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Abstract. Borisoglebsk Upland is considered an example of a secondary upland plain in the marginal zone
of the last Middle Pleistocene glaciation. Moraine hills and kames were reworked by glaciofluvial processes
and incised by small fluvial forms later. Its postglacial surface drift cover is regularly defined as an undivided
complex of mantle loams of dominantly subaerial origin with characteristic cryogenic features and remnants of
paleosols. However, some previous studies suggest that lake sedimentation played an important role in the post-
glacial history of the Borisoglebsk Upland. This paper presents results of a detailed investigation of postglacial
sedimentary cover of the eastern part of the Borisoglebsk Upland aimed to reconstruct the co-evolution of surface
deposits, soil cover and geomorphic landscapes since degradation of the last Middle Pleistocene glaciation about
150 ka (MIS-6). The study is essentially based on a comprehensive lithological, pedological and geocryological
description of postglacial deposits in cores (hand or machine-driven) and open sections, systematic sampling
for grain size analysis and selective sampling for '#C absolute dating and monoliths structural examination. The
results indicate that most of the surface drifts in this feature consists of stratified lacustrine deposits. Their Late
Pleistocene age is stratigraphically confined by the underlying paleosols and incorporated peats of the Mikulino
interglacial age (MIS-5) and several organic-rich layers within the lake sequence “C dated to the Middle Valdai
interstadial (MIS-3). Overlying mantle loams and colluvial deposits with cryogenic features and low organic
matter content those facially substitute lacustrine sediments were attributed to the Late Valdai stadial (MIS-2).
After the Mid-Holocene stabilization, relatively thin colluvial cover identified by the increased amount of organic
matter also deposited. We conclude that lacustrine sedimentation is the primary Late Pleistocene agent that trans-
formed the initial glacial topography and most characteristic type of lithodynamics of the eastern Borisoglebsk
Upland.
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1 Introduction

The eastern part of the Borisoglebsk Upland is located near
the Nero Lake in Central European Russia and has long been
an attraction for paleogeographers and archeologists who
conduct research to reconstruct the natural environment and
human settling histories. However, the detailed evolution of
this landscape during the postglacial period remains unclear.
In particular, little is known about the formation of interfluve
areas and smaller elements of the fluvial network. Classi-
cally this region is regarded as a secondary upland plain in
the marginal zone of the last Middle Pleistocene glaciation
(Moscow Age, MIS-6) (Semenov et al., 1972; Astakhov et
al., 2016). Topography of this feature include moraine hills
and kames reworked by glaciofluvial activity and partly dis-
sected by small valleys and gullies. Surface drift cover over-
lying glacial tills is often defined as an undivided complex of
mantle loams. A complete genetic classification of these silty
and sandy loams with characteristic cryogenic features as
well as remnants of paleosols is currently lacking. Typically
not exceeding a depth of 2-3 m, they are reported across sev-
eral parts of European Russia and Europe and are correlated
with loesses of the southerly regions (Velichko et al., 2006).
Many researchers propose this feature is predominantly of
subaerial origin formed under periglacial conditions that in-
cluded a combination of aeolian, cryogenic and shallow pool
sedimentation processes (Makeev et al., 2017). However, ge-
ological map of Quaternary deposits (O-37-XXVIII, scale
1:200000) indicates that this upland consists of up to 8 m
of mantle loams (Semenov et al., 1972). Maximum relative
elevation between the highest interfluve and the Nero Lake
level is about 111 m (Fig. 1b). However, local topographic
ranges are mostly within 5-20 m, which suggests the thick-
ness of surface loams to be close to the relative elevation of
local landforms. Accordingly, detailed information on its ori-
gin is an important key to further elucidate evolution of the
geomorphic landscape.

Individual studies suggest that lacustrine sedimentation
played an important role in the postglacial history of the
Borisoglebsk Upland (Kvasov, 1975; Rusakov and Sedov,
2012). Our recent detailed analysis of these postglacial de-
posit cover shows that a significant part is composed of
lake sediments that are unrelated to the main Nero Lake ter-
races (93—120 ma.s.l.). Moreover, these lacustrine deposits
not only cover the most recent glacial tills but they also play
an important part in the modern topography of both lower
interfluvial surfaces and upper parts of gullies and small val-
leys in elevation range of 150-180 ma.s.1.

