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Представлены первые результаты исследований озерных отложений северной части Молого-Шекс-
нинской низменности с использованием рентгенофлуоресцентного сканирования высокого разре-
шения и AMS датирования, дополненных рентгенофазовым анализом, измерением общего органи-
ческого углерода, гранулометрического состава и магнитной восприимчивости. Изменения режима
седиментации в течение позднеледниковья и раннего голоцена были соотнесены с относительным
количеством аллогенного и аутигенного вещества в отложениях, выявленного на основании анали-
за минерального и элементного состав неорганической фракции. Интервалы, отличающиеся низ-
кой аллогенной аккумуляцией, были отмечены ~14.0 и ~13.0 кал. тыс. л. н., с перерывами на крат-
ковременные события, связанные с повышенным минерагенным сносом и низкой органогенной
аккумуляцией ~13.7, 13.1 и 11.5 кал. тыс. л. н. Отмеченные интервалы хронологически соответствуют
позднеледниковым климатостратиграфическим подразделениям, выделенным для Северной Ат-
лантики. Резкий всплеск органогенной седиментации ~11.7 кал. тыс. л. н. рассматривается как ин-
дикатор потепления в раннем голоцене. Выраженные в геохимических показателях регрессия и изо-
ляция мелководных озер от крупного палеоводоема отмечаются с ~12.0 кал. тыс. л. н. Во время позд-
него дриаса и раннего голоцена режим седиментации во многом зависел от колебаний уровня
водоема, который претерпел окончательное дренирование к ~11.0 кал. тыс. л. н.

Ключевые слова: озерное осадконакопление, геохимия, аллерёд, поздний дриас
DOI: 10.31857/S0435428122030142

1. INTRODUCTION
The margins and retreat dynamics of the Late Val-

dai (Late Weichselian) glaciation in the Mologa-
Sheksna Lowland (MSL) have been long debated,
with different reconstructions of the ice sheet limits
(Lunkka et al., 2001; Astakhov et al., 2016; Hughes et al.,
2016) and positions of proglacial lakes (Moskvitin,
1947; Pozdnechetvertichnaya…, 1974; Gey, 2000).
First comprehensive geological surveys commenced
in the northern MSL as early as the 1960-s and 1970-s
(Mokrienko et al., 1976), and numerous studies of the
deglaciation chronology and the related palaeohydrol-
ogy were performed in the adjacent regions and the
surroundings during the last decades (Lunkka et al.,
2001; Saarnisto, Saarinen, 2001; Mangerud et al.,
2004; Svendsen et al., 2004; Sapelko et al., 2006;
Velichko, Faustova, 2009; Astakhov et al., 2016;

Hughes et al., 2016). Nevertheless, little reliable evi-
dence is currently available on the actual landscape
evolution in the northern MSL. This is mainly due to
a small amount of dated records in the area, which
caused certain misinterpretation, of the Last Glacial
Maximum (LGM) limits (Chebotaryova, 1962; Lunk-
ka et al., 2001), as well as the spatial and temporal dis-
tribution of the palaeolakes (Khavin, 1962; Auslender,
1967; Faustova et al., 1969; Gey, 2000). Since most of
the LGM and Late-Glacial marginal landforms of the
northern MSL are believed to be completely eroded by
fluvioglacial streams of the transgressive Vepsian gla-
cial stage (Mokrienko et al., 1976), it is particularly
relevant to build an accurate reconstruction from un-
disturbed continuous lacustrine sequences, some of
which were reported to reach down to mid-Late-Gla-
cial (Mokrienko et al., 1976).
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In an attempt to unravel the Late-Glacial to Mid-
dle Holocene hydrological and sedimentary dynamics
in the light of the known palaeoclimatic development,
geochemical, granulometric, mineralogical and geo-
chronological analyses were performed on the sedi-
ment record from lake Beloye, northern MSL (fig. 1).
Of these analyses, continuous, high-resolution X-ray
fluorescence scanning (XRF) and AMS radiocarbon
dating, which are recognized as effective tools in pa-
laeolimnology (Paleolimnology…, 2003; Davies et al.,
2015), were for the first time employed on lacustrine
deposits from the MSL.

2. STUDY SITE

Lake Beloye (59.379° N, 35.626° E) is located in
the Vologda region, Babaevo district (northwestern
Russia), 15 km west from the town Babaevo (fig. 1).
The lake lies at 150.5 m above sea level (a.s.l.), has an
average depth 1.5 m and covers an area of 1.26 km2.
It is located between two large bogs (fig. 1), with the
southern one been partially drained by several ditches.
The watershed of the lake covers 50 km2.

