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a b s t r a c t

The Last Interglacial warm period, the Eemian (ca. 130e116 thousand years ago), serves as a reference for
projected future climate in a warmer world. However, there is a limited understanding of the seasonal
characteristics of interglacial climate dynamics, especially in high latitude regions. In this study, we aim
to provide new insights into seasonal trends in temperature and moisture source location, linked to shifts
in atmospheric circulation patterns, for northern Fennoscandia during the Eemian. Our study is based on
the distribution and stable hydrogen isotope composition (dD) of n-alkanes in a lake sediment sequence
from the Sokli paleolake in NE Finland, placed in a multi-proxy framework. The dD values of predomi-
nantly macrophyte-derived mid-chain n-alkanes are interpreted to reflect lake water dD variability
influenced by winter precipitation dD (dDprec), ice cover duration and deuterium (D)-depleted meltwater.
The dD values of terrestrial plant-derived long-chain n-alkanes primarily reflect soil water dD variability
modulated by summer dDprec and by the evaporative enrichment of soil and leaf water. The dDprec

variability in our study area is mostly attributed to the temperature effect and the moisture source
location linked to the relative dominance between D-depleted continental and polar air masses and D-
enriched North Atlantic air masses. The biomarker signal further corroborates earlier diatom-based
studies and pollen-inferred January and July temperature reconstructions from the same sediment
sequence. Three phases of climatic changes can be identified that generally follow the secular variations
in seasonal insolation: (i) an early warming trend succeeded by a period of strong seasonality (ii) a mid-
optimum phase with gradually decreased seasonality and cooler summers, and (iii) a late climatic
instability with a cooling trend. Superimposed on this trend, two abrupt cooling events occur in the early
and late Eemian. The Sokli dD variability is generally in good agreement with other North Atlantic and
Siberian records, reflecting major changes in the atmospheric circulation patterns during the Eemian as a
response to orbital and oceanic forcings.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Earth has warmed by about 0.9e1 �C over the past centurywhile
the Arctic has experienced a warming of 2e3 �C over the same
period (IPCC, 2018, 2021). Most recent projections indicate that
global warming will reach 1.5 �C by 2030, if temperature continues
to increase at the current rate (IPCC, 2021). Global warming has
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been attributed to anthropogenic greenhouse forcing, though
superimposed on the natural climate variability. More knowledge
of past climate is, therefore, required (i) to understand the nature
and rate of current climate change, (ii) to distinguish anthropogenic
effects, and further (iii) to accurately project climate system re-
sponses to future changes (Jansen et al., 2007).

The Quaternary has been characterized by cold glacial andwarm
interglacials periods paced by cyclical changes in Earth's orbital
parameters (Tzedakis et al., 1997; Maslin, 2009). Of these periods,
the Eemian (Last Interglacial, Marine Isotope Stage (MIS) 5e, ca
130e116 ka) is of special interest as it represents the most recent
interval of widespread climatic warming in the geologic records
with global mean temperatures of ca. 0.8 �C above preindustrial
levels (Fischer et al., 2018). Although the magnitude of warming
and the underlying forcing mechanisms were different during the
Eemian (orbital) compared to the modern/industrial era (anthro-
pogenic greenhouse effects), both periods are characterized by a
similar latitudinal temperature distribution with an amplified
warming in the northern high-latitudes. This has been attributed to
various feedback mechanisms, mainly the surface albedo feedback
(Schurgers et al., 2007). It has been estimated that the Circum-
Arctic area experienced summer temperatures of 4e10 �C higher
than present during the Eemian (CAPE-Last Interglacial Project
Members, 2006; Francis et al., 2006; Landais et al., 2006). Thus,
the Eemian is considered as a reference for climate model valida-
tion outside of near-present-day conditions and for studying the
strength of positive feedback mechanisms and the response of
environments to a warmer-than-present world (MacCracken and
Kutzbach, 1991; Bakker et al., 2014; Pedersen et al., 2016).

