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The multi-proxy study of the lowermost part of the sediment sequence of Lake Kanozero (south-western part
of the Kola Peninsula, ca. 53 m a.s.l.) revealed the evidences for marine waters penetration into the basin
during the earliest stage of its evolution. The diatom analysis inferred the conditions of a large brackish-water
basin. Sediments composition and very low organic content also supported large-basin and low-productivity
environments. Based on the pollen study, this stage covers a cooling period preceding the Allerad (tentatively
assigned to the Older Dryas) and the onset of the Allergd. Periglacial vegetation typical of the cold and dry
climate prevailed in the area for the most of the period. The subsequent transition to the freshwater conditions
inferred from the diatom study took place in the Allergd, according to the pollen data. Except for a minor de-
crease in the fine sand fraction, no other corresponding changes were observed in the sediment record sug-
gesting no major shifts in sedimentary environments. In the late Allergd and throughout the Younger Dryas,
Lake Kanozero remained a large, low-productive freshwater basin. Our results indicate that ice-free condi-
tions with aquatic sedimentation in the Kanozero depression had already existed in the Older Dryas. This as-
sumes earlier deglaciation of the study area than it was previously thought. The study also suggests that brack-
ish conditions in the White Sea basin established earlier than reported before. While the previous studies
found no signals of marine transgression above ca. 41 m a.s.l., our results indicate that the local marine limit

in the study area exceeds ca. 53 m a.s.l.
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INTRODUCTION

Lake sedimentary archives are known to contain
valuable records of ecosystem and environmental
changes of the past (Cohen, 2003). For instance, in
the regions within the limits of the Last Glacial Maxi-
mum, e. g. in NW Russia, invaluable information on
the environmental changes during the Late Glacial to
Holocene transition can be inferred from lake sedi-
ments. Besides, coastal-lake sediment records in these
regions are widely used in studies of relative sea-level
(RSL) changes resulted from isostatic/eustatic pro-
cesses (Gehrels, 2013; Horton, Sawai, 2010; Shennan
et al., 2015 and references therein).

# For citation: Ludikova A.V., Sapelko T.V., Kuznetsov D.D., Shi-
khirina K.A. (2023). Sediment record of the earliest stage of the
evolution of Lake Kanozero (SW Kola Peninsula): new data for
regional deglaciation reconstructions and relative sea-level stud-
ies. Geomorfologiya i Paleogeografiya. Vol. 54. No. 4. P. 90—104.
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The White Sea region and the Kola Peninsula ex-
perienced an impact of the last glaciation and subse-
quent isostatic rebound as the Scandinavian Ice Sheet
retreated. Therefore, lake sedimentary archives in this
area enable reconstructing environmental changes re-
lated to deglaciation and shoreline displacement (e. g.
Corner et al., 1999; Romanenko, Shilova, 2012; Sub-
etto et al., 2012; Korsakova et al., 2016; Kolka, Korsa-
kova, 2017; Kuznetsov et al., 2022; Tolstobrova et al.,
2022; Kublitskiy et al., 2023; Ludikova et al., 2023
etc.).

Lake Kanozero, located in the SW part of the
Kola Peninsula (fig. 1, (a)) is famous by the ancient
stone-carvings abundant on its islands. The evidence
of the early human presence on its shores has recently
raised interest to the lake’s paleoenvironments. The
litho- and biostratigraphic study of the upper part of
the sediment sequence from Lake Kanozero covering
the end of the Late Glacial and the Holocene has been
performed and published elsewhere (Sapelko et al.,
2022). The environmental transformation from the
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Fig. 1. Location map of the study site (a). LK = Lake Kanozero. Study area — closer look (b). 1 — River Chyornaya; 2 — River Kana;
3 — River Muna; 4 — River Rodvinga; LP — Lake Ponchozero; black frame — the area of the previous isolation basin studies

(Kolka et al., 2013). Sampling site (c).

Puc. 1. MecTornoiioxxeHue — o6111asi cxema (a); netaausupoBaHHas cxema (b); Touka rnmpooootroopa (¢). LK — KaHo3sepo; pexu:
1 — Yepnas, 2 — Kana, 3 — MyHa, 4 — Pogsunra; LP — [ToHu03epo; YepHBIii IIPSIMOYTOJIBHUK — 00JIaCTh NCCIIEIOBAHMS B pa-

6ote (Kolka et al., 2013).

shallow-water zone of a large cold-water oligotrophic
basin to more productive lake resulted from the Early
Holocene climate amelioration was revealed. Subse-
quent water-level lowering was also reconstructed that
resulted in weakening of the water exchange between
the lake’s main basin and a bay where the sampling
point was located (Sapelko et al., 2022).

The lowermost sediments containing the record of
the earliest stages of the lake’s evolution, however, re-
mained beyond the scope of that study. A brief discus-
sion on the diatom record of these stages was provided
by Ludikova et al. (2022). In the present paper, we dis-
cuss the results of the multy-proxi study (diatoms, pol-
len, loss-on-ignition and grain-size) of the lowermost
part of the sediment sequence of Lake Kanozero
aimed at paleoenvironmental reconstruction of the
initial stages of its development.

MATERIALS AND METHODS

Study site. Lake Kanozero is a large basin in the
middle course of the River Umba, SW Kola Peninsula
(fig. 1). The lake’s elevation is 52.7 m above sea level
(a.s. l.). The lake basin is NW-SE-oriented and has an
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elongated shape, ca. 26 km long and up to 5 km wide.
The water area is 84.3 km?, the water volume is
0.27 km3. The lake’s mean depth is 3.2 m, maximum
depth is 10.6 m (Elshin, Kuprijanov, 1970). The short-
est distance from the lake (its southern end) to the
White Sea coast is ca. 28 km.

The main inflow of Lake Kanozero is the River
Umba that enters the lake from the NE. Secondary
tributaries include the rivers Chyornaya and Kana in
the NW and Muna in the east. Two rivers, Kitsa (Um-
ba) and Rodvinga, outflow from the southern end of
Lake Kanozero, and after passing through Lake Pon-
chozero, ca. 5.5 km to the SW, the River Umba finds
its way to the Kandalaksha Bay of the White Sea
(fig. 1, (b)).

