of

species per sample (based on 400 g sample). Dominant (>20% of tests in
the sample) and accompanying (between 10 and 20% of shells in the
sample) species were identified (after Boltovskoy and Totah, 1985) in
each sample. Dominant species formed the name for each foraminifera
association. All benthic foraminiferal associations were statistically
analysed using a Principal Component Analysis (PCA) and a Cluster
Analysis (Bray-Curtis Similarity Index, Paired group), as implemented in
the PAST software (Hammer et al., 2001). Epifaunal and infaunal species
of benthic foraminifera were classified according to Rosoff and Corliss
(1992), Baldi (2006) and Murray (2006). The ratio of these groups of
benthic foraminifera (after the TROX-model by Jorissen et al., 1995) was
used to estimate changes in trophic conditions and bottom water oxygen
levels. The ratio of oxic-suboxic-dysoxic benthic foraminiferal indicators
was used to monitor changes in bottom water oxygenation according to
Kaiho (1994, 1999) and Murray (2006).

3.2. Calcareous nannofossils

Calcareous nannofossils were studied from the Malyi Kamyshlak
section. Totally, 27 samples were analysed from the uppermost Kotsa-
kurian to the lower part of the Chokrakian (see Supplementary Fig. S2
for sample numbers and position). Smear slides were prepared using the
method described in Zagorsek et al. (2007). The slides were examined
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using polarizing microscope at 1000x magnification in cross polarized
and plane light. Abundances of calcareous nannofossils in individual
samples were estimated semi-quantitatively based on the scheme of Rio
et al. (1990) and Fornaciari et al. (1996) as follows: 1) = very abundant
(>50 specimens/field of view), 2) = abundant (20-49 specimens/field
of view), 3) = common (1-19 specimens/field of view) and 4) = rare (1
specimen/field of view). If the number of individuals was not sufficient
only binary data is presented. Species determination of calcareous
nannofossils was based on the Nannotax3 database (Young et al., 2021)
and the calcareous dinoflagellate genus Thoracosphaera was included.
Presence of diatoms in nannofossil slides was also recorded. Due to
scarcity of calcareous nannofossils, statistical analysis using quantitative
data was possible only for 14 samples. The Principal Component Anal-
ysis (PCA) of the PAST software was used (Hammer et al., 2001).

3.3. Molluscs

Molluscs were found in 16 samples from the Malyi Kamyshlak sec-
tion and 3 samples from the Skelia section (Figs. 4 and 5) and were
studied as a complementary group for a better understanding of the
Tarkhanian-Chokrakian regional stratigraphy. The identification of
molluscs was carried out directly during sampling of the sections, as well
as under a stereomicroscope. Traditional conchological methods were
used for species identification (Ilyina, 1993; Nevesskaya et al., 1993).
Previous data on mollucsc ecology were used for additional environ-
mental interpretation.

3.4. Fish otoliths

Seven of the samples that have been used for the foraminiferal an-
alyses yielded also fish otoliths: 4 samples from the middle Tarkhanian
(Bed 3, Malyi Kamyshlak section, samples 19/08, 08 K194, 08 K195, Bed
2, Skelia section, sample 08 K202), 1 sample from the upper Tarkhanian
(Bed 4, Malyi Kamyshlak section, 08 K196), and 2 samples from the
lower Chokrakian (Bed 5, Malyi Kamyshlak section, 04/12, 05/12).
Species determination and paleoecological interpretation followed
previous works on the otoliths from the Tarkhanian and Middle Miocene
of the Central and Eastern Paratethys (Weiler, 1950; Pobedina et al.,
1956; Strashimirov, 1972; Brzobohaty and Nolf, 2002; Nolf, 2013;
Bratishko et al., 2015; Schwarzhans, 2017). Information on otoliths
preserved in situ in skeletons of Vinciguerria merklini Daniltshenko, 1946
from a historical collection at the Malyi Kamyshlak section was available
by courtesy of Alexander Bannikov (Moscov).

3.5. Spores, pollen and terrestrial palaeoclimate interpretation

Palynomorphs were studied from 12 samples from the Malyi
Kamyshlak section (see Supplementary Fig. S2 for sample numbers and
position, C). The sediments of the middle Tarkhanian were not suitable
for the preservation of palynomorph due to the coarse grain size. Sam-
ples were processed using standard maceration with HCl and HF acids
and heavy liquid ZnCl, (2 g/cm®). Determination of the palynomorphs
was conducted with optical microscope and a SEM (JEOL JSM - 649
OLV).

Standard pollen diagrams were simultaneously analysed using the
Palaeotropical/Arctotertiary concept (P/A), synthesized diagrams, the
Coexistence Approach (CA) and Plant Functional Types (PFT) (see below
for details). A standard pollen diagram was calculated (min. 150
determined grains) using the POLPAL programme (Walanus and
Nalepka, 1999). The pollen diagram was divided into two parts to
eliminate the possibility of oversizing the content of conifers in the
marine realm and enabling comparison with the Central Paratethys (left
part — 100% of all taxa excluding Pinus and Cathaya, right part — pro-
portion of Pinus and Cathaya to all determined grains) (see Doldkova
et al., 2014; Dolakova et al., 2021 and below).

The P/A concept was applied according to Mai (1981, 1991),
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Planderova (1990) and Stuchlik (1994). The terminology of vegetation
type was used according to Kvacek et al. (2006), Kovar-Eder et al.
(2008a, 2008b), Teodoridis et al. (2011a, 2011b), and Kovar-Eder and
Teodoridis (2018). The Coexistence approach (CA) was used for quan-
titative palaeoclimate reconstruction (Mosbrugger and Utescher, 1997;
Utescher et al., 2014). The reconstructed climatic parameters are: mean
annual temperature (MAT), mean temperature of the warmest month
(WMT), mean temperature of the coldest month (CMT), mean annual
precipitation (MAP), mean precipitation of the wettest month (MPwet),
mean precipitation of the warmest month (MPwarm), and mean pre-
cipitation of the driest month (MPdry). Moreover, the mean annual
range of temperature (MART) can be determined as the difference be-
tween summer and winter temperatures (MART = WMTmean —
CMTmean) by using means of coexistence intervals (CIs) resulting for
each microflora. Accordingly, the mean annual range of precipitation
(MARP) is calculated as the difference between wettest and driest month
precipitation (MARP = MPwetmean — MPdrymean). The climatic tol-
erances of all NLRs known for the fossil floras are taken from the
PALAEOFLORA database (Utescher and Mosbrugger, 2015).

The plant functional type (PFT) approach was developed in relation
to the CARAIB model (Carbon Assimilation in the Biosphere), a global
dynamic vegetation model (Warnant et al., 1994; Otto et al., 2002;
Laurent et al., 2008; Dury et al., 2011). According to Popova et al.
(2013), the 26-PFT classification including 15 arboreal, 3 herbaceous, 8
shrub PFTs, and 1 additional aquatic PFT (PFT 27) (Supplementary Fig.
S4) was applied. In the CA and PFT analyses, all taxa were recorded
without their abundances to minimize taphonomic effects (Popova et al.,
2013; Utescher and Mosbrugger, 2015).

3.6. Carbon and oxygen stable isotope data

For carbon and oxygen stable isotope analyses, 13 samples from the
Malyi Kamyshlak section containing well-preserved foraminiferal tests
were used (see Supplementary Fig. S2 for sample numbers and posi-
tions). The foraminiferal preservation was evaluated based on the inner-
wall structure check (overgrowths, crystal alignment) under SEM.
Various crushed individuals from each sample were examined to eval-
uate possible diagenetic alteration and only those with no or minor signs
of recrystallization were selected for the isotopic analysis.

Foraminiferal species were selected with respect to their ecological
positions within the water column. Planktic foraminifera of the Globi-
gerina bulloides/praebulloides group were analysed as representatives of
surface waters, whereas the benthic foraminifera Nonion commune were
used as a marker of bottom waters. Other taxa were extremely scarce in
the studied materials and therefore were not selected for isotopic
analysis.

The conventional C, O isotope analysis was performed by employing
GasBench II (ThermoFisher Scientific) equipped with a CTC Combi-Pal
(PALSYSTEM) linked to a MAT253 isotope ratio mass spectrometer
(ThermoFisher Scientific) in a Continuous Flow IV (ThermoFisher Sci-
entific) system housed at the Faculty of Sciences, Charles University,
Prague. The procedure comprised of weighing of foraminiferal samples
for the subsequent linearity corrections (routinely about 150-450 pg).
The internal precision (SD) is typically 0.02 and 0.09 for raw 813C and
5180 values, respectively, given a sample size above 50 mg. Calibration
of the raw results versus the VPDB scale is achieved using the in-house
calcite standards that have been calibrated against NBS-18, L-SVEC,
and IAEA-603 international reference materials (IAEA, Vienna, Austria).

3.7. Strontium isotope data

Several foraminiferal tests, fish otoliths and parts of molluscs shells
(Ostrea) (samples 08 K195 from the Malyi Kamyshlak section, samples
08 K201, 08 K202 from the Skelia section, see Supplementary Fig. S2)
were processed at the clean lab of the Institute of Geology of the Czech
Academy of Sciences (IG CAS). Planktic organisms were removed from



Y.V. Vernyhorova et al. Marine Micropaleontology 181 (2023) 102231

Plate 1. Benthic foraminifera from the Tarkhanian — early Chokrakian of the Kerch Peninsula:

1-4 Textularia tarchanensis Bogdanowicz: 1 — sample 08 K201; Skelia section; 2 — sample 19/08; Malyi Kamyshlak section; 3 — test with broken umbilical chambers;
sample 08 K201; Skelia section); 4 — shell's surface of the test number 3.

5; 6 Spiroloculina bicarinata O. Djanelidze: 5 — sample 08 K202; Skelia section; 6 — sample 08 K202; Skelia section.

7 Spiroloculina tarchanensis O. Djanelidze: 7 — sample 08 K201; Skelia section.

8 Quinqueloculina boueana d'Orbigny: 8 — sample 08 K202; Skelia section.

9 Quinqueloculina boueana var. plana O. Djanelidze: 9 — sample 08 K201; Skelia section.

10 Quinqueloculina cf. obliqua Reuss: 10 — sample 08 K201; Skelia section.

11; 12 Quinqueloculina ungeriana d'Orbigny: 11 — sample 08 K202; Skelia section; 12 — sample 08 K204; Skelia section.

13 Quinqueloculina elongato-carinata (Bogdanowicz): 13 — sample 06/08; Malyi Kamyshlak section.

14; 15 Quinqueloculina aff. Laevigata d'Orbigny 14 — sample 07/08; Malyi Kamyshlak section; 15 — sample 08/08; Malyi Kamyshlak section.

