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INTRODUCTION

The recent global warming effects in the Arctic are accompanied by different positive
climate feedback processes such as unprecedented sea-ice retreat, permafrost warming and
thawing as well melting of glaciers. To better understand and anticipate the magnitude, nature
and direction of recent and future Arctic climate changes, it is essential to compare current
day conditions to records of the past environmental changes, in particular on a regional scale
(Pienitz et al. 2004). The meteorological records in the Arctic are sparse and relatively short
(Polyakov et al. 2003), with only very few time series starting before the 20th century. The
longest continuous surface air temperature (SAT) time series in the Eurasian Arctic is for
Vardø (Northern Norway), which started in 1840 (Polyakov et al. 2003). In the Russian
Subarctic, the oldest SAT time series is for Arkhangelsk, which dates back to 1814 (Opel et
al. 2013). As the direct monitoring data are not available, long-term high-resolution climate
archives such as ice cores, marine or lake sediment cores are needed to provide substantial
information on temporal and spatial patterns of the past Arctic climate variability and its
causes (Opel et al. 2013).
Marine sedimentary records from the Arctic Ocean combine environmental signals
coming from many areas. Therefore, they reflect the changes in the terrestrial environment
only indirectly, having often a rather poor time-resolution (a thousand to five thousand years)
and age control.
Ice cores can also collect climate indicators from many different regions or reflect
histories of local climate, depending on the glacier size and the glacier type. They usually
exhibit very high time resolution so that a sub-annual dating is sometimes possible. However,
owing to post-depositional processes such as diffusion in firn and ice (White et al. 2010), the
resolution of the ice core records decrease with an increasing the depth (i.e. the age). The icecore records of the Eurasian Arctic are limited to High Arctic archipelagos such as Svalbard,
Franz Josef Land and Severnaya Zemlya, providing the palaeoclimatic information only for
Late Holocene up to several hundred/thousand years back in time (Henderson 2002; Isaksson
et al. 2005; Divine et al. 2011; Fritzsche et al. 2005; Opel et al. 2013).
The one of the most widely used palaeoclimatic archive is tree rings. Trees extend to
relatively high latitudes and contribute high-resolution, usually annually resolved and welldated paleoclimate records (White et al. 2010). But these records are relatively short and
rarely exceed 400 years duration (Overpeck et al. 1997).
Syngenetic ice- and organic-rich permafrost sediments (so-called Yedoma deposits)
have a wide areal distribution in the Eurasian Arctic and exist throughout a long time period
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since the late Pleistocene (Schirrmeister et al. 2011). However, the paleoclimatic records they
provide are often discontinuous and polysemantic due to a combination of aeolian, colluvial,
nival, and alluvial deposition of the Yedoma (Strauss et al. 2017). Inclusions of re-working
organic material related to the flood and aeolian transport suppose obtaining invalid 14C ages
that makes some difficulties for the age control (Vasil'chuk & Vasil'chuk 1998).
Lake sediments are important terrestrial records of environmental change over a range
of timescales, recording both catchment-scale dynamics and regional climatic variability and
providing long, continuous and high-resolution archives comparable to those from the oceans
and ice cores (Davies et al. 2015). In many cases, the lake sediments contain multiple
geochemical and microfossil proxies used as various paleoclimatic signals. The arctic lakes
due to a limited nutrient availability, low temperatures and light levels, short ice-free and
growing seasons are generally characterized by low productivity, low species diversity, and
have simplified food webs relative to lower latitudes. Therefore, even minor climatic shifts
will generate the relatively large changes in biota and depositional processes in the polar lakes
and may be imprinted in their sediment records (Pienitz et al. 2004).
The circumpolar regions of the Northern hemisphere abound with lakes of different
genesis and morphometry. But because of their remote location and resultant logistical
constraints, the lakes in the Eurasian Arctic have been far less intensively studied for
scientific purposes than their more southern analogues (Pienitz et al. 2004). Most of the
existing polar lake sediment records cover only the late Weichselian and Holocene time;
however, the longer sequences also exist. For instance, the 3.6 Ma sediment record of Lake
El’gygytgyn (Chukotka, Far East Russian Arctic) represents the longest continuous climate
archive of the terrestrial Arctic known today (Melles et al. 2012). In spite of remarkable
advances and progress of palaeolimnological investigations made in the Polar Regions over
the last two decades (Vincent & Laybourn-Parry 2008), there are still many gaps in our
knowledge of the past climate fluctuations.
This thesis is a part of the large scale multi-proxy reconstruction of the Late
Pleistocene and Holocene climate on the Kola Peninsula (the Northwest Russian Arctic). The
thesis is aiming to provide new insights into the climatic and environmental history of the
Kola Peninsula during the modern interglacial using the lake sediment investigations.
In this thesis, a multi-proxy approach is applied to qualitatively reconstruct the
postglacial development of Lake Imandra (including variations of lake productivity, lake-level
fluctuations, lake-ice-cover conditions, and water and sediment loads into the lake basin),
employing lithological analysis, magnetic susceptibility, organic and XRF-geochemistry on
the sediment core recovered in 2017.
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CHAPTER 1. THE STATE OF THE ART

The Pleistocene environmental history of the Kola Peninsula as a key area of study of
the postglacial environmental history in the European Arctic has been the focus of many
palaeoenvironmental studies since the end of 19th century (e.g. Lavrova 1960; Grave et al.
1964; Armand et al. 1969; Apukhtin & Krasnov 1967; Gudina & Yevzerov 1973; Corner et
al. 1999, 2001; Funder et al. 2002; Svendsen et al. 2004; Hättestrand et al. 2007a, 2007b;
Ilyashuk et al. 2013; Kolka et al. 2012, 2013, 2015; Nikolaeva et al. 2015). The climate of the
peninsula is influenced by both the Arctic and Atlantic air masses, making the Kola Peninsula
environments are very sensitive to climate changes. It is a unique region with three types of
natural terrestrial ecosystems (tundra, forest tundra and northern taiga) initially formed and
developing at the same place.
According to a summary of the international project QUEEN (Svendsen et al. 2004),
the Kola Peninsula was glaciated several times during the Pleistocene. The oldest till found
there relates to the Late Saalian (Moscow) glaciation and overlain by marine sediments of the
Eemian (Mikulino, MIS 5e) interglacial (Svendsen et al. 2004). Throughout the Early
Weichselian (Early Valday) glaciation the significant part of the peninsula was ice-free but
occupied by a very large ice-dammed lake covering the White Sea depression (Svendsen et al.
2004). Although the more recent studies of marine deposits along the coastline of the Kola
Peninsula by Korsakova (2009) suggest that the marine basin existed in the White Sea
depression during the whole period of MIS 5, i.e. also during the Early Weichselian. The
peninsula was glaciated again within the Late Weichselian (Late Valday) glaciation, when the
Scandinavian Ice Sheet expanded over the western part of the peninsula and the coastal areas
along the White Sea (Svendsen et al. 2004).
The lacustrine sedimentation began directly after the deglaciation of the territory in the
time interval from 12000 to 9000 radiocarbon years BP in the different parts of the Kola
Peninsula and North Karelia. In the Early Holocene about 9000-9500 radiocarbon years BP,
the clastic type of sedimentation changed to organic, leading to accumulation of organic mud
in the lakes, the thickness of which reaches now 5-7 m on average (up to 10-12 m in large
lakes) (Subetto et al. 2017).
The basin of Lake Imandra located in the western part of the Kola Peninsula (Fig. 1)
occupies a part of an elongated deep tectonic depression perpendicular to the main movement
direction of the Scandinavian Ice Sheet. The depth and orientation of the lake basin make it
most likely that the pre-Last Glacial Maximum (pre-LGM) deposits have not been eroded by
the glacier and preserved at the lake bottom. Hence, the sediments from Lake Imandra have a
5

high potential to provide new insights into the climatic and environmental history of the Kola
Peninsula during the last two glacial/interglacial cycles (in this thesis we consider only
modern interglacial). Furthermore, according to Grosfjeld et al. (2006), the basin of Lake
Imandra could function as a narrow pathway between the Baltic-White Sea basin and the
Barents Sea during the Eemian interglacial (130,000 to 115,000 years ago). But this
proposition is debatable due to a lack of evidences proving the existence of this pathway, its
life time and environments, thus, the study of the sediment record from Lake Imandra might
also give a clear answer to this question.

