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ARTICLE INFO ABSTRACT
Keywords: The normally-closed Caspian Sea is known for large changes in relative sea-level (of ~170 m) during the late
Late Pleistocene Quaternary. These transgressive/regressive events influenced the topography, sedimentation and ecosystems of a

Lower Volga region
Caspian Sea
Luminescence dating
Paleogeography

large area, of up to 1 million km2. The Volga River has played an important role in the water balance of the
Caspian Quaternary basins but our understanding of the temporal evolution is poorly constrained. Recent studies
on the evolution of the Lower Volga have focused mainly on the subaerial sequence of loess-palaeosol series
corresponding to a long-duration Caspian low stand (the so-called “Atelian regression” from ~90 to ~25 ka). In
this study we address, for the first time, the temporal evolution of the Volga River during the late Quaternary, as
recorded in the many layers of alluvial sands at the Raygorod reference section. This 50 m high outcrop contains
a complicated sequence of different types of interlayered alluvium (channel and floodplain facies), a loess-
palaeosol sequence with a weakly developed palaeosol, and marine sediments of the Khvalynian transgression
(Chocolate Clay facies). The new chronology, based on 35 samples, is derived using optically stimulated lumi-
nescence (OSL) analysis of sand-sized quartz, with support from post-infra-red infra-red stimulated luminescence
(post-IR IRSL) from K-rich feldspar grains to date the older parts of the section. The new ages identify five stages
of the topography development in the northern parts of the Lower Volga: (1) an MIS 5a flood-plain in deltaic/
estuary environments (>90 ka) during a high-stand of the Caspian Sea (Hyrcanian transgression); (2) a transition
from deltaic/estuary conditions to a river valley with normal alluvial sedimentation and sporadic stabilization
reflected in palaeosol development (80-70 ka); (3) a palaeo-Volga channel migration at elevations of 4-8 m msl
during 69-62 ka, evidence of a brief increase in Caspian Sea-level and blocking of the Volga flow; (4) a subaerial
stage with high-speed accumulation of loess during MIS 4 to MIS 2, containing one weakly developed palaeosol
(MIS 3c) and pedocomplex of three combined palaeosols of the beginning of MIS2 (30-24 ka); (5) a rapid
Khvalynian transgression, starting at the Raygorod location at ~18.3 ka, with relatively weak marine erosion of
the top 40-60 cm of loess cover, presumably because of the rapid migration of the coastline in the flat Northern
Caspian Lowland.

1. Introduction et al., 1988; Shkatova, 2010; Yanina, 2012, 2020; Tudryn et al., 2013;
Svitoch, 2014; Lavrushin et al., 2014; Bolikhovskaya et al., 2017; Yanina

The evolution of the natural environment of the Caspian region has et al.,, 2018; Badyukova, 2021). The Caspian Sea is recognised as a
long been under scrutiny (Grichuk, 1954; Goretskiy, 1966; Arslanov continentally and regionally important paleogeographical archive: a
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long history of sea-level fluctuations records the climate evolution of
large parts of Central Eurasia and the water-balance dynamics of major
rivers such as Volga, Kura, Terek, Amu-Daria and others. The main
stages of the Caspian Sea evolution - the major transgressions — provide
the stratigraphical basis for the Quaternary of Central Asia, Eastern
Caucasus and the southern part of East European plain. The Lower Volga
River valley is ideally suited for investigating the Pleistocene history of
the Caspian Sea, and a series of sections has been characterized here
over a long period of research (Fedorov, 1957; Vasiliev, 1961; Moskvi-
tin, 1962; Svitoch and Yanina, 1997; Koltringer et al., 2021; Kurbanov
et al., 2021). These sections contain a unique record of the Quaternary
history of the Caspian Sea, in the form of alternating marine and sub-
aerial deposits.

Recently, researchers have been especially active on the Iranian
coast, where the Holocene record is particularly complete (Leroy et al.,
2011; Lahijani et al., 2007). In the east, in Turkmenistan (Kurbanov
et al., 2014) and other locations, the history of the earlier stages of the
Caspian history is, unfortunately, not yet fully described. Only recently
were luminescence ages for the Hyrcanian (MIS 5) layers of the Manych
depression obtained, providing a chronological framework for the
connection of the Caspian Sea with the World Ocean during MIS 5
(Kurbanov et al., 2018). In the latest large international research into the
stratigraphy of the Caspian Sea (Krijgsman et al., 2019) the Late Pleis-
tocene is only very briefly discussed.

A number of questions concerning Caspian history remain unre-
solved, primarily due to the poor preservation of geomorphological
evidence for the position of sea level. In this regard, the position of the
Volga River channel and estuary (which are directly influenced by
fluctuations in Caspian Sea level and the position of the coastline) play
an important role in reconstructing the evolution of the Caspian Sea
during the Late Pleistocene.

