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Abstract: Mollusk fauna is an important component of the Caspian Sea ecosystem alongside ostra-
cods and diatoms. These faunal proxies are essential indicators of hydrological shifts reflecting global
and regional climate changes. Adding lithological, geochemical, and geochronological (radiocar-
bon) data, we revealed paleogeographic events of different scales recorded in the sequence of the
Rybachya core from the North Caspian Sea. Here, we present the reconstruction of Mangyshlak
paleovalley sediments during the Holocene multi-stage Neocaspian transgression, reflecting global
and regional climate changes varying in scale and direction. The determined age of paleovalley-fill
sediments, 8070 ± 110 cal yr BP and 7020 ± 140 cal yr BP, suggests that sedimentation processes
with extended warming and humidification started later and lasted longer than was assumed earlier.
Biological proxies indicate quasi-cyclic variability and shifts from brackish to freshwater conditions
throughout the studied interval. Rybachya core was obtained from the early Khvalynian deposits.
The Mangyshlak flow formed the depression and eroded the late Khvalynian deposits, which we
did not observe in the core structure. It possibly collapsed into paleodepression and acted as a host
material for the freshwater lentic faunal association. During the Holocene, we detected a transition
from a tranquil water regime to a more dynamic one during the paleovalley gradual filling, followed
by marine conditions typical for the modern Caspian Sea.

Keywords: paleovalley; Caspian Sea; Holocene; Neocaspian; Mangyshlak; mollusk fauna; diatoms;
ostracoda; biostratigraphy; climate changes

1. Introduction

The Caspian Sea is the world’s largest endorheic inland basin in terms of area and
volume. It consists of three basins, deepening southwards. We focused our research on the
northern, smallest (about 90,000 km2) basin of the sea, with an average depth of 5–6 m and
a maximum of 15–20 m [1]. A shallow extension of the central basin, its boundary runs
along the Mangyshlak threshold from the Tyub-Karagan Peninsula to the Kulalinskaya
Bank and further west to the Chechen Island (Figure 1). The modern North Caspian has
a temperate continental climate. The maximum annual temperature range in August is
25–26 ◦C, while the lowest February temperatures go down to 0–0.5 ◦C [2]. The salinity of
the North Caspian Sea ranges from 1 to 3‰ near the delta of the Volga River to 11‰ (the
average of the rest of the northern basin). In winter, the salinity is higher (~13‰) because
of ice formation. Most water (~80%) and terrigenous material derive in the North Caspian
from the Volga River [3–5]. Its avandelta is an important element of the bottom topography,
typically flat and shallow with a system of channels and mouth bars. After more than
a century of Caspian Sea research, there is not yet a full understanding of the causes of
the water level fluctuations and the dynamics of the water circulation in the Caspian Sea
in the past [6–12]. Its level has changed significantly over various timescales, leading to
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rapid variations in the volume and area of the water body, which is especially important
in the shallow northern part. Since the shelf area was exposed during a regressive stage
or low-standing periods, land and freshwater mollusk communities and other organisms
settled in this area, indicating climate change both in the Caspian Sea region and the East
European Plain [13]. Proxies such as mollusk fauna, ostracods and diatoms are an important
component of the Caspian ecosystem and are essential indicators of hydrological shifts
reflecting global and regional climate changes traced step-by-step in this work [13–17].

The main reason for the Caspian Sea-level changes during the Holocene is believed
to be climate-induced fluctuations; however, the data on the extent of these changes is
controversial so far. Several published works [7,11,18,19] provide sea-level curves that do
not agree with each other and have a considerable range of differences. During the last
century, analyses of the available data on the discharge to the sea and the observed sea-level
fluctuations suggest that climatically driven changes of the river inflow are the major causes
for sea level fluctuations, although plenty of issues remain debatable [4–10,12,14].

The Late Pleistocene and Holocene in the Caspian Sea region are represented by
Khvalynian and Neocaspian (also known as Novocaspian or Newcaspian) stages, respec-
tively [20–22]. Long-established Caspian paleogeographic events during the Holocene
include the Mangyshlak regressive and Neocaspian transgressive epochs [7,18,19,23,24].
The Neocaspian stage was preceded by the Khvalynian stage, which comprises Lower and
Upper Khvalynian horizons [25].

Andrusov N.I. [26] defined the Khvalynian horizon after discovering the endemic
bivalve mollusk species Didacna Eichw. [27]. In the 1950s–1960s, after geomorphological
and sedimentological studies of several key sections, the Khvalynian stage was divided
into the lower Khvalynian and upper Khvalynian subhorizons that correspond to trans-
gressive events with different sediment composition and mollusk assemblages, such as
Didacna protracta (Eichwald, 1841), D. parallela (Bogachev, 1932), D. praetrigonoides (Nalivkin
and Anisimov, 1914), D. ebersini (Fedorov, 1953), D. cristata (Bogachev, 1932), Monodacna
caspia (Eichwald, 1829), Dreissena rostriformis distincta (Andrusov, 1897), and Hypanis plicata
(Eichwald, 1829) [14,28].