Fig. 1. Location of the Kola Peninsula in the Russian High Arctic (Inlet), and a Terra-MODIS
image of the peninsula with Lake Imandra situated on the border between the Kola Peninsula
and the mainland (which is marked with a yellow dash line).
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CHAPTER 2. STUDY SITE
Lake Imandra (67°21’-68°04’N, 31°52’-33°27’E) is an Arctic lake located in the
southwestern part of the Kola Peninsula (Northwest Russian Arctic), close to the Arctic
Circle. It is the largest lake in the European Arctic, and according to Rumyantsev et al.
(2012), it has an area of 812 km2 (880.4 km2 with islands), contains as estimated 10.9 km³ of
water, and average and maximum water depths are 14 m and 67 m, respectively (Moiseenko
et al. 2002). The lake length is approximately 120 km, and the maximum width is 14 km.
Modern lake level is situated on an altitude of 126.7 m above sea level (a.s.l) (Rumyantsev et
al. 2012). Lake Imandra has a very complicated shoreline with a great number of islands, and
in fact, it consists of three individual pools connected with each other by narrow straits: Lake
Bolshaya Imandra in the north (area of 311.6 km², max. depth of 67 m), Lake Ekostrovskaya
Imandra in the central part (area of 352.2 km², max. depth of 42 m), and Lake Babinskaya
Imandra in the west (area of 148.7 km², max. depth of 43.5 m) (Rumyantsev et al. 2012).
About 20 tributaries flow into the lake, but it has only one outlet, the Niva River, leaving the
lake in the south and flowing into the Kandalaksha Gulf of the White Sea (Moiseenko et al.
2002). A water residence time of Lake Imandra in the modern state is about 2 years
(Moiseenko & Yakovlev 1990).
After creating of a cascade of three hydroelectric power stations on the Niva River in
1950th-1960th, Lake Imandra became a water reservoir with a long-term regulation. Today
fluctuations in the lake level between high and low water conditions are only 3.5 m. The lake
area changes by 216 km2: from 876 at the high water to 750 at the low water.
The Kola region is mainly composed of Precambrian rocks. The only exceptions
are Paleozoic ring intrusions and coeval to them volcanic-sedimentary formations (Radchenko
et al. 1993). Lake Imandra has a large catchment area (≈12300 km2) (Rumyantsev et al. 2012)
with strong variations in geology. The lake basin occupies the deep tectonic depression,
crossing from north to south following complexes of rocks (Rumyantsev et al. 2012):
1. granodiorites, tonalities and plagiogranites of the Late Archaean (Lopian);
2. gneisses and amphibolites with deposits of ferruginous quartzite of the KolaBelomorian non-stratified complex of The Upper Archaean age;
3. volcanic-sedimentary rocks of the Paleoproterozoic Imandra-Varzuga rift belt;
4. biotite, amphibole-biotite and pyroxene-biotite gneisses, migmatites, tonalite
gneisses, granodiorite gneisses and amphibolites of the basement complex of the
Early Archaean age;
5. basic to acid metavolcanic rocks of The Upper Archaean age.
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The Imandra-Varzuga structure (Fig. 2) is the part of the Paleoproterozoic PechengaVarzuga rift belt, extending through the whole Kola Peninsula from the White Sea Throat to
the Norwegian Caledonides (Pripachkin et al. 2013). This structure represents by a rhythmic
alternation of the sedimentary rocks (metapelites, metapsamites, metaaleuropsammites,
conglomerates, schists, sandstones, dolomites, feldspar quartzites, tuffites, etc.) and volcanic
rocks (tholeitic metabasalts, basaltic andesites, rhyodacites, etc.) with a gradual transition
from sedimentary rocks to overlapping volcanic, which, in its turn, bear often signs of
erosion.