The lake is located within the hummocky moraine
plain formed during the last glaciation. The present
vegetation in the lake’s surroundings is typical of the
northern taiga subzone. Extensive peatbogs are also
common for the surrounding landscapes.

Coring, lab treatment and analyzing. The 3.4 m-
long sediment core was retrieved at 1.7 m-depth in the
Kirvinskaya Bay (67°3’33” N, 34°6"12” E), a sheltered

Ne 4 2023



92 LUDIKOVA et al.

bay in the SW part of Lake Kanozero (fig. 1, (c)). Two
elongated peninsulas and the Kirvinskiy Island in be-
tween make the Kirvinskaya Bay partly isolated from
the main basin of the lake. The sediments were sam-
pled with the “Russian type” peat corer from a boat.
The sediment samples were collected with 2 to 10-cm
intervals.

The age of the gyttja bottom (at ca. 460 cm) was de-
termined using '“C accelerator mass spectrometry
(AMYS) at the Laboratory of radiocarbon dating, Uni-
versity of Helsinki, Finland (Sapelko et al., 2022).
Loss-on-ignition, diatom and pollen analyses were
performed at the Institute of Limnology of the Rus-
sian Academy of Sciences, while grain-size distribu-
tion was analyzed at the Laboratory of Rational Envi-
ronmental Management, Faculty of Geography of
Herzen State Pedagogical University.

The loss-on-ignition (LOI) analysis was performed
according to the standard procedure adopted at the
Institute of Limnology. A total of 30 ca. 1-cm thick
samples were powdered, dried for 2 hours at 105 °C
and remained to cool to room temperature. After
weighing the samples, ignition of organic matter was
performed (6 hours at 500°C). Cooled samples were
weighed again for subsequent calculation of weight
losses (%) after ignition.

For grain-size analysis, the pretreatment proce-
dure described in Vaasma (2008) was applied. A total
of 22 samples were analyzed. To oxidize organic mat-
ter, sediment samples were mixed with 40% hydrogen
peroxide (H,0,) and heated to 80 °C. H,0, was con-
tinually added until the reaction stopped. A drop of
a carefully stirred sample was taken for the analysis us-
ing a 0.1 ml pipette. Laser-diffraction size analysis was
conducted using LaSca-1C Laser Particle Size Ana-
lyzer. For each sample, measurement was carried out
three times, and the results were averaged.

Sediment treatment for diatom analysis (19 sam-
ples) followed the standard procedure (Davydova,
1985) using 30% H,0, to destroy organic matter. Clay
particles were removed by repeated decantation. Dia-
tom identification follows Proshkina-Lavrenko (1949,
1950), Krammer and Lange-Bertalot (1986—1991),
Strelnikova (2006). As identification of resting spores
of Chaetoceros is often problematic using a light mi-
croscope, only a few species were identified to the spe-
cies level. Therefore, all Chaetoceros resting spores
were subsequently aggregated as Chaetoceros spp. The
diatom species were subsequently grouped according
to their habitats and salinity preferences (Proshkina-
Lavrenko, 1949, 1950; Krammer, Lange-Bertalot,
1986—1991; Davydova, 1985). Chrysophyte (golden
algae, Chrysophyceae) cysts were counted alongside
with diatoms with no attempt of taxonomic identifica-
tion. Concentrations of diatom valves and chrysophyte
cysts in 1 g of dry sediments were subsequently calcu-
lated following Davydova (1985). The ratio of cysts to
diatoms (CY:DI) was calculated according to Smol
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(1985). The diatom diagram was plotted using the pa-
leoecological software C2 Version 1.7 (Juggins, 2007).

Chemical treatment for pollen analysis (25 sam-
ples) was performed using the standard procedure
(Grichuk, 1940; Berglund, Ralska-Jasiewiczowa,
1986) with potassium-cadmium (Cd,J+KJ) heavy lig-
uid. Pollen diagram was drawn using the Tilia program
(Grimm, 2004). Since pollen was almost lacking in a
number of samples from the lowermost part, those
samples were not included in the diagram. When cal-
culating the percentage for each taxa the total amount
of pollen of the trees, herbs and spores was taken for
100%. Pollen counts (total sum of pollen) that approx-
imate pollen concentration in a sediment sample were
also plotted on the diagram.

RESULTS

Lithology, LOI and grain-size distribution. The sed-
iments under study are light bluish-gray silt (561- ca.
467 cm) with indistinct color banding in its lower part,
gradually passing via gyttja silt to gyttja starting from
ca. 467 cm (fig. 2).

In the lower silt, the LOI values do not demon-
strate any significant variations generally ranging from
2.1% to 3.2% with only a minor decline to 1.9% at
472 cm. With the transition to gyttja silt at ca. 467 cm,
the LOI values gradually increase and reach ~10% at
462 cm (fig. 3).

Grain-size analysis revealed the predominance of
fine-grained particles (mean particle diameter varies
from 0.02 to 0.036 mm). The size fraction of 0.01—
0.05 mm, which is coarse silt according to Logvinenko
(1974) classification, is the most abundant (>70% of
the sample volume). An exception is 483—481 cm in-
terval where it drops to 17%. Fine silt (0.005—0.01 mm)
content varies from 8% to 14%, increasing to 65%
at 483—481 cm. Clay (<0.001—0.005 mm) and fine
sand (0.05—0.25 mm) particles do not exceed 16% and
14%, respectively (tabl. 1, fig. 3).

Diatoms. Based on the shifts in diatom assemblages
composition and proportions of the ecological groups,
three local diatom zones (IDZs) were visually recog-
nized (figs. 4, 5).

