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Landscapes of Сentral European Russia were sculpted by the last Middle Pleistocene glaciation that 
constrained most of the following sedimentation in successive interglacial and periglacial settings to 
various depressions of the glacial paleolandscape. However, corresponding continuous postglacial 
sequences are extremely rare in the region due to the dramatic fluctuations of the regional base level 
and significant fluvial activity in most large depressions. Therefore, the fullest available core covering 
the entire last glacial-interglacial cycle from a kettle hole infill on the northeastern macroslope of the 
Borisoglebskaya Upland was chosen to reconstruct the local sedimentary environments and to correlate 
the recorded paleoenvironmental response with the major Late Pleistocene climatic changes. A thorough 
macro- and mesomorphological investigation of the mechanized press-auger core was complemented by 
the selective radiocarbon dating of organic-rich sediments. A 20 m thickness of clastic and organic-clastic 
deposits reflects a pronounced shift from a subaqueous rhythmic lacustrine and eutrophic palustrine 
accumulation of the Last Interglacial and Early–Middle Pleniglacial to sub- and superaqueous colluvial 
deposition during the Late Pleniglacial, followed by the final turn to the predominance of subaerial 
slopewash input during the Late Glacial. Based on the 14C age determinations, immanent hiatuses and 
sand lenses found in the sequence were correlated with the Early and Middle Pleniglacial fluvial activity, 
although the lacustrine sedimentation during those stages still prevailed, providing the major part of the 
entire sedimentary thickness. 

Keywords: paleolimnology, lacustrine deposits, peat, glacial landscapes, facies analysis, colluvial input, 
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INTRODUCTION
Lacustrine sedimentary sequences are one of the 

major sources of paleogeographic data in regions 
affected by the Quaternary glaciations [e.g., (Dearing, 
1991)]. They are used for paleoenvironmental 
reconstructions and chronostratigraphical correlations 
in periglacial areas. The most prolonged uninterrupted 
lacustrine paleoarchives are often confined to specific 
settings such as maar depressions in paleovolcanic 
provinces of the Circum-Mediterranean region [e.g. 
(Britzius and Sirocko, 2022; Kattel and Sirocko, 2011; 
Veres et al., 2009; Wulf et al., 2004)] or linear tectonic 
depressions of the glaciated mountainous regions 
(Haflidason et al., 2022). However, in rather more 
stable and flat areas of the Great European plains, they 
are quite hard to be found (Lüthgens et al., 2011). 

In Central and Eastern Europe, lately kettle hole 
infills are widely used to recover morpholithogenic 
features of specific landscapes and local 
environmental conditions [e.g., (Börner et al., 2018; 
Daumantas et al., 2022; Fajer et al., 2012; Hein et al., 
2021; Hosek et al., 2019; Hrynowiecka et al., 2021; 
Kupryjanowicz et al., 2015, 2021; Majecka et al., 
2022; Mirosław-Grabowska et al., 2021; Niska, 2016; 
Roman et  al., 2021; Rychel, 2021; Rychel et  al., 
2022; Satkūnas et al., 2003; Satkūnas and Grigienė, 
2012; Sokołowski et al., 2024; Woronko et al., 2018, 
2022)]. Yet, in Central European Russia, most of 
the canonic reference sections [e.g., (Bazilevskaya 
et al., 1984; Chebotareva and Makarycheva, 1974; 
Moskvitin, 1967, 1976; Novskij, 1975; Problemy …, 
2001; Razrezy …, 1977; Rusakov and Sedov, 2012; 
Rusakov et al., 2015, 2019; Sudakova et al., 1984)] 
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were bound to occasional gully incisions or river bank 
exposures. Thus, those widely utilized paleoarchives 
were offset by a handful of geomorphic processes 
providing rather contingent and disrupted records 
(Sheremetskaya et al., 2022; Shishkina et al., 2019). 

Landscapes of Сentral European Russia (Fig. 1a) 
were sculpted by the last Middle Pleistocene 
(MIS6) glaciation (Astakhov et al., 2016; Velichko 
et al., 2004) that constrained most of the following 
sedimentation to various depressions of the glacial 
paleolandscape. Continuous sequences of the last 
glacial-interglacial cycle are extremely rare in the 
region. The chronicles of the Galich (Borisova, 2018; 
Velichko et al., 2001) and Nero (Gunova, 1975) lake 
basins cover the last 50 and 120 ka, respectively. 
Yet significant gaps are related to the increased 
MIS4 — MIS3 erosion followed by the uneven solid 
runoff under the progressively arid climate of MIS2 
(Alyoshinskaya and Gunova, 1997; Borisova et al., 
2022). Furthermore, the Nero Lake paleoarchive 
is biased by the dramatic fluctuations of its water 
level during the Late Glacial (Alexandrovskiy, 
2011; Gunova and Leflat, 1997; Samus et al., 2023; 
Wohlfarth et  al., 2006) caused both by regional 
base level shifts and eventual damming of the 
lake by an alluvial fan (Konstantinov et al., 2022; 
Ukraintsev et  al., 2020). The large catchment 
areas of both lakes [1220 and 872 km2, respectively 
(Resources  …, 1972)] have provided a rather 
averaged regional paleogeographic record, which 
yet could simultaneously hamper the interpretations 
of local paleolandscape dynamics and significantly 
offset the actual paleoclimatic signal. Thus, some 
local-scale controls of interfluve paleoenvironments 
are required for better understanding and accurate 
interpretation of such regional paleoarchives. 