Bogachev V.V. [29] defined the Neocaspian stage. Neocaspian deposits overlay Khva-
lynian sediments and correspond to transgressive series that reached –20 m asl (above
sea level). The Neocaspian mollusk assemblages contained Didacna crassa (Eichwald,
1829), D. baeri (Grimm, 1877), D. pyramidata (Grimm, 1877), D. longipes (Grimm, 1877),
D. trigonoides (Pallas, 1771), D. barbotdemarnii (Grimm, 1877), Monodacna caspia, Adacna vitrea
(Eichwald, 1829), and an invasive species of Cerastoderma glaucum (Bruguière, 1789) [14,28].

The age of the Neocaspian transgression and its stages have been a subject of compre-
hensive discussion based on radiocarbon age data and historical materials [6,30–32]. Most
researchers agree on an age of 8 kyr BP and younger [6,7,32,33]. Krijgsman W. et al. [22] sum-
marized data on the Holocene Caspian Sea regional stages and global chronostratigraphic
units for the Pontocaspian region.

The Neocaspian and Late Khvalynian transgressive stages are separated by the
Mangyshlak regressive event, when sea-level dropped to –80 m asl [6]. Seismic data
show that the Mangyshlak deposits fill paleovalleys in the strata of the Khvalynian deposits
and occur only within the limits of the existing sea area [19,32]. Bezrodnykh Y.P. and
Sorokin V.M. [19] describe paleovalleys as “elongated, stretching in the east-west direction
for a few kilometers almost parallel to each other, typically 300–500 m wide and 6–8 m deep,
locally attaining 12–13 m deep depressions”. Such paleovalleys are detected on seismic
profiles but are not reflected in the seabed relief over a large distance. In the North Caspian
Sea, the largest area of deposition during the Mangyshlak regression was the Volga paleo-
valley (Figure 1), stretching southeast to the large alluvial fan flanking the Middle Caspian
depression. For smaller scale paleovalleys, the following characteristics are given [19]:
widespread to the west and to the east from the Volga paleovalley (Figure 1) at water depths
up to 20 m below present Caspian Sea level; the features of a paleovalley appear as a gently
sloping hollow to the south; heterogenous structure to the succession of sediments that
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completely fill the paleovalley; dynamic sedimentary environments and facies changes
during paleovalley aggradation. The incised paleovalleys are evident in seven seismic
profiles crossing Volga paleovalley over a longitudinal distance of ~90 km [19].
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Figure 1. Geographic location of the studied Rybachya core (the bottom surface is hill-shaded).
* According to Bezrodnykh and Sorokin, 2016 [19].

In this study, we used drilling material from the northern region to study freshwater
and brackish water faunal associations to reconstruct and characterize the development in
this part of the basin during the Holocene. Our results have led to the assumption that the
Rybachya core was located within a paleovalley widespread in the North Caspian.

2. Materials and Methods

The Rybachya core was recovered during the prospecting survey in 2014 in the Ry-
bachya region of the North Caspian area at a water depth of 8 m. Since the prospecting
survey targeted oil-gas exploration, we cannot reveal the core coordinates, but the location
is shown in Figure 1.

The core was stored intact and covered in paraffin in the Paleogeography Laboratory
of Recent and Pleistocene Sediments (Lomonosov Moscow State University). Reported
analyses were carried out during 2020–2021.

The total length of the retrieved core is 9.5 m. We have very few samples from the
6.4–9.5 m interval, but grain size and geochemical data from this interval are very helpful
for our understanding of the paleogeography and sedimentation history of the Rybachya
core. There were no faunal nor floral remains below 6.4 m; thus, our study focused on the
upper 6.4 m of the core. Biostratigraphic zones or assemblages were established on the basis
of qualitative and quantitative changes observed in the core using the data on taxonomic
diversity, dominant species, concentration of valves (available only for diatoms, mln
valves/g of air-dried sediment), and ecological characteristics of the species [13,14]. These
assemblages represent lifetime ecological communities. Therefore, the biostratigraphic
zones we established here are ecological zones or ecozones [25]. Here, we report the results
of the multi-proxy analysis of the core samples from this site.
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2.1. Grain Size Analysis

We analyzed nine samples from the Rybachaya core from the <1 mm size fraction
using the “Fritsch Analysette 22” laser diffraction grain size analyzer. All samples were
dried at 50 ◦C for 3 h and then pretreated with 10% hydrochloric acid (HCl) and hydrogen
peroxide (H2O2) to remove carbonates and organic particles. To avoid coagulation, sodium
pyrophosphate 5% (Na4O7P2) was added to the samples as a dispersion agent. The mea-
surements were carried out with two lasers from 0.8 to 2000 µm three times for 4 min each.
Grain size classes were identified according to the Kachinskiy classification [34], defined as:
<1 µm (clay); 1–5 µm (fine silt); 5–10 µm (medium silt); 10–50 µm (coarse silt); 50–250 µm
(fine sand); and 250–1000 µm (medium and coarse sand) [34–36]. There were no coarser
fractions found at this site. Grain size and geochemical results are shown in Figure 2.

2.2. Geochemical Analyses

We used the Olympus Delta Professional analyzer to perform Energy Dispersive X-ray
Fluorescence (EDXRF) geochemical analyses on nine bulk samples. Results for Si, Ca, Sr,
Fe, and Ti are presented in Table 1 and Figure 2.