In DZ-1 (560—526 cm), resting spores of plank-
tonic brackish-marine Chaetoceros spp. (with C. hol-
saticus, C. neogracilis, C. socialis, C. wighamii being the
most common) contribute up to 60% of the total dia-
toms. Other planktonic taxa include occasionally
found marine Thalassiosira spp. and Coscinodiscus
spp. rarely exceeding 1%. In the lower part of DZ-1,
benthic brackish-water Fragilaria fasciculata, Masto-
gloia smithii and Cocconeis scutellum are abundant,
while proportions of halophilous Achnanthes haucki-
ana and salinity-indifferent Epithemia adnata and
Rhopalodia gibba increase upwards. The total benthic
accounts for 37—56%. Diatom valve and chrysophyte
cyst concentrations are low, not exceeding 8 million
Ne 4
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Fig. 2. Sediment sequence of Lake Kanozero. Light gray —
silt, shadowed gray — greenish-brown gyttja, shadowed
dark gray — brown gyttja. Red rectangle — sediment record
in focus of the present study.

Puc. 2. Pa3pe3 nounbix omtoxenuit Kanosepa. Cpetjio-
Cepblil — aJIeBPUT, CEPBIii CO IITPUXOBKOM — 3€JICHOBATO-
Oypast TUTTUS, TEMHO-CEPBIiA CO IITPUXOBKOM — Oypast TUT-
Tusi. KpacHbIM TpsSIMOYrOJIbHUKOM OOO3HauyeHa 4YacThb
paspesa, paccMaTprMBaeMasi B HACTOSIIIIECH CTaThe.
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and 200 thousand in g~! dry sediment, respectively.
The CY:DI ratio is low as well (1.8—5.6%).

In DZ-2 (526—518 cm), resting spores of Chaetoc-
eros spp. rapidly decrease in abundance and disappear
from the diatom record. The total planktonic decreas-
es correspondingly. A proportion of small benthic
Fragilariaceae drastically increases and reach >40%
near the upper boundary of DZ-2. Their most abun-
dant representatives include salinity-indifferent Stau-
rosira venter and Staurosirella pinnata. Brackish-water
M. smithii and Tryblionella levidensis, halophilous
A. hauckiana, Diploneis smithii var. pumila and Epithe-
mia sorex, and salinity-indifferent E. adnata and
R. gibba are abundant as well. The halophilous taxa
reach their highest proportion (35%) in DZ-2. Abun-
dances of the total benthic rise to 97—100%. A notable
increase in the diatom and cyst concentrations is ob-
served in the upper DZ-2 (to 23 million and 1 million,
respectively). The CY:DI ratio ranges from 7.4 to 11%.

In DZ-3 (518—460 cm), brackish-water species
disappear from the record. Proportions of halophilous
taxa decrease to 3—6%, while freshwater salinity-in-
different species became dominating. Benthic diatoms
prevail (86—99%) with high abundances of small-
celled Fragilariaceae (40—60%). Benthic Amphora pe-
diculus, Cocconeis neodiminuta, Navicula aboensis and
Navicula jaernefeltii are also common. Besides, Aula-
coseira ambigua, typical of lacustrine plankton is also
sporadically found. Diatom concentrations are high
(26—48 million in g~! dry sediment) rapidly increasing
in the uppermost part of DZ-3. Chrysophyte cysts are
less abundant (0.8—9 million). The CY:DI ratio is
highly variable (5—17%).

Pollen. Three local pollen-assemblage zones (PZs)
were recognized in sediment sequence under study
(fig. 6).

PZ-1 (561—530 cm) is characterized with the low-
est pollen content. Herbs pollen predominates (up to
64%) with Poaceae, Cyperaceae and Arfemisia being
the most abundant. Betula nana accounts for up to
50% of the total arboreal pollen reaching its maxi-
mum. Pinus and Betula pollen is also observed. The
proportion of spores is the lowest (0—21%). They are
mainly represented by Bryales and Lycopodium
clavatum.

In PZ-2 (530—504 cm), pollen content reaches its
maximum. Proportion of arboreal pollen increases to
67%. Pinus and Betula prevail, and minor amounts of
Picea appear in the pollen record. Despite of the de-
creased proportion, Betula nana is constantly present
in PZ-2. Sporadically found pollen of Alnaster and Sa-
lix is recorded for the first time. Herbs pollen slightly
decreases although still remains noticeable (to 47%).
Cyperaceae and Artemisia dominate among herbs,
while the percentage of Poaceae decreases in the lower
part of the zone and increases again upwards. Starting
from the middle part of PZ-2, Chenopodiaceae pollen
is recorded. Pollen of Empetrum (Ericaceae), Ephedra
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Fig. 3. Lithology, LOI, grain size distribution (%) for the lower ca. 1-m sediments of Lake Kanozero. Lithology: light gray — silt,
shadowed light gray — gyttja silt, shadowed gray — greenish-brown gyttja.

Puc. 3. Jlutonorust, [TI1I1, rpanynomerpudeckuii cocta (%) HukHe# yactu (oK. 1 M) moHHBIX oTioXeHuit Kanosepa. Jiuto-
JIOTUSI: CBETJIO-CEPBIil — aJIEBPUT, 3aIITPUXOBAHHBIN CBETJIO-CEPbIil — TUTTUEBBIN aJIeBPUT, 3aLITPUXOBAHHBIN Cepblii — 3es1e-

HOBaTO-KOPHUYHEBAas1 TUTTUSA.

and Saxifraga is observed as well. Spores reach their
maximum proportion (up to 60%). Bryales spores pre-
vail, while Polypodiaceae, Lycopodium clavatum and
Equisetum are also found in considerable amounts.
Besides, Lycopodium annotinum, Selaginella selaginoi-
des and Sphagnum are occasionally recorded. Sporadic
finds of Isoéfes spores and green alga Botryococus
braunii are characteristic of PZ-2 only.

In PZ-3 (504—485 cm), pollen content decreases.
Arboreal pollen decreases as well, rising again by the
upper part of the zone (29—50%). Betula nana pollen
predominates while the proportions of Pinus and Bet-
ula decline. Alnaster and Juniperus are sporadically
found. Herbs pollen remains abundant (25—30%) with
the predominance of Poaceae that rises again in this
zone. Cyperaceae, Chenopodiaceae and Arfemisia

pollen is constantly recorded. Empetrum (Ericaceae)
pollen is only occasionally found. Proportion of spores
decreases (25—44%). Bryales and Polypodiaceae are
the most abundant while Equisetum, Lycopodium
clavatum, Lycopodium annotinum, Selaginella selagi-
noides and Sphagnum are commonly observed as well.