Reconstruction of the evolution of the Volga valley requires one to
address several connected questions: (i) what are the most significant
fluvial processes and how do these influence the development of the
relief in the north of the Caspian Lowland? (i) How did the Volga River
control sedimentation conditions in the North Caspian, in the Caspian
Lowland, and in the deep bay which formed during the transgressive
stages of the Caspian Sea. Despite the considerable attention given to the
evolution of the natural environment of the Volga valley in its middle
and lower reaches (Milanovskiy, 1932, 1940; Nikolayev, 1956, 1957;
Goretskiy, 1966; Lower Volga, 2002, etc.), many unresolved issues
remain. A particularly acute problem is the lack of a reliable chronology
for the individual stages of the development of the valley.

In recent years, systematic studies have contributed to the first work
on the structure of the loess-soil series in the Lower Volga region (Yanina
et al., 2017; Lebedeva et al., 2018; Rogov et al., 2020; Taratunina et al.,
2021; Makeev et al., 2021), and on their palaeogeographic significance
(Bolikhovskaya et al., 2017; Yanina et al., 2021). Some initial climate
reconstructions have also been carried out in the region (Bolikhovskaya
et al.,, 2017; Koltringer et al., 2020, 2021). However, these studies
lacked reliable and detailed independent ages since they are based on
only a few age-tie points so that a detailed reconstruction of
loess-palaeosol formation through time was not possible.

Furthermore, due to the significant role of sea level in the formation
of the relief of the Volga valley, Late Pleistocene alluvial terraces are not
expressed in the Lower Volga. In contrast, in the Middle Volga, several
terraces are distinguished (Makshaev, 2019; Makshaev and Svitoch,
2016), and all of them were affected by Caspian Sea level. Thus, it is
impossible to understand the history of the lower Volga by analysing the
geomorphological structure of the modern relief, because this relief was
heavily modified by the Khvalynian (late MIS 2) transgression of the
Caspian Sea; this transgression partially eroded any alluvial terraces, but
more importantly covered them with a thick stratum of marine sedi-
ments, the so-called “Chocolate Clays” (Svitoch and Makshaev, 2015;
Kurbanov et al., 2021). This makes any study of the alluvial deposits of
the Late Pleistocene of particular importance.
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In this paper we address the problem of the timing of the main al-
luvial/fluvial stages occurring during the development of the lower
Volga valley, by examining the sediment record at the Raygorod section
(Fig. 1). This contributes directly to our understanding of the relation-
ship(s) of these stages with the transgressive-regressive events of the
Caspian Sea, with glacial/interglacial events in the East European Plain,
and with global climate change.

2. Study area

The study area is located in the southeast of the East European Plain,
within the northwestern part of the Caspian Lowland (Fig. 1A,B). The
Raygorod section is one of several sections reflecting the history of the
development of the Caspian region in the Late Pleistocene is (Figs. 1 and
2, Habs 13.68 m, N 48.4313, E 44.9665). It is located on the right bank
of the Volga River, 1 km east of the village of the same name. The section
records the structure of the Early Khvalynian terrace of the Caspian Sea
and, at the same time, it is a lectostratotype of the Atelian deposits of the
Lower Volga region (Svitoch and Yanina, 1997; Arslanov et al., 2016).
The sedimentary sequence (Fig. 1C) of the section is represented by
deposits of alluvial, loessic and marine genesis, with a thickness of more
than 21 m. The lower part of the section is represented by clayey deltaic
deposits, gradually turning into interleaving loams and silts with layers
containing traces of soil formation (Fig. 2, U21-14), and capped by a ~2
m thick unit of channel alluvium sands representing the top of the al-
luvial strata (U13). This lower part is overlain by a thick (7.5 m)
loess-palaeosol sequence (Fig. 2, U12-5), containing 4 weakly developed
palaeosols (Fig. 1C, No 11, 8-6). These subaerial sediments are in turn
overlain, following a clear erosional boundary, by a unit of marine
sediments represented by Chocolate Clays with numerous small in-
terlayers of silts and sand (Fig. 1C, No 4-2; Fig. 2, U4-2). The structure of
the section is completed by the Holocene soil formed in further subaerial
sediments (Fig. 1C, No 1; Fig. 2, Ul).

The Raygorod section differs significantly in its geomorphological
position compared to other reference sections of the Lower Volga region
(Srednyaya Akhtuba, Leninsk). The section is located between two Late
Pleistocene Volga valleys - a well-defined modern and a more ancient
valley laid along the Sarpinsky lakes (Nikolayev, 1957; Svitoch and
Yanina, 1997; Lower Volga, 2002). The section is distinguished by its
low elevation, which led to a prolonged and intensive accumulation of
alluvial deposits, reflected in the lower ~8 m of alluvial sediments.

3. Luminescence sampling and measurement protocols

During fieldwork, sections were dug at Raygorod (Fig. 1C), and al-
luvial and loess-palaeosol sequences described and sampled for lumi-
nescence dating. The sediment is highly cemented and could not be
sampled with tubes. Instead sampling was undertaken at night, when 45
intact blocks of consolidated material were cut and placed directly in
non-transparent foil-lined plastic bags. Sample preparation took place
under dimmed orange LED lights. Samples were processed using stan-
dard procedures: removal of potentially light-exposed surfaces, wet
sieving to obtain very fine and medium sand fractions (63-90, 90-180
and 180-250 pm), treatment with 10% HCI, 10% H20,, 10% HF, 10%
HCl. This cleaning was followed by density separation of quartz/
plagioclase and K-rich feldspar using a 2.58 g cm™° LST FastFloattm
aqueous heavy liquid solution with repeated washing using distilled
water between each step. The heavier quartz/plagioclase fraction was
further treated with 40% HF to obtain a clean quartz extract; this was
followed by a final washing in 10% HCI. Unfortunately during the
chemistry stage a group of samples from the middle part of the section
(interval 670-850 cm) were exposed to a fire in the drying oven and so
only 35 samples are discussed further.