In order to use the Eemian as a suitable analogue for testing
future climate hypotheses, a better understanding of climate dy-
namics prevailing during this period is required. Large efforts have
been made towards this direction by establishing networks of
spatially distributed high-resolution proxy records (e.g. Field et al.,
1994; Drysdale et al., 2005; Helmens et al., 2015; Dem�eny et al.,
2017; Finn�e et al., 2019; Wilcox et al., 2020). However, Eemian
climate synthesis is still impeded by temporally and spatially
fragmented data. Speleothem studies are of high resolution, but
they often cover limited time periods due to hiatuses (Finn�e et al.,
2019). In addition, Eemian sediment records are scarce from high
northern latitude regions (60e90�N) (Helmens, 2014; Curtin et al.,
2019) because of the subsequent glacial erosion. Therefore, there
are still large uncertainties regarding the regional patterns and
drivers of the Eemian climate trends (Galaasen et al., 2014; Salonen
et al., 2018; Tzedakis et al., 2018), along with highly uncertain
climate modelling especially for the winters (Bakker et al., 2013).

The Sokli basin in NE Finland is one of the few high-latitude
continental sites where a complete Eemian sediment sequence
with an unequivocal age has been preserved under last glacial
(Weichselian) and Holocene sediments (Helmens et al., 2007; Plikk
et al., 2016). The basin constitutes a steep depression in deeply
weathered rock of a Paleozoic magma intrusion. In this depression,
sediments have been protected from glacial erosion and are further
preserved in their original stratigraphic position near the central
area of Fennoscandian glaciations (Helmens et al., 2015).

In 2010, a continuous Eemian sediment sequence was retrieved
from Sokli and it has been the focus of multi-proxy studies
including pollen, plant macrofossils, diatoms and chironomids
(Helmens et al., 2015; Plikk et al., 2016, 2019,bib_Plikk_et_al_2016;
Salonen et al., 2018,bib_Plikk_et_al_2019). In this study, we utilize
lipid biomarkers to gain an even more comprehensive insight into
the paleo-environmental and paleoclimatic history of the Sokli site.
In particular, we focus on the hydrogen isotope composition (dD) of
n-alkanes, an established proxy in paleoclimate research (e.g. Sachs
et al., 2009; Aichner et al., 2015; Katrantsiotis et al., 2019;
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Goldsmith et al., 2019; McFarlin et al., 2019). The dD signal of
macrophyte-derived mid-chain n-alkanes (dDaq) reflects the lake
water dD (dDlake) variability, which in the region of northern Fen-
noscandia has been shown to be largely biased towards winter
precipitation dD (dDprec) during prolonged periods of ice cover and
late snowmelt (Jonsson et al., 2009). In contrast, soil water used by
terrestrial plants is mostly recharged by summer rainfall, and
therefore, dD of terrestrial plant-derived n-alkanes (dDterr) pre-
dominantly reflects summer dDprec variability enhanced by the
evaporative enrichment of soil and leaf water (Kahmen et al., 2013;
Throckmorton et al., 2016). In this region, the dDprec signal is
modulated by air temperature andmoisture source, associatedwith
the relative dominance of D-depleted air masses from north/
northeast and D-enriched air masses from west/southwest
(Dansgaard, 1964; Rosqvist et al., 2004). Therefore, the biomarker
dD approach offers the possibility to extract information about
seasonal variations in the sub-Arctic temperature and moisture
source associated with shifts in the atmospheric circulation pat-
terns over the Eemian.

The specific goals of this study are: (i) to reconstruct seasonal
variations in temperature trends and moisture source location in
northern Fennoscandia during the Eemian, (ii) to evaluate these
data through comparison with previously published records from
the same core and also other regional studies, and (iii) to under-
stand the Eemian climate dynamics by exploring the role of large-
scale atmospheric circulation patterns behind the observed vari-
ability. By doing so, we can improve our understanding of the at-
mospheric mechanisms affecting the sub-arctic climate in a
warmer world.