The lake belongs to the Kolp river basin, which is
the tributary of river Suda. Bogs and mires occupy up
to 60–75% of the interfluve area of rivers Mologa and
Suda, and southern taiga landscapes are typically
widespread over the unbogged plain (Maksutova, Vo-
robyov, 2007). Quaternary glacial and limnoglacial
deposits comprise the upper 4–6 meters of the geolo-
gic profile (Mokrienko et al., 1976; Igolkina, 1985b),
underlain by Carboniferous dolomites and limestones
(Igolkina, 1985a). Holocene peat deposits are wide-
spread over the f lat terrain.

Lake Beloye is located in the very periphery of the
MSL, in the transient zone between Kolp moraine
plain and Mologa-Suda lowland. The boundary bet-
ween the geomorphological zones is determined ac-
cording to gradual change of the dominant landforms,
i.e. lacustrine-glacial plains in the south-east changed
by moraine-sandur hummocky relief in the north-
west (Mokrienko et al., 1976).

3. MATERIALS AND METHODS

Lake sediment samples were obtained with a Rus-
sian corer (chamber length 1 m, inside diameter 5 cm).
The water depth was 178 cm in the place of coring
(from the ice surface). The total length of the extracted
column was 409 cm. The cores were sub-sampled by
every 2 cm after x-ray f luorescence scanning (see sub-
section 3.2).

X-ray f luorescence (XRF) scanning was performed
non-destructively using ITRAX XRF Core Scanner
(Cox Analytical Systems) (Cr-anode tube, 30 kV,
55 mA, dwell time 5 sec, step size 2 mm). Results were
obtained as units of the reflection intensity – counts
per second. Magnetic susceptibility (χ) was measured
with the Muti-Sensor Core Logger (Geotek Analytical
Systems).

Quantitative XRF measurements of Fe2O3, MnO
and TiO2 concentrations in 60 dried and grounded
samples were conducted on the “Spectroscan MAX”
with crystal-analyzer LiF (200) (40 kV, 0.1 mA).

After the cores were sub-sampled, each segment
was weighed before and after freeze-drying in order to
determine water content (WC) of the sediments.

Fig. 1. Lake Beloye geographical position on the map of northwestern Russia and northern Europe (a) and in the Babaevo dis-
trict, Vologda region (b). White circle marks the site of the coring.
Рис. 1. Географическое положение оз. Белого на карте северо-запада России и северной Европы (a) и Бабаевского рай-
она Вологодской области (b). Белым кружком отмечено место бурения.
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Total organic carbon (TOC) content was measured
on Dimatoc 2000 (Dimatec Analysentechnik GmbH)
in 203 samples after freeze-drying and grounding.

Phase composition of the sediment was determined
using powder x-ray diffraction (XRD) on the diffrac-
tometer Bruker “D2 Phaser” (Co-anode, 30 kV, 10 mA,
angles range 5°–75°, scanning step size 0.02°, exposi-
tion in each point 0.7 seconds) for 21 dried and
grounded samples.

Grain-size (GS) was studied for 24 samples using
laser diffractometer Mastersizer 3000 (for particles
<1 mm) and represented as Dx(50) median values.
The samples previously had been dried under 105°C
and sieved to the fraction size <1 mm.

A total of 6 samples comprised of organic fossils
and muds were used for age determination at the La-
boratory of the Radiocarbon Dating and Electronic
Microscopy (Institute of Geography RAS) using ac-
celerated mass-spectrometry (AMS14C) (table 1). The
obtained 14C ages were calibrated using IntCal20 cali-
bration curve (Reimer et al., 2020). An age-depth
model was generated in R software (‘rbacon’ package)
(fig. 2), with the use of Bayesian inference (Blaauw,
Christen, 2019).

Optical studies (mesomorphological microanaly-
sis) of organic and mineral components in 20 dried
samples was performed on the stereomicroscope Leica
M205C.

Principal component analysis (PCA) was applied
to the data rows (Si, Fe, Ca, K, Ti, TOC, GS, WC, χ,
Mn/Fe, Si/Ti) using R program (packages ‘Facto-
MineR’, ‘factoextra’ and ‘missMDA’) (Husson et al.,
2019; Husson, Josse, 2020; Kassambara, Mundt,
2020).