Clean quartz and K-rich feldspar grains from all 35 samples were
measured at the Nordic Laboratory for Luminescence Dating (Risg
Campus, Denmark). All measurements were made on multi-grain
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Black Sea

Fig. 1. The Raygorod reference section: A-B — location; C — photo of the top part of the section (the numbers indicate the layers in the schematic diagram in Fig. 2).

aliquots mounted on stainless steel discs (quartz, sample @ ~8 mm) and
stainless steel cups (K-rich feldspar, @ ~2 mm), and measured in a Risg
TL/OSL model DA-20 reader equipped with a calibrated beta source
(Hansen et al., 2018). The quartz OSL signal was detected through a
U-340 filter and K-rich feldspar post-IR IRSL through a blue filter com-
bination (Thomsen et al., 2008).

Quartz purity checks were performed using an IR OSL depletion ratio
test (Duller, 2003); the average OSL IR depletion ratio is 0.978 + 0.004
(n = 195; 35 samples) compared to the standard blue recycling ratio on
the same aliquots of 0.99 + 0.003 confirming the luminescence purity of
the quartz extracts. Quartz dose estimates were made using a standard
SAR protocol with a 260 °C preheat for 10 s, a 220 °C cut heat and an
elevated temperature (280 °C) blue-light stimulation at the end of each
SAR cycle (Murray and Wintle, 2000, 2003). The quartz OSL signal was
measured at 125 °C using blue light stimulation for 40; early background
subtraction (first 0.32s minus subsequent 0.32s) was used for net signal
calculations. K-feldspar dose estimates were measured using a post-IR
IRSL SAR protocol (Buylaert et al., 2012) with preheat and cut-heat of
320 °C for 60 s and an IR stimulation at 200 °C (for 200s) followed by an
IR stimulation at 290 °C (for 200s) (pIRIR200,290; €.g., Li and Li, 2012; Yi
et al., 2015). Late background subtraction was used for net pIRIR200,290
signal calculation using the initial 2 s minus the last 50 s of the decay
curve. No correction was made for pIRIR200,290 signal instability (Buy-
laert et al., 2012, 2015; Yi et al., 2015; Stevens et al., 2018).

3.1. Dosimetry

Radionuclide concentrations were measured using high resolution
gamma spectrometry and the calibration method is described in Murray
etal. (1987, 2018). Samples were air dried, ground, ignited at 450 °C for
24 h, and mixed with high viscosity wax before casting in a cup-shaped
mould. This process presents the sample to the detector in a fixed ge-
ometry and prevents the loss of radon gas. The resulting 22°Ra, 22Th and
40 K activity concentrations were converted to dry infinite-matrix dose
rates following Guérin et al. (2012). Water content corrections were as
described by Aitken (1985) and cosmic ray contributions derived from
Prescott and Hutton (1994). K-rich feldspar grains had an internal beta
dose rate contribution added based on a measured K concentration of
12.7 £ 0.1% (n = 8, samples covering entire range of section) using a

Risg XRF attachment (see e.g., Stevens et al., 2018). A small internal
dose rate contribution from U, Th was also incorporated (0.10 + 0.05
Gy/ka; Zhao and Li, 2005); the corresponding value for quartz was 0.02
=+ 0.01 Gy/ka based on Vandenberghe et al. (2008).

The radionuclide activity concentrations are given in Table S1,
together with the assumed lifetime averaged water content. Water
content calculations are based on our understanding of the geomor-
phological evolution of the Volga valley, the influence of the Volga River
and Caspian Sea level during the Late Quaternary, and laboratory
measurements of alluvial sands and loess from the nearby section at
Srednyaya Akhtuba (Hgjsager, 2019). Because the Volga River has down
cut through the marine and loess deposits by 30-50 m, the long term
average water contents are assumed to be significantly greater than
those measured after excavation from the exposed river section. The
section wall is being actively eroded by the river; during the last century
the wall has retreated by at least 50 m. Clearly our section has been
considerably more inland for most of its history. This affects its rela-
tionship with ground water; present day ground water in the Northern
Caspian Lowland is found at a depth of ~8.5 m. For sediment below this
level (units 12-18, Fig. 2) we have taken measured saturated water
contents (ranging from 28 to 40%) to be most representative of the
lifetime average. During most of the Late Quaternary the sea level was
low and the river channel position was also relatively low, allowing the
upper 8.5 m to be well-drained. Based on this information, we have
assumed a lifetime average water content of 50% of saturation for this
overlying loess/loam, giving a water content fraction by weight of 15 +
5%. After the Khvalynian transgression the subaerial sediments were
covered by the impermeable Chocolate Clay facies (unit 2, Fig. 2)
causing a perched water table in the interleaved sands and the overlying
Holocene material.