16 Quinqueloculina akneriana d'Orbigny (abnormal forms): 16 — sample 03/12; Malyi Kamyshlak section.

17; 18 Quinqueloculina akneriana d'Orbigny: 17 — sample 05/12; Malyi Kamyshlak section; 18 - the same test.

19; 20 Quinqueloculina akneriana subsp. longa (Gerke): 19 — sample 05/12; Malyi Kamyshlak section; 20 — sample 05/12; Malyi Kamyshlak section.
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Plate 2. Benthic foraminifera from the Tarkhanian — early Chokrakian of the Kerch Peninsula:

1; 2 Triloculina subfoliacea (Bogdanowicz): 1 — sample 05/12; Malyi Kamyshlak section; 2 — sample 05/12; Malyi Kamyshlak section.

3; 4 Triloculina austriaca d'Orbigny: 3 — sample 08 K201; Skelia section; 4 — the same test.

5; 6 Triloculina gibba d'Orbigny: 5 — sample 08 K202; Skelia section; 6 — the same test.

7; 8 Trilocululina trigonula (Lamarck): 7 — sample 08 K201; Skelia section; 8 — the same test.

9-11 Triloculina gubkini (Bogdanowicz): 9 — sample 13/08; Malyi Kamyshlak section; 10 — sample 05/12; Malyi Kamyshlak section; 11 — sample 05/12; Malyi
Kamyshlak section.

12 Sigmoilina mediterranensis Bogdanowicz: 12 — sample 05/12; Malyi Kamyshlak section;.

13; 14 Sigmoilina tschokrakensis Gerke: 13 — sample 09/08; Malyi Kamyshlak section; 14 — sample 05/12; Malyi Kamyshlak section.

15 Sigmoilina sp.1: 15 — sample 13/08; Malyi Kamyshlak section.

16 Sigmoilinita tenuis (Czjzek):): 16 — sample 02/12; Skelia section.

17; 18 Sigmoilinita tenuis (Czjzek) var. tarchanensis (O. Dzanelidze): 17 — sample 20/08; Malyi Kamyshlak section; 18 — sample 20/08; Malyi Kamyshlak section.
19; 20 Sigmoilina haidingerii var. haidingeriia (D'Orbigny): 19 — sample 05/12; Malyi Kamyshlak section; 20 — sample 05/12; Malyi Kamyshlak section.
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Plate 3. Benthic foraminifera from the Tarkhanian — early Chokrakian of the Kerch Peninsula:
1 Sigmoilina haidingerii (D'Orbigny) var. tschokrakensis Bogdanowicz: 1 — sample 05/12; Malyi Kamyshlak section.

2 Lenticulina cf. californiensis Trujillo: 2 — sample 20/08; Malyi Kamyshlak section.

3 Lenticulina sp.1: 3 — sample 19/08; Malyi Kamyshlak section.

4 Lagena cf. striata (d'Orbigny): 4 — sample 16/08; Malyi Kamyshlak section.
5 Fissurina laevigata Reuss: 5 — sample 20/08; Malyi Kamyshlak section.

6 Entosolenia mironovi Bogdanowicz: 6 — sample 05/12; Skelia section.

7; 8 Nodosaria sp.: 7 — sample 04/12; Malyi Kamyshlak section; 8 — the same test.

9; 10 Globulina gibba d'Orbigny var. globosa (Von Munster): 9 — sample 19/08; Malyi Kamyshlak section; 10 — sample 19/08; Malyi Kamyshlak section.

11 Globulina inaequalis Reuss: 11 — sample 08 k193; Malyi Kamyshlak section.

12 Guttulina austriaca d'Orbigny: 12 — sample 08 k195; Malyi Kamyshlak section.

13; 14 Pseudopolymorphina tschokrakensis O.Djanelidze: 13 — sample 08/08; Malyi Kamyshlak section; 14 — the same test.
15; 16 Pseudopolymorphina variata (Jones, Parker and Brady) var. fischeri (Terquem): 15 — sample 19/08; Malyi Kamyshlak section; 16 — the same test.

17 Pyrulina fusiformis (Roemer): 17 — sample 08 K195; Malyi Kamyshlak section.

18 Cassidulina aff. Tarchanensis Khutzieva: 18 — sample 20/08; Malyi Kamyshlak section.

19; 20 Cassidulinoides tarchanensis Khutzieva: 19 — sample 14/08; Malyi Kamyshlak section; 20 — sample 08 K196; Malyi Kamyshlak section.

Sr isotope analysis due to their low oxygen isotope values which might
indicate influence of fresh waters; this could shift the strontium values
(El Meknassi et al., 2018; McArthur et al., 2020 and references therein).

The samples were crushed and then treated using an ultrapure water
(Millipore Element), alkali-buffered 1% H305 solution and weak HNOg
to remove possible clay particles, organic matter, coarse-grained silicate
and other contaminations (Barker et al., 2003). Afterwards, the samples
were quickly (30 s) leached using 0.001 M HNOs and finally dissolved in
1 M HNOj3 and processed for Sr separation. Strontium was isolated from
the matrix by ion exchange chromatography using a Sr resin (Triskem,
France) with 2 ml of 0.05 M HNO3 used for Sr collection (Pin et al.,
2014). The solution was dried and loaded in a 6 M HCl onto degassed Re
filaments in the presence of Ta activator and %Sr/®%Sr determination
was performed on a Thermo Triton Plus thermal ionization mass spec-
trometer (TIMS) housed at the IG CAS using Faraday cups employed in a
static mode and 38Sr/%0Sr of 8.3752 for mass fractionation correction.

External reproducibility of the measurements was accessed through
the periodical analyses of the NIST SRM 987 solution that yielded
875r/%sr of 0.710239 + 0.000008 (20, n = 20). %Sr/%6Sr values were
converted into numerical ages using the regression curve LOWESS look-
up Table version 6 (McArthur et al., 2020). Minimum and maximum
ages were obtained by combining the statistical uncertainty (20) of the
mean values of the Sr-isotope ratios of the samples with the uncertainty
of the seawater curve.

3.8. Palaeoenvironmental analyses

The paleoenvironmental features of the sea floor and the character-
istics of the surface water were interpreted from data synthesis of the
marine biota (foraminifera, calcareous nanoplankton, fish, molluscs)
and geochemical parameters (stable carbon and oxygen isotopes). The
vertical zoning of the benthal zone (e.g. upper and lower sublittoral
zones) in combination with other characteristics (e.g. water column
stratification, photic zone) was also used for the palaeoenvironmental
reconstructions (e.g. Derjugin, 1915, 1928; Hedgpeth, 1957; Andriya-
shev, 1979; Longhurst, 2007). Moreover, to trace the degree of isolation
of the Eastern Paratethys during the Tarkhanian — early Chokrakian (the
first half of the Langhian), the ratio of endemic and non-endemic benthic
foraminifera species was calculated.

4. Results
4.1. Foraminifera

4.1.1. Statistical analysis of foraminiferal assemblages

PCA was conducted to assess the general similarity in the benthic
foraminifera species composition from the Tarkhanian and lower
Chokrakian deposits of the Malyi Kamyshlak section. Three assemblages
were classified: (1) The Nonion commune-Globulina-Guttulina assemblage
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occurrs in all samples of the middle Tarkhanian and in some samples of
the upper Tarkhanian; (2) the Bolivina tarchanensis assemblage was
distinguished in samples from the upper Tarkhanian and in some sam-
ples from the lower Chokrakian and (3) the Quinqueloculina assemblage
was recorded in some of the lower and upper Tarkhanian samples and
also in some of the lower Chokrakian samples (Fig. 6).

Cluster Analysis using the Bray-Curtis similarity index (Paired group)
was used to determine the stratigraphic sequence of benthic forami-
nifera species composition through the studied Tarkhanian - lower
Chokrakian interval of the Malyi Kamyshlak and Skelia sections. Six
clusters are recognizable (I, II, IV, V, VI in Malyi Kamyshlak section and
III in Skelia section) (Fig. 7). For each cluster the dominating and
accompanying species were determined (see Appendix Figs. Al and A2;
Supplementary Figs. S5 and S6), which resulted in 6 different associa-
tions of benthic foraminifera: (I) Quinqueloculina association (lower
Tarkhanian; Malyi Kamyshlak and Skelia sections); (II) Nonion-Glob-
ulina-Guttulina association (middle Tarkhanian; Malyi Kamyshlak sec-
tion); (III) Triloculina-Textularia-Guttulina-Nonion association (middle
Tarkhanian; Skelia section); (IV) Nonion association (upper Tarkhanian;
Malyi Kamyshlak section); (V) Nonion-Quinqueloculina association
(upper Tarkhanian; Malyi Kamyshlak section); (VI) Bolivina-Nonion-
Quinqueloculina association (lower Chokrakian; Malyi Kamyshlak
section).

4.1.2. Characteristic of foraminiferal associations

4.1.2.1. Upper Kotsakhurian. The single sample from the Malyi
Kamyshlak section (Bed 1, sample A/12, see Fig. 4) yielded only 3
planktic  foraminifera tests (small 4-chambers Globigerina)
(Appendix Fig. Al).

4.1.2.2. Lower Tarkhanian. Several samples from Bed 2 of the Malyi
Kamyshlak section (Fig. 4) comprised a small number of two groups of
planktic foraminifera: small 4-chambers Globigerina and small 5-cham-
bers Globigerina (Appendix Fig. A1). The coeval deposits of the Skelia
section (Bed 1, Fig. 5) did not yield planktic foraminifera (Appendix Fig.
A2). Benthic foraminifera are represented in Bed 2 of the Malyi
Kamyshlak section and Bed 1 of the Skelia section by the Quinqueloculina
association (I, see above) which consists of 10 species from 7 genera (a
detailed species list is provided in Appendix Figs. Al and A2 and Sup-
plementary Figs. S5 and S6). Species diversity ranges from O to 5 taxa
per sample, numbers of tests are 0-8 per sample. In addition to repre-
sentatives of Quinqueloculina, single tests of Textularia tarchanensis, Sig-
moilinita tenuis, S. mediterranensis, Globulina gibba, Nonion commune,
Ammonia beccarii, and A. tepida were found. All tests have small sizes,
thin walls and are often broken.

4.1.2.3. Middle Tarkhanian. Almost all samples of Bed 3 of the Malyi
Kamyshlak section (Fig. 4) and Bed 2 of the Skelia section (Fig. 5)
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Plate 4. Benthic foraminifera from the Tarkhanian — early Chokrakian of the Kerch Peninsula:

1 Bolivina tarchanensis Subbotina and Khutsieva in Bogdanowicz: 1 — sample 09/08; Malyi Kamyshlak section.

2 Bolivina crenulata Cushman: 2 — sample 11/08; Malyi Kamyshlak section.

3 Bolivina albatrossi Cushman: 3 — sample 16/08; Malyi Kamyshlak section.

4 Nonion commune (d'Orbigny): 1 — sample 20/08; Malyi Kamyshlak section.

5-7 Discorbis tarchanensis O.Djanelidze: 5-7 — sample 14/08; Malyi Kamyshlak section.