4. RESULTS
4.1. Lithology and core architecture. The whole

studied sequence is roughly composed of three sec-
tions, where the lowermost parts (fig. 3) are represent-
ed by finely laminated greenish-brown sandy silt, and
the upper zone is represented by dark brown organic
muds. Sections II and III are divided by a marked

transition horizon that features characteristic alter-
ations of color, texture and fraction composition.
Plant fossils (roots and seeds) are observed frequently
in the upper muddy section.

4.2. Chronology. Six values of radiocarbon age were
obtained in total for the studied sediment sequence
(table 1). Three of them are attributed to the lower-
most 100 cm section of finely laminated silt, two va-
lues mark the bottom of muddy sediments, one dating
was performed for the middle part of the upper muddy
section. Age-depth modeling performed in R (fig. 2)
showed value 8352 ± 40 cal. ka BP (depth 463 cm) to
be invalid, not corresponding to other age values used
in the Bayesian model.

4.3. Elemental composition and physical properties.
Highest intensity of Fe, K, Ti, Si and Ca signal (fig. 3)
is recorded at the depth 587–530 cm, accompanied by
large oscillations amplitude over the general decreas-
ing trend. Several notable synchronous drops of Fe, K,
Ti, Si and Ca content are recorded at the depths 578–
574 cm, 545 cm and 539–526.5 cm. An extensive in-
crease of these elements content is registered at the
depth 530–485 cm. The elements content abruptly
drops at the depth 485–460 cm, with the f luctuation
amplitude also declining at this interval. The elements
content remains critically low from the depth 460 cm
until the sediments upper border.

Si/Ti and Mn/Fe ratios (fig. 4) show quite low va-
lues without any expressed f luctuations at the depths
587–486 cm. From 475 to 465 cm Mn/Fe values gra-
dually increase, while Si/Ti values decline. Then at the
depth 475–178 cm both ratios demonstrate higher fre-
quency rate with the larger amplitude. Average Mn/Fe
values rise up to 0.4. A series of repeated peak values of
Si/Ti and Mn/Fe ratios are observed at the depth in-
tervals 311–309, 300–269, 243–235 and 198–178 cm.

Low figures of magnetic susceptibility (χ) (fig. 4)
under 4 SI × 10–5 are observed for most of the studied
sequence, with distinctive drops at the depth intervals
578–574 and 539–526.5 cm. χ decreases by two times
in the upper section of muddy sediments, with several
short splashes, which are most likely due to the labo-
ratory error.

Table 1. AMS dating results 
Таблица 1. Результаты AMS датирования

* – value excluded from age-depth model in rBacon (not used for the accumulation rate calculation).

Lab index (IGANAMS) Depth, cm Sample matter 14C yr, BP (1σ) Cal. yr BP

8051 330 plant fossils 4590 ± 30 5314 ± 30
8050* 463 TOC 7530 ± 40 8352 ± 40
6364 473 TOC 10 085 ± 30 11 668 ± 30
8049 503 TOC 10 670 ± 30 12 702 ± 30
8048 529 TOC 10 930 ± 35 12 821 ± 35
8047 582 TOC 12 260 ± 45 14 177 ± 45
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The lowest values of water content (WC) of the
sediments (22%) are recorded at the depth 587–
582 cm, which increase upcore to 60–70% by the
depth 540–530 cm (fig. 4). After a slight drop to 51%
at the depth 489 cm, WC steadily rises upcore to 92%.

4.4. Total organic carbon. The lowest figures of total
organic carbon (TOC) content (2–8%) are attributed
to the interval 587–547 cm (fig. 4), which is followed
by a marked increase to 19% at the depth 539–
526.5 cm. A rapid rise of the TOC content (up to 53%)
is recorded within the zone of the transition to the
muddy sediments (477–459 cm). TOC values main-
tain constant around 51% until the upper sediments
border.

4.5. Grain size. Most frequent oscillations of grain-
size median values are recorded in the lowermost part
of the sequence, with a series of particle size shifts
from 65 μm to 138 μm attributed to the depth 555–
530 cm (fig. 4). The values sustain around 110 μm be-
ginning from the depth 475 cm, except the interval
around 297 cm, where median particle size drops
down to 77 μm.