In general, much of paleogeographic research 
has long been focused on the interglacial organic-
rich intervals of lacustrine and palustrine records 
[e.g., (Grichuk et  al., 1973; Mamakowa, 1989; 
Novenko, 2016)]. Particularly, numerous outcrops 
of MIS5e deposits were thoroughly investigated by 
paleofloristic studies (Borisova, 2005; Borisova et al., 
2007; Gorlova, 1968a, b; Gubonina et  al., 1973; 
Velichko et al., 2005, etc.). Although predominantly 
clastic sedimentary sequences of the Last Glacial 
remained much less accounted for or even 
obscurely attributed to the so-called mantle loams 
(Semenov et al., 1972), regardless of their extended 
thickness and even distinct footprints of subaquatic 
sedimentation. Some data even suggest that most 
local sinks of the Moscow paleolandscape were 
completely filled by the Early Pleniglacial (Borisova 
et al., 2022), completely lacking the rest of the record 
and thus commonly unsuitable for reconstructions of 
the Valdai paleoenvironments. 

However, several extended kettle hole infills have 
been lately found at the Borisoglebskaya Upland, 
exposing almost uninterrupted MIS2  — MIS1 
sedimentation (Rudinskaya et al., 2022; Zakharov 
et al., 2021, 2024) or even prolonged annals of the 
entire last glacial-interglacial cycle of MIS6  — 
MIS1 (Garankina et  al., 2019; Shishkina et  al., 
2019). Hence, we chose the fullest available core 
covering the entire last glacial-interglacial cycle for 
a thorough chronolithostratigraphic investigation. 
We attempted to reconstruct the local sedimentary 
environments and to correlate the recorded 
paleolandscape response with the major Late 
Pleistocene environmental shifts at the eastern face 
of the Borisoglebskaya Upland. 

MATERIALS AND METHODS
Solovey Depression is a kettle hole at the NE 

Borisoglebskaya Upland about 190 km northeast 
of Moscow and only 10 km WSW of the town of 
Rostov Veliky (Yaroslavl oblast) (see Fig. 1a). The 
region was last glaciated during the MIS6, then 
experiencing alternations of interglacial (MIS5e, 
MIS1) and periglacial (MIS5d — MIS2) conditions 
[e.g., (Astakhov et al., 2016; Velichko et al., 2004)]. 
The glacial topography of the area is dominated 
by low-amplitude hilly plains alternating with 
pronounced flat-topped hills and shallow flat-
bottomed depressions. The latter are mostly kettle 
holes considerably filled with sediments reflected as 
very gently concave lows of the modern landscape, 
ranging from 0.5 to 4 km in diameter (Garankina 
et al., 2019, 2023). 

Solovey depression belongs to the Puzhbol Gully 
catchment (Belyaev et  al., 2020) lying beyond 
the upper reaches of its upper right tributary  — 
Western Cheremoshnik Gully (Fig. 1b). From 
the north and west, the semi-round depression 
is canvassed by two large hills elevated 25–50 m, 
while smaller knobs 5–7 m high are spread along 
its southern and eastern margins. The hills have a 
rather complex inner structure, being composed 
of highly contrasting laminated glaciolacustrine 
sands and loams alternating with glacial diamicts 
and glacially dislocated blocks (Garankina, 2023). 
In-between the hills, there are gentle troughs that, 
however, do not currently drain the basin, except 
for an artificial drainage channel at the NE. The 
catchment area of the depression totals up to about 
2 km2. The dry, flat, slightly concave floor of the 
depression (1.0 km × 0.7 km) has semi-separated 
S and NE hollows, while at the NW it is slightly 
elevated and has a specific hummocky pattern of 
1–1.5 m height amplitudes. The southern part is only 
slightly waterlogged, yet until the land reclamation 
and construction of an artificial drainage system in 
1984, a distinct shallow waterbody persisted there. 
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Fig. 1. (a) Location of the Borisoglebskaya Upland at the center of the Russian Plain (background — DEM SRTM). Red 
and blue lines show the maximum distribution of the Moscow and Late Valdai glacial covers [after (Astakhov et al., 2016)], 
the yellow star signifies the study area position; (b) Topography of the study area at the NE Borisoglebskaya Upland with the 
position of the key core SK7 and other geological exposures mentioned in the text. The purple outline shows the catchment 
area of the Solovey Depression (DEM derived from digitized contours of the land-planning map). 
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Against the predominance of Glossic Luvisols on 
the watershed (Matinyan et  al., 1996; Rusakov 
and Sedov, 2012; Shorkunov and Rusakov, 2023), 
the depression bottom and toeslopes of its sides are 
covered with Gleyic Luvisols plowed throughout the 
20th century while being deforested by the end of the 
18th century. 

Recent geophysical reconnaissance of the Solovey 
depression (Garankina et  al., 2023, 2024) has 
revealed an overdeepening of the glacial base by 
20–25 m below its modern surface. That suggests a 
profound Late Pleistocene accumulation advocated 
by the MIS3 14C age of the organic-rich deposit at 
the 5.5 m depth in a 9 m deep core (Garankina et al., 
2019). Thus, extensive coring (12 cores in total) of 
the depression (Garankina et  al., 2023) using a 
mechanized press-auger (Posazhennikova et  al., 
2024) was accomplished. 

This study focuses on a comprehensive macro- 
and mesomorphological analyses of lithological 
features in the thickest (21.5 m) available core SK7 at 
the northern toeslope of the Solovey depression (see 
Fig. 1b), complemented by the selective radiocarbon 
dating of organic-rich sediments. In the field, the 
surfaces of each auger core 1–1.5 m high were cleared 
with sharp knives to expose their inner structure. 
Each auger was shot in reflected light as a whole 
and in overlapping 10–30 cm intervals. Thorough 
field morphological and textural description 
(Garankina and Shorkunov, 2024; Schnurrenberger 
et al., 2003) was accompanied by further analysis 
of acquired macrophotos emphasizing the shifts 
in color, lamination patterns, sedimentary macro 
and microstructures, the character of lithological 
boundaries, fabric, inclusions, and pedogenic 
features (Table 1). CorelDRAW 2023 graphic design 
software was used to produce the lithostratigraphic 
visualization of the column.