2.3. Mollusk Fauna Analysis

We analyzed thirteen samples (Figure 4) containing 960 mollusk remains. The analysis
included mollusks’ taxonomic identification and preservation. We studied mollusk fossils
for signs of dissolution, abrasion, color preservation, and fragmentation. The findings
of articulated bivalves pointed to in situ samples. The data provided the basis for the
biostratigraphic subdivision of the sedimentary series and paleobasin reconstruction. Pa-
leoreconstruction is based on the interpretation of the alternating marine, brackish water,
slightly brackish water, freshwater, and terrestrial assemblages of mollusks. We focused
on the bivalve genus Didacna Eichwald [27], an index fossil for the Caspian Sea [13,25,37].
We used the available ecological data (salinity, depth range, and habitat) to reconstruct the
Holocene environment of the Northern Caspian [13].

2.4. Diatom Analysis

The samples for diatom analysis came from all lithological units, with a total of nine
samples analyzed (Figures 5 and 6). All the samples were air-dried before preparation and
then treated using standard methods [38]. Approximately 5 g of dry material was taken
from silty units and 20 g from sandy layers. To remove organic matter and carbonates,
each sample was put into a heat-resistant glass and boiled in 400 mL of 10% H2O2 for 1.5 h.
Next, all the coarse and silty matter was gradually removed by elutriation. We used a 1 mL
pipette to place the suspension containing diatoms on a clean, dry coverslip to dry at room
temperature. Coverslips were mounted in Naphrax, put on the slides, and studied at 1000×
under a Carl Zeiss Jena JENAVAL light microscope with an oil immersion objective. Diatom
taxonomic species-level identification was based on Krammer and Lange-Bertalot [39–42]
and Zabelina et al. [43].

2.5. Ostracod Analysis

We analyzed twelve samples of ostracods (Figures 7–9) using standard methods [44–46].
Samples were soaked for one hour to disaggregate the sediment and then washed through
a 63 µm sieve, and the remaining fraction was air-dried. The 0.1–2 mm and 0.063–0.1 mm
dry fractions were analyzed using a binocular microscope. Ostracod valves were identified
to species level when possible [16,47–49]. Picked specimens were placed and stored in
plastic single-cell slides.

2.6. Radiocarbon Dating

Radiocarbon dates on mollusk shells (Monodacna caspia and Dreissena polymorpha
(Pallas, 1771)) were obtained from two intervals (1.73–1.96 m and 2.07–2.11 m). The samples
were processed at the Radiocarbon Laboratory of St. Petersburg State University (index LU),
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and the liquid scintillation technique [50] was used. The radiocarbon age was calibrated
using OxCal 4.4.4 software [51] and the IntCal20 calibration curve [52].

Data obtained by the scintillation method did not include a correction for isotope
fractionation. Therefore, we relied on the concept proposed by Karpychev Yu.A. [53] that
the reservoir effect for the Caspian Sea estimated from mollusk shells and seal bones is
380–440 years [54]. The value of δ13C required for corrections for Caspian mollusk shells
isotope fractionation varies from −2.5 to 0‰. The correction for isotope fractionation is
needed if it differs from the VPDB (Vienna Pee Dee Belemnite) standard (−25‰). A value
of 1‰ corresponds to 16 radiocarbon years. Adding to the obtained radiocarbon age the
value of the correction for isotope fractionation (about 360–410 years for Caspian shells), it
is also necessary to subtract the value of the reservoir effect (about 380–440 years). It allows
us to not apply a correction for the reservoir effect and use the IntCal20 calibration curve.
The calibrated ages are presented with a 2σ deviation.

3. Results
3.1. Grain Size Analysis

Five groups of samples were distinguished (Figure 2).
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Figure 2. Grain size and geochemical analysis results of the studied Rybachya core.

The first group includes samples of the basal lithological unit collected at depths of
9.4–9.5 m, 6.3–6.4 m, and 4.2–4.4 m (Figure 2). We observed a bimodal distribution of
particle size in this unit. Fine sand represents the majority (about 60–70%) of the sediment
content, while fine silt takes up about 11–13%.

The samples from intervals of 3.0–3.5 m and 2.2–2.3 m represent the second group.
It shows a bimodal particle size distribution with more fine sediment content: coarse silt
averages 48%, while fine silt makes up 15%. Medium silt averages 10% of the sediment
content as well.

The third group includes the samples from intervals of 2.1–2.2 m and 1.7–2.0 m. The
basal layer contains a significant amount of fine sand whose percentage rises upwards from
48% to 67%. The peak of fine sand is less symmetric due to the admixture of coarse silt (up
to 24%).

The sample at a depth of 0.3–0.8 m represents a separate fourth group. It is also
characterized by a bimodal distribution with two peaks close in values: coarse silt (40%)
and fine silt (31%). Medium silt also has a relatively high percentage (15%). Additionally,
the amount of clay in the sample is the highest throughout the core and reaches 10%.
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The fifth group is represented by a single sample in the interval 0.2–0.3 m. Its charac-
teristics are close to the second group, with a predominance of fine sand (83%) suggesting
a high-energy environment. However, this layer contains higher percentages of coarse
and medium sand. These particles reach 16% in the sample, while clays and fine silt are
practically absent (0.2 and 0.6%, respectively).