DISCUSSION

Microfossils, sediments and local paleoenviron-
ment. Compositional changes in the diatoms assem-
blages revealed three stages of the earlier evolution of
Lake Kanozero. At the initial stage (DZ-1), the pre-
dominance of brackish-marine and brackish-water
species indicates the influence of marine waters. High
abundance of planktonic taxa (Chaetoceros spp.), in

Table 1. Minimal, mean and maximum values of LOI and sediment particles in the lower part of the sediment sequence of

Lake Kanozero

Ta6muna 1. MuHuManbHEIe, cpenHre 1 MakcuManbHble 3HadeHus [1I1I1 u comepXaHus ocagoYHBIX YaCTHUIl B HIDKHEN

YacTU pa3pes3a TOHHBIX OTJIOXKeHU o3epa KaHo3epa

% | Lol fine clay coarse clay fine silt coarse silt fine sand
7 (0—0.001 mm) (0.001-0.005 mm) | (0.005—0.01 mm) (0.01—0.05 mm) (0.05—0.25 mm)
min | 1.9 0.33 4.47 7.99 16.79 1.80
max | 9.9 2.24 13.35 64.67 77.78 18.86
mean| 3.2 0.74 6.71 12.90 71.83 7.81
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Puc. 5. JluaromoBast nnarpaMma JuIsi HUDKHE 4acTH KOJIOHKM JOHHBIX OTiIoXeHMiT KaHo3epa: 3KoJIormyecKue rpyIimnbl o co-
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turn, points to relatively large depths of the basin. The
most abundant representatives of Chaetoceros genus at
this stage can thrive in a wide range of salinities. Ac-
cording to Strelnikova (2006), the salinity range for
C. holsaticus is 5.3—33.2%o, for C. neogracilis — 8.1—
30%o0, for C. socialis 2.8—33.2%0, and for
C. wighamii — 2.1—-33.2%o. Therefore, brackish-water
conditions can be thought of. At present, various spe-
cies of Chaetoceros flourish in the phytoplankton of
the White Sea (salinity ca. 26%o) altogether with
Thalassiosira spp. and Coscinodiscus spp. (I’yash
et al., 2003). Representatives of these three genera also
dominate in the surface-sediment diatom assemblages
(Polyakova, Novichkova, 2018). In our record, howev-
er, Chaetoceros spp. predominate while both Thalassi-
osira spp. and Coscinodiscus spp. were only occasion-
ally found. Such disproportion apparently reflects the
environments in the paleobasin rather differing from
the present White Sea.

However, local paleoenvironments are more reli-
ably inferred from benthic diatoms as those are incor-
porated to the sediments directly from their source
community (Vos, de Wolf, 1988). In our record,
brackish-water and salinity-indifferent species pre-
dominate among the benthic taxa, followed by fresh-
water halophilous species which strongly suggests
brackish environments or fluctuating salinities. Low
concentrations of diatoms and chrysophytes indicate
unfavorable conditions for the growth of these mi-
croalgae probably attributed to nutrients limitation.
High input of suspended mineral particles into the ba-
sin, in turn, could have “diluted” the microfossil con-
centrations in the sediments. For chrysophytes, the
salinity can also be an important limiting factor as only
few Chrysophyceae species occur in marine or brack-
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ish waters. It is supported by low CY:DI values that are
also characteristic for the “marine stage” in other
coastal isolation basins of the White Sea coast (Lu-
dikova et al., 2023). A notable lack of sponge spicules
that are the siliceous microfossils commonly abundant
in the sediments of the “marine stage” (Ludikova
et al., 2023) point to extremely unfavorable conditions
for these invertebrates. As sponges are fed by suspend-
ed organic detritus, the primary limiting factor could
be the low productivity of the basin.

Low-productive environments with high sediment
supply are also suggested from low organic content
in the sediments. This apparently reflects severe cli-
mate and environmental conditions when no nutrients
were supplied to the basin from undeveloped soils
while the erosion intensity was high. The predomi-
nance of the silt-size particles may evidence for low-
energy environments where the influence of waves,
tides and currents is minor. At present, silt accumula-
tion takes place on the slopes of the White Sea depres-
sion at some distance from the coast (Nevesskiy et al.,
1977). Besides, silty fraction also dominates in the sed-
iments near the large rivers mouths such is the present-
day seaward part of the delta of the River Severnaya
Dvina (Nevesskiy et al., 1977). Slightly increasing
proportion of fine sand may reflect a shift towards
lower depths and slightly more energetic environments.

This stage was tentatively pollen-dated to the Older
Dryas, i. e. a climate cooling that preceded the Allergd
(PZ-1), and also includes the very onset of the Allerad
(lower PZ-2). The Older Dryas chronozone in our re-
cord is distinguished by the low abundances of arbore-
al pollen. Generally, the composition of the pollen
spectra is similar to those of the Younger Dryas. How-
ever, very low pollen abundances in PZ-1 (much lower
Ne 4
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Table 2. Pollen data for the Late Glacial on the Kola Peninsula
Ta6mua 2. JlaHHBIE CITOPOBO-ITBIILLIEBOIO aHAIM3a JJIsI ITO3AHEIeTHUKOBBSI KoJIbcKoro m-oBa

97

Lakes Older Dryas Allergd Younger Dryas References
Kanozero Betula — Poaceae — Betula — Pinus-Picea — | Betula — Betua nana — | This article
Cyperaceae — Artemisia — | Alnaster — Salix — Ephe- | Poaceae — Cyperaceae —
Chenopodiaceae dra — Saxifraga Artemisia — Chenopodia-
Empetrum — Artemisia — | ceae
Churozero Betula — Artemisia — Betula — Pinus-Picea — | Betula — Pinus — Salix — | Pavlova et al., 2011
Poaceae — Cyperaceae — | Salix — Artemisia — Cyperaceae — Artemisia
Chenopodiaceae Cyperaceae — Chenopodiaceae
Imandra Pinus — Artemisia Artemisia Lenz et al., 2021
KP-2 Salix — Betula — Betula | Kremenetski et al., 2004
nana — Artemisia — Poa-
ceae — Cyperaceae
Yarnyshnoe Salix — Betula — Arte- Snyder et al., 2000
misia — Chenoodiaceae

than in the Younger Dryas sediments) suggest colder
and drier climate that hindered the spread of the vege-
tation.