Revealed distribution patterns of sedimentary 
attributes and post-sedimentary alterations 
throughout the core provided a reliable basis for 
determining both the composition and genetic types 
of the sediment and facies interpretation. Thus, 
local sedimentary environments were classified into 
subaerial, superaqueous, and subaqueous types. 
The latter were further differentiated in terms of 
relative water depth changes of the paleobasin, its 
trophic state, genetic type, and dynamic mode, 
while deposition and post-deposition agents were 
distinguished for the former. Major shifts in the 
relative organic content were used as a rough proxy 
of regional thermal conditions, allowing a general 
correlation of the identified lithological units with the 
global climatic signal of the last glacial-interglacial 
cycle. 14C AMS dating was carried out at the 
Laboratory of Radiocarbon Dating and Electronic 
Microscopy, Institute of Geography, RAS and Center 

for Applied Isotope Studies, University of Georgia, 
USA. Calibration of 14C ages was performed with 
CALIB REV 8.2 using the IntCal20 curve (Reimer 
et al., 2020). Thus, numerical age determination, 
coupled with thorough mesomorphological analysis 
of deposits, allowed more robust correspondence 
of the identified lithological units with the general 
chronostratigraphy of the area. 

RESULTS
Lithofacial characteristics of sediments. At 

the northern toeslope of the Solovey depression 
(Fig. 1c), the SK7 core has reached massive glacial 
diamicts at a depth of 20.55 m, recovering yet the 
longest postglacial sedimentary sequence of the 
NE Borisoglebskaya Upland. A thick stratified 
loamy stratum with sand, peat, and gyttja beds was 
distinguished into 15 lithological units (see Table 1, 
Fig. 2) composed of varying sedimentary facies. 

Above the glacial base (U16), the lower 2.8 m 
of the column (U15–U14) reflect multi-order 
rhythmically laminated lacustrine silts with 
contrasting thicker sand interlayers, microfaults, 
and angular disconformities. Exclusively clastic unit 
15 accommodates lenses of massive sandy diamict 
that resemble the underlying glacial deposit (U16) 
yet have angular disconform contacts and probably 
are a product of underwater slumping. In unit 14, 
fine organic matter and plant remains, including 
large wood fragments, commence to appear against 
the general decrease in sand fraction and overall 
textural contrast of lamination. Above, a 2.5 m 
thickness of stratified carbonate sapropels (U13) 
and dense rough peats (U12) stands out due to the 
increased organic content reflecting the shift from 
lacustrine to palustrine origin of the deposit. On 
the eroded top of peats, a rather more homogenous 
4-m lacustrine thickness of less organic content 
rests. Dark patchy fine-sandy silt loams (U11) with 
lenses of allochthonous plant detritus at the base and 
gravel inclusions upwards are gradually substituted 
by stratified sandy gyttja (U10) with loamy and peaty 
lenses against the progressive increase in organic 
matter content upwards. 

Above, with another erosional boundary, a 
lithologically contrasting sequence up to almost 7 m 
thick reflects texturally-laminated lacustrine clay to 
sandy-silt loams with highly varying organic content 
(U8 and U6), disrupted by pronounced fine-sand 
beds (U9 and U7) and several thinner interlayers in 
U6. Except for the brownish-gray U9, the sands are 
of a contrasting reddish-yellow hue. Erosional lower 
contacts of those units and coarse grain size suggest 
an alluvial origin of the load.

Above 2.5 m depth, clayey silt loams (U5–U4) 
show no clear lamination or preserved macroscopic 
inclusions of organic matter. The color of unit 5 
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gradually changes from gray to lighter pale gray, 
forfeiting its bluish hue to mottled yellow-light-gray 
in unit 4. Characteristic bright red-yellow ferruginous 
concretions with dense brown interiors at the base 
of U5 are substituted upwards by less contrasting 
reddish-yellow and reddish-brown vertical patches 
and completely mottled impregnations in U4. Both 
units reflect a certain amount of colluvial input, yet 
the lower one still shows some obscure rhythmic 
lamination of water-lain origin, while the lenticular 
mottled structure of the upper one is more likely 
a result of slope redeposition of its material by 
solifluction and creep.

The uppermost 2 m of the loamy stratum starts 
up where the reddish-light-brown phase tends to 
overrun the light-gray one (U3). Irregular reddish-
bright-yellow wavy lenses highlight the low-contrast 
lamination in the clay loams of creep nature. On the 
almost complete dissipation of the light-gray and 
reddish-yellow phases against a noticeable rise in 
dark reddish-brown impregnations, a series of rather 
thin loamy beds of more reddish hue and lighter 
composition (U2) follows upward. The upper part of 
U2 turns to reddish-brown silt loams with a reticulate 
network of pale light-yellow silt. The topmost 
grayish-brown fine-sandy loams (U1) are marked 
by a low-contrast lenticular lamination with large 
irregular silt patches. At the lower contact of U1, 
a pocket of pale reddish-light-gray silt reflects the 
redeposited ELhh and BEL horizons of a paleosol. 
Variegated lenticular structure, dull reddish hue, and 
coarser composition with a noticeable intercalation 
of fine sand in the stratified thickness (U2–U1) 
represent the signs of slopewash redeposition. Each 
bed is penetrated by a specific network of pedogenic 
pore planes filled with either brownish-gray cutans or 
pale light-yellow siltans. 