3.2. Geochemical Analysis

Geochemical compositions of analyzed sediments show the predominance of silica
(Si), iron (Fe), and calcium (Ca) (Figure 2, Table 1). The high concentration of Ca (~28%)
corresponds to the upper part of the core and could be related to shell fragments in
the sediments. The high value of Fe corresponds to silt and clay fractions (>80%). The
concentration of Ca and Sr are related to decreasing Fe, Si, and Ti values. The lower part of
the core mainly consists of fine sand, with a high concentration of Si corresponding to the
sand fraction.

Table 1. Rybachya core geochemical analysis results.

Depth (m) Si (%) Ti (%) Fe (%) Ca (%) Sr (%) Other
Elements (%)

0.2–0.3 3.55 0.23 1.10 4.80 0.10 90.23

0.3–0.8 1.90 0.20 3.76 3.40 0.04 90.70

1.73–1.96 5.30 0.31 1.37 3.14 0.03 89.85

2.15–2.20 4.30 0.24 1.53 3.25 0.02 90.65

2.35–2.34 3.06 0.26 3.31 3.68 0.03 89.66

3.13–3.50 0.95 0.00 0.69 28.20 0.29 69.87

4.25–4.40 4.28 0.10 0.98 1.01 0.01 93.62

6.3–6.4 6.57 0.12 0.93 1.03 0.01 91.33

9.40–9.50 5.61 0.16 1.12 1.58 0.01 91.52

3.3. Mollusk Fauna

The mollusk fauna in the core contains 16 species (Figures 3 and 4). These taxa have dif-
ferent ecologies and are adapted for basins with different hydrological and hydrochemical
regimes. The biostratigraphic index fossil Didacna Eichwald is absent.

Samples from the lower sandy unit (below 3.7 m) do not contain mollusk shells. Only
a single indeterminate fragment was found.

Assemblage I: The sediments of the overlying unit (3.50–3.13 m) are dominated by Theo-
doxus pallasi (Lindholm, 1924), rare Dreissena polymorpha, and Lymnaea stagnalis (Linnaeus, 1758).

Assemblage II: The 2.34–2.25 m interval contains abundant Monodacna caspia and Dreis-
sena polymorpha, along with Dreissena caspia (Eichwald, 1855), Clessiniola variabilis (Eichwald,
1838), Unio sp. (small fragments), Viviparus sp. (debris), and Valvata piscinalis (O. F. Müller,
1774). The interval of 2.27–2.23 m contains very rare shells of Bithynia tentaculata (Linnaeus,
1758), Clessiniola variabilis, and small fragments of Unio shells. At 2.20–2.16 m, shell material
is rare, and it contains Monodacna caspia, Clessiniola variabilis, Dreissena polymorpha, small
fragments of Unio sp., and Planorbis sp. As well. The sample from the interval 2.22–2.14 m
includes abundant specimens of Dreissena polymorpha, rare Clessiniola variabilis, Lymnaea
stagnalis, Monodacna caspia, and a single fragment of Valvata sp. The next interval at the
depths of 2.11–2.07 m includes infrequent, well-preserved shell fragments of Dreissena
polymorpha, Hypanis plicata, Valvata piscinalis, Clessiniola variabilis, Unio sp., Valvata sp., and
Planorbis sp. The interval 1.96–1.73 m is characterized by Viviparus viviparus (Linnaeus,
1758), Valvata piscinalis, Planorbis planorbis (Linnaeus, 1758), Unio sp. (fragment), Dreissena
polymorpha, Dreissena caspia, Monodacna caspia, Clessiniola variabilis, Theodoxus pallasi, and
Abeskunus brusinianus (Clessin and W. Dybowski, 1887).
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(13) Monodacna caspia; (2), (3) Viviparus viviparus; (4) Clessiniola variabilis; (5a, b, c) Theodoxus pallasi;
(6) Abeskunus brusinianus; (7) Dreissena polymorpha; (9) Hypanis plicata; (11) Monodacna angusticostata;
(12) Didacna sp.; (14) Unio sp.; (15) Dreissena caspia; (16) Valvata piscinalis; (17) Lymnea stagnalis; (18)
Planorbis planorbis; (19) Bithynia tentaculata; (20) Adacna vitrea. Scale bars 1 cm.

Assemblage III: The interval 0.80–0.30 m contains only detritus, while samples from the
core upper part (0.30–0.20 m) interval contain a prevalence of Monodacna caspia, numerous
Monodacna angusticostata (Borcea, 1926), and Dreissena caspia, with rare specimens of Hypanis
plicata, Bithynia tentaculata, Theodoxus pallasi, Adacna vitrea (Eichwald, 1829), Clessiniola
variabilis, and small fragments of Didacna sp.
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Figure 4. Rybachya core list of mollusks (grouped from left to right from marine/brackish water to
freshwater species).

3.4. Diatoms

Ninety-five diatom species were distinguished that represent five diatom assemblages
(or ecozones) (Figures 5 and 6). They were established using data on taxonomic diversity,
dominant species, concentration of diatom valves (mln valves/g of air-dried sediment),
and ecological characteristics of the species [43]. Reconstructed environments range from
freshwater and shallow inter-distributary bays and channels to typical marine sedimenta-
tion. The samples vary greatly in the concentration of diatom valves along the core from
0.34 to 25.2 mln valves/g.