8-10 Discorbis tschokrakensis Bogdanowicz: 8 — sample 08/08; Malyi Kamyshlak section; 9 — sample 08/08; Malyi Kamyshlak section; 10 — the same test.
11-15 Discorbis sp.1: 11 — sample 05/12; Malyi Kamyshlak section; 12 — the same test; 13-15 — sample 05/12; Malyi Kamyshlak section.

16-19 Globigeriinita cf. uvula Ehrenberg: 16; 17; 19 — sample 19/08; Malyi Kamyshlak section; 18 — sample 16,/08; Malyi Kamyshlak section.

20 Echinoid remains: 20 — sample 19/08; Malyi Kamyshlak section.

21-24 Briozoans: 21 — sample 05/12; Malyi Kamyshlak section; 22 — sample 08 K195; Malyi Kamyshlak section; 23 - the same test; 24 — sample 18/08; Malyi
Kamyshlak section.
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Fig. 6. Classification of foraminiferal assemblages using PCA. Coordinates 1
and 2 capture 91.2% of the variation.

comprised different amounts of planktic foraminifera: small 4-chambers
Globigerina (5-173 tests per sample) and small 5-chambers Globigerina
(3-68 tests per sample). Benthic foraminifera are represented in Bed 3 of
the Malyi Kamyshlak section by the Nonion-Globulina-Guttulina associ-
ation (II, see above) which consists of 39 species from 18 genera
(Appendix Fig. A1 and Supplementary Fig. S5). Species diversity ranges
from 11 to 23 taxa per sample, numbers of tests are 80-567 per sample.
The tests are whole or broken, some of them are ferruginous. They have
small and big sizes and different wall thicknesses. Dominant species are
Nonion commune, Globulina gibba, G. inaequalis, Guttulina austriaca,
G. problema, and Guttulina sp. 1. Also, Sigmoilinita tenuis, Textularia
tarchanensis and Cycloforina contorta are accompanying in the lower part
of Bed 3. In Bed 2 of the Skelia section, benthic foraminifera are rep-
resented by the Triloculina-Textularia-Guttulina-Nonion association (III,
see above) which consists of 27 species of 15 genera (Appendix Fig. A2
and Supplementary Fig. S6). Species diversity ranges from 0 to 19 taxa
per sample, numbers of tests change from 0 to 230 per sample. All tests
are thick-walled and have a big size, which is in contrast to the coeval
deposits of the Mali Kamyshlak section (Bed 3). Most tests are complete,
some are broken and/or ferruginous. The dominant species are Trilo-
culina gibba, Textularia tarchanensis, Guttulina austriaca, and Nonion
commune. Accompanying species are Spiroloculina bicarinata, Sigmoilina
mediterranensis and Quinqueloculina boueana.

4.1.2.4. Upper Tarkhanian. All samples of Bed 4 of the Malyi Kamyshlak
section (Fig. 4) revealed different numbers of planktic foraminifera:
small 4-chambers Globigerina (3-277 tests per sample) and small 5-
chambers Globigerina (3-181 tests per sample) (Appendix Fig. Al).
Furthermore, this bed is characterized by a heterogeneous benthic
foraminifera species diversity. Its lower part (from sample 08 K196 to
sample 03/12) is represented by the Nonion association (IV, see above)
which consists of 28 species from 18 genera (Appendix Fig. A1l and
Supplementary Fig. S5). It is characterized by low species diversity
(1-13 per sample), the numbers of tests vary between 2 and 87 per
sample. All tests have small sizes and are sometimes corroded and
broken. Nonion commune (d'Orbigny) is the dominant species. Accom-
panying species are Sigmoilinita tenuis, Bolivina sp. 1, Guttulina austriaca,
Globulina sp. 1 (in the lower part of the deposits with the Nonion asso-
ciation) and Cassidulinoides tarchanensis and Ammonia tepida (in the
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Chokrakian of the Malyi Kamyshlak (A) and comparison of the middle part of
the Tarkhanian deposits of Maliy Kamyshlak.

and Skelia sections (B) sections.

uppermost part of the deposits with this foraminifera association). The
upper part of Bed 4 (from sample 15/08 to sample 10/08) is represented
by the Nonion-Quinqueloculina association (V, see above) which consists
of 25 species from 16 genera (Appendix Fig. A1 and Supplementary Fig.
S5). It is characterized by higher species diversity compared with as-
sociation IV (6-19 taxa per sample), the numbers of tests are 15-248 per
sample. As before, all tests have small sizes and sometimes corroded and
broken walls. The dominant species are Nonion commune and Quinque-
loculina akneriana. Accompanying species are Triloculina gubkini, Sig-
moilina mediterranensis, Bolivina crenulata and Ammonia tepida.

4.1.2.5. Lower Chokrakian. All samples from Beds 5 and 6 of the Malyi
Kamyshlak section (Fig. 4) comprised different numbers of planktic
foraminifera: small 4-chambers Globigerina (3-457 tests per sample) and
small 5-chambers Globigerina (1-403 tests per sample) (Appendix Fig.
Al). In addition, Beds 5 and 6 yielded the Bolivina-Nonion-Quinquelo-
culina association (VI, see above), which is a relatively heterogeneous
association consisting of 35 species from 16 genera (Appendix Fig. Al
and Supplementary Fig. S5). Species diversity ranges between 2 and 21
taxa per sample, numbers of tests are 11-1081 per sample. Big-sized,
well preserved tests occur in the lower part of Bed 5, while well pre-
served tests of small size occur in the upper part of Bed 5 and in the lower
part of Bed 6. There is a change of dominant and accompanying species
(see Appendix Fig. Al): Bolivina tarchanensis, Nonion commune,
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Quinqueloculina akneriana (normal and abnormal forms), Q. akneriana
subsp. longa change from the dominant to accompanying levels several
times upsection. Sigmoilina haidingerii var. tschokrakensis and Ammonia
tepida occur as additional to accompanying species in the middle part of
this interval.

4.2. Calcareous nannofossil assemblages

From 27 analysed samples, 14 were analysed quantitatively, 4 did
not contain calcareous nannofossils, while 9 samples could not be ana-
lysed quantitatively with only presence-absence data for the individual
taxa (Appendix Fig. A3 and Supplementary Figs. S2, S7, and S8).
Generally, the calcareous nannofossil assemblages are rare and contain
high ratios of reworked specimens from the Oligocene, Eocene and
Cretaceous. The abundance and diversity of autochthonous nannofossils
varied; the highest diversity and abundance were recorded in the up-
permost lower Tarkhanian (uppermost part of Bed 2), the middle and
upper Tarkhanian (Beds 3, 4) and the lowermost Chokrakian (Bed 5)
(Appendix Fig. A3A). Coccolithus pelagicus, Sphenolithus sp. and Retic-
ulofenestra sp. dominate in the autochthonous assemblages. Other
common taxa are Helicosphaera sp. and Cyclicargolithus floridanus
(Appendix Fig. A3C). Relative abundances of redeposited Cretaceous
nannofossils decrease upward the section, and are replaced by reworked
Paleogene taxa (Appendix Fig. A3B).

Due to scarcity of calcareous nannofossils, statistical analysis using
quantitative data was possible only for 14 quantitatively analysed
samples. PCA enables to distinguish three type assemblages: (1) Cocco-
lithus pelagicus assemblage prevailing in the middle Tarkhanian; (2)
Sphenolithus spp. assemblage occurring mainly in the lower Tarkhanian
and the lower Chokrakian; (3) an assemblage dominated by reworked
taxa and Reticulofenestra in the upper Tarkhanian and the lower Chok-
rakian (Fig. 8).

4.3. Molluscs

Molluscs were not found in Bed 1 (upper Kotsakhurian) of the Malyi
Kamyshlak section. Bed 2, Malyi Kamyshlak section (lower Tarkhanian)
comprised only several small, thin-walled shells of Limacina tarchanensis
(Kittl). Bed 3 of the Malyi Kamyshlak section (middle Tarkhanian)
contained both whole and broken shells of the following species: Abra
parabilis (Zhizhchenko), Nucula (Nucula) nucleus (Linne), Nuculana
(Saccella) subfragilis (Hoernes), Lentipecten corneus denudatus (Reuss),
Modiolus sp., Limacina tarchanensis (Kittl). Bed 2 of the Skelia section
comprised whole and broken shells of Abra parabilis (Zhizhchenko),
Nuculana (Saccella) subfragilis (Hoernes), and Corbula (Varicorbula) gibba
(Olivi). In addition, shells congestion of Neopycnodonte cochlear (Poli)
formed oyster banks (Fig. 5). Bed 4 of the Malyi Kamyshlak section
(upper Tarkhanian) comprised a few small, thin- walled shells of Lima-
cina tarchanensis (Kittl), and Beds 5 and 6 of the Malyi Kamyshlak section
(lower Chokrakian) yielded different numbers of small, thin-walled
shells of Limacina tarchanensis (Kittl).

4.4. Fish otoliths

Almost all fish otoliths were very small in size, indicating the pres-
ence of juvenile or even larval specimens. Three fish species could be
identified. Most abundant is Vinciguerria merklini Daniktschenko, 1946
(family Phosichthyidae Weitzman, 1974, order Stomiiformes), which is
present in Beds 3 to 5 (middle Tarkhanian to lower Chokrakian) of the
Malyi Kamyshlak section. The characteristics of the otoliths of
V. merklini include a rounded to trapezoid shape, a short rostrum (mostly
broken in our material), and a sulcus with a thin but clear collum be-
tween ostium and cauda. The cauda is slightly wider than the ostium and
can be subdivided into a deepened anterior part and a shallow posterior
portion; the curvature of the crista superior is slightly convex (Plate 5,
d-f). All characteristics conform very well to those of the otoliths
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Fig. 8. Classsification of nannofossil assemblages using the PCA. Coordinates 1
and 2 capture 94.5% of the variation.

preserved in situ in skeletal material of V. merklini of a previous
collection at the Malyi Kamyshlak section from the same strata (Ban-
nikov and Parin, 1997; Bannikov, 2010) (Plate 5, a—c). Furthermore, two
small otoliths from the middle Tarkhanian (Bed 3) are tentatively
identified as Gonostoma? cyclomorphum (Weiler, 1950) (family Gono-
stomatidae Cocco, 1838). Different taxonomic interpretations of this
otolith-based species were proposed in previous works as Argentina
cyclomorpha in Weiler (1950), ‘Gonostomatida’ cyclomorpha in Nolf
(2013), or Gonostoma? cyclomorphum in Schwarzhans (2017). This spe-
cies is known from the lower Badenian of Romania (Weiler, 1950) and
the Tarkhanian of Bulgaria (Schwarzhans, 2017). A possible junior
synonym of G.? cyclomorphum is “Otol. (inc. sed.) rostratus Pobedina,
1954” from the Tarkhanian (Strashimirov, 1972). The third species in
our samples is tentatively referred to the genus Aphia Risso, 1827
(family Gobiidae Cuvier, 1816, order Gobiiformes) (Plate 5, g, h). It is
represented with one specimen each in the middle and upper Tarkha-
nian (Beds 3 and 4). It can be recognized as a member of the Gobiidae
based on the ‘shoe-sole-shaped’ sulcus that is typical for the family, and
as a possible representative of Aphia based on its rounded shape, a slight
shift of the sulcus towards the anterior margin, and a relatively long
ostium, but short cauda (La Mesa, 1999). Otoliths of Aphia are relatively
common in the Middle Miocene of the Central and Eastern Paratethys (e.
g. Bratishko et al., 2015; Schwarzhans et al., 2020).