Fig. 2. The scheme showing the location of the main geological complexes of the Kola
Peninsula (based on Chashchin & Mitrofanov (2014), modified): 1 – Paleozoic plutons of
nepheline alkaline syenites and foidolites; 2 – granulitic belts; 3 – Paleoproterozoic riftogenic
structures; 4 – layered mafic-ultramafic intrusions; 5 – Neoarchean Keyvu structure framed
by alkaline granites; 6 – Neoarchean greenstone belts; 7 – Archean metamorphic and
ultrametamorphic formations; 8 – tectonic faults.
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The lake basin is directly connected with the Khibiny massif (Fig. 2), which is an
approximately 360-360 Ma-old (Late Devonian) multiphase intrusive massif with the area of
1327 km2 (Radchenko et al. 1993). In accordance with an explanatory note on the geological
map of the North-Eastern Baltic Shield (Radchenko et al. 1993), the Khibiny massif are
spatially connected with the Oslo-Khibiny NE-SW trending Zone and consists of various
types of rocks, which correspond to a nepheline syenitic complex of an agpaite association.
The nepheline syenites are widely presented in the Khibina massif by chibinite, foyaite,
lyavochorrite, and rischorrite-juvite complexes of different age. Alkali ultramafites (a suite of
olivinite – pyroxenite – melilite rock – melteigite – ijolite – nepheline syenite) with
carbonatites are also spread in the massif widely enough (Radchenko et al. 1993). The
Khibina deposits are uniquely rich by the ore deposits of apatite, phlogopite, vermiculite, Al,
Fe, Ti, rare metals and rare-earth element (REE) (Radchenko et al. 1993).
Lake Imandra is located in the area influenced by both the Arctic and North Atlantic
air masses, therefore, the weather conditions are characterized by a high degree of variability
through distance and time, which is controlled by frequent shifts of the air masses, fronts, and
cyclones. Despite how far north the lake site is, the local climate is fairly mild for these
latitudes due to the influence of the warm North Atlantic Current (Rumyantsev et al. 2012).
The climate is humid continental (Dfb by Köppen–Geiger climate classification) with a mean
annual air temperature of -1 °C and an annual amount of precipitation of 410-480 mm (Elshin
& Kupriyanov 1970; Rumyantsev et al. 2012). Summer is short and fairly cold; the number of
days with the mean daily temperatures above 10 °C is about 71-74 days (Rumyantsev et al.
2012). The hottest month (July) has the average temperature of 12.9 °C with absolute values
varying from -2 °C to 32 °С in certain years (Rumyantsev et al. 2012). The average
temperature of the coldest month (January) is generally about -13.0 °C with the absolute
values dropping down to -34 °C (Elshin & Kupriyanov 1970). A wind pattern at Lake
Imandra today is characterized by strong winter winds from the southwest, and the summer
winds from the north and the northeast. The number of days with the strong winds (>15 m-2)
is 80-100 days per year (Elshin & Kupriyanov 1970). In the Khibiny Mountains the direction
of the prevailing winds is entirely determined by orientations of valleys.
Lake Imandra is fully ice-covered for almost 7 months of the year, from early
November until the end of May, and a maximum thickness of an ice cover reaching ≈ 70 cm
is observed in early April (Elshin & Kupriyanov 1970). The ice cover prevents a wind-driven
mixing of a water column leading to a significant reduction of a gas exchange between the
water and the atmosphere during winter. Therefore, the bottom waters become partially
oxygen-depleted due to an ongoing organic matter decay at the sediment-water interface
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(Rumyantsev et al. 2012), while the epilimnion is well oxygenated all year round due to
discharging of numerous ice-free mountain rivers into the lake (Moiseenko & Yakovlev
1990). During the ice-free season, lasting approximately 160 days, the wind-driven mixing
causes an establishment of the constant uniform temperature throughout the water column,
sometimes with a slow temperature decrease in the deep water (Rumyantsev et al. 2012).
Lake Imandra, in its natural state, was a typical soft water body and characterized by
low concentration of total dissolved solids (TDS) of 20–30 mg l−1: Mg2+ (0.5–1.3 mg l−1),
Ca2+ (1.6–4.0 mg l−1), sum of Na+ and K+ (2.5–7.5 mg l−1), HCO3− (13–18 mg l−1), SO24− (1–3
mg l−1), Cl−(1.4–1.8 mg l−1), SiO2aq (0.6–1.3 mg l−1), and pH 6.4–7.2 (Moiseenko et al. 2002).
Intensive industrial activities close to Lake Imandra during the past 70 years (the major
polluters within the drainage area are the apatite-nepheline mine and the concentration plant
“Apatit” in the town Apatity, the Cu-Ni smelter "Severonikel" in the town Monchegorsk, and
the open-pit Fe mine and the ore concentration plant in the town Olenegorsk (Ingri et al.
2011)) (Fig. 3) have deteriorated the oxygen conditions in the lake and increased the TDS
concentration, from 24 to 80 mg l−1 (Moiseenko et al. 2002). Furthermore, a high input of the
municipal, industrial, farming and agricultural wastewaters into the lake from the drainage
area has resulted in a pronounced anthropogenic eutrophication of the lake and changed its
natural oligotrophic state to mesotrophic and even to eutrophic in some parts of the water area
(e.g. the Bolshaya Imandra pool) (Moiseenko & Yakovlev 1990).
Different types of the spruce-pine and mixed coniferous forests grow on the area
surrounding Lake Imandra and at the foot of the Khibiny mountains up to of 260-400 m a.s.l.
Above they give way to the mountain birch forest occurred at the elevations up to 500 m a.s.l
(Mishkin 1953). Above this belt, the Khibiny massif are occupied by the mountain yerniklichen-moss tundra communities (up to 850 m a.s.l.) and the ‘cold stony desert’ situated on
the highest plateau and peaks above 850 m a.s.l. The reasons for the lack of forests are
different: high humidity, soil rockiness, strong winds (especially in the winter time), which
lead to a loss of moisture, etc. Due to a low heat availability, and hence low evaporation, the
overmoisture conditions form over the lake’s surrounding area that results in the wide spread
of wetlands (Elshin & Kupriyanov 1970).
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Fig. 3. Landsat-5 image of Lake Imandra with the coring sites, the areas of industrial activity
on the lake's surroundings, and the direction of drainage.
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CHAPTER 3. MATERIAL AND METHODS

3.1. Field work and core preparations
Sediment cores from Lake Imandra were recovered in September 2017 within a
framework of the Russian-German project: “Last and current interglacial environments of
Kola Peninsula, as reflected in the sediment record of Lake Imandra” (DFG – SPbU project
No. 18.65.39.2017) (Fig. 2). Coring sites were selected on a basis of a seismic survey
conducted in August 2017 when sufficient sediment thickness and undisturbed bottoms were
found. During September two sediment sequences from Lake Imandra were retrieved, one of
which (8.46 m long core Co1410) is discussed below.
The core Co1410 was recovered from 22.5 m water depth in a point with coordinates
of 67°42’56.8”N and 33°05’06.8”E. The coring was conducted from a floating platform using
UWITEC coring equipment (UWITEC Ltd., Austria). Deeper sediments were sampled using a
2 m long percussion piston corer, whilst a gravity corer was employed for proper sampling of
the uppermost sediments and the sediment–water interface. The piston cores were recovered
so that the core sections overlapped by about 1 m. The overlapping sections were obtained
from an adjacent site, approximately two meters away. The final composite core has a length
of 8.46 m. It consists of two gravity and nine piston cores, which were correlated on the basis
of visual core descriptions, measurements of magnetic susceptibility, and XRF-geochemical
proxies in overlapping core segments.
The core sequences were enclosed in 60 mm diameter PVC tubes, sealed with floral
foam, taped caps in both ends, and field depths and surface direction was noted on each PVC
tube. The core segments were stored horizontally, away from direct light, at temperature of 4
°C and remained closed until arriving at laboratories. In the laboratories in the Institute of
Geology and Mineralogy of the University of Cologne, the PVC tubes containing up to 1 m
long core segments were split lengthwise with a manual core splitter. Immediately afterwards,
the sediment was cut into a working and an archive half using a nylon string. After core
opening, a surface of the core halves was carefully cleaned and leveled, and prior to any
oxidation effects, high-resolution digital images of the fresh core surfaces were taken using
the Geotek Core Imaging System (MSCL-CIS, Geotek Ltd., UK). Further measurements and
subsampling were conducted only on the working halves, whereas the archive halves were
stored for future analyses.
After taking images, the core sequences were described in details in terms of colour,
grain size, sedimentary structure, boundaries between identified horizons, and inclusions
(Schnurrenberger et al. 2003) to define initial sedimentary facies.
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3.2. Magnetic susceptibility and XRF scanning
The magnetic susceptibility (MS) measurement in the sediments from Lake Imandra
was conducted at 1 mm intervals using a Multi-Sensor Core Logger (MSCL) 14 (Geotek Ltd.,
UK) in the Institute of Geology and Mineralogy of the University of Cologne.
Energy-dispersive X-ray fluorescence spectrometry (ED-XRF) was applied to
determine a high-resolution elemental composition (both major and trace elements) of the
lake sediments. The XRF analysis was performed on the working half of each core sequences
using an ITRAX core scanner (Cox Analytical, Sweden), which is a multifunction core
scanning instrument that enables non-destructive recording of optical, radiographic, and
chemical variations of sediment cores (Wennrich et al. 2014 by Croudace et al. 2006).
The sediments were scanned at 2 mm intervals, with a 3.0kW molybdenum (Mo) Xray source. Scans were conducted with a tube voltage of 30 kV, a current of 55 mA, and an
integration time of 20 s. The tube was ran with 1.65 kW (30 kV * 55 mA). After scanning at 2
mm intervals, six core segments between the field depths of 3.87 and 7.33 m were scanned at
0.2 mm intervals in order to obtain more precise data for better core correlation as well for
identification of annual signals in the visually finely-laminated sediments.
Element data recorded by the ITRAX are semi quantitative and expressed as total
counts (ct), i.e. integrated peak areas (counts per seconds for area) (Wennrich et al. 2014).
Data postprocessing and evaluation of spectra were performed using the software QSpec 6.5
(Cox Analytical, Sweden).