Assemblage I (3.8–3.9 m) was established within the silty sand layer by single valves
of the following freshwater diatoms: Fragilaria capucina (Desmazières, 1830), Aulacoseira
granulata (Ehrenberg) Simonsen, 1979, and Cocconeis placentula (Ehrenberg, 1838). The
amount of diatom valves found in the interval does not supply correct calculations of the
concentration of diatom valves.
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Figure 5. Diatoms of the studied Rybachya core. (1) Actinocyclus octonarius; (2) Thalassiosira eccen-
trica (Ehrenberg) Cleve, 1904; (3) Aulacoseira italica (Ehrenberg) Simonsen, 1979; (4) Stephanocyclus
meneghinianus; (5) Cocconeis lineata; (6) Grammatophora macilenta; (7) Navicula avenacea; (8) Mastogloia
pseudexigua; (9) Lyrella lyra; (10) Anomoeoneis sphaerophora (Pfitzer, 1871); (11) Epithemia adnata
(Kützing) Brébisson, 1838; (12) Ulnaria ulna (Nitzsch) Compère, 2001.

Assemblage II (3.5–3.0 m) occurred within sapropels with plant remains. It was estab-
lished by a high abundance of benthic diatoms (up to 100%) and a rather high concentration
of diatom valves, which increases upwards from 1.8 to 13.2 mln valves/g (Figure 6). The
periphyton species of the genus Epithemia dominate (70%). Subordinate species are brackish
water Navicula libonensis (Schoeman, 1970) and Mastogloia pseudexigua (Cholnoky, 1956)
(Figure 5). In the diatom assemblage, poor preservation of the valves and an increasing
abundance of alkaliphilous and alkalibiontic diatoms was noted.
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freshwater species).

Assemblage III (2.4–1.7 m) was distinguished in clay sediments coarsening-upward
and is characterized by different dominant species and the highest average valve abundance,
which varied from 1.0 to 25.2 mln valves/g. The maxima of the valve concentration is at the
depth of 2.2–2.4 m. The predominant freshwater taxa point to environments of lower delta:
Stephanocyclus meneghinianus (Kützing) Kulikovskiy, Genkal and Kociolek, 2022, Cocconeis
lineata (Ehrenberg, 1849). A relatively high abundance of benthic brackish water species
Navicula avenacea (Rabenhorst) Brébisson ex Grunow, 1878 (19%) was observed.

Assemblage IV (0.8–0.3 m) was identified in sapropels and characterized by the abun-
dant benthic freshwater species Lyrella lyra (Ehrenberg) Karayeva, 1978 (44%), found only
in this interval. Subordinates are alkaliphilous benthic species Craticula cuspidata (Kutzing)
D.G.Mann, 1990 (14%), and mesohalobus planktonic Amphora commutata (Grunow, 1880)
(7%). The concentration of diatom valves decreased to 0.8 mln valves/g.

Assemblage V (0.3–0.2 m) occurred in the sandy debris layer. It was established by
a rather high content of the following planktonic marine diatoms: Actinocyclus octonarius
(Ehrenberg, 1837) (30%) and its variety A. octonarius var. tenellus (Brébisson) Hendey, 1954
(4%), typical for the Caspian Sea and mesohalobus benthic species Grammatophora macilenta
(W.Smith, 1856) (17%). The interval is characterized by the lowest concentration of diatom
valves (0.3 mln valves/g). In total, a high abundance of planktonic diatoms (56%) was noted.
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3.5. Ostracods

Twenty-three ostracod species were recorded in the samples taken from the Rybachya
core (Figures 7–9).
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Figure 7. Ostracods of the studied Rybachya core. RV, right valve; LV, left valve; f, female; m, male;
Ad, adult stages; juv, juvenile stages. Scale bar 100 µm. (1) Tyrrhenocythere amnicola donetziensis,
RvAd; (2) Euxinocythere baquana, RVf; (3)–(4) Amnicythere? quinquetuberculata, RVAd and RVjuv; (5)–(8)
Amnicythere longa, LVf, LVm, LVA–1, and RVA–3; (9)–(10) Amnicythere cymbula, RVf and LVm.
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Figure 8. Ostracods of the studied Rybachya core. RV, right valve; LV, left valve; f, female; m, male;
Ad, adult stages; juv, juvenile stages. Scale bar 100 µm. (1)–(2) Amnicythere pirsagatica (Livental in
Agalarova et al., 1940), RVf and LVf; (3)–(4) Amnicythere reticulata (Schornikov, 1966), RVf and LVm;
(5)–(6) Amnicythere martha (Livental in Agalarova et al., 1940), RVf и LVm; (7)–(12) Euxinocythere
bosqueti, RVf and LVm, RVjv (9–12); (13)–(14) Amnicythere caspia (Livental, 1938), LVm and LVf;
(15)–(18) Euxinocythere relicta (Schornikov, 1964), RVf, RVf, LVf, LVA–1; (19)–(20) Amnicythere longa,
LVf and LVm.