Total dose rates generally reflect the type of sediment: the smallest
quartz dose rates are recorded in the alluvial sands (187779, —80), of
0.78 £0.01 to 1.07 £ 0.02 Gy ka~! (random errors only); in loess values
vary between 1.13 + 0.02 (187,778) and 2.50 + 0.04 Gy ka-1
(187,751); loess sediments also contain the largest dose rates in sec-
tion. A clear trend in dose rate can be observed in loess between 970 cm
and 860 cm: it gradually increases from the lower horizons with dose
rates of 1.13 + 0.02 (187,778) to ~2 Gy ka! (187,758) at the top. The
top loess unit (200-600 cm) has a dose rate of ~2.40 Gy/ka.
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RAYGOROD SECTION
(48.4313 N, 44.9665 E, 13.68 m asl)
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Fig. 2. Structure of the Raygorod reference section, luminescence ages and final Bayesian age model.

4. Results
4.1. Stratigraphy of the Raygorod section

The Raygorod section can be considered in terms of four main for-
mations (Fig. 2) representing different formative processes.

The lowest formation consists of units 21-14 and is represented by a
series of different facies, mainly floodplain alluvial sediments. At the
base of the section, there is an alternating beige sandy loam and brown
loam, dense, with an apparent thickness of more than 2 m (unit 21) and a
dense light brown sandy loam (unit 20) with horizontal and cross-
bedding structure and rare ferruginous spots, 1.2 m thick. Above, unit
19 is made up of medium-grained reddish-beige sand, 1.5 m thick. The
upper border is clear, uneven, with traces of ferruginous growth. Unit 18
is a gray-beige loam, 0.4 m thick turning into dark gray (to black) loam,
organic rich (unit 17), 0.2 m thick. The boundary between these units is
complicated by dense vertical cracks (10-15 cm) of wedge-shaped
structures. The overlying units 16 and 15 are reddish-brown loam
with a nutty jointing, with ferruginous spots, and a large number of
gypsum roses 2-4 cm in diameter. Unit 14 is a massive sandy beige loam,
about 1.0 m thick, with white carbonate nodules and rare krotovinas.

This sequence (units 21-14) reflects the development of the valley
during changing water levels in the Late Quaternary Caspian basin. The

lower part of sediments (units 21-20) was apparently formed during
ingression of the Caspian Bay into the Volga valley. The resulting
estuary-like conditions allowed accumulation of alluvial material,
mainly of floodplain facies, with a total thickness of about 8 m, reflecting
a change from the stagnant regime of a relatively active river flood plain
(unit 19) to the development of soil formation processes in floodplain
sediments (e.g. unit 17) and the formation of differently pronounced soil
horizons. We identify unit 21 as representing a deltaic environment,
based on the considerable similarity with the modern analogue in the
present-day Volga delta, with sediments of high organic content,
enriched with macroscopic plant debris.

The next formation is represented by unit 13. Unit 13 is a fine and
medium-grained beige sand, well sorted, poorly cemented, and taken to
represent periglacial alluvium, the so-called “Akhtuba layers”, as
introduced into the Lower Volga stratigraphic scheme by Goretskiy
(1958) and Moskvitin (1962).

Above the alluvium layers there is a thick loess-palaeosol sequence
(units 12-5) which reflects continental development of the region. The
material is a dense, porous, carbonate-rich fawn sandy loam, with
columnar jointing. In certain layers (units 6, 7, 8, 11), soil formation
horizons are darker, with small-block structure, with cutans along the
edges, manganese smears, and rare krotovinas. The total thickness of the
loess-soil series is 7.30 m. In the regional stratigraphic scheme (Svitoch
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and Yanina, 1997), this loess unit is identified as the Atelian subaerial
formation, characteristic of the Lower Volga sections (Koltringer et al.,
2020).

Above a clearly eroded boundary to the loess-palaeosol formation
(IlI) there are the so-called Chocolate Clays with fine-grained sands.
These sediments contain typical Early Khvalynian species of mollusks
Didacna protracta, D. ebersini, Dreissena rostriformis, Dr. polymorpha
(Kurbanov et al., 2021) with a total thickness of 1.75 m (units 4-2). This
formation also contains the modern kastanozem soil developed on Ho-
locene loams (0.85 m) (unit 1). A chronology for this formation has been
presented elsewhere (Kurbanov et al., 2021).

In summary, formation III is taken to represent Atelian subaerial
strata reflecting a period of continental development of the region
during a deep regression of the Caspian Sea — the Atelian regression
(Yanina et al., 2021; Krijgsman et al., 2019). These strata are repre-
sented by an alternation of loess and soil horizons. The uppermost for-
mation IV begins with the Chocolate Clays reflecting the development of
the Early Khvalynian transgression with normal Caspian salinity; this
took place at the end of the Pleistocene (Kurbanov et al., 2021). The
uppermost layer of the section records the most recent continental
development of the region, post-Khvalynian, with the formation of the
Holocene soil.