4.5. Palynological data

4.5.1. Vegetation types

A total of 108 taxa (Supplementary Fig. S3) were determined in the
Malyi Kamyshlak section (28 herbs and dwarf shrubs, and 11 pterido-
phytes taxa). They belong to the lower and upper Tarkhanian and lower
Chokrakian. Sediments from the middle Tarkhanian were not suitable
for palynological studies. To interpret the vegetation composition, plant
taxa were grouped according to their ecological and environmental re-
quirements (Appendix Fig. A4a). Two principal vegetation types ac-
cording to Kvacek et al. (2006), Kovar-Eder et al. (2008a, b 2018) and
Teodoridis et al. (2011a, 2011b) could be recognized:

1. Ecotone Mixed-Mesophytic Forest/Broad - leaved evergreen
forest.

2. Xeric grasslands or steppe.

In the lower Tarkhanian of the Malyi Kamyshlak section, the Mixed-
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Plate 5. Explanation Otolith Figure:
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A — c: Otoliths preserved in situ in three skeletons of Vinciguerria merklini from the Malyi.

Kamyshlak outrop (collection in Moscow, photos by courtesy of A. Bannikov).

D - i: Isolated otoliths from Bed 3 (d, e, g) and Bed 4 (f, h) of the Malyi Kamyshlak outrop and.

from Bed 2 (i) of the Skelia outcrop.

Mesophytic Forest/Broad — leaved evergreen forest with share of coastal
swamp forest is dominant. In the upper Tarkhanian and lower Chokra-
kian of the Malyi Kamyshlak section its extent decreased and elements of
xeric grasslands or steppe increased.

Zonal assemblages of Mixed-Mesophytic Forest/Broad - leaved
evergreen forest are characterized by thermophylous/palaeotropical
elements (14-31%) such as Sapotaceae, Palmae, Engelhardia, Platycarya,
evergreen Fagaceae (represented in pollen spectra by morpho-species
Quercoidites henrici, Quercoidites microhenrici), Trigonobalanopsis, Tricol-
popollenites liblarensis, Araliaceae, Symplocos, Reevesia, Cornus-Mastixia,
Rutaceae, Styracaceae, Parthenocissus, Verbenaceae, and ferns Lygodium,
Gleicheniaceae, Pteridaceae. The highest proportion of thermophylous
elements was recorded in the lower Tarkhanian interval (Fig. 9; Plate 6;
Appendix Fig. A4a).
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Deciduous woody elements/arctotertiary (5-11%) comprise: Quer-
cus, Carpinus, Carya, Juglans, Tilia, Betula, Zelkova and Eucommia.

The proportions of azonal communities such as coastal swamp
(Taxodioideae, Cyrillaceae, Myricaceae, Decodon) and deciduous ripar-
ian forest (Alnus, Salix, Ulmus, Fraxinus, Liquidambar, Pterocarya) were
highest in the lower Tarkhanian. Their share decreases towards the
younger parts of the profile (upper Tarkhanian and Chokrakian)
steadily, with slight cyclical fluctuations.

Vegetation of open areas and insolated places (Olea, Celtis, Buxus,
Rosaceae, Ephedra, Poaceae, Caryophyllaceae, Asteraceae, Artemisia,
Salvia), including coastal salt marshes (Chenopodiaceae/Salicornia with
Caryophyllaceae, Armeria, Daucaceae) (< 5% in the lower Tarkhanian,
> 30% in the uppermost three samples of the Chokrakian) formed a
significant component of vegetation (Fig. 9; Plate 6; Appendix Fig. A4a).
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On the other hand, heliophilic shrubs, dwarf shrubs and herbs in
wetland to aquatic habitats (Ericaeae, Iex, Ranunculaceae, Cyperaceae,
Potamogeton, Sparganium and unique Pediastrum) were more abundant in
lower Tarkhanian sediments.

Extrazonal mountain elements such as Cedrus and Picea were very
rare (negligible percentage). Conifer components (Pinaceae including
Cathaya) complements the vegetation, being mostly at 10-15% and >
20% only in two samples (Fig. 9; Appendix Fig. A4a). The abundance of
pollen found in clumps (Chenopodiaceae, Caryophyllaceae, Poaceae,
Decodon) supports the assumption of low water dynamics and points to
a short transport to the sedimentation area. Marine dinoflagellates (all
samples), green algae such as Prasinophyceae and Botryococcus (MK 11,
23, 24), unique Pediastrum (MK 24), plant tissues, fungi (MK 1), amount
of small medium to dark brown phytoclasts, are also present. Alterations
in palynomorphs in forms of cubic caves caused by the crystallization of
pyrite under anoxic or dysoxic conditions were observed in two samples
(MK17, MK 9).

4.5.2. Coexistence approach, plant functional types (PFTs)

The reconstructed PFT diversity data show some variability that may
also reflect sedimentary facies changes. Herbaceous diversity (PFTs 1-3)
accounts for ca. 15-35% of total diversity and displays short-term
variability. Highest diversities are recorded in the uppermost Tarkha-
nian (depth level 25.8 m) and at depth levels 31 m and 43 m of the
Chokrakian. Aquatics are mainly present in the Tarkhanian where they
may account for ca. 10% of total diversity. Arboreal diversity (Fig. 9;
Appendix Fig. A4b; Supplementary Fig. S3) displays less variability
among the samples, with conifer PFTs ranging from ca.15-30% of the
total diversity, broadleaved evergreen components ca. 20-30%, broad-
leaved deciduous components at 30-45%, and tropical evergreen and
raingreen PFTs attaining ca. 8-15%. PFT 18 representing coastal swamp
trees is present throughout the record.

Several indices are calculated to support the interpretation of the PFT
spectra (Appendix Fig. A4b). The conifer/non-conifer ratio shows a
relatively stable increasing upwards. The broadleaved evergreen/
broadleaved deciduous ratio and the warm/cool woody PFTs indices,
both potentially reflecting a climate signal, first show a steady decline
up to 19.67 m and thereafter an increasing trend culminating at 34 m,
followed by a poited decline towards the top. The dry/wet trees index
has a considerable variability but may hide an overall increasing trend
(Appendix Fig. A4b). The ratio of herbs and shrubs by trees is likewise
highly variable, while the Chokrakian samples tend to have higher
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values.

The reconstructed temperature records (Appendix Fig. A4a) show
cyclical changes in the Tarkhanian, and a trend of moderate, gradual
cooling in the Chokrakian. In the Tarkhanian CMTmin values mostly
exceeded 10°C (means = 11°C), while in the Chokrakian CMTmin values
dropped to 5°C (means <10°C). With MAT means mostly between 15
and 20°C, climate remained warm and temperate. With WMT means of
ca. 24°C near the base to 27°C at the top of the section an increase in
seasonality is evident, setting on in the latest Tarkhanian (Appendix Fig.
A4a). The mean annual range of temperature (MART) is an important
variable for estimating continentality of climate (MART = WMTmean —
CMTmean). Range of MART lower than 15°C means more equable-
temperature conditions throughout the year, while that of >15°C in-
dicates higher climate continentality. In the Tarkhanian, some vari-
ability is visible (MART ~12-17°C), while in the Chokrakian a MART
>15°C is pointing to higher continentality of climate.

Precipitation values also show higher variability in the Tarkhanian
with drier intervals (MAP, MPwet) at 19.3-20.4 m and 25.8 m, respec-
tively. Interval of mean annual precipitation (MAP) range from
~1000-1600 mm (with one exception), mean precipitation of the
wettest month (MPwet) ~190-260 mm, mean precipitation of the driest
month (MPdry) ~ 20-40 mm, mean precipitation of the warmest month
(MPwarm) ~110-175 mm. These results point to a distinct seasonality
in precipitation with the driest month not in the warmest season. The
ratio of MPwarm on MAP is an important measure to estimate possible
drought during summer. According to the results, summers were most
humid at 19.67 m where MPwarm accounted for ca. 16% of annual
rainfall. Thereafter, there was a step-wise decline to values around 9% as
found in the Chokrakian samples (Appendix Fig. A4a).

4.6. Geochemistry

4.6.1. Stable oxygen and carbon isotopes

The foraminiferal oxygen isotope values vary from —0.78 to 0.90%o
for benthic specimens and from —7.98 to —3.90%o for planktic taxa. 50
values for the benthic foraminifera Nonion commune are comparable for
the Chokrakian and Tarkhanian, whereas planktic 5'80 values for the
Chokrakian are higher than those of the Tarkhanian. Notably, §'%0
values for benthic and planktic taxa are clearly different across the
whole studied interval, although in the Chokrakian this difference
slightly decreased (Fig. 10A). The very low values obtained from the
planktic foraminifera raise concerns that these materials are

Fig. 9. Classic pollen diagram — percentage of determined taxa in Malyi Kamyshlak section.
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Plate 6. Palynomorphs from Malyi Kamyshlak:

1 - Rosaceae, Prunus type; a — LM 1000x, b,c — SEM, MK-3.

2 — Cyperaceae ge.indet — SEM, MK-24.

3 — Tricolpopollenites henrici — Quercus sp. lobatae type; a — LM 1000x, b,c — SEM, MK-3.
4 — Pediastrum sp. — LM 1000 x, MK-24.

5 — Erica sp. a - LM 1000x, b,c — SEM, MK-24.

6, 7 — Vitaceae gen indet; 6a,7a — LM 1000x, 6b,c, 7b — SEM, MK-24.

8 — Caryophyllaceae gen indet; a — LM 1000x, b — SEM, MK-3.