4.6. Mineral composition. The share of quartz com-
poses around 50% of the whole inorganic matter of the
sediments (fig. 5). Feldspar minerals also show en-
hanced abundance (around 20%) at the depth 587–
527 cm. A notable peak in quartz distribution (89%) is
registered at the level 441 cm. Soon after that, at the

Fig. 2. Bayesian age-depth model for the Lake Beloye studied sediment sequence basing on 5 AMS dates, built with the use of
‘Bacon’ package in R. Modelled age-depth limits of chronozones: YD – Younger Dryas, AL – Allerød, OD – Older Dryas, B –
Bølling.
Рис. 2. Байесовская возрастная модель для изученной колонки отложений оз. Белого, выполненная с использованием
5 AMS датировок в пакете ‘Bacon’ в R. Индексами условно отмечены смоделированные возрастные границы хроно-
зон: YD – поздний дриас, AL – аллерёд, OD – средний дриас, B – бёллинг.
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depth 419–389 cm authigenic minerals (mostly
goethite) content increases rapidly up to 33%. Further
upcore micas and clay silicates (chlorite, kaolinite)
take second place after quartz in the relative abun-
dance of minerals, each group respectively equaling by
15–20%. Carbonates (dolomite and sometimes cal-
cite) and hypsum are recorded sparsely (around 3–
4%) and only in the bottom of the studied sediment se-
quence (depth interval 587–495 cm).

4.7. Principal component analysis (PCA). Two ma-
jor components were distinguished as a result of the
PCA, which were used to explain up to 83.1% of the
whole variation. Component 1 (axis 1 in the fig. 6)
embraces 73.5% of the variation, and it is mostly influ-
enced by proxies Si, Ti, K, Fe, Ca content and χ, on
the one side, which contribute by 11–12% of weight
each. On the other side, TOC and WC show highest
negative correlation with the mentioned proxies (11–
11.5% of weight). Component 2 (axis 2 in the fig. 6) is
almost completely determined by the weight of Si/Ti
and Mn/Fe (60 and 30% respectively).

4. DISCUSSION AND INTERPRETATION

4.1. Geochemistry as a basement for chronostrati-
graphical subdivision. Silicon, potassium, titanium and
iron are known to be geochemically stable and conser-
vative elements in most environments (Boës et al.,
2011; Davies et al., 2015). Although many various ap-
plications are known for Si, K, Ti, Fe appearance in
sediments (i.e. redox alterations, bioproductivity
changes, leaching from soils in the catchment etc.)
(Mackereth, 1966; Engstrom, Wright, 1984; Boyle,
2001), it is commonly taken that these elements are
used as proxies for weathering rate and allochtonous
detritus inputs into the lake (Paleolimnology…, 2003;
Davies et al., 2015). Linkage of these elements records
in the Lake Beloye sediments with physical weathering
intensity is also confirmed by the TOC variation,
which was found to be inverse to the lithogenic ele-
ments accumulation. TOC is widely used in palaeo-
limnology as a direct proxy for lacustrine and terrestri-
al productivity, i.e. an onset of milder (or warmer) cli-
matic conditions (Paleolimnology…, 2003). TOC

Fig. 3. Lithology and vertical distribution of Ti, K, Si and Fe content in Lake Beloye sediments. Elements content is in cps (counts
per second). Age axis was built using age-depth modeling in rBacon. 1 – laminated sandy silt, 2 – sandy silt with organic matter,
3 – silt with organic matter, 4 – organic muds, 5 – plant fossils.
Рис. 3. Литология и вертикальное распределение содержания Ti, K, Si и Fe в отложениях оз. Белого. Элементный со-
став указывается в cps (количество импульсов в секунду). Хронологическая шкала построена с использованием функ-
ции возрастного моделирования в rBacon. 1 – слоистый опесчаненный алеврит, 2 – опесчаненный алеврит с органи-
кой, 3 – алеврит с органикой, 4 – органогенные илы, 5 – растительные макроостатки.
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reflects even more distinctive palaeoclimatic signal
when investigated in deposits of oligotrophic lake sys-
tems (Levesque, Cwynar, 1994) or in archives docu-
menting noticeable swings in productivity or lake level
(Beierle, Smith, 1998). Given the inverse correlation
of lithogenic elements against TOC and WC (fig. 6),
the observed geochemical record represents clear evi-
dence that alterations of sedimentation type were like-
ly influenced by weathering regime. In turn, erosion
activity in the catchment may largely depend on the
palaeohydrological and palaeoclimatic oscillations,
which were investigated with the use of the age-depth
model (fig. 2).

4.2. Stratigraphical units of the Lake Beloye sediment
sequence. The recorded oscillations were chronologi-
cally correlated with major Late-Glacial and Holo-
cene stratigraphic subdivisions (table 2), which had
been outlined with reference to the Greenlandian ice-
core studies (GICC05 timescale) (Rasmussen et al.,
2014) and Scandinavian lacustrine palaeoarchives
(Lohne et al., 2014).