Age determination. Four 14C age determinations 
of organic-rich deposits were accomplished for the 
SK7 core (Table 2), complementing the previously 
published dates from the neighboring core SK2 and 
pits SK0 and F11 (Belyaev et al., 2020; Garankina 
et al., 2019; Shorkunov and Rusakov, 2023). In both 
cores, the second half of the middle Valdai interval 
has been identified, being presented by predominantly 
grayish loamy thicknesses yet with apparent darker 
lenses of gyttja enriched with peat (Figs. 3a, b). The 
lowest sample (SK7a–104) occurred to be out of the 
14C dating range; however, as it was taken from a 
rather disturbed sand unit 9 regarded as a footprint 
of pronounced alluvial input, some degree of older 
organic matter redeposition rests possible (see Fig. 2, 
U9). The next sample (SK7a–83) from the top of the 
same unit received an age of around 36.8–38.1 ka, 
which is in good alignment with the 35.2–36.3 ka 
age from the peat lens in the SK2 core. There are no 
age inversions, though upwards, for a quite extended 
interval (1.3 m) of loamy sedimentation, two samples 

(SK7–2 and SK7–4) yielded very close dates falling 
in-between 31.6 and 31.1 ka (see Fig. 3a). The 
lower one was obtained for a small lens of dispersed 
organic matter in characteristic bluish loams (U6) 
above the distinct sand layer (U7). The upper date 
marks the termination of alluvial input shortly 
followed by the transition to a very shallow pond-
like type of accumulation (Fig. 3c). Such a negligible 
difference in age either calls for rather high rates of 
sedimentation mounting up to 1 mm/year or some 
organic matter redeposition causing the absence of 
the age gap. Two younger dates obtained for the 
thin gyttja layers from the neighboring exposures 
are well-coordinated, albeit they correspond to the 
Middle Holocene (~5.7–6.7 ka). The youngest date 
obtained for the burned buried birch roots on the 
footslope of the depression (F11) points to 1 ka AD 
as an onset of the cut-and-burn practices at the key 
site (Belyaev et al., 2020). 

DISCUSSION
Local sedimentary environments. The pronounced 

depression within the Moscow (MIS6) glacial 
sedimentary complex was filled with more than 20 m 
of the postglacial loamy stratum, reflecting several 
dramatic shifts in textural composition, organic 
matter content, and structures (see Table 1, Figs. 2, 
3a, b). The major part of the sequence (U15–U5) 
reflects rhythmic clastic and organic-clastic 
sedimentation in a subaqueous environment (see 
Fig. 3c) manifested in multi-order textural horizontal 
lamination. Lacustrine sedimentation was dominant, 
although the repeated peat accumulation (U12, top 
of U10) indicates at least periodic cessations of the 
waterbody, causing the shifts to a superaqueous mode 
of deposition. Erosional contacts both atop those 
peats and at the base of coarse-grained layers (U9, 
U7, and sand lenses in U6) suggest several hiatuses 
caused by erosion episodes both in subaqueous and 
superaqueous environments. 

The lower part of the lacustrine sequence, 
characterized by fine rhythmic textural lamination 
(U15–U14), corresponds to the most dynamically 
contrasting sedimentary environments. Encom
passed lenses of massive glacial diamicts witness 
the rapid slumping along the steep, unstable sides 
of paleodepression as their sharp angular edges 
signify the dislocation of diamict blocks in a frozen 
state. Microfaulting also indicates uneven settling 
of the laminated thickness, likely due to melting of 
the buried glacier ice under the warming effect of 
a relatively deep-water basin, as evidenced by the 
(sub)millimeter textural lamination. At the latest 
stages of deglaciation, an ice-walled lake also could 
not be excluded as a possible explanation. However, 
the upward increase in organic content and its 
dispersion in the predominantly clastic deposit 
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suggest progressively improving climatic conditions 
(Fig.  3d) against the reducing energy of the 
depositional environment while indirectly pointing 
to the stabilization of the adjacent interfluves. 

That tendency flourishes in the overlying 
carbonate sapropels (U13), reflecting rather mild 
conditions of a low-energy shallow-water eutrophic 
basin, yet in a climate with rather contrasting 
seasons. Gradual substitution by the superaqueous 
phytogenic accumulation of peats (U12) marks 
the transition to a superaqueous environment and 
warmer settings (see Fig. 3d). Low humification of 
plant tissues and even incorporation of tree branches 
and trunks point to a rather rapid deposition at a 
eutrophic forested bog. 

No signs of subaerial reworking of peat, its 
sharp upper contact, and redeposition of detritus 
in the overlying laminated loams (U11) (see 
Fig. 2)  suggest that the recovery of subaqueous 
conditions in the basin shortly followed the peat 
deposition. Likely, it caused a simultaneous erosion 
atop the peat, yet rather locally constrained. Thus, 
a position relatively close to the lakeshore against 
periodic landscape destabilization on adjacent 
interfluves could be argued. Predominant clastic 
sedimentation in an oligotrophic lake of the period 
denotes some deterioration of climate conditions, 
while textural patchiness of the sediment signifies 
some perturbation that could be attributed to either 
cryogenic or biogenic activity, both pointing at a 
rather shallow-water setting. 

A gradual substitution by gyttja (U10) topped 
with a thin peat layer signifies another increase in 
bioproductivity of a shallower eutrophic lake, related 
probably to the next regional climate warming. There 
is no certainty whether that peaty lens indicates 

yet another drop of the water level and recurrence 
of superaqueous conditions, as the plant remains 
are rather well-humified and could reflect input of 
redeposited detritus from the shore. 