4.2. Quartz OSL ages

The quartz OSL signal of sand-sized grains from all samples is sen-
sitive, and Fig. 3a inset shows the natural OSL signal compared with a
decay curve from Risg calibration quartz (Hansen et al., 2018). This
clearly shows that quartz from the Raygorod section is dominated by a
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fast component. Fig. 3a presents a typical dose response curve (sample
187,743) showing the accuracy of the sensitivity correction; the recy-
cling and OSL IR depletion data points for this aliquot are indistin-
guishable from first regeneration dose point (open circle).

Quartz dose recovery was measured using 16 samples down the
section. Samples were bleached twice for 100s with blue light at room
temperature (with 10 ks pause in between) before giving a beta dose of
65 Gy. The dose recovery results indicate that our chosen SAR protocol is
able to accurately measure doses given prior to heat treatment in these
samples; the average measured to given dose ratio is 0.992 4+ 0.010 (n =
48) (Fig. 3b).

A preheat plateau test shows that the D, is insensitive to the thermal
pretreatment and the sensitivity correction works well over a wide
temperature interval (Fig. 3c and d) - the average recycling ratio over all
aliquots is 1.001 + 0.004 (n = 24) and the average recuperation for the
same aliquots is 0.05 £+ 0.02% of the natural. Based on the preheat
plateau and dose recovery data, a preheat of 260 °C for 10 s and cut-heat
of 220 °C was chosen to measure the equivalent doses.

The quartz D, estimates (arithmetic averages; Guérin et al., 2015,
2017) obtained using our selected protocol are summarised in Table 1
together with the standard deviations on the means (standard errors)
and the number of rejected and accepted aliquots used to calculate the
mean. Aliquots were rejected if they did not intersect the dose response
curve (natural in saturation) or using the interquartile range (IQR) cri-
terion (Medialdea et al., 2014). The quartz ages are also presented in
Table 1.
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Fig. 3. Luminescence characteristics of quartz grains: a - typical quartz OSL dose response curve for sample 187,743; b - histogram of quartz dose recovery ratios for

16 samples down the section; c-d - quartz preheat plateau test.
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Table 1
Quartz and K-feldspar luminescence results. Quartz and K-feldspar equivalent doses (D.), total dose rates for K-feldspar grains, ages. Ages in bold were used for age-
depth modelling. Resulting modeled ages using Bacon software. Age uncertainties represent one sigma and do not contain a systematic component.