The present paper provides new insights regarding the
lithology, paleopedology and relic cryogenic deformation of
the Late Pleistocene surface drifts located on the eastern
macroslope of the Borisoglebsk Upland. Accordingly, the
results of this investigation are employed to reconstruct the
co-evolution of surface deposits and geomorphic landscapes
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Table 1. Sampling protocol of the 2016-2019 field campaigns.

Type of analysis Number of Number of
samples collected  samples analyzed

Grain size 434 150

LOI 338 83

14 dating 25/22 3/0

(AMS/scintillation)

Core monoliths 53 25

of the study area since degradation of the last Middle Pleis-
tocene glaciation about 150 ka.

2 Materials and methods and study site description

The study is based on a comprehensive lithological, pedolog-
ical and geocryological description of postglacial deposits
in cores (hand or machine-driven) and open sections fol-
lowed by characterizing the grain size and loss on ignition
of bulk samples and in monoliths, inspecting of microstruc-
tures and selective '*C dating. Core positions were obtained
by post-processing differential GNSS survey with Leica
GX 1200 base-rover complex with typical horizontal error
<+2cm and vertical <£10cm. Topography was analyzed
by means of both visual field descriptions, GNSS profiling,
conventional geomorphic mapping and the GIS-based mor-
phometric analysis of open-source satellite imagery (Digital-
Globe/GeoEye (Google Earth), IRS and LANDSAT (Yandex
Maps), global satellite radar DEMs (SRTM and ALOS 3D),
land planning topographic maps (1 : 10000) and aerial pho-
tography obtained by UAV's DJI Phantom III and IV).

Grain size analysis involved standard sample preparation
(Konert and Vandenberghe, 1997), dry sieving of coarser
fractions (>100um) by the Fritsch Analysette 3 PRO me-
chanical sieve shaker and laser diffractometry of the finer
component (< 100 um) by the Fritsch Analysette Nanotek 22
at the Laboratory of Experimental and Dynamic Geomor-
phology and Paleogeography, MSU, Russia (Table 1). Or-
ganic and chemical carbon content was measured by igni-
tion at 500 and 900 °C (ASTM D 2974-87, 1993; Heiri et
al., 2001). Structural organization and textural composition
of sedimentary and soil (paleosol) bodies were examined us-
ing macro-photography in reflected light (macromorphology
for more than 230 m and mesomorphology for about 100 m
of cores and sections). Organic-rich layers were collected
for 1#C dating using the AMS technique at the Laboratory
of Radiocarbon Dating and Electronic microscopy, Institute
of Geography RAS, Russia, and Center for Applied Isotope
Studies, University of Georgia, USA, and scintillation tech-
nique at the Radiocarbon Dating Laboratory, Institute of En-
vironmental Geochemistry, National Academy of Sciences,
Ukraine (Table 2).

proc-iahs.net/381/13/2019/



E. V. Garankina et al.: Lake sedimentation as an agent of postglacial transformation of interfluves

ferovo
;

Shurskol

km

2

3 4

3 [] Casestudyarea | Elevation [ so-90 [ J120-130 [_]160-170 [N 200-210
(m) [ o0-100 [J130-140 [J170-180 [J 210-220

- N ) )
- coring locations B ss-70 [ 100-110 [ J140—150 [ 180—100 [ 220-230

B 70-s0 [ ] 10—120 [__] 150160

15

- 190 —-200

w1

- <130 © Hand cores

[ 130-151 © Machine cores
|:| 161-173 O Open sections
[ 173-194 ] with and

without lacustrine
[ 194-215 Q3 geposits

ORZI
ORZ

Tp1ePZ

orvlfAZ-Al

/4 Chw?2
ChiL

Figure 1. Position of the case study area: (a) at the Central Russian Plain (source: ©Google global topography, infrastructure and settle-
ments), and (b) at the eastern Borisoglebsk Upland (source: ©ALOS 3D 30 m); (c) its detailed topography based on 1 : 10000 land planning

maps (contour interval 1 m).