Upwards, a lithologically contrasting sequence 
(U9–U6) reflects a fairly dynamic sedimentary 
environment of variable energy. Against the 
preservation of the lacustrine setting of an average 
depth the amount and rates of terrigenous input 
shifted profoundly with its peaks highlighted by fine 
sandy units (U9, U7, lenses in U6) of differentiated 
sorting (see Fig. 2). Stratified fine sands (U9) with 
disrupted lenses of allochthonous organic matter 
likely indicate increased transport capacity at the 
catchment both through linear and slope erosion 
causing certain reworking of the underlying organic-
rich unit (U10). Progressive incorporation of clastic 
fines up to the transition to laminated loams (U8) 
indicates the gradually reducing energy of the 
sedimentary environment against its yet pronounced 
alternations highlighted by contrasting detritus and 
sand interlayers. A new phase of even more intense 
erosion of the catchment and alluvial input into 
the lake is highlighted by a sharp boundary with 
the coarser unit (U10, see Fig.  2). Lithological 
variability and lack of rhythmicity in the thick pack 
of sands suggest a rather high-energy sedimentary 
environment. Simultaneously, a very short-distance 
transport and fast burial are implied as sands 
preserved their vibrant red hue that could only have 
been inherited from the glacial tills eroded on the 
adjacent interfluve. Plastic deformations of sand 
and loam lenses in U6 and U7 allow assuming they 
were affected by cryoturbation, which endorses a 
shallow-water setting with periodic freezing of the 
lake floor. Yet it seems that both the slight erosion 

Table 2. Radiocarbon dates of the Solovey depression

№ Field Code Lab Code H abs, 
m

Depth, 
cm

Lithology / 
Dated fraction

14C yrs BP 
± 1 σ

cal yrs BP, 
2 σ range

1 F11 IGANAMS–7632 167 080–092 loamy colluvium / charcoal 
of Betula albae 1060 ± 20 925–976

2 SK2–13–12 Ki–19676 160.8 096–102 gyttja in loam / TOC* 5190 ± 60 5753–6179

3 SK0 IGAN–2535 163 65 gyttja / HA** 5600 ± 140 6009–6731

4 SK2–44 Ki–19671 156.3 550–555  peat lens in loam / TOC 31 440 ± 300 35234–36346

5 SK7–2 IGANAMS–10760 158.1 455–460 loam / TOC 27255 ± 110 31099–31551

6 SK7–4 IGANAMS–10761 156.8 582–594 organic-rich loam / TOC 27390 ± 110 31155–31625

7 SK7a–83 IGANAMS–10762 154.5 820–830 fine organic-rich sand / TOC 32945 ± 150 36883–38105

8 SK7a–104 IGANAMS–10763 152.4 1030–1040 reworked organic matter in 
sand / TOC >50000 out of range

Note: *Total organic carbon; **humic acid.
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Fig. 3. Interpretation of the key lithological column SK7: (a) lithology and facies, (b) natural color changes, (c) local 
sedimentary environments, (d) relative changes in regional climatic conditions, (e) correlation with marine isotope stages. 
Lithology (column a): 1 — very fine & fine sand, 2 — sandy loam, 3 — silt loam, 4 — loam, 5 — clay loam, 6 — loam 
laminated with sand, 7 — gravel and pebble, 8 — wood fragments, 9 — plant detritus, 10 — gyttja, 11 — sapropel, 12 — peat,  
13 — contacts: a — sharp, b — noticeable, c — gradual. Facies (column a): 14 — slopewash, 15 — creep, 16 — solifluction and creep;  
17 — lacustrine, 18 — palustrine, 19 — alluvial, 20 — underwater slump, 21 — glacial. Local sedimentary environments (column c):  
subaerial: 22 — glacial, 23 — slope; superaqueous: 24 — slope, 25 — waterlogged bog; subaqueous: 26 — very shallow water 
body (pond up to 1–2 m deep) with distinct colluvial input, 27 — shallow water body (2–5 m) with weak water grading,  
28 — water body of medium depth (5–10 m) with multi-order water grading; 29 — relatively deep water body (> 10–15 m) with 
multi-order contrast textural grading. Relative changes in regional climatic conditions (column d): 30 — warm (interglacials), 
31 — warmer (periglacial interstadials), 32 — milder (periglacial stadials and interstadials), 33 — colder (periglacial stadials), 
34 — cold (glacials). 
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of underlying loams and the deposition of each 
sandy layer occurred in a subaqueous environment. 
Thus, the latter can be interpreted as a gully bedload 
repeatedly deposited at an underwater alluvial fan. 
The total thickness of sands amounts to almost 
3.5 m, which is a sign of quite prominent erosion on 
the rather limited adjacent interfluve.

The gradual lightening of the sediment color 
upwards, backed by the general decline in organic 
matter in U5, signifies progressive shallowing of the 
water basin. Iron segregation in anoxic conditions 
was concentrated along the hydrophyte rootlets. 
That is reflected in hard ferruginous concretions 
at the base of U5, extending upwards as vertically 
oriented aggregated reddish-yellow lenses with 
darker interiors in pale gray clayey silt loams. It is 
worth acknowledging that no signs of eutrophication 
associated with an articulate decrease in the water 
depth have been found throughout the area 
(Garankina et al., 2019, 2022; Sheremetskaya et al., 
2022). Thus, rather severe climatic conditions can be 
suggested for the period as preventing the vegetative 
overgrowth of the shallowing lake, coupled yet 
against a very low-energy sedimentation environment 
as suggested by the fine grain size and overall textural 
homogeneity of loams. A specific pond-like type 
of accumulation can be argued to have prevailed 
during that time not only in deeper inherited glacial 
depressions but in smaller lows such as thermokarst 
throughs (Garankina et al., 2019, 2022).