Sample code Depth (cm) FK pIRIR200,290 Quartz OSL WC % D} Age (ka) Age ratio
D. (Gy) nt n? D. (Gy) n, n, Gy/ka FK pIRIR 200,200 QOSL PIRIR290/Q
187,741 256 78 +3 0 9 52.5+ 1.9 0 21 15 2.42 + 0.04 255+ 1.0 21.7 + 0.9 1.2+0.1
187,742 266 81+3 0 6 58.7 + 2.1 1 20 15 2.46 + 0.04 26.1 £ 0.9 23.9 + 0.9 1.1+0.1
187,743 288 84 +2 0 6 60.4 + 0.8 3 18 15 2.48 + 0.04 27.0 + 0.7 24.3 + 0.5 1.1+ 0.0
187,744 307 91 +1 0 9 68.6 + 1.5 1 20 15 2.48 + 0.04 31.5+ 0.7 27.6 + 0.8 1.1+ 0.0
187,745 344 N.A. 0 0 73.1+28 0 15 15 2.50 + 0.04 N.A. 29.2 + 1.2 N.A.
187,746 363 100 + 4 0 6 69.1 +1.9 1 20 15 2.42 + 0.05 35.5 + 1.4 28.5 + 1.0 1.2+0.1
187,747 390 97 £1 0 6 74.5+ 1.8 1 23 15 2.45 + 0.04 31.9+ 0.7 30.4 + 0.9 1.0 + 0.0
187,748 411 104 + 2 1 5 81.1+3.0 0 24 15 2.33 + 0.04 35.2 + 0.8 34.8+ 1.4 1.0 £ 0.0
187,749 421 96 + 2 0 6 75.4 + 2.0 0 21 15 2.46 + 0.04 33.4+0.8 30.6 + 0.9 1.1+0.0
187,750 450 101 + 2 1 5 78.4 + 2.7 0 18 15 2.49 + 0.04 34.9+ 0.8 31.5+ 1.2 1.1+0.1
187,751 472 100 + 3 0 6 85.2 + 1.6 2 19 15 2.50 + 0.04 345+ 1.3 34.1 + 0.8 1.0 £ 0.0
187,752 492 105 + 1 0 3 84.7 £ 2.6 0 18 15 2.36 + 0.04 37.9+ 0.8 35.9+ 1.3 1.1+0.0
187,753 513 117 + 3 0 6 87.6 + 3.0 0 18 15 2.46 + 0.04 37.7 £ 1.3 35.6 + 1.4 1.1+01
187,754 537 115+5 0 6 84.8 + 2.0 1 17 15 2.39 + 0.04 37.9+ 1.8 35.5 + 1.0 1.1+0.1
187,755 568 120 + 3 1 5 97.3+2.6 1 23 15 2.42 + 0.04 425+ 1.2 40.2 + 1.2 1.1+0.0
187,756 596 126 + 2 0 6 92.7 + 3.6 0 18 15 2.48 + 0.04 40.3 £ 0.8 37.4 + 1.6 1.1+0.1
187,757 619 122 +1 0 3 100.3 + 3.2 1 23 15 2.40 + 0.04 435+ 0.8 41.8 + 1.5 1.0 + 0.0
187,758 645 129 + 4 0 6 96.7 + 4.5 0 12 15 1.97 + 0.03 543+ 1.6 49.0 + 2.4 1.1+0.1
187,759 663 131+ 1 0 6 103.8 + 2.7 3 15 15 2.10 + 0.03 52.4 + 0.8 49.3 + 1.4 1.1+ 0.0
187,772 862 162 + 4 0 9 113.1 + 4.1 1 11 31 2.17 + 0.03 57.6 + 1.8 52.1 + 2.0 1.1+0.1
187,773 886 156 + 6 0 6 100.3 + 6.0 4 8 31 2.05 + 0.02 52.4 + 2.3 48.9 + 3.0 1.1+0.1
187,775 908 165 + 7 0 6 93.4 + 4.6 2 8 31 1.62 + 0.02 64.5 + 3.1 57.5 + 2.9 1.1+0.1
187,774 913 152+ 6 0 6 90.7 + 3.4 1 9 31 1.55 + 0.03 60.9 + 2.7 58.4 + 2.4 1.0+ 0.1
187,776 928 152+5 0 6 113.8 + 10.4 0 10 31 1.47 + 0.02 63.4 + 2.5 77.5 £ 7.2 0.8+ 0.1
187,777 949 151+ 5 0 6 103.0 +£ 7.5 2 8 31 1.20 + 0.01 70.6 + 2.9 85.6 + 6.3 0.8+0.1
187,778 970 140 + 2 2 7 90.4 + 6.6 0 15 31 1.13 + 0.02 67.5+ 1.8 79.7 + 6.1 0.8+0.1
187,779 991 134 +3 0 6 71.0 + 5.1 3 13 28 1.07 + 0.02 66.9 + 2.0 66.4 + 4.9 1.0+ 0.1
187,780 1048 105+ 3 0 6 67.8 + 4.0 1 14 28 0.78 + 0.01 61.0 + 2.2 87.4 + 5.4 0.7 + 0.0
187,781 1210 205 + 10 0 6 95.7 + 9.0 2 15 28 1.89 + 0.03 72.6 + 3.7 50.6 + 4.8 1.4+0.2
187,782 1308 217 + 8 0 9 95.0 + 6.7 2 14 40 1.97 + 0.03 82.0 + 3.2 48.3 + 3.2 1.7 +0.1
187,783 1435 234 + 3 0 4 153.1 £ 9.8 2 14 40 1.94 + 0.03 90.6 + 1.8 78.8 + 5.2 1.1+0.1
187,784 1553 174 + 12 0 9 53.6 + 4.1 2 8 40 2.01 + 0.03 65.5 + 4.8 26.7 + 2.1 2.5+0.3
187,785 1678 240 + 11 0 6 139.2 £ 9.9 0 16 40 2.16 + 0.03 85.8 + 4.1 64.6 + 4.7 1.3+0.1
187,787 1751 211 + 2 3 6 134.3 £5.5 2 14 28 1.50 + 0.03 98.9 + 2.1 89.7 + 4.1 1.1+0.1
187,788 1847 233+ 8 1 9 155.6 + 9.2 1 15 40 1.63 + 0.03 91.1 + 3.6 95.7 + 5.9 1.0+0.1
4.3. K-rich feldspar pIRIR ages 6 aliquots of sample 187,743. After subtracting the natural dose (~70
Gy) the measured to given dose ratio is 1.01 + 0.04 (n = 6) suggesting
Typical pIRIR200,290 dose response and stimulation (inset) curves are that our chosen SAR protocol works satisfactorily. The K-rich feldspar D,
shown for in Fig. 4. A feldspar pIRIR200,290 dose recovery test was car- estimates (pIRIRg00,200, NO residual subtraction, arithmetic averages
ried out by adding a dose of 420 Gy on top of the natural dose for a set of following Guérin et al., 2017) obtained using our selected protocol are
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Fig. 4. (a) Typical K-feldspar grains pIRIR;q¢ 290 dose response curve (recycled point: open circle, zero dose point: triangle) showing that even natural signals of
oldest samples lie well below saturation level of the dose response curve. (b) Comparison of K-feldspar pIRIR2(0 290 and quartz OSL. Both lines have unit slope, the
dashed line passes through the origin, and the solid line is a fit through the data (filled circles, see text), giving an intercept of 2.8 + 1.2 ka. Open circles are samples
from the clay-rich layers (187781-85) and magenta circles are samples with quartz dose rates <1.50 Gy ka~! (samples 187,776-80).
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summarised in Table 1, together with the standard deviations on the
means (standard errors) and the number of aliquots used to calculate the
mean. The IQR criterion was used to reject outliers.