These species form two groups based on their habitat preference type: the freshwa-
ter/oligohaline (4 taxa) and the Caspian (19 taxa) types. Depending on variation in the
habitat type and salinity tolerance, the core was subdivided into four intervals character-
ized by the different assemblages. Assemblage I corresponded to the 6.3–6.4 m interval and
was dominated by Cyprideis torosa (Jones, 1850) and Tyrrhenocythere amnicola donetziensis
(Dubowsky, 1926), and it was most similar to the modern Caspian marine environment.
No traces of redeposition were noted.

Assemblage II was identified in the interval of 3.0–3.5 m and was characterized by a
high content of freshwater ostracod species (only two brackish water species are found).
Abundant C. torosa, T. amnicola donetziensis, Darvinula stevensoni (Brady et Robertson, 1870),
and Candoninae spp. were identified. All species encountered were adapted to live in
shallow, freshwater basins, in waters tolerant of a wide temperature range.
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Figure 9. Rybachya core list of ostracods (grouped from left to right from marine/brackish water to
freshwater species).

Assemblage III was observed at a depth of 1.73–2.5 m and generally can be described as
brackish water with an admixture of freshwater species. C. torosa and T. amnicola donetziensis
are abundant, with subordinates Ilyocypris bradyi (Sars, 1928) and D. stevensoni.

Assemblage IV was restricted to core-top sediments. Interval 0.2–0.3 m contained mod-
ern microfauna typical for the North Caspian dominated by C. torosa, T. amnicola donetziensis,
more stenogaline Cryptocyprideis bogatschovi (Livental, 1929) (12.5–13.25‰), Euxinocythere
baquana (Livental, 1938) (11.5–13‰), and Amnicythere? quinquetuberculata (Schweyer, 1949)
(11.5–13‰) [55]. Rare I. bradyi, D. stevensoni or Amnicythere longa (Negadaev, 1955) and
Amnicythere cymbula (Livental, 1929) were identified.

3.6. Radiocarbon Dating

Both samples were within a measurable range and yielded 14C ages of 7240 ± 110 yr
in the 1.73–1.96 m interval and 6140 ± 110 yr in the 2.07–2.11 m interval. Calibrated with
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the “IntCal 20” curve, the calculated ages were 8070 ± 110 cal yr BP and 7020 ± 140 cal yr
BP, respectively.

4. Discussion

Among various scale paleogeographic events recorded in the Northern Caspian sed-
iments during the Holocene, two epochs are particularly notable—the Mangyshlak re-
gression and the Neocaspian transgression subdivided into several stages [32]. Relatively
high heat supply and aridity [56] initiated a regressive trend in the Caspian Sea during
the early Holocene. Pollen analyses showed an increase in xerophytes in the regional
vegetation [57,58]. Beyond that, the Mangyshlak epoch included a climatic episode known
as the «8200 event»—a brief significant cooling [59] reflected in increased aridity and the
Caspian Sea retreat. Such climate conditions created a favorable environment for erosion
in a drained area and the formation of paleovalleys. Usually, the thickness of Holocene
deposits does not exceed 2 m within the study area [1,14,16,20,25,30–32]. Additionally, our
mollusk, diatom, and ostracod data allowed us to reconstruct environmental conditions
not typical for the marine shelf. This has led to the assumption that the Rybachya core was
located within a paleovalley widespread in the North Caspian, as proposed by Bezrodnykh
Y.P. and Sorokin V.M. [19]. The Mangyshlak regression left traces observable in seismo-
gram signals, such as incised river valleys and numerous sublatitudinal linear depressions,
resembling shallow lake basins (or “ilmens”) occurring in the Volga delta nowadays [32].
The interpretation of seismic data revealed that Mangyshlak deposits fill paleovalleys in
the strata of the Khvalynian deposits in the same way as recorded in the Rybachya core
reported in this article.

We compared the assemblages and identified four units based on the multi-proxy
analysis of the Rybachya core samples. Each unit included assemblages with a similar
ecology and sedimentation environment (Figure 10). Basal unit included (I) assemblage
of ostracods and (I) assemblage of diatoms. Unit 1 included (I) mollusk assemblage, (II)
ostracod assemblage, and (II) diatoms assemblage. Unit 2 included (II) mollusk assemblage,
(III) ostracods assemblage, and (III) diatom assemblage. Unit 3 included (III) mollusk
assemblage, (IV) ostracod assemblage, and (IV–V) diatom assemblages.