9a,b — Chenopodiaceae gen. Indet; a - LM 1000x, b — SEM, MK-3.

10 — Platycarya sp. — SEM, MK-24.
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Fig. 10. Range of oxygen (A) and carbon (B) stable isotopic values obtained from tests of planktic Globigerina bulloides (Gb) and benthic Nonion commune (Fc) for

Chokrakian (Chokr), upper Tarhkanian (UTark) and middle Tarkhanian (MTark).

Table 1

Strontium isotope values from the middle Tarkhanian (Bed 2, Skelia section — sample 08 K201, 08 K202, Bed 3, Malyi Kamyshlak section — sample 08 K195). 8”Sr,/%6sr
values were converted into numerical ages using the regression curve LOWESS look-up Table version 6 (McArthur et al., 2020).

Sample Analysed material 878r/80Sr 2SE Maximum age (Ma) Mean age (Ma) Minimum age (Ma)
MiKam 08 K195 Otolith 0.708751 0.000008 15.99 15.86 15.72
Skelia 08 K201 Ostrea cochlea 0.708759 0.000011 15.92 15.73 15.51
Skelia 08 K201 Nonion commune 0.708764 0.000010 15.82 15.63 15.42
Skelia 08 K202 Ostrea cochlea 0.708731 0.000009 16.32 16.18 16.04
Skelia 08 K202 Nonion commune 0.708766 0.000018 15.92 15.59 15.14

diagenetically affected. However, their internal test walls as well as
dissections were carefully checked using SEM and revealed excellent
preservation following Pearson and Burgess (2008) and Pearson (2012).
For the analysis only empty tests were used. This, together with clearly
different isotopic values for planktic and benthic foraminifera from the
same sample, minimizes these doubts on diagenetic alteration.

The carbon isotope values for planktic foraminifera vary from —5.37
to —2.18%o, the values for the Chokrakian samples are higher than those
from the Tarkhanian. 8'3C values for benthic foraminifera vary from
—3.26 to —0.75%o and they decreased from the middle Tarkhanian to the
Chokrakian. While the Tarkhanian §'C values for benthos and plankton
differ, the Chokrakian 513C values are similar (Fig. 10B).

4.6.2. Strontium isotope data

Five strontium isotope (87Sr/868r) values were obtained based on
fossils from the middle Tarkhanian of the Skelia (four values) and Mali
Kamyshlak (1 value) sections. The sampled fossils were two shells of a
benthic bivalve (Ostrea cochlea Poli), two tests of the infaunal forami-
nifera Nonion commune, and an otolith (1 value) (Table 1 and Fig. 11).

Including the statistical uncertainty (20) of the strontium isotope
results (Table 1), the chemostratigraphical data from the five studied
samples provide an age range of 16.3-15.1 Ma (Fig. 11). Notably, the
16.3 Ma maximum age data point (sample 08 K202, Ostrea cochlea) is
0.3 Ma older than all other maximum ages obtained (Fig. 11; Table 1).
As Ostrea cochlea is the index species of the middle Tarkhanian (it is not
present in the lower Tarkhanian), its 16.3 Ma age could represent older
middle Tarkhanian sediments from which it was reworked. Because it is
a single value, we exclude it from our further discussion. Accordingly,
SIS indicates an age range of 16.0-15.1 Ma for the middle Tarkhanian.
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5. Interpretation and discussion
5.1. Age model

Here we use our new plankton data from the Mali Kamyshlak section,
previously published nannofossil data from the same section, and the SIS
results to propose a new age model for the Tarkhanian and lower
Chokrakian. In the context of nannofossil biostratigraphy it must be
noted that determination of First Occurrence (FOs) and Last Occurrence
(LOs) may not always be precise because index species were rare.

No biostratigraphically informative nannofossil species were ob-
tained from the lower Tarkhanian and the Chokrakian. In contrast, the
middle and lowermost upper Tarkhanian yielded the index species
Helicosphaera waltrans (FO 15.47 Ma, laccarino et al., 2011) (Supple-
mentary Fig. S7). Also, the index species Helicosphaera ampliaperta (LO
14.8 Ma, Raffi et al., 2020) is present in these strata (see Studencka et al.,
1998 and references cited therein). The lowermost upper Tarkhanian
additionally contained the index species Sphenolithus heteromorphus (FO
18.0 Ma, LO 13.5 Ma; Young, 1994) (Supplementary Fig. S7). Further-
more, the absence of the planktic foraminifera Praeorbulina and Orbulina
in the Chokrakian can be used as an additional age constraint because
these taxa are common in Paratethys sediments younger than 14.6 Ma
(Holcova et al., 2019). Taking the biostratigraphic evidence together,
the middle and upper Tarkhanian and the lowermost Chokrakian range
from 15.47 to 14.6 Ma.

Excluding the single 16.3 Ma maximum age value (see above), our
SIS data indicate an age of 16.0-15.1 Ma for the middle Tarkhanian
(Table 1), which is slightly older than that the biostratigraphic data
suggest. A possible reason could be that riverine inflow has produced a
local 8Sr/%0sr signal in the middle Tarkhanian sea. This assumption is
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Fig. 11. Numerical ages of the middle Tarkhanian samples using SIS (Stron-
tium Isotope Stratigraphy). &7Sr/%°Sr values were converted into numerical ages
using the regression curve LOWESS look-up Table version 6 (McArthur et al.,
2020). Crosses indicate mean ages; rectangles indicate the ranges of age
including +/— 2SE.

supported by abundant presence of euryhaline bivalves (oysters) and by
low oxygen values of planktic foraminifera (Fig. 10). That the riverine
influx has led to ‘too old” ages could be explained by a provenance area
comprising pre-Middle Miocene carbonate rocks (Benito et al., 2020).
An alternative explanation could be that the oyster banks of the middle
Tarkhanian represent a slightly older time span than the oceanic water
carrying nannofossils, and that slightly older oysters and benthic fora-
minifera co-occur with slightly younger nannofossil species due to low
sedimentation rates and time averaging.

In conclusion, taking biostratigraphic and SIS data together, it can be
assumed that the lower Tarkhanian is older than ~15.5 Ma (or even
older than ~16.0 Ma), that the middle Tarkhanian ranges from
~15.5-15.1 Ma, and that the upper Tarkhanian and lowermost Chok-
rakian are 15.1-14.6 Ma old (Fig. 12). For the Tarkhanian-Chokrakian
boundary, radiometric dating of ~14.75 Ma is available from the sec-
tion Belaya (Palcu et al., 2019), and this age fits well with our model. For
the entire Tarkhanian, however, Palcu et al. (2019) had proposed a very
short duration (~14.85-14.75 Ma, magnetochron C5Bn.1n), but they
also noted that a large part of the measured succession was disturbed by
a massive olistostrome and slumps. In our model, both biostratigraphic
and SIS data suggest a considerably longer duration of the Tarkhanian
(>15.5 (16.0?)-14.75 Ma) (Fig. 12). Moreover, this new age model
makes it plausible that the middle Tarkhanian flooding of the Eastern
Paratethys can be correlated to the global sea level high-stand of
sequence Bur 5/Lan 1 at ~15.2 Ma (Hilgen et al., 2012). Accordingly,
the Middle Miocene flooding of the Eastern Paratethys occurred more or
less simultaneously with the globally recognizable maximum
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transgression of the Miocene (Haq and Schutter, 2008).
5.2. Reconstructions of the marine environments

5.2.1. Late Kotsakhurian (late Burdigalian — see Fig. 12) (Bed 1 at Malyi
Kamyshlak)

In the Kotsakhurian, the Eastern Paratethys was isolated from the
open ocean and presumably had only a limited connection to the Central
Paratethys (Popov et al., 1993; Palcu et al., 2019). According to Merklin
(1950), the study area was characterized by an open sea in the late
Kotsakhurian, poor oxygenation of the bottom waters and short periods
of hydrogen sulfide contamination. Harsh bottom water conditions for
the biota are reflected by the presence of a monospecific assemblage of
the agglutinating foraminifer Saccammina zuramakensis Bogdanowicz (e.
g. Bogdanovich, 1965; Bogdanovich, 1971; Muratov and Nevesskaya,
1986). In our study, only three planktic foraminifera tests of Globigerina
were found in the Kotsakhurian samples.

5.2.2. Early Tarkhanian (early Langhian) (Bed 2 at Malyi Kamyshlak, Bed
1 at Skelia)

In the early Tarkhanian (early Langhian), the Eastern Paratethys was
characterized by a transgression and the occurrence of a new benthic
biota (molluscs, foraminifera, ostracods) (e.g. Goncharova, 1989; Gon-
charova et al., 2001). The foraminifera species composition changed
significantly and the monospecific assemblage of agglutinating Sac-
cammina zuramakensis of the Kotsakhurian is replaced by a new, albeit
still depleted assemblage of calcareous foraminifera (e.g. Archangelsky,
1940; Bogdanovich, 1965; Bogdanovich, 1971; Muratov and Neves-
skaya, 1986; Vernyhorova and Ryabokon, 2020). It has been proposed
that the new fauna had migrated through different straits from the
Central Paratethys and the Indian Ocean to the Eastern Paratethys
(Goncharova, 1989; Rogl, 1998, 1999, 2001; Goncharova et al., 2001;
Popov et al., 2009, 2019; Palcu et al., 2019). Our data reveal the
appearance of new benthic foraminifera (association I) and the preva-
lence of non-endemic species (Figs. 13 and 14), and thus confirm the
open connection of the Eastern Paratethys with the surrounding marine
basins.

According to previous works, deep-water environments of 200-400
m depth (pseudoabyssal zone, according to Derjugin, 1915, Derjugin,
1928; Andriyashev, 1979) existed in the area of the Kerch and Taman
Peninsulas at the beginning of the Tarkhanian (Goncharova, 1989;
Goncharova et al., 2001; Palcu et al., 2019; Popov et al., 2019). The
small numbers of molluscs and foraminifers have led to the assumption
that oxygen exchange in the bottom water was still insufficient in the
early Tarkhanian and caused a slow colonization of the sea floor (Gon-
charova, 1989; Goncharova et al., 2001).

Our new foraminifera data from Malyi Kamyshlak (Bed 2) and Skelia
(Bed 1) clearly show that the early Tarkhanian Basin of the study area
(Fig. 14) was part of the upper sublittoral zone (after Hedgpeth, 1957;
Longhurst, 2007), rather than the pseudoabyssal zone (see below). The
characteristic benthic foraminifera are represented by the Quinquelocu-
lina association (I), which are shallow-water taxa (inner shelf; upper
sublittoral zone) of the photic zone (predominance of herbivore species
of Quinqueloculina, Nonion, Ammonia (?), see Murray, 2006), and
possibly was resistant to some salinity fluctuations. A relatively shallow
environment is additionally confirmed by the calcareous nannofossil
species Sphenolithus moriformis (Perch-Nielsen, 1985; Andreyeva-Gri-
gorovich, 2002; Cori¢ and Hohenegger, 2008). Rare finds of shells of the
pteropod Limacina tarchanensis (Kittl) do not contradict these assump-
tions (e.g. Davitashvili and Merklin, 1968).