3.3. Total organic carbon (TOC) and CNS analyzes
After conducting of non-destructive types of measurements, the composite core was
subsampled continuously in 2 cm intervals. Then, subsamples were freeze-dried, and their
water contents calculated (in % of wet bulk sediment) from the mass differences between the
wet and dry samples. The total carbon (TC) and total inorganic carbon (TIC) contents were
measured with a DimaTOC 100 carbon analyser (Dimatec Corp., Germany). 20 mg of freezedried and pounded sediments were suspended in 10 mL distilled water using a disperser, and
TC was directly measured as CO2 after combustion of the suspended sediments at 900 °C.
TIC was determined as CO2 released at 160 °C after treating with phosphoric acid (H 3PO4).
The total organic carbon (TOC) content was calculated from the difference between the
measured TC and TIC contents. Total nitrogen (TN) and total sulphur (TS) contents were
determined with the Vario MICRO Cube Elementar analyser (Elementar Corp., Germany)
after combustion at 1150 °C.
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CHAPTER 4. RESULTS

4.1. Lithological core description
Based on visual core description, 14 horizons were distinguished in the final
composite core Co1410 (from top to bottom) (Fig. 4):
1. 0-2.6 (cm) – Light olive brown massive to weakly stratified organic mud.
Indistinct gradual transition to underlying horizon by colour.
2. 2.6-20 (cm) – Dark grey to greyish brown weakly stratified organic mud.
Indistinct gradual transition to underlying horizon by colour (patchy colour).
3. 20-32 (cm) – Light olive gray massive silty clay with black medium-grained
(<1mm) hydrotriolite-FeS·nH2O (?) fragments. Sharp transition to underlying
horizon by colour.
4. 32-218 (cm) – Olive brown massive to weakly stratified organic mud with
varied amounts of silt (from little to high) rare interbedded with dark
brown/black 1-6mm thick horizontal or slightly wavy well decomposed
organic matter (OM) streaks. Inclusion density and thickness of the streaks
reach a maximum at the depth of 57.2-77.2 cm.
5. 218-433 (cm) – The same sediments as at the depth of 30.5-221.2 cm, but
interbedding by the OM streaks becomes often and more regular (the
interbedded interval is from <0.5 cm up to 2 cm). The inclusion density of the
streaks increases towards the bottom, as well as the streaks becomes thinner
up to hard-to-recognize. Goldish yellow as a hair thin and long footprint of
probably plant roots or burrows of aquatic invertebrates at the depth of 307.2317.7 cm, and similar goldish spot 2×2mm in size at the depth of 315.2 cm.
Indistinct gradual transition to underlying horizon by colour.
6. 433-447.7 (cm) – Light brownish gray weakly stratified organic-rich clay with
rare dark brown/black very thin well decomposed OM streaks. Content of
dispersed OM decreases from top to the bottom, as well as the inclusion
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density of the streaks. Sharp transition to underlying horizon by colour and
sediment composition; uneven (erosion) boundary.
7. 447.7-515.8 (cm) – Regular interbedding of greyish brown weakly stratified
organic-rich silty clay and dark brown/black 1-5mm thick horizontal or
slightly wavy well-decomposed OM streaks. The streaks have slight aftertaste
of hydrogen sulphide-H2S. A fragment of black 5×7 mm in size partially
decomposed plant remain (?) at the depth of 448.9 cm, and 1×1 mm in size at
the depth of 455.9 cm. The overall sediments colour becomes lighter by a tone
towards the bottom. Black medium-grained (< 1mm) hydrotriolite-FeS·nH2O
or OM fragments (?) at the depth of 512.8-515.8 cm. Diffuse transition to
underlying horizon by colour and content of OM.
8. 515.8-538.4 (cm) – Light greenish gray weakly stratified silty clay with some
amounts of very fine sand, dispersed OM, and rare dark brown/black very thin
(<1 mm) horizontal or slightly wavy well decomposed OM streaks. The
content of dispersed OM decreases gradually towards the bottom, and the OM
streaks disappears below the depth of 529.8 cm. This is a transitional horizon
from the upper part of the core enriched in OM and lower mainly clastic
sediments. Indistinct gradual transition to underlying horizon by colour and
sedimentary structure.
9. 538.4-622 (cm) – Very thin (annual?) interbedding of dense light greenish
gray silty clay and gray silty very fine sand. Lamination is horizontal or
slightly wavy with varied thickness of layers, and becomes very clear below
553.8 cm. In case of the annual lamination, dark summer layers usually start
with gray very fine sand, overlaying by light grey silt, and then replaced by
winter light greenish gray clays. Dark sand layers are thicker than lighter clay
layers, and their thickness varies from less than 1 mm up to 10 mm. Herewith
the thickest “varve” (annual layer) is observed at the depth of 564.3-567.8 cm
with 7mm thick sand layer, overlaying by 25mm thick silt layer and upper
3mm thick clay layer. The inclusion of black sub-angular gravel 7.3×3 mm in
size at the depth of 547.8-548.3 cm. An indistinct gradual transition to
underlying horizon by colour.
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Fig.4. High-resolution digital images of the fresh surfaces of the composite core Co1410 with
boundaries (red lines) between visually distinguished horizons.
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10. 622-650 (cm) – The same sediments as at the depth of 538.4-622 cm, but the
thickness of sandy and silty layers is sometimes more than 20-30 mm, caused
darker overall colour of this horizon than in the bottom part of overlaying
horizon. Sharp transition to underlying horizon by colour and grain size;
uneven (erosion) boundary.
11. 650-670 (cm) – Dark gray massive silty very fine sand. Sharp transition to
underlying horizon by colour and grain size; uneven (erosion) boundary.
12. 670-691.4 (cm) – The same sediments as at the depth of 622-650 cm.
13. 691.4-753.3 (cm) – A gap in the sediments.
14. 753.3-785 (cm) – The same sediments as at the depth of 538.4-622 cm, but
strongly deformed. Some part of these deformations (e.g. arc-shaped layers)
possibly has been made during coring, but others cannot be explained like this,
and are supposed to have a natural origin. Sharp transition to underlying
horizon by colour and grain size with uneven (erosion) boundary or indistinct
gradual transition to underlying horizon by grain size observed in the parallel
overlapping core section.
15. 785-846 (cm) – Dark gray mixture of different-sized (gravel-sand-silt) subangular and angular fragments of weathered rocks from the catchment.