The leading geochemical indicators for identifying and correlating Caspian marine
deposits with regional stratigraphy are the records of Fe, Al, Si, and Ti concentrations
in the profile [60]. The primary sources of terrigenous material for the North Caspian
are Pleistocene moraines, rich in Fe and Al, located in the upper reaches of the Volga
basin [61,62]. High Fe, Al, and Ti concentrations usually correspond to lower Khvalynian
deposits, especially in clay and silt sediments [60,63]. The comparative analysis of Fe
concentration with grain size also supported it. The high Fe values correspond to silt and
clay fractions. High concentrations of Ca and Sr are related to decreasing Fe, Si, and Ti
values and potentially indicate a relative stabilization and salinity rise of the Caspian basins
during the early Khvalynian stage. The lower part of the core mainly consists of fine sand
with a high concentration of Si, which could be related to deltaic and upper shoreface facies
during the transgression stage of the early Khvalynian basin. The Rybachya core from
the early Khvalynian deposits had no traces of redeposition. Results of the geochemical
analyses imply that the lower sandy (basal) unit (Figure 10), accumulated during the
transgressive stage in deltaic or upper shoreface settings, is rich in Si, and geochemical
markers confirmed the early Khvalynian age. Cumulative and particle size distribution
curves practically coincide for the basal unit samples, which means they were deposed
in similar high-energy environments with an additional source of fine silt. The absence
of mollusk shells confirms the high-hydrodynamic depositional environment. A low
concentration of diatoms resulted from a high sedimentation rate, preventing the formation
of taphocoenosis. The ostracod assemblage points to a deeper basin with lower salinity
than the modern Caspian Sea. It leaves no doubt about the early Khvalynian age of the
lower core unit. The preservation of ostracods Limnocythere inopinata (Baird, 1843) is related
to a high sedimentation rate, high mortality rate, or good preservation in deep waters [64].
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The Mangyshlak flow formed the paleovalley inferred from the Rybachya core and
eroded the late Khvalynian deposits, although we do not see traces of it in the core structure.
Lack of fauna at the base of the paleovalley is a consequence of erosion paleoevents,
while rare valves of freshwater diatoms (Fragilaria capucina, Aulacoseira granulata and
Cocconeis placentula) are remnants of the freshwater community in the channel during the
downcutting erosion.

Based on the radiocarbon data, there are three Holocene stages of paleovalley repletion
corresponding to the three units described below. Mollusk fauna, ostracods, and diatom
species diversity is the result of evolutionary processes during the Pleistocene that occurred
as a response to climatic changes and the transgressive-regressive rhythm of the Caspian
Sea. Specimen abundance and faunal composition do not suggest stable environmental
conditions during the deposition of these sediments. The biological proxies indicate quasi-
cyclic variability throughout the core.

Increased concentrations of Ca and Sr in the first unit (Figures 2 and 10) indicate the
rise of salinity and temperature in the Caspian basin, and together with a decrease of Fe and
Ti values, it may denote the ingression of Caspian waters along the Mangyshlak depression
and possibly mark the Neocaspian onset. It is estimated that the Neocaspian transgression
started at 10,550 cal yr BP in the North Caspian [16], while for the southeastern Iranian
coast of the Caspian Sea [65] and for the Middle and Southern Caspian [66], it started
at 9500 cal yr BP [19] and was not older than 10,000 cal yr BP [30] and 8900 cal yr BP
respectively [32]. The sea-level rise was followed by a sea-level drop and paleovalley
isolation. Freshwater mollusk fauna, dominated by Theodoxus pallasi—native species—
[67,68], Dreissena polymorpha, and Lymnaea stagnalis, comprised the first unit (Figure 10)
from the paleovalley bottom to the depth of 3 m. The habitat of D. polymorpha was restricted
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to the freshwater Volga delta and adjacent rivers [69]. Lymnaea stagnalis is a typical lake
species. The presence of mollusk species adapted to living in the desalinated Caspian
waters, and a high abundance of benthic and freshwater diatoms and freshwater and
euryhaline ostracod species (D. stevensoni, C. torosa) assume a desalinated impound basin
and lake-like environment during the initial sedimentation stage in the paleovalley. The
high abundance of ostracod C. torosa is potentially linked to the abundant supply of
organic matter and the high local productivity of the region as well. C. torosa reaches the
maximum abundance because of highly variable salinity conditions at the time. Smith
A.J. and Horne J.H. [70] indicated such a state as the transition from marine to freshwater
conditions. D. stevensoni tolerates low salinity [71]. Modern forms of Candoninae spp.
are considered inhabitants of desalinated water bodies. Grain size confirms backwater
conditions, with deposits from the first unit formed in a more stagnant water environment
than the sediments of the basal unit. Diatom concentration increases significantly, which is
assumed to result from an increased nutrient river runoff. Based on our data, we assume
that the sea retreat and isolation of the paleovalley accompanied the process of filling the
depression with fresh waters. Following the transition from the marine to the freshwater
conditions indicated by faunal remains, the tranquil waters of the small perennial basin
contributed to the predominant accumulation of silt and clay. Similar results were reported
for a site in the North Caspian Sea near the Rybachya core [16], where comparable sediments
formed in shallower and more freshwater conditions than modern ones.

The second unit (Figure 10), identified at 3.0–1.73 m core depths, recorded the Caspian
Sea-level rise. Radiocarbon data around 8–7 cal kyr BP determined the age of the accumu-
lated sediments as the early Neocaspian, since the end of the first impulse of sea-level rise
was dated as 5600 cal yr BP [32]. Grain size data show the interbedding of silty deposits in
the interval of 2.2–2.3 m, formed in a more stagnant water environment, and fine sand, at a
depth of 2.1–2.2 m and 1.7–2.0 m, corresponding to a transitional sedimentary environment
from a tranquil water regime to a more dynamic one.