On the Kola Peninsula, the Younger Dryas age of
the sediments is the most reliably confirmed by pollen
studies of the lateglacial sediment records. However,
in the sediments of Lake Churozero, central Kola
Peninsula, two episodes of the Dryas cooling separat-
ed by the Allergd warming were recorded (Pavlova et al.,
2011). In Lake Churozero, low pollen abundances
were similarly recorded in the sediments attributed to
the Older Dryas chronozone (Pavlova et al., 2011).
The composition of the Older Dryas pollen spectra
there also demonstrates similarity to those of the
Younger Dryas (tabl. 2). No radiocarbon-dated pollen
records of the Older Dryas are known by far in the Ko-
la region.

Our pollen data thus support severe environmental
conditions that were inferred from the sediments li-
thology, low abundances of siliceous microfossils and
low organic content. The pollen data suggest that the
vegetation cover was almost lacking in the study area at
this early stage. Open landscapes with periglacial
herbs-dominated communities with Artemisia, Poace-
ae and Cyperaceae were characteristic for this time pe-
riod indicating cold and dry climate and unfavorable
conditions for vegetation and soils development. By
the end of this stage, the transition to warmer and
more humid climate is inferred from the pollen record
(lower PZ-2) which favored a spread of forest-tundra
vegetation. No corresponding changes in the diatom
assemblages and sediment composition were ob-
served, though.

At the next stage (DZ-2), a rapid decline in plank-
tonic Chaetoceros spp. and other marine and brackish-
marine taxa, and increase in benthic brackish-water,
halophilous and salinity-indifferent species indicate
decreasing salinity and water depth resulted from the
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isolation and transition to lacustrine environments.
An explosive rise of small-celled Fragilariaceae ob-
served at this stage is typical of the succession from
marine to freshwater coastal-lake environments, and
was recorded in the sediment sequences prior to,
during and just after the isolation (Stabell, 1985).
At present, small-sized fragilarioids are characteristic
for the surface sediments of the coastal basins, both
currently isolating and recently isolated from the
White Sea, i. e. regardless of their isolation status (e. g.
Shilova et al., 2020). Apparently, thriving of these taxa
is not solely attributed to salinity changes since the
isolation process is commonly accompanied by other
environmental instabilities, e. g. increased turbidity,
fluctuating salts content and shifting nutrients supply.
This all favors the growth of pioneer, fast-reproducing
species widely distributed along various environmental
gradients, such are many of small Fragilariaceae that
are highly competitive under unstable, changing con-
ditions (Weckstrom, Juggins, 2005).

Increasing CY:DI values accompanied by a minor
increase in cysts concentrations observed at this stage
support freshening of the basin and the transition to
the environments more favourable for chrysophytes.
Similar rise in proportions of cysts was recorded at the
transitional stage in other isolation basin studies
(DreBler et al., 2009; Ludikova et al., 2023). Diatom
concentrations also slightly increase as a result of the
mass growth of small-celled fragilarioids. It may also
reflect a transition to lower-energy conditions with
decreasing influence of a larger basin.

Various isolation basin studies have demonstrated
clear lithological signals of isolation in their sediment
records (Corner et al., 1999; Kolka, Korsakova, 2017).
Besides, rapidly rising organic content (expressed as
increased LOI) during the marine-freshwater transi-
tion was recorded in coastal lakes isolated from the
White Sea during the Holocene (Kuznetsov et al.,
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2022). In Lake Kanozero, however, the onset of the
isolation has left no visually recognizable signature
such as changing sediment composition, color, etc.
Neither the transition to autochthonous organic sedi-
mentation was recorded as the LOI values showed no
corresponding change. Slightly decreased proportion
of fine sand might be the only evidence of changes in
sedimentation environment.

According to the pollen data, this stage corre-
sponds to the Allergd interstadial (PZ-2). It is sup-
ported by increased pollen concentration in the sedi-
ments that is much higher than in PZ-1 and PZ-3.
Besides, in the preceding and the following periods the
arboreal vegetation was mainly represented by dwarf
birch, while in the Allerged birch and pine pollen be-
came more abundant. Their increased proportions in
the pollen records are typical of this warm period
(Sapelko, 2017). An occurrence of spruce pollen also
supports the Allerad age of the sediments. Alnaster fru-
ticosa is constantly observed in the pollen record as
well. Being presently common in permafrost regions
and undemanding to soils, it could have grown on the
coasts of the Kanozero basin. Salix, Ephedra, Saxifra-
ga and Empetrum typical for the Late Glacial and spe-
cifically for the Allered interstadial, were also com-
mon for the study area at this stage. The composition
of the pollen spectra thus indicates that tundra-like
vegetation communities transformed to forest-tundra
communities.

There are few sites in the Kola Peninsula where the
sediments attributed to the Late Glacial climate
warming were described (e. g., Pavlova et al., 2011;
Lenz et al., 2021) (tabl. 2). The warming is commonly
marked by the increased abundance of arboreal pol-
len. An increase of Picea pollen is an important indi-
cation of the Allergd in the Kola Peninsula and other
regions (Borzenkova et al., 2015). In Lake Imandra,
western Kola Peninsula, the increase in arboreal pol-
len with the predominance of Pinus was characteristic
for the Allerad warm episode (Lenz et al., 2021). An
occurrence of shrubs pollen is another indication of
warming. For instance, in Lake Churozero the spread
of Salix is inferred during the Allerod chronozone.
Pollen of Salix, Ephedra, Saxifraga and Empetrum of-
ten found in lateglacial sediments is typical of the
Bolling-Allergd sediments in the area of the Last Gla-
ciation (Engels et al., 2022).

Constantly low organic content in our sediment re-
cord, however, indicates no corresponding increase
either in the basin’s productivity or allochthonous or-
ganic matter supply. Despite some climate ameliora-
tion, the lake was still oligotrophic and received large
amounts of suspended mineral particles from the
catchment. This might reflect rather severe environ-
mental conditions. A lack of any noticeable changes in
the sediment composition also suggests that after the
isolation the Kanozero basin remained rather large,
which could have obscured the signals of isolation-re-
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lated or climate-driven shifts in sedimentation envi-
ronments.