If we generalize the core description above, the sediment core Co1410 consists of:
1. coarse-grained non-laminated clastic sediments in the bottom part (785-846 cm),
2. fine-grained thin-laminated clastic sediments (varves) at the depth of 538.4-785
cm (excluding the thick layer of very fine sand at the depth of 670-691.4 cm and
the sediment gap in the interval 691.4-753.3 cm),
3. transitional horizon from the lower mainly clastic sediments and the upper part of
the core enriched in organic material (OM) (515.8-538.4 cm),
4. thin alternation of silty clay with well decomposed OM (447.7-515.8 cm),
5. massive to weakly stratified organic muds (0-447.7 cm) with the exception of the
layer of mainly clastic sediments at the depth of 20-32 cm.
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4.2. Magnetic susceptibility and element composition
Geochemical analysis has historically been an important component of multi-proxy
palaeolimnological reconstructions (Davies et al. 2015). With the development of the XRF
core scanners, this technique has very quickly become an important method for investigating
lacustrine sediments because of continuous and undisturbed analyzing, high spatial resolution,
the great range of elements that can be analyzed (from magnesium (Mg) to uranium (U)), and
relatively rapid high speed measurements.
Different elements and their ratios obtained from the core scanner data can be used in
the palaeolimnological studies as different proxies directed towards reconstructions of the
terrestrial catchment characteristics and/or the aquatic environment that have affected the
sedimentation in the lakes either directly or indirectly (Birks & Birks 2006). Different
geochemical proxies reflect different environmental factors at a range of spatial scales, and
consequently show different strengths and weaknesses and, therefore, should be used in
combination to cross verify each others.
Lake sediment composition is much more variable than that of, e.g., marine sediments.
Due to usually a short distance from the shore, the lake sediments are strongly affected by the
catchment source area, and any changes in the catchment processes are almost immediately
imprinted in the lake sediments. The geochemical composition of lacustrine sediments
depends on many factors, including (Minyuk et al. 2014):
1. geological composition of key sediment sources (provenance);
2. climatic setting (temperature, precipitation amount, its types and regime, wind,
humidity, the climatic seasonality);
3. physical and chemical weathering processes within the catchment area;
4. geomorphological processes occurring in the catchment area, intensity of
catchment erosion, tectonic and eolian activity;
5. sorting during sediment transport and sedimentation;
6. biological processes in the water body, accumulation of the organisms (e.g.
diatoms, chrysophytes and sponges);
7. post-depositional diagenetic changes;
8. anthropogenic influence (e.g. wastewater discharge), land use history.
All variety of elements and their ratios employed in this thesis can be combined in
four groups with aims to reconstruct: intensities of catchment erosion (detrital inputs from the
catchment and variations in grain size), ice-covered/open water conditions (redox conditions
of bottom waters), lake productivity (precipitation of biogenic silica and total organic matter),
and the beginning of industrial and any other anthropogenic activity on the lake surroundings.
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4.2.1. Magnetic susceptibility and main lithogenic elements
In a first approximation, magnetic susceptibility is used as a proxy for a concentration
of magnetic minerals in the lake sediments, variations of which are associated with the
different weathering and erosional processes within the catchment area, as well with further
various sediment transport and sedimentation conditions (Vincent & Laybourn-Parry 2008).
Changing the magnetic susceptibility in the Imandra lake sediments (Fig. 5) appears to be
strong positively correlated with variations in the concentrations of the main lithogenic
geochemically stable elements such as titan (Ti), potassium (K), iron (Fe), aluminum (Al) and
silicon (Si) with correlation coefficients (R) equal 0.74, 0.72, 0.69, 0.66 and 0.64,
respectively, as well with rubidium (Rb, R=0.54) and less with zircon (Zr, R=0.49). All these
elements are usually used as indicators of detrital input into the lake basin and in the
reconstructions of the intensities of catchment erosion, including the sediment source,
transport mechanism, rates of supply, extreme events, weathering processes.
Titanium is the unambiguous indicator of allochthonous inputs from the catchment
and mostly associated with silt-sized particles as Fe–Ti oxides or Ti-rich magnetites,
occurring in Fe-rich clastic mineral particles (e.g., ilmenite, rutile, brookite, and sphene)
(Davies et al. 2015). There are two main environmental interpretations of Ti connected to
climate change: higher Ti values can indicate stronger catchment runoff, and hence wetter
conditions, but in some cases (usually in arid areas) it may also result from enhanced aeolian
deposition (Davies et al. 2015). To find right interpretation of Ti profiles, it is necessary to
know in detail a regional climatic situation, as well the local catchment processes affecting the
lake, and to use other proxies as control.
The humidity conditions can easily be checked by comparing the distribution of Ti
with K, which is the most reliable indicator of moisture variations. In the irregular climate
with alternating periods of intense rainfalls and drought conditions, the K-rich rocks are more
rapidly eroded than in the more stable and wetter climate, where more extensive vegetation
cover stabilize slopes and K can leave the rocks only by leaching away through chemical
weathering. Higher K values are often found in the Late Glacial and Early Holocene records
representing unstable climatic conditions during the last glacial termination and the rapid
catchment erosion within deglaciated landscapes characterized by relatively low vegetation
cover (Davies et al. 2015).
Titanium and potassium show almost the same distribution (R=0.95) and variability in
the amplitudes over the Imandra lake sediment core (Fig. 5). Their intensities range from 33
to 10878 ct and from 25 to 8840 ct, respectively.
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Fig. 5. Ti, K, Fe, Al, Si, Rb and Zr intensities determined by XRF core scanning as well
magnetic susceptibility in the sediment record from Lake Imandra. XRF data are plotted as
raw data (green dots) and 9-point weighted running average (coloured lines). The boundaries
between lithological horizons are shown as gray horizontal lines.
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К, like all alkali elements, is relatively water-soluble and can also be used to
investigate changes in weathering regimes. K is very mobile during physical weathering,
while Al is easily leached away through chemical weathering. Therefore, increased K/Al ratio
(also called as illite/kaolinite ratio) (Fig. 6) can indicate predominance of physical weathering
over chemical.
Some elemental ratios such as Fe/Ti, K/Ti, Al/Si, Rb/Zr (Fig. 6) can be applied to
determine changes in grain-size of allochthonous material entering the lake. Since the higher
values of Ti is characteristic of silt layers, Si and Zr are typical for coarse layers dominated by
sand, and clay layers are associated with Fe, K, Rb and Al (Davies et al. 2015), so the higher
values of the all ratios listed above should clearly represent the finer material. But there are
some uncertainties in the interpretation of Al/Si ratio, as well Fe/Ti. Fe can be affected by
changes in redox conditions and diagenesis (see 4.2.2.); while the distribution Al and Si, as
the lighter elements, might be influenced by effects of the sediment matrix during scanning
process (Wennrich et al. 2014 by Löwemark et al. 2011), induced by the downcore variations
in the organic matter and water content. In case of Si, the matrix effects may be produced by
the high content of diatom frustules since their porous structure absorbs a lot of water. To
identify whether the matrix effects take place in the sediments from Lake Imandra or not, it is
needed to perform the comparative XRF scanning study of both wet (untreated) samples and
freeze-dried powdered samples.
Rb, due to its similar ionic radius, is chemically similar to K and often replaces K in
K-feldspars (Wennrich et al. 2014). Rb is affected by chemical weathering, and hence,
typically enriched in the clay fraction of weathering products of silicates (e.g., mica and clay
minerals). The XRF analyses of the Imandra lake sediments shows mean Rb counts from 0 to
577. This element behaves very similarly to K, Ti and Fe (Fig. 5) in with the correlation
coefficients equal 0.85, 0.82 and 0.75, respectively, likely indicating the intensity of
catchment erosion. Rb can be used in the combination with strontium (Sr) (Fig. 6) as the
indicator of the weathering intensity of the bedrock or rather as the characteristic of
unweathered terrestrial fraction (Davies et al. 2015). For instance, Wennrich et al. (2014)
found that the higher values of Rb/Sr ratio in the sediment record of Lake El’gygytgyn occur
during glacial cold periods and lows during interglacials. Because Sr is a mobile element, it
tends to disappear from rocks during chemical weathering resulting in the enrichment of
interglacial sediments with Sr, which corresponds to lower Rb/Sr ratio. The Rb/Sr ratio is also
may be interpreted in terms of the climate-driven variation in the grain-size caused by the
changes in the lake circulation, depending on the presence or absence of a perennial ice cover
at the lake (Minyuk et al. 2014). The finer particles associated with Rb remain suspended a
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long time even under perennial ice-cover, while Sr precipitates rapidly in the absence of a
wind-driven mixing of the water column, resulting in the higher values of Rb/Sr ratio
occurring during the ice-covered periods.