As proposed earlier (Goncharova, 1989; Goncharova et al., 2001),
deoxygenation in the bottom water is also seen in our data because
epibenthic foraminifera, despite of their predominance in assemblage I,
have small sizes and low abundance (suboxic A, after Kaiho, 1994)
(Figs. 13 and 14; Appendix Fig. A1; Supplementary Fig. S5). Poor bottom
water oxygenation might point to high nutrient availability and
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enhanced bioproductivity in the surface water, but this cannot be
unambiguously resolved with the data at hand. Dominance of spheno-
liths in the early Tarkhanian calcareous nannofossil assemblages seems
to indicate oligotrophic conditions (Young, 1994; Aubry, 1989; Bra-
lower, 2002). However, Sphenolithus moriformis, which is dominant in
the samples, is known as a specific representative of Sphenolithus which
can survive also in eutrophic conditions (Wei and Wise, 1990; Agnini
et al., 2007; Toffanin et al., 2011).

Our SIS age data indicate that the early Tarkhanian transgression can
be related to the early Langhian sea level rise (megacycle Bur5/Lanl)
and initial phase of the MCO (Figs. 12 and 14). Warm climate of mainly
subtropical conditions, as can be assumed for the initial stage of the
MCO, is supported by the dominance of sphenoliths (Sphenolithus spp.)
in the calcareous nannofossil assemblage indicating warm-water con-
ditions (Rio et al., 1990; Young, 1994; Aubry, 1989; Bralower, 2002).

5.2.3. Middle Tarkhanian (early Langhian — see Fig. 12) (Bed 3 at Malyi
Kamyshlak, Bed 2 at Skelia)

In the middle Tarkhanian (early Langhian), the Eastern Paratethys
retained its connections with the open ocean through the Central Par-
atethys and, possibly, the Indian Ocean (Goncharova, 1989; Goncharova
et al., 2001) (Fig. 14). This is reinforced by our results based on the
benthic foraminifera. The presence of a high percentage of cosmopolitan
species, compared to the early Tarkhanian, and the predominance of
non-endemic benthic foraminifera species (up to 80% in some samples
of associations II, III — see Fig. 13A and B) clearly indicate open con-
nections with the surrounding ocean basins.

The middle Tarkhanian is known to be characterized by a distinctive
change in the benthic species composition (molluscs, foraminifera, os-
tracods) in many areas of the Eastern Paratethys (e.g. Archangelsky,
1940; Ananiashvili, 1985; Muratov and Nevesskaya, 1986; Nevesskaya
et al., 1984, 2003). Likewise, our new data from Malyi Kamyshlak
revealed a significant change in the genus and species composition of
benthic foraminifera (Figs. 6, 7A, 13, and 14; Appendix Fig. Al; Sup-
plementary Fig. S5). However, there is currently no agreement what has
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caused the middle Tarkhanian biotic turnover. One possibility could be a
change in water depth. Merklin (1950), who studied the mollusc as-
semblages, suggested that the middle Tarkhanian on the Kerch Penin-
sula represented the pseudoabyssal zone (after Derjugin, 1915, 1928;
Andriyashev, 1979), whereas Goncharova (1989) and Goncharova et al.
(2001), also based on molluscs, assumed that the area of the Kerch
Peninsula was shoaling from the pseudoabyssal to the lower sublittoral.
The combination of our new foraminifera and fish data and previous
mollusc data (Davitashvili and Merklin, 1966) supports the assumption
that the middle Tarkhanian Basin of the Kerch Peninsula was part of the
lower sublittoral, photic zone (after Hedgpeth, 1957; Longhurst, 2007)
(see below). However, a shoaling during the middle Tarkhanian, as
proposed by Goncharova (1989) and Goncharova et al. (2001), cannot
be confirmed. Among the benthic foraminifera, species of Globulina,
Guttulina, Pseudopolymorphina, Fissurina, and Cassidulina clearly indicate
that the water depth in the study area had increased in comparison with
the early Tarkhanian. A rather deep environment, most likely close to
the outer shelf, is also supported by the occurrence of fish otoliths of the
pelagic genera Vinciguerria (Phosichthyidae) and Aphia (Gobiidae) in the
middle Tarkhanian samples. Today, Vinciguerria is abundantly present in
all temperate, subtropical and tropical oceans (Nelson et al., 2016),
where it undergoes daily migrations, with a usual 250-600 m depth
range during daytime and a 50-500 m depth range during the night
(Gradianu et al., 2020 and references cited therein). Aphia is a common
element of the modern gobiid fauna of the Mediterranean Sea, Azov and
Black Sea (La Mesa et al., 2005). The striking absence of otoliths of
benthic gobiids, which mostly need water depth shallower than 80-100
m (Miller, 1986), reinforces the assumption of relatively deep water.
A further notable finding of our study is that strong local palae-
oenvironmental differences existed in the middle Tarkhanian sea of the
study area. At Malyi Kamyshlak, the Nonion-Globulina-Guttulina associ-
ation (II) combines benthic foraminiferal species (Appendix Fig. Al;
Supplementary Fig. S5), which predominantly inhabit the outer shelf (e.
g. Ouda and Obaidalla, 1998; Rogl and Spezzaferri, 2003; Murray, 2006;
Katz et al., 2013; Nurzalia et al., 2018). As during the early Tarkhanian,

Fig. 12. The proposed age model of the Tarkhanian and its correlation with MCO and MCT.
Legend: Stratigraphic framework — Raffi et al., 2020. Lower borders of the Eastern Paratethys stages (Chokrakian and Karaganian) are used from Palcu et al., 2017,
2019. Mega Cycles — after Hilgen et al., 2012. Climatic events — after Zachos et al., 2001; Holbourn et al., 2005; Shevenell et al., 2006.
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the presence of herbivore species of Quinqueloculina, Spiroloculina, Tri-
loculina, Ammonia (?) and Nonion (after Murray, 2006) in this associa-
tion indicates a photic zone of environment. The predominance of
species belonging to suboxic B indicators (Fig. 13; Supplementary Fig.
S5) (according to Kaiho, 1994, 1999; Murray, 2006) suggests low oxy-
gen content in the bottom water. The significant dominance of infaunal
over epifaunal species (from 70 to 90% in the sample) may indicate a
low oxygen content (hypoxy) inside the sediments (after Rosoff and
Corliss, 1992; Jorissen et al., 1995; Baldi, 2006; Murray, 2006; Drinia,
2009) (Fig. 13). The narrow range of the oxygen isotopic values of the
benthic foraminifera suggests stable bottom water chemistry (Fig. 10).
In comparison to Malyi Kamyshlak, the coeval deposits of the Skelia
section revealed a very different association of benthic foraminifera,
both in terms of species composition and qualitative characteristics
(Figs. 7B and 13; Appendix Figs. A1l and A2; Supplementary Figs. S5 and
S$6). This is the Triloculina-Textularia-Guttulina-Nonion association (III)
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(Appendix Fig. A2; Supplementary Fig. S6), which is inhabiting pre-
dominantly the inner-shelf, photic zone (Murray, 2006; Ouda and
Obaidalla, 1998; Nurzalia et al., 2018; Trabelsi et al., 2017). Unlike
association II (Fig. 13), oxic indicators (large-sized and thick-walled
miliolids) prevail here indicating high oxygen content of the bottom
water (according to Kaiho, 1994, 1999). Besides, the infauna / epifauna
ratio changes significantly in this association compared to association II;
their proportion is approximately 50 to 50% in all samples (Fig. 13)
which may indicate a higher oxygen content inside the sediments of this
sea zone. In addition, the presence of oyster banks at Skelia indicates
hard substrate (stones, rocks or dense sandy silts) with high bottom
waters dynamics, and relatively shallow water conditions.

Another feature of the middle Tarkhanian bottom environments
(according to data from both sections) is persistence of low oxygen (up
to hypoxia) in the sediment, but increased bottom water oxygenation
compared to the early Tarkhanian (Fig. 14). This points to a distinctive
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change in the quality of the surface water, as it is indicated by the
nannofossil assemblages from the middle Tarkhanian samples, with the
high-nutrient marker Coccolithus pelagicus as dominant species (see
Okada and McIntyre, 1979; Winter et al., 1994; Cachao and Moita,
2000). Furthermore, clear differences of the isotopic values derived from
benthic and planktic foraminifera, with unusually low oxygen isotopic
values for the planktic species (Fig. 10), indicate that the water column
was stratified (see also Palcu et al., 2019). Although the low oxygen
isotope values could be caused partly by the small size of the planktic
foraminifera (Metcalfe et al., 2015), we assume that the main reason is
the influx of fresh water, which changed the chemistry of the surface
water. Such salinity oscillations in the surface water might additionally
be supported by the small size of the planktic foraminifera, which in-
dicates that they lived at or outside their environmental optima and
might reflect decreased salinity, nutrient availability, carbonate satu-
ration, and oxygen availability (Schmidt et al., 2004 and references
herein).

The new SIS age data allow to correlate the middle Tarkhanian with
the sea level rise and highstand of the Langhian megacycle Bur5/Lanl
and main phase of the MCO (Figs. 12 and 14). It thus seems plausible to
assume that the middle Tarkhanian increase in foraminifera and mollusc
species diversity and abundance, the high percentage of cosmopolitan
species and also the increase in water depth can be explained by the
growing influence of the MCO, causing a high-stand of the World Ocean
and, as a consequence, the greatest transgression into the epicontinental

22

Eastern Paratethys sea.

5.2.4. Late Tarkhanian (middle Langhian — see Fig. 12) (Bed 4 at Malyi
Kamyshlak)

In the late Tarkhanian, the connection between the Eastern Para-
tethys and the open ocean continued, but was less stable (Goncharova,
1989; Goncharova et al., 2001). The beginning isolation of the Eastern
Paratethys is well observable in our data, which show a sharp change in
the species composition of the benthic biota and an increase in the
proportion of endemic foraminifera species (up to 50% — see associations
IV, V) (Figs. 13 and 14).