Three zones and eight sub-zones were outlined ac-
cording to the observed lithological and geochemical
proxies’ variation, and their palaeoenvironmental in-
terpretation (table 2). Zone I (depth 587–526 cm) in-
cludes Late-Glacial fine silts with low TOC content.
Zone II (depth 526–475 cm) embraces heterogenous
horizons from the last stadial period until the assumed
Pleistocene-Holocene border. Zone III (475–178 cm)
contains organic muds deposited during the Holo-
cene.

In general, inputs rate of the allochtonous material
derived from physical weathering was associated with
Component 1 of the PCA results (fig. 6) as a main
driving factor (Van der Bilt et al., 2015) to explain the
variance formation.

4.2.1. Zone I: 14.0–12.8 cal. ka BP (587–526 cm).
Increased χ, Ti/TOC, minerogenic elements content
(Si, Ti, K, Fe) with decreased WC and TOC mark en-
hanced weathering rate and low bioproductivity
(Mackereth, 1966; Engstrom, Wright, 1984) in the
lowermost part of zone I (587–578 cm). Reduced
minerogenic sedimentation during the studied Late-
Glacial section was registered ~14.0 cal. ka BP (depth
578–574 cm) (subzone I-a in the fig. 3–5 and table 2)
and ~13.0 cal. ka BP (interval 539–526.5 cm) (sub-
zone I-e in the fig. 3–5 and table 2), as derived from
the lithogenic elements content decrease and TOC
growth (Paleolimnology…, 2003). Interstadial climate
with low catchment erosion was suggested for these in-
tervals.

Another prominent short-term decrease of the al-
lochtonous accumulation was noticed ~13.2 cal. ka BP
(subzone I-c in the fig. 3, 4), accompanied by the
raised grain-size up to 119 μm and slightly enhanced
frequency of the Si/Ti oscillations (fig. 4). Altogether
these proxies were interpreted to indicate regular f luc-
tuations of bioproductivity, which likely occurred un-
der warm climate conditions (Wennrich et al., 2014).

Elevated TOC (up to 19%), decreased Ti/TOC and
lithogenic elements during subzone I-e (fig. 3, 4) are

Fig. 4. Vertical distribution of magnetic susceptibility (χ), grain-size (Dx(50)), Si/Ti and Mn/Fe, total organic carbon (TOC)
content and water content (WC) in the Lake Beloye sediments. Age axis was built using age-depth modelling in rBacon.
Рис. 4. Вертикальное распределение значений магнитной восприимчивости (χ), гранулометрического состава
(Dx(50)), Si/Ti и Mn/Fe общего органического углерода (TOC) и содержания воды (WC) в отложениях оз. Белого. Хро-
нологическая шкала построена с использованием функции возрастного моделирования в rBacon.
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presumed to indicate a warming event, which chrono-
logically correspond with the second part of the Al-
lerød interstadial and with the stage GI-1a (Rasmus-
sen et al., 2014).

4.2.2. Zone II: 12.8 – 11.7 cal. ka BP (525–482 cm).
Sustainable growth of the lithogenic elements, χ and
noticeable decrease of TOC content to 2.8% are re-
corded during the period starting from ~12.8 cal. ka
BP (lowermost border of zone II, figs. 3–4). Apart
from the proxies mentioned above, median grain-size
values shift to silt fraction typically indicates water le-
vel rise (Menking, 1997). These proxies mark the
abrupt shift of the sedimentation regime to that of cold
stadial conditions (Kylander et al., 2013). The onset
and the end of the outlined period are in good agree-
ment with the boundaries of Younger Dryas (Lohne et al.,
2014; Velichko et al., 2017) and the stage GS-1 (Ras-
mussen et al., 2014). Minor drop of Ti, K, Si and Fe
content in the middle of zone II (subzone II-a in the
fig. 3, table 2) indicates decreased weathering rate than

during the rest of zone II. Similar observations were
made for the bottom sediments of several North
American lakes (Yu, Eicher, 1998).

4.2.3. Zone III: < 11.7 cal. ka BP (481 – 178 cm).
Zone III exhibits a prominent shift in lithology, ele-
mental composition and organic matter content in the
sediments. Major palaeohydrological alterations
during zone III were traced with the use of bioproduc-
tivity proxies (TOC, Si/Ti, Mn/Fe), which were inter-
preted to had been influenced by changes of the lake
depth and redox conditions (Component 2 in the
fig. 6).