Upwards an increase in reddish-yellow impre
gnations (U4) accompanied by distinct signs of 
slope redeposition indicate the general transition to 
superaqueous settings. Certain periodic waterlogging 
had persisted as reflected both by traces of bluish hue 
and fragments of characteristic cm–mm lenticular 
layering highlighted by ferruginous and manganese 
segregations. However, the major deposition agent 
shifted to slope processes, among which solifluction 
and creep are most expected.

A transition to the predominantly subaerial 
deposition is associated with a series of thin loam 
and silt loam beds (U3–U1) presenting distinct 
signs of repeated slope reworking with a change of 
the primary agent from creep (in U3) to slopewash 
(in U2–U1). Also, the pack is significantly altered 
by certain episodes of pedogenesis imprinted in 
the separate pore planes networks filled with either 
cutans (running both in U3 and U2) or siltans (only 
in the upper part of U2). The erosional base of U1 
with pockets of redeposited ELhh and BEL material 
marks the end of a certain surface stabilization 
stage that resulted in a texturally-differentiated soil 
formation on the adjacent watershed area. On the 
contrary, unit 1 itself seems almost unaffected by 
modern soil formation, which points to its rather 
young age of deposition. It shows typical signs of 

agrogenically-triggered redeposition reflected in 
a rather more homogenous lenticular to patchy 
structure, against no signs of textural differentiation. 
The onset of cut-and-burn cultivation led to erosion 
intensification on previously forested slopes, which 
triggered the agrogenic colluvium (U1) accumulation 
on the adjacent footslopes and in local depressions.

Correlation with regional chronolithostratigraphy 
and general environmental changes. Recent studies 
(Baranov, 2022; Baranov et al., 2022; Borisova et al., 
2022) convincingly argued against the existence of 
large proglacial lake basins in Central European 
Russia during the Valdai epoch [as suggested by 
(Kvasov, 1975; Rusakov and Sedov, 2012; etc.)]. 
Thus, local yet quite frequent findings of rather 
pronounced postglacial sedimentary thicknesses up 
to 10 m on local interfluves (Markov et al., 1969; 
Moskvitin, 1976; Novskij, 1975; Razrezy …, 1977; 
Semenov et al., 1972; Sudakova et al., 1984; etc.) 
are attributed to spatially-constrained semi-closed 
depressions of glacial paleolandscapes such as kettle 
holes [e.g., (Antonov, 1998; Garankina et al., 2019; 
Sheremetskaya et al., 2012; Zakharov et al., 2024)] 
or glaciofluvial incisions [e.g., (Eremenko and 
Panin, 2010; Eremenko et al., 2011; Kuzmina et al., 
2022; Shishkina et al., 2019)]. 

As shown by the electrotomographic profiling 
(Garankina et al., 2023, 2024), the studied Solovey 
depression embodies several merged kettle holes, 
which are almost undetectable in the modern 
landscape (see Fig. 1b). Thus, while the sedimentary 
sequence of SK7 core most fully represents the 
general lithostratigraphy of the Solovey paleobasin, 
it also bears specific erosion signals not recorded in 
some neighboring cores due to the paleolandscape 
variability. Hence, we attempted to correlate 
tendencies in the reconstructed sequence of local 
sedimentary environments with the regional 
chronostratigraphic scheme, keeping in mind that 
the climatic signal could be offset by the locally 
triggered gully erosion and slope processes.

The grayish, loamy, lacustrine stratum is 
interrupted by several drastically contrasting layers of 
coarser sands or darker organic-rich matter. Received 
14C ages coupled with the facies interpretation and 
general stratigraphic position above the Moscow 
tills allow making some rather robust assumptions 
about the chronology of deposition in the Solovey 
depression. The middle Valdai stratum (31–38 ka 
and older) covers a significant part of the column in 
its middle. 

Below, a characteristic peat unit (U12) overlays 
a stratified lacustrine sequence of loams (U15–14) 
and sapropells (U13). In the region, thick dense 
peat and gyttja lenses are characteristic of the 
Mikulino interglacial (MIS5e) (Bazilevskaya et al., 
1984; Chizhikov, 1956; Gorlova, 1968b; Markov 
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et  al., 1969; Problemy …, 2001, etc.), thus, they 
could be used as one of the tentative markers for 
correlation. A series of similar outcrops has long 
been known in the vicinity of the studied kettle, the 
closest being the compressed yet alike sedimentary 
sequences in the Cheremoshnik and Puzhbol gullies 
1.7–1.9 km eastwards. Thoroughly palinologically 
studied (Borisova, 2005; Gorlova, 1968a; Gubonina 
et al., 1973; Markov et al., 1969; Novenko et al., 
2005; Rusakov et al., 2015; Sheremetskaya et al., 
2022; Sukachev and Nedoseeva, 1954; Tyuremnov 
and Vinogradova, 1952; etc.), they are well-
known references for the first half of the Mikulino 
interval. On top of the Moscow till, the onset of 
organogenic accumulation is marked by thin lenses 
of well-decayed peats 230U–Th dated to 122–144 ka 
(Rusakov et al., 2015, 2019), followed by varved clay 
sedimentation shortly substituted by gyttjas and peats 
of 114–115 ka 230U–Th age. Thus, the deposition ages 
encompassing the entire MIS5e are consistent with 
the Mikulino palynological interpretation (Gorlova, 
1968a, b; Markov et al., 1969; Novenko et al., 2005; 
Problemy ..., 2001; Rusakov et  al., 2015, 2019; 
Sheremetskaya et al., 2022; Sudakova et al., 1984), 
allowing them to be correlated with the investigated 
units 13 and 12. Thus, contrastingly laminated units 
15 and 14, which line up the glacially-laden floor 
of the Solovey paleodepression and show imprints 
of initially rather cold but progressively warming 
conditions, can be aligned with the transition from 
late glacial conditions of the Late Moscow (MIS6) 
deglaciation to interglacial settings of the early 
MIS5e (Figs. 3d, e). An emerging kettle hole started 
to simultaneously fill in with contrasting clastic 
material against yet unfinished buried ice thawing 
and sediment settling. 