It is well-known that the pIRIRyq¢ signal contains a very hard-to-
bleach residual component, even in loess (e.g. Buylaert et al., 2012).
Here we estimate this component by comparing the feldspar pIRIR200 290
ages with quartz OSL ages for samples that were not collected in clayey
sediment (all filled symbols in Fig. 4b) or have a quartz dose rate <1.50
Gy ka! (187,741 to —74 and —87, —88; magenta symbols in Fig. 4b.
The reasons for this are discussed in section 4.4 Age-depth modelling).
The intercept is 2.8 4 1.2 ka and multiplying this value by the average
K-feldspar dose rate of these samples of 2.9 Gy. ka! gives a residual
dose estimate of 8 & 3 Gy. This value was subtracted from all K-feldspar
D, values before age calculation (see Table 1) and use in age-depth
modelling (next section).

4.4. Age-depth modelling

It can be a seen from Fig. 4b that even though there is generally good
agreement between feldspar pIRIR ages and quartz OSL ages some
samples do not follow this pattern. Samples 187,781 to —85 from the
clayey sediment between 1210 and 1678 cm depth have pIRIR2g0 290
ages that are significantly older than the quartz ages. It can also be seen
that the quartz OSL ages over this interval are very scattered and are
generally too young compared to the quartz OSL ages of the samples
above. We attribute this to a micro-dosimetric beta dose rate problem.
The clays contained fine, presumably low-dose rate sand layers and
lenses (few mm to cm thick) and these were preferentially targeted to
ensure sufficient sand for measurement. But the dose rate was measured
on bulk samples, which must have included some significant admixture
of clay. This bulk analysis will have given the correct gamma dose rate
component but the external beta dose rate component is very likely to
have been overestimated and hence the quartz OSL age underestimated.
The effect is much less pronounced for the pIRIRyg0,290 ages over this
interval, because of the dilution of this overestimation by the internal K
dose rate. Therefore, for samples below 1200 cm only the feldspar ages
are used for age-depth modelling (this includes the bottom two oldest
samples, for which quartz and feldspar are in good agreement; Fig. 4b).

It is interesting to note that a few quartz OSL ages are older than the
corresponding pIRIR200 290 ages (magenta symbols in Fig. 4b). All these
samples, despite being collected in loess, have low dose rates ranging
from 0.78 £ 0.01 to 1.47 + 0.02 Gy ka~ 1. A similar observation has been
reported by Sainz de Murieta et al. (2021) but this discrepancy is
currently not well-understood. Higher fading rates for these individual
samples cannot be ruled out, but we consider this very unlikely, since
Koltringer et al. (2022) argue for a common source for all lower Volga
basin sediments. Rather, we presume this phenomenon is most likely
related to inaccuracy in the measurement of the internal component of
feldspar dose using IRSL signals (Buylaert et al., 2018). For all samples
above 1200 cm depth the quartz OSL ages are used for age-depth
modelling since the quartz OSL D, values are well within the reliable
dose range (i.e., <120 Gy) and there is no uncertainty related to the
subtraction of a hard to bleach residual dose.

Age-depth modelling was carried out on a total of 35 luminescence
ages measured in this paper using the R package Bacon (Blaauw and
Christen, 2011). The model was run using default or suggested settings
(acc.mean = 50) and the depth scale was divided into sections of equal
thickness of 40 cm (thick = 40). The model was run to produce ages at
10 cm resolution. The uncertainties on the age input data only contained
a random component. The Bayesian age model is shown with 1 sigma
uncertainty (green uncertainty envelope) in Fig. 2, together with the
interpolated model ages (with total uncertainties) at the formation
boundaries.
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5. Discussion

Our quartz and feldspar measurement protocols have both been
shown to perform well in laboratory tests. There is a small offset in the
younger feldspar ages compared to quartz, which can be explained by a
difficult-to-bleach residual dose of 8 + 3 Gy, and this was subtracted
from all feldspar doses before age calculation. Two groups of ages were
set aside: feldspar ages calculated using low external dose rates (<1.5
Gy/ka), and quartz ages derived from sand lenses within clay rich units —
we think beta dose rates to the latter are overestimated because of fine-
grain contamination of the dosimetry samples. Although we have no
confident explanation for the underestimation of the feldspar group of
ages, we presume it is associated with inaccurate estimation of the dose
component derived from internal 4Kin feldspar grains (Buylaert et al.,
2018). As a result, in our Bayesian modelling we have used quartz ages
from the top 12 m of the section, and feldspar ages below this.

For the sake of completeness, we also present the luminescence ages
from Chocolate Clays facies published previously in Kurbanov et al.
(2021) after correction for improved beta source dose rate calibration
(Autzen et al., submitted) (Fig. 2).