Fig. 6. K/Al, K/Ti, Fe/Ti, Rb/Zr, Rb/Sr ratios and K, Fe, and Sr intensities determined by
XRF core scanning in the sediment record from Lake Imandra. XRF data are plotted as raw
data (green dots) and 9-point weighted running average (coloured lines). The boundaries
between lithological horizons are shown as gray horizontal lines.
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4.2.2. Mn and Fe
Previous researchers found that in aquatic environments both Fe and manganese (Mn)
can provide information about changing redox conditions at the sediment-water interface and
in the uppermost sediments (Davison 1993). During summertime, the wind-driven mixing of
the water column accelerates the thermal destratification of freshwater lakes leading to a
smoothing of water properties and oxygenation of the deep waters. In wintertime, the icecover prevents the wind-mixing of the water column and gas exchange between water and
atmosphere resulting in the anaerobic conditions at the sediment-water interface induced by
an ongoing decay of organic matter that was precipitated during summer. The deeper lakes
may remain stratified over the years, but generally, overturning of lake waters occurs on a
seasonal or annual basis. The reduction–oxidation conditions of the bottom waters and
uppermost sediments can be affected not only by the seasonal changes in a wind regime,
temperature and the ice cover, but also depend on the lake-level fluctuations, as well the
changes in biological productivity and sediment deposition rate (Davies et al. 2015).
Under oxic conditions, both Fe and Mn usually occurs in various phases, but
manganese oxides and hydroxides often co-precipitate with Fe (hydr)oxides (Wennrich et al.
2014). Under less oxic or reducing bottom- and pore-water conditions, a solubility of Fe and
Mn increases, but Mn is exhibiting the higher solubility than Fe (Wennrich et al. 2014 by
Davison 1993). Therefore, the typically lower Mn/Fe ratios is characteristic of the reducing
conditions and may be interpreted as sedimentation in cold (glacial) climate under a perennial
ice cover and/or in a deep lake.
In the sediment record from Lake Imandra, the mean Fe intensities range from 1409 to
146647 ct, behaving very similarly to typical detrital elements, like K or Ti (R=0.87 and 0.84,
respectively) (Fig. 5). In comparison with Fe, Mn varies downcore in a smaller range:
between 65 and 9066 сt (Fig. 7), and does not correlate or anti-correlate with any of the
elements from Mg to U.
The Mn/Fe ratio (Fig. 7) values vary weakly over the sediments between 0.010 and
0.339, with minimum (<0.02) in the clastic varved sediments at the depth of 538.4-785 cm.
Above this depth, Mn/Fe ration increases gradually to maximum observed at the depth of
447.7-515.8 cm, indicating the highest bottom-water oxygenation throughout the core
Co1410. The second minimum and following second maximum are detected in the uppermost
sediments of Lake Imandra that may indicate the re-establishment of the reducing water
conditions, perhaps in the beginning of industrial activities due to a high input of the
municipal, industrial, farming and agricultural wastewaters into the lake basin, and
subsequent environmental improvement at the present time.
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Fig. 7. Mn/Fe, Si/Ti, S/Ti ratios and Mn, Ti, Si, and Br intensities determined by XRF core
scanning as well water content in the sediment record from Lake Imandra. XRF data are
plotted as raw data (green dots) and 9-point weighted running average (colored lines), except
for Br (dots are 9-point and violet line is 19-point weighted running average). The boundaries
between lithological horizons are shown as gray horizontal lines.
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4.2.3. Si, Br and S/Ti ratio
Si in the lake sediments may have the detrital (quartz) source or the biological origin
(diatom frustules), therefore, the downcore variations in the Si content can be interpreted
either in terms of the stronger catchment runoff and the coarser grain-size of allochthonous
material, because Si is typical for sand, or changes in the biogenic silica (BSi) content. For
differentiation of the different types of sources, the Si values are usually corrected for Ti,
because Ti only occurs in the clastic sediment fraction (Davies et al. 2015).
The mean Si intensities throughout the Imandra lake sediment core vary between 9
and 2225 ct (Fig. 5, 7) with maxima at the bottom part of the core in the coarse-grain layer
(785-846 cm) and in the clastic varved sediments (538.4-785 cm). Si correlates very well with
K (R=0.80) and Al (R=0.77), as well with Fe and Ti (with the same R equals 0.68), i.e. with
the elements that are usually associated with finer clay-silt-sized material. It allows us to
conclude that the downcore distribution of Si is more affected by the changes in the BSi
content than in the grain-size.
Si/Ti ratio is often used for estimation of the BSi (Wennrich et al. 2014), where the
maximum values represent enhanced lake productivity. The BSi mainly originates from
diatoms, but there are also some contributions from chrysophytes and sponges as well from
grass phytoliths that are the allochthonous source of BSi (Davies et al. 2015). In the core
Co1410 the Si/Ti ratio varies between 0.006 and 0.725 (Fig. 7). At the lowermost part of the
core, where the maximum values of Ti are observed (below the depth of 515.8 cm), the Si/Ti
ratio shows the minimum values that likely indicates the lithogenic source of Si. Above 515.8
cm the Si/Ti ratio reaches the maximum while Ti falls to a minimum, which together point to
the biogenic source of Si. A decline of the Si profile starting from the depth of 433 cm may be
induced by the matrix effects and not connected to sediment composition, but linked to the
increase in water content (Fig. 7).
The pronounced minimum in the upper part of the Si/Ti profile is not related to the
matrix effect in our point of view. The same decrease in the values can be seen in the profiles
of bromine (Br) and sulfur-to-titanium ratio (S/Ti) (Fig. 7), which are not affected by the
matrix effects, but may be a useful proxy for the organic matter content and lake productivity.
Br forms strong covalent bonds with organic molecules, so Br often co-varies with the total
organic carbon (TOC) measurements (Davies et al. 2015). Br is also sometimes used to
estimate maritime influences within the low-lying coastal areas, but Br as a reliable proxy is
still insufficiently investigated. In some studies it is stated that the higher values of S/Ti ratio
corresponds to the increased TOC content (due to enlarged pyrite formation in organic
sediments), but this ratio cannot be applied everywhere due to usually very low values of S
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(Davies et al. 2015). In case of the sediments from Lake Imandra, all of three profiles
connected to the lake productivity (Si/Ti, Br and S/Ti) have the very similar downcore
distributions that can give one more proof in favor of "organic" interpretations of Br and S/Ti.