Borisoglebsk Upland is located in the center of the Rus-
sian Plain about 200 km to the northeast from Moscow City,
in the southern part of the Yaroslavl Region (Fig. 1a). Histor-
ically this landscape was considered as a secondary Moscow
glacial plain (MIS-6) moderately reworked by superimposed,
primarily glaciofluvial and fluvial, processes (Novskij, 1975;
Semenov et al., 1972; Sudakova et al., 2013). In the study
area (Fig. 1b), most elevated (up to 214 ma.s.1.) interfluves
and regional base level (Nero Lake, 93 ma.s.l.) are closely
placed determining a specific rolling-stepped structure of lo-
cal topography. It is incised by small valleys and associated
gully systems.

The pedolithostratigraphy of the study area located north
of Shurskol and Puzhbol settlements was investigated from
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interfluves down to the Nero Lake terraces (the lowest stud-
ied section at 105ma.s.l.). Below 180ma.s.l., the gentle
slope is composed of thick (up to 10 m) complex deposits
overlying the irregular surface of the Middle Pleistocene
glacial till. Its structure was examined in 35 hand (up to 8 m
deep, core diameter 3 cm) and 9 machine (up to 20 m deep,
core diameter 8 and 10cm) cores (total depth >250m) as
well as 9 pits, quarries or natural exposures (Fig. 1c). Several
sites previously studied by Semenov et al. (1972), Lavrushin,
Chistyakova (2001), and Rusakov et al. (2015) were further
investigated by our research group (Shishkina et al., 2019).
Sampling strategy was modified to separate initial patterns
of lithological composition and superimposed cryo- and ped-
ofeatures.

Proc. IAHS, 381, 13-20, 2019
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Table 2. AMS!4C dating results from the meridional depression key site and corresponding calibrated ages.

No. Depth/altitude, m Core Layer Material ~Lab number l4c, yrBP (£10) cal yr BP
20 Median

1 0.54-0.56/176.9 74 upper layer of TOC IGANjMs 62892 3630£20 3877-4062 3941
cover beds

2 4.13-4.22/173.8  Z1 base of alluvium Plantrs. IGANpps 6290? 40680310 4353544864 44228

3 5.52-5.56/173.8 75 lower part of TOC IGANAMs 62882 32450+ 155 35958-36750 36335
lacustrine unit

4 0.96-1.02/160.8 SK2  gyttja layer in TOC Ki-19676° 5190 £ 60 6179-5754 5955
slope deposits

5 5.50-5.55/156.3 SK2  peat lens in the middle TOC Ki-19671° 31440£300 36007-34746 35336

part of lacustrine unit

2 Results were calibrated using 14¢ date calibrating programs CALIB REV7.1.0 and b OxCal v4.3.2.

3 Results and discussion

The interfluve topography of the eastern Borisoglebsk Up-
land is comprised of two types of hill structures with strik-
ingly different morphology. Interfluves at an elevation of
180-215ma.s.l. are represented by two large (25-50 m rel-
ative elevation, basal diameter up to 1.5-3.0 km) flat-topped
hills with comparatively steep and in some places gradually
stepped, slopes. They are separated by the glaciofluvial de-
pression stretched in almost longitudinal direction and con-
necting headwaters of the two modern small valleys (Fig. 1c).
17 cores and an open section at the highest hilltop show
widespread distribution of thick (> 10 m) contrastingly strat-
ified clayey loams and sands covered by less clearly fine-
laminated silty loams 1-2.5 m deep. That allowed us to pro-
pose a glaciolacustrine hypothesis of origin of such larger
hills. They were formed by material from lakes initially lo-
cated on top or inside of the melting Moscow glacier su-
perimposed on the glacial till surface — kame-like mecha-
nism of formation. Lower interfluves surrounding the base
of these larger hills exhibit some evidence of the dead ice to-
pography. Groups of shallow rounded depressions and low
hillocks with relative elevation not exceeding 4-5m (so-
called kettle holes topography) are isometric or slightly elon-
gated (Garankina et al, 2018).