Peats of U12 are truncated with some traces of 
their redeposition in the overlying loams (U11). Such 
hiatuses atop the Mikulino peats have been reported 
in the Puzhbol and Cheremoshnik exposures 
covering the entire interglacial optimum and even 
the majority of the MIS5d — MIS4 (Novenko et al., 
2005; Rusakov et  al., 2015, 2019; Sheremetskaya 
et  al., 2022). A significant lowering of the water 
table has long been argued for the area (Gunova, 
1975), however, two major questions remain open. 
The first one concerns the cause of such a water 
level drop: whether it was a drying response to the 
regional amelioration of the climate in the second 
half of the Mikulino Interglacial (Alyoshinskaya 
and Gunova, 1997; Gunova, 1975; Markov et al., 
1969) or additional drainage of such depressions 
triggered by the widespread linear erosion (Shishkina 
et al., 2019). The other issue concerns what could 
have caused the following recovery of water bodies 
that was majorly out of character for the region, as 
lately argued by Borisova et al. (2022). As general 
answers to both questions lie quite beyond the scope 

of this study, there is yet no evidence suggesting 
that the particular depression had experienced any 
significant drainage during that time. That indirectly 
supports the climatic forcing of the water level drop 
and deposition break, followed by only slight local 
erosion of the banks. Thus, it also eliminates the 
need to look for an additional cause for the damming 
of the depression, which could have been simply 
refilled with water during the wetter stages. 

The timing of that lake recovery remains quite 
obscure, referring to a prolonged interval from the 
early stages of cooling in MIS5d–a or MIS4 to 
the first half of MIS3 (prior to the radiocarbon age 
determination limit). It is quite confident to say 
that lacustrine conditions persisted at least until 
the transition to or the beginning of MIS2, showing 
tendencies to terrigenous slope and alluvial input 
since ca. 38 ka (U9–U6), followed by the progressive 
shallowing and depletion in organic matter since ca. 
31 ka (U5–U4). It could be tentatively correlated 
with the analog climatic signal in SK2 core 
(Garankina et al., 2019) where several organic-rich 
lenses with close 14C dates (37.5–35 cal ka BP) also 
refer to rather warmer stages of the Middle Valday 
(MIS3) interstadial with a quite sharp shift to less 
favorable, cooler and dryer, conditions (probably of 
MIS2). The major difference in those cores appears 
to be no signs of alluvial load in the SK2 core as 
opposed to the pronounced sand units [e.g., U9, 
U7) in the SK7 core. That reveals the local signal 
recorded in the latter core, probably due to its close 
position to the eroded sides of the depression. 

Upwards, no precise age control is available for 
the SK7 core, yet the correlation with neighboring 
exposures in the vicinity of the key site and general 
climatic trends reconstructed for the Upper Volga 
Region (Borisova, 2021) made it possible to propose 
some chronostratigraphic frames. A drop in the 
organic content against the pronounced increase 
in the “loess” (coarse silt) fraction was reported 
(Garankina et al., 2019) in sediments correlative with 
U5 and further upwards. Footprints of cryogenic 
slope reworking found in U4 can be quite confidently 
corresponded to distinct signs of cryoturbation, 
solifluction, and small cryogenic cracks in the SK2 
core, pointing to a significant deterioration of the 
climate. Those units can generally be correlated 
with the MIS2 pleniglacial conditions, yet an 
attribution of U5 to the LGM and U4 to the Late 
Glacial remains only tentative. Unit 3 still bearing 
some evidence of a predominant creep mechanism 
of movement against yet low organic content can 
be preliminarily attributed to the end of the Late 
Glacial or transition to the Holocene, as it is also 
penetrated by clay cutans of interglacial soil.

The upper 1.25 m of colluvial accumulation is 
quite surely correlated with the Holocene stages 
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of landscape destabilization. However, if the 
lower unit (U2) consisted of several thin beds with 
erosional contacts reflects some regional climatic 
shifts, then the accumulation of the upper one 
(U1) was probably stimulated by the beginning 
of agricultural development of the Upper Volga 
Region. The onset of cut-and-burn cultivation led 
to erosion intensification on previously forested 
fields, which triggered the agrogenic colluvium (U1) 
accumulation on the adjacent footslopes and in local 
depressions commencing 0.6–1.3 cal ka BP (Belyaev 
et al., 2020). At the key site, the timing can be more 
precisely constrained by the pyrogenic event dated 
to the turn of the 10th and 11th centuries in the F11 
exposure. 

Evidence of the Middle Holocene land surface 
stabilization indicated throughout the area by either 
buried in situ texturally-differentiated soil profiles or 
products of its redeposition caused by the following 
extensive erosion around 5–6 ka BP (Belyaev 
et al., 2020; Garankina et al., 2019, 2023) remains 
obscure in the key core. However, in the neighboring 
exposures (SK0, SK2), a period (~5.7–6.7 ka) of 
temporary waterlogging of the lower parts of the 
depression bottom is recorded by gyttja deposition. 
Those gyttjas are buried by another series of thin 
colluvial beds, which could be tentatively correlated 
with U2. Simultaneously, no signs of analogue 
water-lain deposits in the key core SK7 are probably 
due to its higher position on the toeslope. 