The drastic change of the sedimentation regime
was registered in the Lake Beloye sediments ~11.7 cal.
ka BP, which is expressed in TOC increase up to 25%
and simultaneous decline of the lithogenic elements
content. The corresponding horizon (481–474 cm)
well coincides chronologically with the lower Holo-
cene border (Lohne et al., 2014; Rasmussen et al.,
2014; Mangerud, 2021). Sporadic well-preserved Pe-

Fig. 5. Vertical distribution of the major groups of crystal minerals relative amount in the Lake Beloye sediments. 1 – quartz, 2 –
feldspar minerals (albite, orthoclase, microcline, anorthite), 3 – micas (muscovite), 4 – layered silicates (chlorite, kaolinite,
talc), 5 – calcite, dolomite, hypsum, 6 – authigenic minerals (goethite, pyrite, epsomite). Black squares stand for the calibrated
age values obtained with AMS14C dating. White square stands for the age value excluded from the age-depth model during pro-
cessing in rBacon.
Рис. 5. Вертикальное распределение относительного количества основных групп кристаллических минералов в отло-
жениях оз. Белого. 1 – кварц, 2 – полевые шпаты (альбит, ортоклаз, микроклин, анортит), 3 – слюды (мусковит), 4 –
слоистые силикаты (хлорит, каолинит, тальк), 5 – кальцит, доломит, гипс, 6 – аутигенные минералы (гётит, пирит,
эпсомит). Черными квадратами обозначены калиброванные значения возраста, полученные с помощью AMS14C-да-
тирования. Белым квадратом обозначено значение возраста, исключенное из возрастной модели во время моделиро-
вания в rBacon.
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diastrum boryanum fossils found in the material dated
11.4–11.7 cal. ka BP give evidence for the onset of
warming and appearance of the algae in the relatively
shallow cold-water reservoir (Jankovská, Komárek,
2000).

Carbonate minerals (dolomite, calcite) and hyp-
sum were found abundantly in the mineral fraction of
Late Glacial sediments (fig. 5), presumably being
eroded from the Carboniferous limestones and dolo-
mites underlying the thin Quaternary deposits in the
area (Mokrienko et al., 1976; Jones, Bowser, 1978;
Igolkina, 1985a). Carbonates and hypsum disappear-
ance from the sediments of subzone III-a implies,
most importantly, an altered weathering source in the
catchment. Enhanced cryogenic fracturing and aeoli-
an activity in the Early Holocene are confirmed by the
predominance of quartz and feldspar in the silt-size
deposits (Mokrienko et al., 1976; Dean, 1997; Löwe-
mark et al., 2010; Wennrich et al., 2014; Velichko et al.,
2017). In particular, these grain-size and mineralogi-
cal changes give evidence for an increasingly high ero-
sion rates recorded ~10.1 cal. ka BP, which chronolog-
ically coincides with the cooling event 10400–10200 cal.

a BP previously revealed in the lacustrine deposits of
the Karelian Isthmus (Subetto et al., 2002).

Frequency and magnitude of Si/Ti and Mn/Fe os-
cillations increased significantly ~11.0 cal. ka BP
(fig. 4), which was attributed to the final stage of the
palaeolake level drop expressed in better oxygenation
of the bottom water and raised productivity (Kylander
et al., 2013; Naeher et al., 2013). Peat accumulation
developed across the exposed vast plain territories and
depressions in the basin of the drained palaeolake
from the early Holocene (Mokrienko et al., 1976).

4.3. Palaeohydrological interpretation. Mologa-
Sheksna palaeolake occupied much of the MSL
during the late Pleistocene (Faustova et al., 1969; Gey,
2000) and in many ways influenced local hydroclimat-
ic setting. Preserved lacustrine terraces were employed
to investigate its bounds and evolution, still many of
the terraces are not expressed in relief in the northern
MSL (Khavin, 1962), and thus, cannot be used to
carefully delineate the northern palaeolake margins.

Late Pleistocene palaeolacustrine evolution of the
northern MSL was traced at a first approximation,
using the multiproxy inorganic geochemistry meth-
ods. Stagnant ice complexes are believed to maintain
in the central and northern MSL until the Late-Gla-
cial (Mokrienko et al., 1976). Short duration and low
lacustrine productivity during subzones I-a and I-c
(figs. 3–5) were assumed to be influenced by the cooling
effect of the stagnant ice (Krinner et al., 2004). The
ultimate decay of the stagnant ice complexes was cor-
related with the onset of subzone I-e (second half of
Allerød), as derived from the abrupt decrease of the
lithogenic elements and enhanced grain-size values
(Wennrich et al., 2014).