4.3. Total organic carbon (TOC) and CNS
As it mentioned above, the total organic carbon (TOC) is the important indicator of
lake environments, as well lake productivity in conjunction with nitrogen (N). In the Imandra
lake sediment core, total carbon (TC) and TOC show almost the same distribution (R=0.99)
and variability in the amplitudes (Fig. 8). Their values range from 0.05 to 6.49 % and from
0.03 to 6.43 %, respectively. This suggests that almost all carbon found in the Imandra lake
sediments is organic. Total inorganic carbon (TIC) content varies only from 0 to 0.14 % and
has the very similar downcore distribution with two little maxima: in the uppermost sediments
(0.06 %) and at the depth of 478 cm (0.14 %) (Fig. 8).
The TOC and CNS analyzes were not conducted in the coarse-grained sediments at the
core base (785-846 cm), because of the inability to prepare these sediments for analysis, and
likely the complete absence of the organic material in them. The bottom (clastic) part of the
core Co1410 below 522 cm is characterized the very low (>1 %) content of organic material.
Above this depth, the TOC content starts to increase rapidly, reaching about 2 % at the depth
of 515.8 cm and more than 4 % at the lower boundary of the organic muds (433 cm).
Throughout the organic muds, the TOC continues increasing gradually up to the maximum
value of 6.43 % in the uppermost sediments, except for one small decrease (to 4 %) in the
interval of 22-28 cm.
The TOC/N ratio in the lake sediment is a reliable indicator of the source of organic
material (aquatic or terrestrial). Aquatic organisms contained more protein, and the TOC/N
ratio is generally less than 7, while vascular plants are rich in lignin but less protein, and have
the TOC/N ratios ~20-30 (Sujin et al. 2016). In the Imandra lake sediments, the TOC/N ratio
ranges from 2 to 26. In the bottom part of the core, the TOC/N profile goes intensively up and
down, showing a large, likely, seasonal input of terrestrial organic matter from the lake
catchment (Fig. 8). We cannot investigate the real seasonality, because of a low 2 cmresolution of the TOC and CNS analyzes. Starting from the depth of approximately 540 cm,
the TOC/N profile becomes leveled and has the mean values ~9-10. On the one hand, this
indicates that the organic sediments in the core Co1410 consist of a mixture of aquatic and
terrestrial organic matter, and on the other hand, the input of organic matter from the lake
catchment has not been stopping during the whole history of the lake development enclosed in
the core Co 1410.
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Fig. 8. Total carbon (TC), total inorganic carbon (TIC), total organic carbon (TOC), nitrogen
(N) contents, as well TOC/N ratio, water content, magnetic susceptibility and Mn/Fe ratio
determined by XRF core scanning in the sediment record from Lake Imandra. Magnetic
susceptibility and Mn/Fe ratio are plotted as 9-point weighted running average. The
boundaries between lithological horizons are shown as gray horizontal lines.
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CHAPTER 5. DISCUSSIONS

The results we obtained suggest that the visual lithological core description and the
geochemical data are in very good agreement with one another, even the main boundaries on
the geochemical profiles fit nearly perfectly with the boundaries between lithological
horizons. Based on the core description and measured organic/inorganic chemical
characteristics, all the 14th lithological horizons distinguished in the core Co1410 were
combined into 7 units of individual composition, which reflect different environmental
conditions and, hence, climate modes. As we have not obtained any absolute ages so far, as
well pollen analysis has not been finished yet, hence, we are not able to create a proper age
model for this core. Therefore, only qualitative environmental reconstruction has been made,
and all the ages given here are only approximate.

Unit I (785-846 cm) is presented by a non-structured mixture of different-sized clastic
particles (from silt to coarse gravel) with a different degree of roundness, but mostly angular
and sub-angular (Fig. 4). At first sight, these coarse sediments look like poorly sorted fluvioglacial facies, which have been transported by high-speed flows of glacial melt-waters and
deposited during a very short time. The low relative roundness of the rock fragments points to
a short distance transport of the sediments of this unit. Therefore, the mineral composition of
unit I likely reflects the mineralogy of a catchment territory adjacent to the coring site. A high
spatial variability of the melt-water flows may be proved by completely different transitions
to the overlaying unit II observed in the overlapping core sections Co1410-7-1 and Co141011-1 (Fig. 9). In the core Co1410-7-1 the transition is indistinct with a gradual decreasing of
the grain size from coarse gravel to silty clay. In contrast, the same transition in the core
Co1410-11-1 is characterized by the sharp erosion boundary. Such abrupt boundaries between

Fig. 9. The overlapping core sections Co1410-7-1 and Co1410-11-1 with the different
transitions to the overlaying unit II at the depth of 785 cm.
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stratigraphic units are common in deglaciated environments where they refer to the Last
Glacial-Interglacial Transition (Davies et al. 2015).

Unit II (538.4-785 cm) consists of rhythmically deposited sediments with thin
horizontal or slightly wavy lamination of sandy, silty and clayey layers (Fig. 4). The thickness
of the layers varies little, which is likely related the interannual variability of sedimentation,
and hence, climatic conditions. The sediments of unit II are organic-poor with low TOC and
BSi contents (Fig. 8). The high TOC/N values indicate that even this small organic matter
content is predominantly terrestrial. This, in combination with the low Mn/Fe ratio (showing
reducing bottom-water conditions), indicates a limited primary production in the lake
occurring under a perennial ice cover. Highs of magnetic susceptibility and main lithogenic
compounds (Fig. 5) may point to rapid catchment erosion and higher Rb/Sr ratio (Fig. 6)
likely shows the predominance of physical weathering over the chemical, that is common
within deglaciated landscapes with relatively low vegetation cover.
As we assume, the deposition of unit II occurred in the unstable climate of the
transition to the Holocene. On the basis of the rhythmically thin lamination and the fine
clastic composition, these sediments could be named “varves” showing that the basin of Lake
Imandra was likely a part of a large proglacial lake during the sedimentation of unit II. It is
known that in such lakes the coarser particles like sand or coarse silt are deposited
immediately at the point of river inflow, forming sediment bodies such as deltas (Zolitschka
et al. 2015). At the same time, the finer particles (silt and clay) remain in suspension and
distributed across the lake. In contrast with the finer-grained upper part, the bottom part of
unit II (below 618 cm) is characterized by the coarser grain size and thicker sandy layers
(summer dark layers), which probably indicates a possible position of the delta with a
significantly faster sedimentation rate. The inclusion of single gravel at the depth of 547.8548.3 cm also may support stated above about the vicinity of the point of the melt-water
inflow. Only “may” because this gravel could also have been brought to the core site by ice
during the ice breakup period.
The coring of these rather dense sediments was not completely successful, because the
core catcher was not completely closed, and lots of sediments from the bottom part of the
plastic tube were washed out when lifting the corer over. That caused a gap in the sediments
in the interval of 691.4-753.3 cm. The bottom sediments of unit II below the gap are strongly
deformed, and these deformations may originate from the coring process itself, as well have a
natural sedimentary origin.
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Unit III (515.8-538.4 cm) it represents the transition from the lower clastic sediments
to the upper sediments enriched in organic matter. Throughout these 22 cm of the core, the
TOC content increases rapidly from 0.34 % up to nearly 2 % (Fig. 8), even to emergence of
visually recognizable streaks of the well decomposed organic matter above the depth of 529.8
cm (Fig. 4). The mean TOC/N value decreases to 8, showing the considerable contribution of
aquatic vegetation. The values of magnetic susceptibility and main lithogenic compounds fall
off (Fig. 5), pointing to the lower inflow of detrital material in the lake, and hence the overall
decrease of erosion intensity in the study area. The Rb/Sr ratio, the proxy telling us about the
weathering regime, also decreases significantly (Fig. 6), which may indicate the increasing
role of chemical weathering and, therefore, a rise in air temperature. The higher Mn/Fe values
(Fig. 7) do not contradict what is stated above. They suggest a bit higher oxidation level of
bottom water, pointing likely to shorter periods of the ice cover and wind-driven mixing in the
water column during summer open-water seasons.