Subsequent disappearance of brackish-water dia-
toms and a notable decrease in abundances of haloph-
ilous taxa indicate establishing of freshwater condi-
tions in Lake Kanozero (DZ-3). Predominance of
benthic diatoms and an overall composition of the di-
atom assemblages reflect sedimentation in the shal-
low-water part of a large cold-water low-productivity
lake with slightly alkaline pH.

In these lacustrine environments, however, min-
erogenic allochthonous sedimentation proceeded
since the LOI values remained as low as at the previous
stages. Low productivity of the lake’s ecosystem ap-
parently resulted from severe climatic conditions.
Poor soils and vegetation development in the lake’s
catchment restricted nutrients input to the lake. Al-
most unchanged distribution of particle sizes indicates
rather stable sedimentation environments. The only
exception is an episode of a notable shift in medium-
coarse silt and fine silt ratio accompanied by minor in-
crease in clay particles and decrease in fine sand that
predated the increase in organic content. No corre-
sponding changes were recorded in either diatom
composition or LOI values, though. Apparently, this
event is not related to changing water depth and might
reflect decreased erosion or river activity.

This stage is pollen-dated to the late Allerod —
Younger Dryas (upper PZ-2 — PZ-3), and the transi-
tion to colder climate is inferred from decreased pollen
abundances and arboreal pollen decline. After the Al-
lerad warming, Alnaster fruticosa and Empetrum still
grew sporadically in sheltered depressions. Empetrum
heathlands were spread as well, which together with
dwarf birch could indicate initial soils development.

Dated Younger Dryas sediments were revealed
elsewhere in the Kola Peninsula (e. g., Kremenetski et
al., 2004; Pavlova et al., 2011; Lenz et al., 2021 etc.).
Decreased abundances of arboreal pollen is the most
prominent indication of the Younger Dryas cooling
recorded in other sediment sequences. The onset of
the Holocene, in turn, is marked by its rapid increase,
which was also recorded in Lake Kanozero (Sapelko
etal., 2022) and other sites (Snyder et al., 2000;
Kremenetski et al., 2004; Pavlova et al., 2011; Lenz
et al., 2021). In the Younger Dryas, periglacial com-
munities prevailed in the region, while the composi-
tion of dominating taxa was determined by the local
environments. Vegetation communities with Arfemisia,
Poaceae, Cyperaceae u Chenopodiaceac were the
most common (tabl. 2).

An increase in organic content and gradual silt to
gyttja transition might indicate climate amelioration
around the Late Glacial-Holocene boundary. Howev-
er, the absolute and pollen-based chronologies dis-
agree in estimating the onset of the organic sedimen-
tation in Lake Kanozero. According to pollen data
(Sapelko et al., 2022), the Younger Dryas-Holocene
Ne 4
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/Lake

Umbozero

WHITE SEA

Fig. 7. Late-glacial ice-marginal zones (after: (a) — Yevzerov (2015), (b) — Korsakova et al. (2023)) during: NE — Neva stage,
BO — Bolling Interstadial, OD — Older Dryas Stadial, AL — Alleroed Interstadial, YD — Younger Dryas Stadial. LK stands for
Lake Kanozero. (¢) — limits of the late-glacial brackish-water basin (dashed violet line; after Lavrova, (1960)), and location of
the sediments of the late-glacial marine transgression (shaded areas; after Semyonova, Rybalko (2012)).

Puc. 7. Tosica KpaeBbIX JIETHUKOBBIX 00pa3oBaHUit mo3aHeneTHUKOBbs (NE — HeBckoit crannu, BO — MexcranuaibHOTO 1o~
teruieHus1 6€muHT, OD — cramnajibHOro IOXOJOMaHMSI CpemHero apuaca, AL — MeXCTaauaabHOTO IMOTEIUICHUST aJuIepen,
YD — craguaiabHOTO IMOXOJI0AaHUsI ITO3AHETOo apuaca, 1mo (a) — EBzepoB (2015), (b) — Korsakova et al. (2023). LK — KaHo3zepo.
(c) — mpenenbl pacrpoOCTpaHEHUsT MTO3AHEIETHUKOBOTO COJIOHOBAaTOBOAHOIO GacceiiHa (¢uoseToBasi TyHKTUPHAsT JIMHUS
o JlaBpoBa (1960)), MeCTOHaXOXIEHUE OCAIKOB ITO3AHEIEIHUKOBOI MOPCKOI TpaHCrpeccHy (3aluTpUXOBaHHAs ILJIOIIA/Ib;

no CemeHoBa, Prioanko (2012)).

transition was recorded in the lower part of gyttja sug-
gesting that the organic sedimentation started around
the end of the Late Glacial — beginning of the Holo-
cene. The radiocarbon dating of the gyttja bottom, in
turn, yielded ca. 9100—9200 cal. yrs BP indicating that
the transition to organic sedimentation could have oc-
curred later in the Early Holocene. The study of gyttja
revealed the conditions of the freshwater lake that ex-
perienced some changes in trophic state and depth
during the Holocene (Sapelko et al., 2022). No signal
of marine transgressions was recorded in the Holo-
cene sediment sequence.

Implications for deglaciation and marine limit
studies. During the Last Glacial Maximum, the Kola
region and the White Sea depression were occupied by
the eastern flank of the Scandinavian Ice Sheet that
expanded eastward and reached the NW tip of the
Kanin Peninsula (Demidov et al., 2006; Hughes et al.,
2016). The deglaciation of the Kola Peninsula and the
White Sea took place between ca. 15—16 cal. ka BP and
ca. 12 cal. ka BP (Hughes et al., 2016). However, the
deglaciation pattern and chronology still remain rath-
er uncertain.