The morphology and geological structure of the lower in-
terfluves (180-130ma.s.l.) between the basis of the high-
est hills and the upper Nero Lake terraces were examined
in 24 cores and 4 exposures on gully sides. At all loca-
tions, Moscow glacial tills are covered by a pronounced fine-
grained layer (silty to clayey loams with fine sandy enrich-
ments) with clearly visible and texturally contrast multiscale
lamination (up to five levels of laminae thickness, Fig. 2).
Mottled color alternations (rusty yellow to pinkish or blueish
grey to brownish dark grey) are indicators of FeO3 and FeO,
forms and organic matter that are typical of deposits created
in standing water. Organic-rich lenses (peats, plant detritus
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or paleosols) and visible signs of relic pedogenesis (desicca-
tion pores and planes) clearly identify the interruptions in
lacustrine sedimentation. Simultaneously levels with well-
developed cryogenic deformations (Belyaev et al., 2019) or
traces of slope erosion material (subangular clayey clasts,
Fig. 2g) point towards the periods of shallow lake levels.

Upwards, sediments tend to lighten in color with amplify-
ing yellowish hue and lacking of any organic matter. Lamina-
tion is also less contrast and clear. With more or less distinct
contact, they are substituted by deposits variegated in color.
Those patchy or lenticular rather than regularly laminated
textures with highly contrasting lithology interspersed with
sands and gravels suggest their primary subaerial origin due
to intensified solifluction and slope erosion and distinct trend
of lakes to cease existing. Such phenomenon was described
for the Central European region as periglacial cover beds
(Kleber and Terhorst, 2013; Reinhardt-Imjela et al., 2018).
We suggest a potential to correlate the intermediate and up-
per layers of cover beds with the upper lacustrine facies with
strong colluvial income and overlying slope deposits of the
study area.

The highest upper boundary of Late Pleistocene lacustrine
deposits (177.6 ma.s.l.) was in Z5 core and its lowest base
(133.4ma.s.l.) — in Ivl core (Fig. 1b). Hence, the elevation
range where Late Pleistocene lacustrine deposits were ob-
served (beyond the limits of Nero Lake terraces) is almost
45 m. In general, they are found in almost all exposures be-
low 180 m a.s.l. except for the hilltops those are composed of
2-4m of very fine subaerial deposits — silty loams to clays
(core F3, Al).

SK2 core (161.8 ma.s.l.) with the thickest Late Pleistocene
lacustrine deposits is located at the bottom of the Solovev
depression (Fig. 1c). More than 6 m of fine-grained mate-
rial (dominantly sandy to clayey loam) with some input from
adjacent slope gullies (sand to small gravel particles) alter-
nates with and is underlain by peat layers. Plant macrofos-
sils emerge in almost the entire volume of the core ampli-

proc-iahs.net/381/13/2019/
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Figure 2. General lithostratigraphy and structure of postglacial sediments of the study site: (a) lithostrtigraphic column of SK2 core; (b) upper
sedimentary layer — colluvium with irregular laminae-mottled structure and highly contrast texture; (c¢) fragment of cryogenic structure with
subvertical laminae in colluvium; (d) regular cm-scale lamination in the upper lacustrine unit; slight cryogenic deformations, carbonate sand
grains and ferrugineous nodules infilling fragments of plant detritus; (e) dm-scale stratification and (f) cm- and mm-scale laminae in the
intermediate lacustrine unit; (g) cm-scale lamination with subangular clayey clasts and (h) fragments of dense peaty laminae in the lower

lacustrine unit; (i) laminated basal peats.