It is known that the late Tarkhanian is characterized by a significant
change in the species composition of the benthic biota (molluscs, fora-
minifera, ostracods) in many areas of the Eastern Paratethys (e.g.
Archangelsky, 1940; Ananiashvili, 1985; Muratov and Nevesskaya,
1986; Nevesskaya et al., 1984, 2003). Furthermore, a sharp decrease of
molluscs compared to the middle Tarkhanian is observed. The charac-
teristic mollusc association is represented by a Leda-Abra assemblage,
with prevailing infauna (Merklin, 1950). Based on the molluscs, an open
shelf environment (150-200 m deep) with normal-marine, stenohaline
conditions, minor water mobility and low oxygenation of bottom water
has been proposed (Merklin, 1950; Goncharova, 1989; Goncharova
et al., 2001). This is largely in agreement with our benthic foraminifera
data from the late Tarkhanian at Malyi Kamyshlak. The assemblages can
be divided into the Nonion association (IV) and the Nonion-
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Quinqueloculina association (V) (Fig. 7A; Appendix Fig. Al; Supple-
mentary Fig. S5), both are characterized by a sharp decrease of species
and also by a decrease in the number and the size of their tests in
comparison to the middle Tarkhanian foraminifera (Figs. 13 and 14).
The Nonion association (IV) has some similarity in genus and species
composition with the middle Tarkhanian foraminifera association from
Malyi Kamyshlak (Figs. 6 and 7A) and indicates an outer shelf area (after
Ouda and Obaidalla, 1998; Murray, 2006; Katz et al., 2013; Nurzalia
et al., 2018). Slight shoaling of the sea is indicated by the Nonion-
Quinqueloculina association (V), which points to inner- to outer shelf
conditions (after Ouda and Obaidalla, 1998; Murray, 2006; Katz et al.,
2013; Nurzalia et al., 2018). As before, the presence of herbivore species
of Quinqueloculina, Triloculina, Discorbis, Ammonia (?) and Nonion (after
Murray, 2006) in both associations indicates a photic zone. The few fish
otoliths reveal the same pattern as seen in the Nonion association; their
composition is similar as in the middle Takhanian and suggests rela-
tively deep water of an outer shelf.

Low oxygen conditions in the bottom water can be assumed based on
the prevalence of Suboxic B indicators (according to Kaiho, 1994, 1999;
Murray, 2006) in association IV (Fig. 13; Supplementary Fig. S5).
Furthermore, variable epifauna/infauna ratios in associations IV and V
(Fig. 13; Supplementary Fig. S5) suggest unstable sea-floor environ-
ments with fluctuating nutrient/oxygen content inside the sediments
(after Rosoff and Corliss, 1992; Baldi, 2006; Murray, 2006). Neverthe-
less, the increase of epifaunal species in association V (Fig. 13), mainly
due to miliolids (see Fig. 6; Supplementary Fig. S5), indicates a gradual
increase in bottom water oxygenation and probably also inside the
sediments (Jorissen et al., 1995) in the study area towards the end of the
Tarkhanian. As described above for the middle Tarkhanian, significant
differences between the isotopic values of benthic and planktic fora-
minifera support that the water column was stratified, in agreement
with the model of Palcu et al. (2019). Furthermore, carbon and oxygen
isotopic values of benthic foraminifera stayed similar between the
middle and late Tarkhanian, which suggests similar quality of the bot-
tom waters (Fig. 14). In contrast, a significant change in the surface
water, compared to the middle Tarkhanian, is indicated by a clear
change in the composition of the nannofossils, which fluctuate from
Coccolithus- to Sphenolithus-dominated assemblages. Different surface
water conditions are additionally confirmed by the decrease of §13C in
the isotope data of the planktic foraminifera from the upper Tarkhanian
(Fig. 10). Both the nannofossil assemblages and the carbon stable
isotope data point to reduced availability of nutrients and less eutrophic
water (Fig. 15).

Our new age data indicate that the late Tarkhanian environmental
changes and beginning of Eastern Paratethys isolation can be associated
to the end of the MCO (Figs. 12 and 14). The slight increase in bottom
water oxygenation (seen in foraminifera association V), and clear signs
of less eutrophic waters (nannofossil assemblages, carbon isotope data of
planktic foraminifera) suggest reduced freshwater influx, possibly
because of the gradual aridification of the climate at the end of the MCO
(Figs. 14 and 15).

5.2.5. Early Chokrakian (middle Langhian — see Fig. 12) (Beds 5, 6 at
Malyi Kamyshlak)

Data from other Tarkhanian-Chokrakian sections (Bogdanovich,
1965; Dzhanelidze, 1970; Krasheninnikov et al., 2003) indicate that the
Eastern Paratethys had a limited connection with the open ocean during
the early Chokrakian (Fig. 14). The new data from Malyi Kamyshlak
show that the number of endemic benthic foraminifera species (associ-
ation VI) increases up to 60% per sample (vs. up to 50% in samples from
the late Tarkhanian) (Fig. 13), which suggests an increasing degree of
isolation of the Eastern Paratethys in the early Chokrakian.

Previous works showed that the benthic species composition (mol-
luscs, foraminifers) of the early Chokrakian is largely similar to that of
the late Tarkhanian in many areas of the Eastern Paratethys, suggesting
that the bottom water environments did not significantly change (e.g.

23

Marine Micropaleontology 181 (2023) 102231

Archangelsky, 1940; Ananiashvili, 1985; Vernyhorova, 2014). The
molluscs species diversity remained low (Leda-Abra assemblage, after
Merklin, 1950, presence of the pelagic gastropod Limacina tarchanensis
(Kittl) after Davitashvili and Merklin, 1968) and normal-marine,
stenohaline conditions of the pseudoabyssal zone with some deep-
ening of the basin have been proposed (Merklin, 1950; Goncharova,
1989; Goncharova et al., 2001; these studies suggest that the lower
Chokrakian deposits at Malyi Kamyshlak and Skelia were related to the
late Tarkhanian age).

However, our new data allow to revise and refine the previous in-
terpretations. Benthic foraminifera are represented by the Bolivina-
Nonion-Quinqueloculina association (VI) (Appendix Fig. Al; Supple-
mentary Fig. S5). The composition of genera is similar to the late Tar-
khanian association V (Figs. 6 and 7; Appendix Fig. Al; Supplementary
Fig. S5), but the overall species composition is different and species
diversity has increased (Fig. 7A; Appendix Fig. Al; Supplementary Fig.
S5). In detail, association VI consists of species inhabiting the inner-
outer shelf, photic zone (e.g. Ouda and Obaidalla, 1998; Murray,
2006; Miriam et al., 2013; Nurzalia et al., 2018) and the proportion of
oxic species continues to increase. This, as well as a gradual increase in
the proportion of epibenthic species, may indicate a tendency towards
more oligotrophic conditions and better bottom water oxygenation
(Jorissen et al., 1995; Drinia, 2009). In addition, occasional changes of
dominant species are observed: the infaunal species Bolivina tarchanensis
and Nonion commune are replaced by epibenthic species of Quinquelo-
culina (Appendix Fig. Al; Supplementary Fig. S5) and an increase of
herbivore species of Quinqueloculina and Triloculina occurs in the levels
with dominant epibenthic species (Figs. 13-15; Supplementary Fig. S5).

Taking our new data and previous mollusc data together, the envi-
ronment was a normal marine, open shelf habitat, probably of the lower
sublittoral zone (after Hedgpeth, 1957; Longhurst, 2007), but not of the
pseudoabyssal zone. The pelagic species Vinciguerria merklini and
absence of benthic fish species (see above) suggest a relatively deep,
outer shelf habitat, whereas the dominance of Quinqueloculina and Tri-
loculina in some samples points to shoaling and/or increase in the degree
of water transparency. Variable bottom water oxygenation, as indicated
by the species composition of foraminiferal association VI (Figs. 7A and
13; Appendix Fig. Al; Supplementary Fig. S), suggests fluctuations be-
tween eutrophic and oligotrophic conditions, which is additionally
corroborated by the calcareous nannofossils. Overall, Sphenolithus is
dominant in the early Chokrakian assemblages, but its abundance and
diversity are variable, most likely due to oscillations in nutrient avail-
ability. Moreover, reduced fresh-water influx can be inferred based on
the slightly increased oxygen isotope values of the planktic foraminifera
(compared to the late Tarkhanian, see Fig. 10). Also, the water-column
stratification had decreased (Fig. 14), as carbon isotope values between
planktic and benthic foraminifera are similar and differences in the §'%0
values are diminished (Fig. 10).

Our new age model suggests that the begin of the Chokrakian can be
tightly linked to the end of the MCO and onset of the MCT (Figs. 12 and
14). As for the late Tarkhanian, gradual increase in bottom water
oxygenation (foraminifera association VI), and clear signs of less
eutrophic waters (nannofossil assemblages, carbon isotope data of
planktic foraminifera) suggest reduced freshwater influx because of the
ongoing aridification of the climate (Figs. 14 and 15). Moreover, com-
mon occurrence of reworked taxa among the calcareous nannofossil
assemblage points to a regressive phase (Holcova, 1999).

5.3. Reconstructions of the terrestrial vegetation

5.3.1. Early Tarkhanian (early Langhian — see Fig. 12)

From the point of view of the development of terrestrial vegetation,
the early Tarkhanian interval appears to be the warmest and wettest
according to the semiquantitative ratio of paleotropic and arctoteric
elements in the classical palynological diagram (Fig. 9). Based on the
coexistence approach (CA) this phenomenon is also evident from high
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CMT (mean temperature of the coldest month). With CMT > 10°C,
winter temperatures are among the highest in the entire record. This
coincides with the high percentage of the thermophilous zonal compo-
nent (lowermost two samples). Azonal communities such as coastal
swamp and deciduous riparian forest also attained highest proportions
in the early Tarkhanian (Fig. 9). Summers were most humid at 19.67 m
Thereafter, there was a step-wise decline of the ratio of MPwarm on
MAP.

PFT data indicate a high general plant diversity at the beginning of
the lower part of the Tarkhanian, low diversity proportion of conifers
and of drought-tolerant arboreal components (in the beginning only).
Towards the top of the lower part of the Tarkhanian there is evidence for
short-term cooling, which is indicated by the decrease of CMT and the
lowest proportion of broadleaved evergreen (BLE) to broadleaved de-
ciduous (BLD) trees (Appendix Fig. A4a and b). Precipitation and tem-
perature show high variability in the early Tarkhanian and indicate also
drier intervals. With MAT means mostly between 15 and 20°C, climate
persisted to be warm temperate. Pollen in clumps were not detected. It
seems that the environment corresponds to a relatively remote area from
the shore, e.g. a more distant part of a delta.

5.3.2. Middle Tarkhanian (early Langhian — see Fig. 12)
Sediments from the middle Tarkhanian were not suitable for paly-
nological studies.