It can be resumed that throughout its existence, the 
water basin in the Solovey Depression shifted in depth 
from more than 15–20 m at the early stages of the 
kettle hole formation during MIS6 deglaciation and 
initial infill at the onset of the Mikulino interglacial 
(U14–15) to shallower settings ever since, with some 
periods of almost complete drying (as U12). Garankina 
et  al. (2019) showed that multi-order rhythmic 
lamination of lacustrine sediments has been preserved 
during the Early and Middle Valdai epochs, at least in 
the central part of the depression (core SK2). Thus, at 
the key core (SK7) position, the water depth can be 
estimated as deeper than 4–5 m, which prevented the 
disruption of the initial lamination, at least until the 
pronounced sand accumulation of U9 around 37 ka. 
It can be suggested that then the lake depth gradually 
decreased up to 2–3 m (U6), followed by a stage of 
very shallow (1–2 m) pond-like waterbody reflected 
in the deposits of U5, which almost completely 
ceased to exist by the end of the Late Pleniglacial. 
The presented reconstruction contradicts the thesis 
proposed earlier by Borisova et  al. (2022) that in 
the Upper Volga Region, all of the local depressions 
were almost completely filled with sediments by the 
end of Valdai Early Glacial (MIS5 a) or even before. 
However, our reconstruction is supported by a series 
of the Middle Valdai AMS 14C dates acquired for 
the pronounced laminated lacustrine infills of the 

adjacent depressions (Garankina et al., 2019, 2023; 
Shishkina et  al., 2019), suggesting some specific 
conditions of the Borisoglebskaya Upland, which 
allowed that deviation from the standard scenario 
(Borisova et al., 2022). Here, we can only speculate 
that the anomalous thickness of both the dead ice 
blocks and the associated Late Moscow glaciofluvial 
and limnoglacial accumulation were the precursors of 
the highly amplitudinal glacial topography of the study 
area, which provided the opportunity for the recovery 
of lacustrine environments after the Last Interglacial. 

CONCLUSIONS
We delivered a thorough macromorphological 

lithological investigation of the 20 m deep core in 
the eastern part of the Borisoglebskaya Upland. 
Considerable hiatuses are found in the sequence, 
yet it presents the fullest available Late Pleistocene 
paleoarchive on the interfluves of the Borisoglebskaya 
Upland. It allowed major sedimentation agents and 
local sedimentary environments to be reconstructed 
and correlated with the regional climatic trends. 

Initially emerging as a kettle hole of about 20 m 
deep during the degradation of the Late Moscow 
glaciation, the Solovey Depression became an arena 
of the Late Pleistocene clastic and organic-clastic 
rhythmic sedimentation. The major part of the 
studied sequence reflects rather calm and cold water 
environments 5 to 10 m deep of the Middle and Late 
Valdai stages. Thus, the presented reconstruction 
shows specific conditions of the Borisoglebskaya 
Upland, which allowed the recurrence of lacustrine 
sedimentation during most of the Pleniglacial, in 
contrast to the regional trend of a complete infill of 
the local glacial depressions by the end of the Early 
Glacial.

Multi-order stratification of lake sediments refers to 
their sensitivity to both regional environmental cyclicity 
(from seasonal and annual to decadal, centennial, and 
millennial) and irregular episodic shifts on a catchment 
scale (e.g., local fluvial incision events). 

Following the LGM, a shift from subaqueous to 
superaqueous and later (during the Late Glacial) to 
subaerial sedimentary environments dominated by 
colluvial input coincided with the regional trend of 
climatic deterioration during the MIS2.
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Палеоархив позднеплейстоценовых обстановок осадконакопления 
на Борисоглебской возвышенности 

Е. В. Гаранкинаa, b, *, В. С. Посаженниковаa, b, И. Г. Шоркуновa 

aИнститут географии РАН, Москва, Россия 
bМосковский государственный университет имени М.В. Ломоносова, Москва, Россия 
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Ландшафты центра Европейской России были сформированы последним среднеплейстоце-
новым оледенением, что сосредоточило значительную часть последующего осадконакопления 
межледниковых и перигляциальных обстановок в депрессиях ледникового палеорельефа. Однако 
соответствующие непрерывные постледниковые седиментационные архивы крайне редки 
в регионе из-за резких колебаний регионального базиса эрозии и значительной эрозионной 
активности во многих крупных депрессиях. Поэтому для реконструкции локальных обстановок 
осадконакопления и корреляции зафиксированного палеоэкологического сигнала с основными 
климатическими изменениями позднего плейстоцена был выбран наиболее полный имеющийся 
керн из котловины на северо-восточном макросклоне Борисоглебской возвышенности, который 
охватывает весь последний ледниково-межледниковый цикл. Тщательное макро- и мезоморфо-
логическое исследование кернов механизированного свайно-шнекового бурения было допол-
нено селективным радиоуглеродным датированием богатых органикой отложений. Толща 
минеральных и органоминеральных осадков мощностью более 20 м отражает направленный 
переход от ритмичной субаквальной озерной седиментации и эвтрофно-болотной аккумуляции 
во время последнего межледниковья, раннего и среднего пленигляциала к суб- и супераквально-
му накоплению продуктов преимущественно склонового сноса во время позднего пленигляци-
ала. На заключительных этапах позднего плейстоцена, в позднеледниковье, произошла оконча-
тельная смена к преобладанию субаэрального склонового смыва. На основании определений 
радиоуглеродного возраста были выявлены перерывы в осадочной записи. В купе с обнаружен-
ными линзами аллювиальных песков они были соотнесены с флювиальной активностью време-
ни раннего и среднего пленигляциала, хотя обстановки озерного осадконакопления на этих 
этапах продолжали превалировать, обеспечив большую часть мощности всей толщи выполнения 
котловины.

Ключевые слова: палеолимнология, озерные отложения, торф, ледниковый рельеф, фациальный 
анализ, склоновый снос, котловины вытаивания мертвого льда, перигляциальные условия
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