Aeolian sediments (loess and loess-like) form the middle part of
Raygorod section. Koltringer et al. (2021, 2022) argue that the source
for loess sedimentation in this region is Volga River alluvium. The Volga
River drains the central East European Plain, which is covered with
middle and late Quaternary moraines sourced from Scandinavia and the
Ural Mountains (Morton et al., 2003; Makshaev and Svitoch 2016;
Tudryn et al., 2016). Thus, most of the material in these fine grained
deposits has been transported a considerable distance, and must have
been reworked many times by water and air before final sedimentation.
It would appear highly likely then that these sediments were all
bleached and reset before entering the Caspian Sea, rather than within
the water body itself. But in any case, the completeness of bleaching of
these deposits is demonstrated by the good agreement between the
younger quartz OSL ages and the pIRIR2g0 290 ages (e.g., Murray et al.,
2012). Thus, with the exceptions noted above, we consider our indi-
vidual luminescence ages reliable, and so have confidence in the
resulting Bayesian chronological model.

Five stages of geomorphological development of Lower Volga valley
can be identified in Raygorod section:

Stage 1 (units 21-19) is associated with an estuarine regime in the
Volga valley and finishes around 90 ka (end MIS 5c). It results from a
high sea level in the Caspian (the Hyrcanian transgression - Yanina et al.,
2018; Kurbanov et al., 2018).

Stage 2 (units 18-14) found at the end of MIS 5 (90-76 ka) is
recorded as a transition to an alluvial regime in the valley. These units
were deposited in predominantly floodplain environments with periods
of its stabilization and the formation of soil horizons.

Stage 3 (unit 13) is closely related to Stage 2, and resulted in sandy
sediments deposited between 76 and 69 ka. This MIS 4 stage led to the
formation of periglacial alluvium (“Akhtuba sands”) and is coeval with
the development of the Early Valdai glaciation on the East European
Plain, and the Atelian regression of the Caspian Sea. The elevation of the
palaeochannel of the Volga at 0-3 masl is explained by a brief increase in
sea level in the Caspian, backing up the valley. This reconstruction needs
further testing; because the Atelian regression is usually associated with
this period (Krijgsman et al., 2019), and so channels of the Volga River
should have been deeply incised in to the Northern Caspian Lowland at
this time.

Stage 4 (units 12-5) is a subaerial stage with high-speed accumula-
tion of loess during MIS 4 to MIS 2 (69-22 ka). Around 60 ka the loess
accumulation rate decreases, only to increase again in the second half of
MIS 3 (~41 ka). According to Koltringer et al. (2020) this loess accu-
mulation is characterized by stable cool, dry conditions. The period from
30 to 24 ka records formation of pedocomplexes at the beginning of MIS
2, and appears as three combined palaeosols. These formed under the
influence of more humid conditions in the Lower Volga valley resulting
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from river channel migration at altitudes 8-12 msl. When palaeosol
formation stopped, there was a brief period of loess deposition after 24
ka. The record of this period is incomplete (terminates at an erosional
boundary) and deposition may have continued until ~18 ka (see Stage
5).

Stage 5 (units 4-2) is clearly identified with the Khvalynian trans-
gression (Kurbanov et al., 2021); this moved rapidly upstream and
reached Raygorod at ~18 ka (Kurbanov et al., 2021). Marine erosion of
the underlying loess cover was probably limited and probably affected
the top 40-60 cm (extrapolated using underlying sedimentation rates);
because of the very flat topography of the Northern Caspian Lowland
even a modest increase in sea level results in a rapid movement of the
coastline.

6. Conclusion

The luminescence characteristics of quartz OSL and post-IR IRSL
signals from lower Volga sediments are satisfactory and these signals
were sufficiently well reset at the time of deposition to allow accurate
dating. Despite some difficulties associated with low external dose rates
and clay contamination of sandy dosimetry samples compromising a few
feldspar and quartz results, we are confident of our resulting chrono-
logical model for the Raygorod reference site. This detailed lumines-
cence chronology allows us, for the first time, to reconstruct the
evolution of the Lower Volga valley and identify the complex history of
the Volga River channel over the last 100 ka.

From our Bayesian age-depth model we reconstruct the following
phases of the Lower Volga River evolution and sedimentation history:
(1) the Hyrcanian transgression of the Caspian, terminating at ~90 ka,
(2) the Atelian regression, leading to alluvial sedimentation beginning
~90 ka, and level stabilization and widespread development of flood-
plain landscapes continuing until ~70 ka. (3) Around ~70 ka, the
development of the palaeochannel intensified, and this apparently re-
flects a rise in sea level leading to the deposition of the Akhtuba sands.
(4) From ~70 ka the Lower Volga region passed into a subaerial phase of
development with the active deposition/formation of a loess-soil series
terminating sometime between 22 ka and 18 ka. Soil formation was
active during MIS 3c and at the beginning of MIS 2 (30-24 ka). The
initial stage of soil formation is taken to reflect an increase in local
moisture due to the influence of the Volga River in a brief period of a
warmer climate. The second stage during MIS 2 presumably results from
a similar increase in humidity, but this time from the development of a
network of palaeochannels caused by a rise in the Caspian Sea level
(beginning of Early Khvalynian transgression). (5) After ~18 ka, the
Khvalynian transgression deposited the Chocolate clays.

Such a detailed description of the evolution of this major European
river, and the links to regional, continental and global climate, is only
possible because of the high spatial sampling density of our lumines-
cence ages. This allowed the reliable identification of outliers, and the
construction of a precise chronological model. In our opinion such data
density is highly desirable in all similar chronological reconstructions.
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