fying in quantity downwards (Fig. 2). The lacustrine stra-
tum splits into three distinctively different units. The up-
per approximately 1 m of light pale grey (with clearly vis-
ible mottling) clayey-silty loam without visible organic in-
put (Fig. 2d) underlies the yellowish colluvial deposits with
clear cryogenic structure evidencing slope wash, solifluction
and cryoturbations (Fig. 2b—), The lower >5m of grey to
dark-grey silty-clayey loam to clay with intermittent more
sandy and gravelly layers (slope gully inputs) divide into in-
termediate and lower units. The former is most clearly fine-
laminated (Fig. 2e—f), indicating deeper and calmer lake en-
vironments. The latter is dark-brown-grey with contrast strat-
ification due to peat and plant detritus lenses 1-10 cm thick
(Fig. 2g-h), representing changes of lake to peat bog sedi-
mentation regime during dryer periods. Basal peats (Fig. 2i)
likely correlate with the layers attributed to the Mikulino in-
terglacial in adjacent locations (Rusakov et al., 2015). The

proc-iahs.net/381/13/2019/

14C date 31440 4 300 years BP (Ki-19671, Table 2) separat-
ing the lower and intermediate lacustrine units, recognizes
that the former accumulated under milder conditions of the
Early to Middle Valdai. A thin gyttja lens in overlying collu-
vium dates to 5190 £ 60 years BP (Ki-19676). This confines
the deposition of the upper and intermediate lacustrine units
to the second half of the Valdai. Particularly the upper fossil-
less unit was likely formed in cold Late Valdai periglacial
environments with increasing role of slope processes input.
Lacustrine sedimentation was occasionally interrupted by
increased fluvial activity represented by erosive contacts and
lenses of sand with fine gravels (Z1, Z4, ChW1, ChW2) or
completely ceased under the influence of incision-infill cy-
cles (ORV). Radiocarbon ages of buried organic-rich lenses
from lacustrine and overlying fluvial facies in adjacent cores
Z1,74,75 at 173.8 ma.s.l. were acquired (Table 2). The re-
sults display lower lacustrine unit deposition succeeded by

Proc. IAHS, 381, 13-20, 2019
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the secondary incision that likely occurred no later than the
Middle Valdai (MIS-3) (Shishkina et al., 2019). Colluvial de-
posits and mantle loams at the top of the sedimentary se-
quences are typically ascribed to the Late Valdai periglacial
period (MIS-2) (Velichko et al., 2004). However, pronounced
organic-rich lenses (Table 2, dates 1 and 4) indicate that at
least the upper 0.6 m formed under temperate conditions of
the second half of the Holocene. Thus, two sets of '4C dates
obtained at different elevations (cores SK2 and Z-series)
show good correspondence, suggesting regional scale of re-
vealed lacustrine sedimentation trends.

Our study provides new evidence for an idea initially
proposed by Rusakov and Sedov (2012) that observed sur-
face drift layers traditionally interpreted as polygenetic cover
loams (Semenov et al., 1972; Makeev et al., 2017) are more
likely represented by lake deposits. The Late Pleistocene age
of that lacustrine sequence is confirmed by its stratigraphic
position: (1) overlying the eroded Middle Pleistocene till
surface (MIS-6), at places with remnants of the Mikulino
interglacial texturally-differentiated soils (Shishkina et al.,
2019) or ephemeral peaty soils dated by U-Th method as
MIS-5e (Rusakov et al., 2019); (2) occasionally underlain by
peats interpreted as Early Mikulino by several spore-pollen
analyses (Semenov et al., 1972) and U-Th dated as MIS-
5 (Rusakov et al., 2019); (3) incorporating several organic-
rich layers with newly obtained '“C dates (Table 2) those
are in accordance with the Middle Valdai ages reported by
Rusakov et al. (2015, 2019). These humic layers probably
reflect short-term pedogenesis on periodically dried lake bot-
toms and gully sides (Shishkina et al., 2019); (4) gradually
disappearing plant macrofossils and organic carbon content
in upper unit of the lacustrine sequence together with its up-
ward change into typical mantle loams or colluvial deposits
with clear cryogenic structures implicate scarce vegetation
and severe periglacial conditions with increased cryogenic,
slope wash and solifluction activity during the Late Valdai.
In general, the observed lacustrine sedimentation can be con-
sidered prolonged and continuous through the majority of the
Late Pleistocene with limited interruptions by dryer episodes
or, at certain locations, fluvial incisions.