The mollusk assemblage contains abundant brackish water Monodacna caspia, Dreissena
caspia, Clessiniola variabilis, Hypanis plicata, and Abeskunus brusinianus and freshwater Dreissena
polymorpha, Lymnaea stagnalis, Abeskunus brusinianus, Unio sp., Viviparus sp., Planorbis sp.,
and Valvata piscinalis [13,25,37,68]. Silty deposits contain rare Bithynia tentaculata, Clessiniola
variabilis, and small fragments of Unio shells. The upper salinity tolerance of M. caspia was
previously reported as 8‰ [72], but recently [73], this species was found in the middle and
southern Caspian Sea, and its salinity tolerance was extended to 12–13‰. The presence of
brackish water ostracods with an admixture of freshwater species (I. bradyi, D. stevensoni)
and a relatively high abundance of benthic brackish water diatom species Navicula avenacea
provide evidence of complex internal hydrodynamics during the transgressive stage. Dynamic
changes occurred in the area [16], where shelf flooding due to sea-level rise at the beginning
of the Neocaspian time was followed by fluctuations from marine to freshwater and, later,
brackish water conditions and eventually the formation of a stagnant basin.

We interpreted the observed freshwater communities found in silty sediments with
high values of Fe and Ti as the late Khvalynian. In the Northern Caspian Lowland [74],
these communities can be found in the redeposited late Khvalynian sediments eroded at
the paleovalley area but preserved in surrounding areas. In this case, a high concentration
of these elements at the base of the second unit might be related to erosion of the late
Khvalynian sediments.

Our radiocarbon ages are younger than the previously published ones. In previous
studies, 14C data suggested the paleovalleys in the North Caspian to be filled between
11,500 and 8000 cal yr BP [32]. However, their paleoenvironment reconstruction confirms
our interpretation. The depositional environment was freshwater or slightly brackish water,
as demonstrated by the sedimentary sequence and fossil plant and faunal assemblages.
Therefore, we assumed a later and longer sedimentation process started with extended
warming and humidification, as proposed by Bolikhovskaya N.S. [57], from 8500 to 7600 yr
BP for the Caspian Sea region. Warm and humid climatic conditions were reconstructed for
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the East European Plain [75,76] for this period of higher sea-level stand [6,7]. Regressive
stages of a smaller scale than the Mangyshlak stage (nk2 and nk4 when sea-level dropped
by 5–6 m) were identified during the Neocaspian transgressive epoch; however, we could
not find evidence of these in the Rybachya core, and therefore could not confirm or deny
the erosion origin. Nevertheless, we assume changes in mollusk, ostracod, and diatom
faunal assemblages observed in the current study are evidence of sea-level oscillations
during the Neocaspian time dated as 5600–3700 cal yr BP and 3080–2300 cal yr BP [32].

The upper part of the third unit (Figure 10) corresponds to the modern Caspian Sea
sedimentation. A sharp contact between the unit and the underlying layer was interpreted
as a hiatus. Based on the diatom assemblage composition at the bottom of the unit, sedimen-
tation took place in a freshened shallow marine bay or lagoon. The poor preservation of
diatom valves and a relatively high abundance of alkaliphilous and mesohalobus diatoms
indicate an alkaline environment. Elements such as Fe and Ti are assumed to be the main
geochemical indicators for the identification and correlation of Caspian marine deposits
on the regional stratigraphy level. These elements demonstrate high concentrations along
the unit [60]. The mollusk assemblage is dominated by Caspian slightly brackish water
taxa Monodacna caspia, M. angusticostata, Dreissena caspia, Didacna sp. etc., typical for the
modern northern part of the Caspian Sea [13,77–80]. Ostracod assemblage indicates shallow
water conditions and contains abundant euryhaline species tolerant to reduced salinities
reflecting the Volga River influence in the area (Amnicythere longa and Amnicythere cymbula
are common in estuaries in the Black Sea at depths up to 5 m [81] and show the extent of
the Volga delta influence in this area). The increase in typical planktonic marine species in
the diatom assemblage reflects the influence of sea-level rise and corresponds to the latest
Caspian Sea transgressive stage following the regressive event after 2300 cal yr BP [32].
Likewise, the last sedimentation stage in the nearby area was described [16] as a fairly
stable environment, similar to the modern in terms of water depth and salinity.

5. Conclusions

Paleoenvironmental evidence presented here based on mollusk, diatom, and ostracod
fauna, geochemical, and grain size data allows us to conclude that the Rybachya core
documents a widespread paleovalley environment in the North Caspian. The diversity of
studied fossil groups contributes to the step-by-step paleoreconstruction of the Rybachya
core. For the first time, a paleovalley filling sequence was established in the North Caspian
region based on the multi-proxy analysis of the core. The core was obtained from the early
Khvalynian deposits. The Mangyshlak flow formed the depression and eroded the late
Khvalynian deposits, which we did not observe in the core structure. We distinguished
three stages of paleovalley repletion in the overlying units according to radiocarbon data.
Observed mollusk, ostracod, and diatom species diversity is the result of evolutionary
processes during the Pleistocene that occurred in response to climatic changes and the
transgressive-regressive rhythm of the Caspian Sea. The biological proxies indicate quasi-
cyclic variability throughout the core. Lithologically, deposits from some of the units were
formed under more stagnant hydrodynamic conditions at transgressive Neocaspian stages
or an insulated freshwater basin during a regressive episode of the Neocaspian epoch.
Such environmental conditions were interrupted by the transitional phase inherent in a
higher-energy environment. Paleovalley gradual filling during the Holocene ended under
marine conditions typical for the modern Caspian Sea.
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