Earlier studies suggested that the White Sea depres-
sion had been already ice-free by the end of the Oldest
Dryas as the ice sheet retreated far westward (Lavrova,
1968). In recent decades, various and partly contra-
dictory deglaciation schemes were proposed thus pro-
viding different timing of deglaciation of the Kanozero
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basin. Three distinctive ice marginal belts were de-
scribed on the Kola Peninsula by Yevzerov and Niko-
laeva (2000) and Yevzerov (2015). The belt 111 formed
during the Oldest Dryas cooling and preceding warm-
ing episode, while the formation of the belts II and I
correspond to the Bglling — Older Dryas and Allerod —
Younger Dryas climate oscillations, respectively
(Yevzerov, 2015). These studies suggest that in the
Older Dryas, i. e. ca. 14 cal. ka BP, ice-marginal zone
was located >50 km to the east of Lake Kanozero
(fig. 7, (a)) that must have been covered by glacial ice.
According to Stroeven et al. (2016), ca. 14 cal. ka BP
the ice sheet covered the western and central Kola
Peninsula including the Kanozero basin. Similarly,
Boyes et al. (2023) assumed that ice-free conditions
only existed in the eastern Kola Peninsula at that time.
They also inferred a significant readvance of the White
Sea ice lobe ca. 14 cal. ka BP partly in response to the
climatic cooling during the Older Dryas (Boyes et al.,
2023). Alternatively, the correlation scheme of ice mar-
ginal formations proposed by Vashkov and Nosova (2022)
placed the Older Dryas ice margin just a few km to the
east of the Kanozero basin, while the deglaciation of
the study area took place in the Allerod.

A notable retreat of the ice margin ca. 13 cal. ka BP
is suggested although the precise position of the ice
margin on the Kola Peninsula remains uncertain. An
activation of the so-called Kanozero ice stream that
moved to the SE through the Kanozero basin in re-
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sponse to the collapse of the White Sea lobe and relat-
ed ice sheet configuration and volume changes, was
also documented for this period (Boyes et al., 2023).
Korsakova et al. (2023) mapped the ice-free condi-
tions in our study area starting from the Allerad as the
ice margin retreated westward up to the head of the
Kandalaksha Bay (fig. 7, (b)). It agrees with Stroeven
et al. (2016) who reconstructed deglaciation of the
study area in the Late Allered, between ca. 13 and
12.7 cal. ka BP. The lack of any large-basin sediments
in the coastal lakes at > ca. 41 m a.s.l., south of Lake
Kanozero, was interpreted as a result of blocking of
their depressions by dead-ice masses that lost contact
with the active ice lobe in the Allergd (Kolka et al.,
2013).

The reconstructions by Yevzerov and Nikolaeva
(2000), Semyonova and Rybalko (2012) and Boyes
et al. (2023) indicate that in the Younger Dryas the ice
margin was still located a few km to the east of the
study site (fig. 7, (a)), and thus the depression of Lake
Kanozero was not ice-free yet. The ice sheet subse-
quently retreated from the Kanozero basin between 12
and 11 cal. ka BP.

Our results, however, suggest that aquatic sedimen-
tation in the Kanozero depression already took place
during the cold interval pre-dating the Allered and
tentatively assigned to the Older Dryas. This may as-
sume earlier deglaciation of the study area than it was
previously suggested.

It is commonly believed that glacial-lacustrine en-
vironments in the White Sea depression transformed
to glacial-marine in the late Allerod (Lavrova, 1968;
Nevesskiy et al., 1977; Yevzerov et al., 2007; Kolka,
Korsakova, 2017). However, some studies suggest that
glacial-marine environments in the Kandalaksha Bay
also existed during the Oldest and Older Dryas chro-
nozones (Alyavdin et al., 1977; Djinoridze et al., 1979;
Kalugina et al., 1979). According to our data, Lake
Kanozero could already be a part of a larger brackish
basin prior to the Allergd.

The results of the present study also contribute to
the reconstruction of spatial limits of this basin. Ac-
cording to Lavrova (1960), the late-glacial brackish
(glacial-marine) basin occupied the northern coasts of
the Kandalaksha Bay and penetrated as far inland as
the present depressions of the lakes Ponchozero and
Kanozero (fig. 7, (c¢)). She also suggested that accu-
mulation of thick laminated clays found to the north of
Lake Kanozero took place in a freshened marine bay.
Bluish-gray indistinctly laminated clays near the
mouth of the River Rodvinga, south of Lake Kanoze-
ro, containing brackish-water and brackish-marine
diatoms, were also referred to as glacial-marine (Lav-
rova, 1960). Thus one could think of the Late Glacial
marine transgression that has exceeded the present el-
evation of Lake Kanozero which is ca. 53 m a.s.l. In
support to this, the map of the Quaternary deposits
shows late-glacial marine sediments along the shores
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of Lake Kanozero (fig. 7, (¢)) (Semyonova, Rybalko,
2012). However, studies of coastal isolation basins
near Umba Village only recorded signals of the late-
glacial marine transgression in the lakes at <41 m a. s. 1.
while no large-basin sediments were found in lake de-
pressions at 255 m a. s. 1. (Kolka et al., 2013). It was
therefore suggested that the basins below ca. 41 m a. s. 1.
were already ice-free by the late Allered, while the
lakes at higher elevations remained blocked by dead ice
until the late Preboreal.

Our finds of rich brackish-water diatom flora in the
pre-Allerad sediments of Lake Kanozero indicate ear-
lier onset of the marine transgression and no dead-ice
blocking of the Kanozero basin. The RSL thus should
have exceeded the present elevation of our study site
(ca. 53 m a. s. I.). The marine waters must have pene-
trated as far inland as up to the NW end of the lake, at
least, i. e. ca. 50 km from the present White Sea coast,
which agrees with Lavrova (1960). According to pollen
data, the RSL dropped below ca. 53 m a. s. . sometime
in the Allerod when a resultant transition from brack-
ish- to freshwater environments in Lake Kanozero
took place.