Certain lithological variability observed between cores
and sections does not conceal the fact of their general sim-
ilarities, including clear alternation of structural organization
and textural composition of lacustrine strata reflecting the
same variability of the lithodynamic (and possibly climatic)
signals through time. Those could be considered as typical
and most common sedimentary sequences of the Late Pleis-
tocene lithogenesis of the eastern Borisoglebsk Upland. This
observation contrasts with most of the published simplified
models of polygenetic subaerial origin of mantle loams (Ma-
keev et al., 2017). Lacustrine sediments of the Late Pleis-
tocene age are present on all studied interfluve surfaces be-
low 180ma.s.l. and in infilled parts of the fluvial network.
Their thickness is comparable with typical local relative el-
evations of the initial glacial topography that appears to be
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substantially smoothened if not entirely flattened by the lake
infills. It means that the observed lacustrine sedimentation,
together with cryogenic processes, as evident in several open
sections (Belyaev et al., this issue), is the main agent of the
Late Pleistocene landscape transformation in the study area.
More detailed genetic interpretation and absolute age eval-
uation of lacustrine deposits found on most of the lower in-
terfluve surfaces and in gully side exposures is required. Two
hypotheses can be advanced for further study. A long-term
high water level stand of a jointed lake system inundating a
series of depressions along the southern limit of the last Late
Pleistocene ice cover from the Plecsheevo and Nero Lakes
towards the Galich Lake may have occurred as proposed by
Kvasov (1975) and Rusakov and Sedov (2012). However, the
source of such recent waterbody of enormous volume is dif-
ficult to explain because meltwater generated during the Late
Pleistocene glaciation should have been even less than that
of the Middle Pleistocene glaciers. An alternative explana-
tion may be an existence of a series of small local and rel-
atively shallow bodies of standing water formed in numer-
ous depressions of initial glacial topography (Antonov, 1998;
Sheremetskaya et al., 2012) that periodically dried and were
gradually filled by sediment from catchments slopes and peat
formation. Even though this question has yet been left open,
our data on grain size and organic content distribution and in-
strumental age determination do not support an existence of
large-scale glacially induced lake. It rather speculates for the
continuous lacustrine sedimentation in small isolated basins
under significantly changing environmental conditions.

4 Conclusions

1. Detailed analysis of the eastern macroslope of the
Borisoglebsk Upland suggests that most of the surface
drift materials initially interpreted as polygenetic man-
tle loams were likely formed by continuous postglacial
lacustrine deposition. Main arguments of such genetic
interpretation are the dominance of fine-grained frac-
tions; clear and texturally contrast multiscale lamina-
tion (up to five levels of laminae thickness); mottled
colors typical for standing water environment. The Late
Pleistocene age of that lacustrine sedimentation is strati-
graphically evidenced by the Mikulino (Eemian) inter-
glacial paleopedofeatures on the eroded surface of un-
derlying Moscow glacial till and several organic-rich
layers (paleosol humus horizons, peat, gyttja and plant
debris lenses) in the lacustrine sequence dated to the
Mikulino (MIS-5) interglacial and Middle Valdai (Mid-
dle Weichselian) interstadial (MIS-3).

2. Despite certain lithological variability observed be-
tween cores and sections, particularly those located
on different elevations and in varying paleogeomor-
phic positions, general structural organization and tex-
tural composition of lacustrine stratum commonly ex-
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hibits clearly evident alternation through time reflecting
the same lithodynamic (and, possibly climatic) signals.
Those can, therefore, be considered as typical and most
common sedimentary sequences of the Late Pleistocene
at the eastern Borisoglebsk Upland. This conclusion is
certainly novel in contrast with most of the previously
published models of dominantly subaerial polygenetic
origin of mantle loams.

3. The observed lacustrine sediments of the Late Pleis-
tocene age systematically occur both on all studied in-
terfluve surfaces below 180 m and in buried parts of the
fluvial network. Its thickness is comparable or, at places,
even exceeds local relative elevations. It means that the
lacustrine sedimentation was the main and yet underes-
timated agent of the Late Pleistocene topography trans-
formation in the study area.
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