5.3.3. Late Tarkhanian (middle Langhian — see Fig. 12)

The share of herbaceous vegetation increased. Poaceae attained
about the same percentages as Chenopodiaceae, most of which are
considered drought-tolerant elements. Moreover, coastal and aquatic
herbs appeared (Fig. 9; Appendix Fig. A4). On the other hand, the share
of sclerophytic and heliophytic, but riparian elements decreased.
Gradual increase in oxygen level of the sea in the study area towards the
end of the Tarkhanian indicates less contribution of organic matter from
land associated with a reduction in permanent land drainage due to
aridification (see above). This phenomenon could be associated with the
small proportion of riparian habitats (especially alders whose growth is
associated with eutrophic conditions) and their reduction towards the
younger parts of the profile (upper Tarkhanian and Chokrakian).

Pollen grains in clumps as an indicator of low-energy transport from
the growth site first appeared. Winter temperatures were still at a high
level (>10°C), and rainfall in the warm season. WMT increased at the
top of the upper Tarkhanian section which indicates an increase in
seasonality. The very rare presence of mountain vegetation elements
points to a flat relief without mountain chains.

5.3.4. Chokrakian (middle Langhian — see Fig. 12)

Various values (percentage of thermophylous elements, CA, PFT)
indicate a weak, gradual cooling and drying of the warm season. The
proportion of conifers shows a steady increase, whereas the diversity of
evergreen components and the percentage of thermophilous elements
first stayed at a high level, then significantly declined towards the top of
the section. The ratio of MPwarm on MAP displays a step-wise decline to
values around 9% as resulting from the upper Chokrakian samples. The
reconstructed temperature records show a trend of moderate gradual
cooling in the Chokrakian. CMTmin values dropped to 5°C. With MAT
means mostly between ca. 18 and 21°C, climate persisted to be warm
temperate.

A further reduction of the riparian elements is recorded. At the same
time, Chenopodiaceae (20-28%) and Caryophyllaceae (up to 10%) were
at their maximum occurrence. These data can be interpreted as exten-
sion of coastal salt marshes — overgrown by the halophilous flora
(Chenopodiaceae/Salicornia with Caryophyllaceae, Armeria, Daucaceae)
due to higher evaporation and decreased fresh-water influx (Fig. 9).
These vegetation changes are in good agreement with the results of our
study based on other methods (see above), according to which decreased
fresh-water influx and shoaling of the sea happened due to a regressive
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Fig. 15. Conceptual model of paleoenvironmental evolution within Tarkhanian
and Chokrakian in the Kerch Peninsula area.

phase associated with the increasing isolation of the Eastern Paratethys.
Precipitation decline in the warm season is most evident from the ratio
of Mpwarm/MAP. Moreover, a mean annual range of temperature
(MART) > 15°C in the Chokrakian points to higher continentality of
climate (Appendix Fig. A4).

5.4. Comparison of climatic evolution between the Eastern and the
Central Paratethys during culmination of the MCO

Terrestrial ecosystems experienced substantial heterogeneity in the
regional manifestation of the Miocene Climatic Optimum (MCO) (Harris
et al., 2017). Palynofloras and phytolith assemblages suggest that open,
grass-dominated, mosaic habitats, or steppe vegetation continued to
spread during the middle Miocene in the eastern Mediterranean as part
of an ecological transition that started in the Early Miocene (Leopold
and Denton, 1987; Stromberg et al., 2007; Stromberg and McInerney,
2011; Harris et al., 2017; Smiley et al., 2018; Steinthorsdottir et al.,
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2021). In addition, the Middle Miocene records the maximum advance
of vegetation adapted to warm and/or wet climates to higher latitudes,
as well as spreading of sclerophyllous forests, grass-dominated habitats,
and initiation of modern deserts. Subhumid sclerophyllous forest was
common in Eurasia, including west-central Europe, middle Asia, and
Anatolia, where broad-leaved deciduous forest and subtropical forest
also occurred (Kovar-Eder et al., 2008a, 2008b; Ivanov et al., 2011;
Utescher et al., 2011; Bouchal et al., 2016), as well as more open, grass-
dominated-or steppe vegetation (Stromberg and McInerney, 2011; Tang
and Ding, 2013).

The feature of the Middle Miocene vegetation around the Central
Paratethys was significantly affected by the Alpine uplift in the western
Alps and Carpathians (Kovac et al., 1994; Meulenkamp and Sissingh,
2003; Sharp et al., 2005; Campani et al., 2012). For the Karpatian (late
Burdigalian) and early Badenian (early Langhian) of the Carpathian
Foredeep and the Vienna Basin, very warm conditions with low sea-
sonality, high precipitation and high abundances of palaeotropical
(thermophilous) elements were observed (Dolakova et al., 2021). The
same pattern of climate was recorded based on the vegetations found in
the Pannonian Basin (Jiménez-Moreno et al., 2005) and the Korneuburg
Basin (Hofmann et al., 2002; Kern et al., 2011).

However, there are also several alternations between warmer and
cooler phases in the Carpathian Foredeep and Vienna Basin that partly
have been correlated with glacial events (Mi 2a and Mi 3a according to
Miller et al., 1998) (Dolakova et al., 2021). Periodic changes in climatic
factors — especially temperatures and precipitation and increasing sea-
sonality were interpreted in the frame of the culminating MCO and the
beginning of the Miocene Climate Transition (MCT). Nevertheless,
swamp tree pollen and annual precipitation rates point to the persis-
tence of overall humid climate conditions and the almost continuous
presence of subtropical conditions in all regions of the Central Para-
tethys (Kopecka et al., 2022). Evidence for the MCT and subsequent
cooling during the Late Langhian — Early Serravalian (upper part of the
nanoplankton zone NN5 and in NN6 — above the LO of Helicosphaera
waltrans at 14.371 Ma) were recorded in the Carpathian foredeep and
Vienna basin (Doldkova et al., 2014; Holcova et al., 2015; Nehyba et al.,
2016; Dolakova et al., 2021). Reconstructed precipitation data and the
presence of drought-tolerant plant functional types point to a seasonal
climate with a trend to somewhat drier conditions during the Serra-
vallian (with distinctly drier season, which was, however, not the warm
season).

In comparison to time-equivalent vegetation data from the Carpa-
thian foredeep, the palynospectra from the Malyi Kamyshlag section are
characterized by slightly lower percentages of palaeotropical elements
in the Tarkhanian and a clear decrease in the Chokrakian (Kovacova
et al.,, 2011; Dolakova et al., 2021). In addition, the reconstructed
temperature and precipitation values indicate cyclical changes and also
drier intervals especially in the upper Tarkhanian, and a trend of mod-
erate gradual cooling and higher continentality in the Chokrakian.

A notable feature is the constant existence of Taxoioideae swamps
(although they are decreasing upsection), which is probably associated
with a very flat coastline at Malyi Kamyshlag. In the upper Tarkhanian
and Chokrakian, the progressive increase in the proportion of herbal
elements indicates a gradual opening of the landscape, occurrence of
non-forested areas, and extension of coastal salt marshes (overgrown by
the halophilous flora) accompanied by higher evaporation.

Taxonomic diversity changes periodically across the entire section,
which may also be due to taphonomy - such as changes in the redox
potential of seawater or sediment. This phenomenon is also observable
in time-equivalent vegetation records from the Central Paratethys (i.e.
Dolakova et al., 2014; Holcova et al., 2015; Dolakova et al., 2021).
Another typical indicator for lower Langhian palynospectra in the
Central Paratethys as well as at Malyi Kamyshlag is the increased di-
versity and quantity of “deciduous oak type” pollen grains. Nevertheless,
a marked difference from the Central Paratethys is that all values from
Malyi Kamyshlag (percentage of thermophylous elements, CA, PFT)
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indicate a weak, gradual cooling and drying of the warm season, as well
as significant climate continentality in the early Chokrakian (before
14.6 Ma, see Appendix Fig. A4). This indicates an earlier trend of climate
change than in the Central Paratethys, where cooling and continentality
has only been recorded from sediments younger than 14.3 Ma (see
above). We assume that this earlier increase in climate continentality is a
regional phenomenon of the Eastern Paratethys, associated with the sea
regression in the late Tarkhanian and the existence of a large flat
continent.

6. Conclusions

Our comprehensive analyses including (micro)palaeontology (fora-
minifera, calcareous nannofossils, molluscs, fish otoliths), palynology
(spores and pollen), geochemistry (carbon and oxygen stable isotopes)
and strontium isotope age dating resulted in a new age model for the
studied sections of the Tarkhanian and lower Chokrakian (lower Lan-
ghian), which is >15.5 (~16.0?) — 14.75 Ma, with the middle Tarkha-
nian dated to ~15.5-15.1 Ma. The new age data were linked with the
reconstructions of marine environments, coastal and inland vegetation
and allowed to conclude possible relations to global climate change:

The middle Tarkhanian flooding can be correlated to the global sea
level high-stand of sequence Bur 5/Lan 1 at ~15.2 Ma. This implies that
the global sea level rise of the MCO is well detectable at the same time in
the Eastern Paratethys, despite of its palaeogeographic location far away
from the open sea.

The mostly stable open marine shelf conditions (near upper part of
lower sublittoral zone) with stratification of the water column dominate
the study area from the Tarkhanian to early Chokrakian. The water
column stratification is most distinct in the middle Tarkhanian and
decreased in the early Chokrakian. Changes in the benthic assemblages
are associated with fluctuations in bottom water oxygenation and
nutrient/oxygen content within the sediment, with increasing substrate
density and/or shallower water, and possibly also with a change in the
degree of illumination. The maximum species diversity of the benthic
assemblages occurs in the middle Tarkhanian and thus appears to be
associated with the culmination of the MCO.

A gradual transition to more arid and continental climate conditions
occurs during the Tarkhanian to early Chokrakian. The wet and warm
climate of the early Tarkhanian gradually changes to a more seasonal
climate with cooler winters and drier summers in the late Tarkhanian
and Chokrakian. Coastal swamp and deciduous riparian forest has their
largest extend in the early Tarkhanian.

Our palynological results may be one of the first to indicate that a
trend of cooling and aridification occurred earlier in the Eastern Para-
tethys (before 14.6 Ma) than in the Central Paratethys, where cooling
and continentality has only been recorded from sediments younger than
14.3 Ma. This phenomenon can most likely be related to the regression
of the late Tarkhanian sea and the wide, flat landscape of the study area
in the Eastern Paratethys, where high mountain ranges were absent.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.marmicro.2023.102231.
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Appendix Fig. A4. a) Pollen diagram combined with respect to their ecological demands according to Kvacek et al. (2006) and selected climate variables based on

the coexistence approach;

b) Synthesized diagrams showing abundance of key pollen groups, PFT diversity spectra (using the 26 PFT system according to Popova et al. and an additional
aquatic PFT 27), various diversity indices, and diversity of taxa. [Colour figure can be viewed at ileyonlinelibrary.com].
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