Unit IV (447.7-515.8 cm) is characterized by more less regular interbedding of
organic-rich silty clays and the streaks consisting of well decomposed organic matter (Fig. 4).
The concentrations of typical detrital elements gradually decrease throughout the unit, while
the TOC and BSi contents increase, indicating the lower lithogenic input into the lake but the
higher primary production (Fig. 5, 8). The low K values can show that the climate has become
warmer, wetter and, in general, more stable, which resulted in establishing of extensive
vegetation cover stabilizing slopes and preventing physical weathering of K.
The layers of organic matter have the varying thickness that may qualitatively reflect
the amount of primary production, and hence, be interpreted in terms of summer temperature
variations. The Mn/Fe values, reaching nearly their maximum in this interval, suggest welloxygenated bottom-water conditions associated likely with the prolonged ice-free periods
when the water column was completely and actively mixed. A strong vertical mixing of the
water column together with high rates of organic sedimentation are usually observed in
shallow areas, where there is enough light for photosynthesis and nutrients for algae growth.
Nevertheless, the oxygen-saturated bottom-waters are usually the unfavourable environment
for preservation of organic matter. Consequently, the high amounts of well decomposed
organic material found in unit IV may indicate that the primary production rates were much
higher than those of the degradation of precipitating organic material.
The upper boundary of unit IV is characterized an abrupt facies change and clearly
marked by colour.
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Unit V (32-447.7 cm) starts with the transitional horizon (433.9-446.4 cm) marked by
slightly higher values of Ti and lower TOC contents. This, together with the erosional
boundary between units IV and V, points to that the erosion within the lake catchment has
become more intense during that short time. The sediments above the transitional horizon are
presented by massive to weakly stratified organic muds with different amounts of silt
admixture (from little to high). The absence of stratification in the sediments can be explained
by some minor bioturbation. The organic muds are also interbedded with the streaks of black
colour, just the same like in unit IV, which concentrate organic material (Fig. 4). In the
bottom part of unit V (221.2-433.9 cm) the streaks are very thin (<1 mm), but have very dense
(even it is better to say "very close to each other") distribution. Towards the top of the unit the
streaks are less often, but their thicknesses increases up to 6 mm. The black colour may
indicate the more reducing short-term bottom-water conditions and/or the periods with the
primary productivity above average in the unit.
Unit V is characterized by the nearly maximum TOC and BSi contents (Fig. 7, 8) and
the lowest concentrations of the magnetic susceptibility and the main lithogenic elements
(Fig. 5), pointing likely to the nearly pure organic lacustrine sedimentation and a biological
source of Si. The Mn/Fe ratio decreases a little bit compared to unit IV, but still remains at a
high level, speaking of oxygenated lake waters. This slight decrease can be caused, e.g., either
by lake level rising or re-establishment of seasonal ice-cover.
As we assume, unit V represents a change in the pattern of sedimentation from clastic
to organic in the sediment record of Lake Imandra. According to Subetto et al. (2017), such
the change of the sedimentation in lakes located at the northwest part of Russia started in the
Early Holocene from 10500 to 10000 cal years BP.

Unit VI (20-32 cm) is presented by massive light olive gray silty clay (Fig. 4). Such
an abrupt change in colour compared to the underlying unit is accompanied by sharp declines
in the TOC and BSi contents, and the highs of the main terrigenous elements and magnetic
susceptibility. The Mn/Fe ratio reduces as well, but on our point of view not enough to tell
about the reducing bottom-water conditions and the lake exhibiting perennial ice cover.
Therefore, this deterioration of the lake productivity has been caused by the increase of
bedrock erosion and clastic sedimentation rates, which are likely linked to the beginning of
mining activity close to Lake Imandra (towns Apatity and Monchegorsk), started in the
1930s. This can be confirmed by synchronous peaks in the concentrations of nickel (Ni),
copper (Cu) and phosphorus (P) (Fig. 10), which are the main anthropogenic elements mined
in the town Apatity (P) and the town Monchegorsk (Ni and Cu) until now (Fig. 3).
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The uppermost Unit VII (0-20 cm) consists again of the massive organic muds like
the unit V. Throughout the unit there is a gradual colour change from dark grey to greyish
brown in the interval of 20-2.6 cm and light olive brown in the upper 2.6 cm. Together with
the colour changes, the TOC and BSi contents increase while the concentrations of detrital
elements decrease, that may indicate a general improvement of environmental conditions for
the production of autochthonous organic substances.
During the last several decades, a volume of the mining of apatite-nepheline (P) and
Cu-Ni ores within the catchment of Lake Imandra has fallen significantly off, which also
agrees with our data. Due to a decrease of the amount of mining undertaken, we can see in the
XRF scan data the less input of lithogenic material into the lake basin, indicating the lower
rate of erosion and a tendency to slope stabilization within the catchment area.
The dark grey and greyish brown colours of the bottom part of the unit may be
associated with a high input of wastewater from different sources (municipal, industrial,
farming and agricultural) that has resulted in a rapid anthropogenic eutrophication of the lake
even observed a few decades ago (Ingri et al. 2011). Nowadays this situation has improved
slightly, as many large enterprises have factory treatment facilities now, and some of them
have reduced their production volumes. This improvement also follows from the light olive
brown colour of the topmost sediment layer, and the highest Mn/Fe values pointing to welloxygenated bottom waters.

Fig. 10. P, Ni and Cu intensities determined by XRF core scanning in the sediment record
from Lake Imandra. XRF data are plotted as raw data (green dots) and 9-point weighted
running average (coloured lines). The boundaries between lithological horizons are shown as
gray horizontal lines.
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CONCLUSIONS

Based on our lithological and organic geochemistry investigations as well the highresolution inorganic XRF elemental analysis, which were employed on the 8.5 m long
sediment core Co1410 from Lake Imandra (the Kola Peninsula), we can conclude the
following:
1. The data obtained suggest that this sediment core most likely contains the complete
Late Glacial and Holocene palaeoenvironmental history of the central Kola Peninsula.
Sediments at the bottom of the core are presented by mixture of pebble- and gravelsized fluvio-glacial deposits of the last deglaciation age, which are overlaid by
organic-poor annually-laminated sediments of a proglacial lake, deposited likely
during the first half of the Pleistocene-Holocene transition. Low relative roundness of
the fluvio-glacial deposits points to a short distance transport of these sediments, and
the coarser and thicker bottom varves suggest the faster sedimentation rates during
that time. The low TOC and BSi contents along with the high TOC/N values indicate a
terrestrial origin of a small amount of organic matter found in the sediments. The very
low biogenic primary production in the lake could be caused by the presence of
perennial ice cover, leading to strongly reduced light penetration as well preventing
mixing of a water column that results in anoxic bottom waters.
2. The varved sediments, poor in organic material, are overlaid by organic-rich sediments
(clays and organic muds), deposition of which, as we assume, started in the second
half of the Pleistocene-Holocene transition (clays) and in the Early Holocene (organic
muds) about 10500-10000 cal years BP (Subetto et al. 2017). The low TOC/N values
indicate a predominantly autochthonous (aquatic) origin of organic matter and,
therefore, increase in the lake productivity. This, together with the higher Mn/Fe
ratios, speaking of well-oxygenated bottom-water conditions, and the low Rb/Sr
values, pointing to increasing chemical weathering, suggest that the climate in that
time started to become more stable, warmer and wetter with the prolonged ice-free
periods.
3. There is a slight deterioration in the conditions for production of autochthonous
organic matter in the uppermost sediments. A sharp decline in the TOC content was
possibly caused by the increased bedrock erosion and stronger lithogenic input into the
lake basin linked to the beginning of mining activity close to Lake Imandra. However,
nowadays, volumes of the apatite-nepheline and Cu-Ni mining close to the towns
Apatite and Monchegorsk fell off, which resulted in the TOC values, went again up.
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