The level of Mologa-Sheksna palaeolake progres-
sively declined after the final transgression in Younger
Dryas. As the palaeolake was draining southwards,
several large separate remnant reservoirs in the north-
ern MSL appeared an estimated ~12.0 cal. ka BP, as
confirmed by the interpretation of Mn/Fe values rise
(fig. 4). Ultimately the lake level reached its up-to-
date position after the series of drops ~11.7 and
~11.0 cal. ka BP, according to the enhanced water
oxygenation and organic sedimentation regime onset
typical for a minor relic lake, as derived from Mn/Fe
and Si/Ti variations respectively (Naeher et al., 2013).

A series of abrupt palaeohydrological and trophic
changes in lake Beloye are observed from ~4.2 cal. ka
BP (subzone III-b in the figs. 3, 4). Mn/Fe and Si/Ti
visible peaks at depth 300–269 cm indicate good bot-
tom oxygenation and several bioproductivity bursts,
which lasted until ~3.2 cal. ka BP. As Mokrienko et al.
(1976) assumed, lacustrine deposits of Atlantic age of
Lozskoye and Azatskoye lakes (northern Mologa-Su-
da lowland) could had been largely eroded in the early
Subboreal, and this could possibly affect the observed
geochemical proxies’ variation in the Lake Beloye sed-
iments.

Fig. 6. Principal component analysis (PCA) biplot, calcu-
lated for 11 chemical and physical proxies. Missing values
were modeled for TOC, WC, GS and χ rows with the use
of missMDA package in R (Husson, Josse, 2020). Maxi-
mum circle range corresponds to the maximal vector con-
tribution into the variance.
Рис. 6. Диаграмма по результатам анализа методом
главных компонент (PCA), выполненного для 11 хи-
мических и физических показателей. Пропущенные
значения были смоделированы для TOC, WC, грану-
лометрического состава (GS) и χ в пакете missMDA
в R (Husson, Josse, 2020). Максимальный радиус
окружности соответствует максимальному весу пока-
зателей в вариации.
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5. CONCLUSION

Pronounced palaeohydrological and sedimento-
logical changes of the minor basin were outlined and
carefully correlated with global chronostratigraphic
schemes for the Late-Glacial and the Holocene. Mul-
tiproxy approach of combined organic and inorganic
geochemical and mineralogical methods, enforced
with the accurate age control, enabled to conclude the
following:

1) Uninterrupted lacustrine deposits represent one
of the best palaeoarchives for building a detailed pa-
laeoenvironmental reconstruction, if commenced
comprehensively, with the use of high-resolution
scanning methods, physical properties measurements
and a proper age control. Geochemical proxies inves-
tigated in the Lake Beloye sediments are indirectly
linked with the regional palaeoclimatic conditions,
giving evidence for the transport and accumulation of

Table 2. Subdivision of the Lake Beloye sediment sequence as inferred from geochemical variation
Таблица 2. Структурные и стратиграфические подразделения, выделенные в колонке оз. Белого на основе ана-
лиза вариации геохимических показателей

Zone I (587–526 cm) ~14.0–12.8 cal. ka BP

Deposition was largely influenced by influx of clastic detrital material (enhanced content of Ti, K, Si, Fe and low TOC 
values). Long-lasting degradation of the stagnant ice fields presumably caused low bioproductivity and intensive physical 

weathering for the most of the Late Glacial

Sub-zone Depth, cm Age, cal. ka 
BP Proxy Interpretation Stratigraphical 

correspondence

I-a 578–574 ~14.0 Drastic drop of Si, K, Ti, 
Fe. Low TOC and Mn/Fe

Low hydrological activity and 
allochtonous inwash. Deep-
water (anoxic) facies

Bølling, stage GI-1e

I-b 574–547 ~13.5 High Si, K, Ti, Fe. Low 
TOC

Enhanced minerogenic sedi-
mentation

Older Dryas, stage 
GI-1d

I-c 547–544 ~13.2 Abrupt decrease of Si, K, 
Ti, Fe. GS rise to 119 μm

Short-term warming, halted 
minerogenic inwash possibly 
due to decay of the stagnant 
ice fields

Allerød, stage GI-1c1

I-d 544–539 ~13.1 Low TOC (9%) and GS 
(86 μm), high Si, K, Ti, Fe

Short-term cooling. Alloch-
tonous inwash prevails

Allerød, stage GI-1b, 
Intra-Allerød Cold 
Period (Gerzensee-
Killarney Oscillation)

I-e 539–526.5 ~13.0 Low Si, K, Ti, Fe, elevated 
TOC (19%), high GS val-
ues (138 μm)