This does not correlate, however, with the results
obtained by Kolka et al. (2013) who inferred the onset
of RSL rise ca. 13.2 cal. ka BP, i. e. in the late Allered.
The transgression reached at least ca. 41 m a. s. 1., last-
ed during the Younger Dryas and terminated ca.
10.3 cal. ka BP when the RSL regressed below ca.
4] ma. s. 1. (Kolka et al., 2013; Kolka, Korsakova,
2017). Matching the evidences from Lake Kanozero
and the Umba Village area, one could think of two
phases of the late-glacial transgression, the earlier pre-
dated the Allergd, and the later started in the late Al-
lered. This assumption, however, looks highly specu-
lative given the present state of knowledge, and strong-
ly demands validation by further studies.

Previously published results of the diatom study of
the upper part of the sediment sequence (gyttja)
demonstrated that Lake Kanozero remained freshwa-
ter during the Holocene (Sapelko et al., 2022). This
provides no grounds for positioning the Holocene ma-
rine sediments on the central-western and central-
eastern parts of the lake’s shores as was suggested by
(Legkova et al., 2003; Semyonova, Rybalko, 2012).

CONCLUSIONS

Our study has revealed the evidences for marine
waters penetration into the basin of Lake Kanozero at
the earliest stage of its evolution that was tentatively
pollen-dated to the Older Dryas — the onset of the Al-
lergd. The predominance of planktonic diatoms with a
broad salinity tolerance and the presence of typical
brackish-water benthic species in the diatom record
reflect the environments of a large brackish basin.
Fine-grained particles prevailing in the sediment re-
cord suggest rather large depths while low organic
Ne 4
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content supports low-productivity environments.
Cold and dry climate conditions unfavorable for vege-
tation and soils development were inferred from the
pollen record.

The subsequent isolation from the brackish basin
and transition to lacustrine environments inferred
from the diatom record was pollen-dated to the Al-
lered. Thus Lake Kanozero, an 84.3 km?-large water-
body can be defined as a huge isolation basin. Only a
minor decrease in the fine sand fraction was revealed
while no other corresponding changes were observed
in the sediment record. Despite of the climate amelio-
ration, inferred from the spread of forest-tundra vege-
tation, the basin remained low-productive and re-
ceived large amounts of suspended mineral particles
from the catchment.

The predominance of freshwater diatoms, low or-
ganic content and accumulation of fine-grained parti-
cles indicate that in the late Allerod and throughout
the Younger Dryas, Lake Kanozero remained a large,
low-productive freshwater basin.

The study revealed ice-free conditions and aquatic
sedimentation in the Kanozero depression already in
the pre-Allergd times. Therefore we may assume ear-
lier deglaciation of the study area than it was previous-
ly suggested.

Our results also indicate earlier onset of the late-
glacial marine transgression and can specify its level.
In the Older Dryas, the RSL has exceeded the present
elevation of Lake Kanozero, ca. 53 m a. s. 1., and ma-
rine waters penetrated as far inland as up to the NW
end of the lake, i. e. ca. 50 km from the present White
Sea coast. The RSL dropped below ca. 53 m a. s. 1. al-
ready in the Allergd, and since that freshwater condi-
tions persisted in Lake Kanozero.
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KoMmiekcHoe ucciienoBaHue HUXKHE YacTH TOJIIIM JOHHBIX oTyIoKeHuit KaHo3epa (roro-3aramHasi 4acTh
Konbckoro n-oBa, 53 M Haj y. M.) BBISIBWIO CBUACTEIBCTBA TIPOHUKHOBEHMS COJICHBIX BOI B €r0 OacceiiH
Ha paHHell ctaauu ero sBoioluu. [1o pesynbraram AMaTOMOBOTO aHAJIM3a PEKOHCTPYMPOBAHbI YCIOBUS
KPYITHOTO COJTOHOBAaTOBOIHOTO BomoeMa. JINTOIOTHIeCKMit COCTaB TOHHBIX OTJIOXEHUM M KpaitHe HU3KOe
coliep>KaHue OpraHMYecKoro BELIECTBA CBUAETENLCTBYIOT 00 0OCTAHOBKAX OOJBIIOIO HU3KOMPOIYKTHB-
Horo 6acceitHa. [To mTaHHBIM CITIOPOBO-TIBUTLIIEBOTO aHAIM3a 3TOT 3TAIl OXBATHIBACT ITEPHO TTIOXOJIOTAHMS
CpelHero apuaca v Havasio ajiiepena. Ha ;aHHOM aTare B OCHOBHOM MpeobJiianaia rnepuriisiiimaibHas pac-
TUTEJbHOCTD, TUITMYHAS IIJIST XOJIOAHOTO M CYyXOTo KinMaTa. [lepexorn K TpeCHOBOIHBIM YCIIOBUSIM, O KOTO-
POM CBUIETEILCTBYIOT U3BMEHEHUSI COCTaBa AMATOMOBBIX KOMIUIEKCOB, Mpou3soliies B aiepene. [lomumo
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po KaHozepo octaBanoch KpyIHbIM HU3KOMPOIYKTUBHBIM TPECHOBOMHBIM OacceiiHoM. Haliiu pe3yabraThbl
CBUICTEIbCTBYIOT O TOM, 4TO KoTjioBMHA KaHo3epa 6bl1a CBOOOIHA OT JISTHUKOBOTO JIbIA YK B CPEIHEM
Jipyrace, KOraa 37eCh MPOMCXOAUII0 cybaKkBaIbHOE OCaIKOHAKOIIJIEeHUE. DTO MpenrnoaraeT, 4YTo Aerisiiua-
1I1sI paiioHa MCCIIeNOBaHUS TTPOM3OIIIIA PaHbIlle, YeM CYMTAIOCh Tpexae. [ToayyeHHbIe TaHHbBIe TaKXe
yKa3bIBalOT Ha 00Jiee paHHEee YCTAaHOBJIEHNE COJTOHOBATOBOIHBIX YCJIOBUIT B 6€TOMOPCKOI KOTJIOBUHE.
Torma Kax TpeabIayIIre UCCIeA0BaHUS He BBISBIIM CBUIETEILCTB MOPCKOM TPAaHCTPECCUU Ha OTMETKAax
>41 M Haz y. M., Halllu pe3yJbTaThl TOKa3bIBAIOT, YTO BEPXHsISI MOPCKasi TpaHUlIa B paiiloHe UcCaea0BaHuUs
MIpeBBIIIaeT 53 M Had y. M.
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