Most prominent pause of 
minerogenic inwash. The 
onset of warm climate and 
lake level drop

Allerød, stage GI-1a

Zone II (526–482 cm) ~12.8–11.7 cal. ka BP
Cold climate with high weathering rate and lake level rise are marked by simultaneous increase of Ti, K, Si, Fe content, 
synchronous TOC decline and a grain-size offset to silt fraction. The cold period margins are in good agreement with the 
duration of Younger Dryas and stage GS-1

II-a 512–504 ~12.7 Minor drop of Ti, K, Si and 
Fe

Declined physical weathering Younger Dryas, GS-1

Zone III (482–178 cm) <11.7 cal. ka BP
Rapid TOC increase (50%), abrupt decline in minerogenic accumulation and authigenic minerals formation indicate an 
unprecedent lacustrine bioproductivity growth, coinciding with the generally accepted Holocene onset along with the 
large palaeolake level fall, which ultimately drained by ~11.0 cal. ka BP (Preboreal)

III-a 474–468 <11.5 High Ti, K, Fe, Si; Mn/Fe 
and TOC halt

Enhanced weathering rates 
and low TOC may indicate a 
slight cooling

Preboreal

III-b 300–269 ~4.2–3.2 Series of Mn/Fe and Si/Ti 
peaks

Hydrological and trophic 
alterations

Middle Holocene
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mineral matter in the dynamic lacustrine and glacio-
lacustrine environments.

2) Low weathering rate and enhanced lacustrine bio-
productivity, correlated with warmer climatic conditions,
were revealed in the northern MSL ~14.0 cal. ka BP and
~13.0 cal. ka BP, and chronologically correspond to
Bølling (stage GI-1e) and Allerød (stages GI-1c3 – GI-1a)
(table 2) (Lohne et al., 2014; Rasmussen et al., 2014).

3) Interval of the sediment sequence, dated as
12.8–11.7 cal. ka BP, was corresponded to Younger
Dryas cooling (table 2) by its geochemical signal and
major mineral composition.

4) The Pleistocene/Holocene boundary in the
Lake Beloye sediments was attributed to the layer da-
ted ~11.7 cal. ka BP (table 2). From the end of Younger
Dryas (~12.1 cal. ka BP) the overall glacial termination
course featured a series of oscillations, which were in-

terpreted as short-term warming and cooling events
alteration.

5) Periods of increased detritus input rate, high lake
level and low productivity were captured in the Lake
Beloye sediments ~13.7 cal. ka BP, ~13.1 cal. ka BP
and ~11.5 cal. ka BP, which were palaeoclimatically
and chronologically associated with the cooling events
Older Dryas (GI-1d stage), Gerzensee-Killarney Os-
cillation (GI-1b stage) (Levesque et al., 1993; Ras-
mussen et al., 2014) and Preboreal oscillation (11.4 ka
BP event) (Björck et al., 1997; Rasmussen et al., 2014)
respectively (table 2).

6) Stages of the Mologa-Sheksna palaeolake level
decrease were traced with the use of palaeoredox and
bioproductivity proxies (Mn/Fe and Si/Ti). After a
brief lake level drop in Allerød, transgression occurred
during Younger Dryas, and several step-wise lake level
declines were recorded ~12.0 cal. ka BP, ~11.7 cal. ka BP
and, ultimately, ~11.0 cal. ka BP.

Late-Glacial to Middle Holocene Sedimentation in Lake Beloye
(Vologda Region, Northwestern Russia)
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Lake sediments of the northern Mologa-Sheksna Lowland were for the first time studied using high-resolu-
tion x-ray f luorescence scanning and AMS dating, supplemented with x-ray diffraction, total organic carbon,
grain-size and magnetic susceptibility measurements. The combined results revealed sedimentation type
changes during the Late Glacial and Early Holocene, which were associated with the proportions of alloge-
nic and authigenic material in the deposits. Short-lived periods of low allogenic activity were registered
~14.0 cal. ka BP and ~13.0 cal. ka BP, interrupted by episodes of enhanced minerogenic input and low organ-
ic accumulation ~13.7, ~13.1 and ~11.5 cal. ka BP. The outlined intervals correspond with the Late-Glacial
climatostratigraphic units of the North Atlantic region. The beginning of the organic sedimentation ~11.7 cal. ka BP
indicates climatic warming of the Early Holocene. During the Younger Dryas and Early Holocene, until
~11.0 cal. ka BP, the sedimentation was furthermore influenced by the lake-level changes.
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