2. Regional climate and atmospheric circulation patterns

Finland encompasses various climatic zones ranging from
temperate in the south, continental/subarctic in the east to mari-
time/subarctic in the west and north, with strong seasonal con-
trasts and high spatial heterogeneity (Kortelainen and Karhu,
2004). Mean annual precipitation varies from 651 to 700 mm in
southern and central Finland to less than 550 mm along the west
coast and in the northern part with the highest amount of pre-
cipitation occurring during summer (ca. 209 mm) (Irannezhad
et al., 2016). Mean annual temperature varies from þ5 �C in the
south to �3 �C in the north with seasonal temperature means
ranging from �12.5 to �2.0 �C in winter and from 7.0 to 16.1 �C in
summer (Irannezhad et al., 2015). An increasing trend in precipi-
tation by 0.92 ± 0.50 mm year�1 from 1901 to 2011 and tempera-
ture by 0.4 ± 0.2 �C per decade for same period has been observed,
especially in northern Finland (0.50e0.58 �C per decade) during
winter and spring (Irannezhad et al., 2015).

Climatic conditions in Finland are largely influenced by the
interplay between various large-scale atmospheric circulation
patterns associated with the Arctic, North Atlantic and Siberia
(Fig. 1) (Autio and Heikkinen, 2002). The Arctic Oscillation (AO)
indicates the strength of circumpolar vortex and is the most
influential atmospheric circulation pattern in winter and spring
temperatures in Finland (J€arvenoja, 2005; Irannezhad et al., 2015).
The North Atlantic Oscillation (NAO) index describes the intensity
of the westerly airflow from the North Atlantic to the Atlantic Eu-
ropean sector. It generally shows a weaker correlation with the
annual and winter temperature in Finland compared to the AO but
stronger with winter precipitation (Irannezhad et al., 2014, 2015).
Positive AO and NAO phases correspond to the strengthening of the
westerly circulation and the dominance of mild and moist, mari-
time airflow over northern Europe (Lee et al., 2020). Persistent cold
easterly airflow can be caused by the Siberian High, a surface high-
pressure system that covers large portions of the Eurasian



Fig. 1. (A) Major winter atmospheric circulation patterns affecting Scandinavia climate dynamics (see also paragraph 2). NAO - North Atlantic Oscillation, AO - Arctic Oscillation, H -
High pressure system, L- Low pressure system. (B) Atmospheric circulation patterns over Europe during summers with the effects of EA (East Atlantic) atmospheric pattern. Pa-
leoclimatic records discussed in the text and plotted in Fig. 8: A-Sokli, B- Korallgrottan Cave, C- Okshola Cave, D-Ocean Drilling Program ODP Site 980, E-NEEM, F-Lake Baikal, G-
MD99-2202 site in the Bahamian archipelago.

C. Katrantsiotis, E. Norstr€om, R.H. Smittenberg et al. Quaternary Science Reviews 273 (2021) 107250
continent and strengthens during negative AO phases (Huang et al.,
2016). The East Atlantic/West Russia pattern (EA/WR) is associated
with thewestward ridging of the Siberian Highmainly affecting the
late winter, spring and autumn temperatures and precipitation
(Ionita, 2014; Irannezhad et al., 2015). Summer temperatures in
Finland are mostly influenced by the East Atlantic (EA) atmospheric
pattern, a well-defined dipole at 500-hPa geopotential height with
action centers over the North Atlantic and the Eastern Europe re-
gion (Fig. 1) (Wallace and Gutzler, 1981; Irannezhad et al., 2015;
3

Mikhailova and Yurovsky, 2016). Positive (negative) EA phases are
associated with a southerly (northerly) airflow leading to above
(below)-average summer temperatures (Wulff et al., 2017).
3. Study site

The Sokli site (67�480 N 29�180 E, 220 m a.s.l.) is located in
eastern Finnish Lapland, NE Finland, close to the Russian border
(Fig. 2). The underlying bedrock consists of deeply weathered rocks
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of Palaeozoic carbonate-rich magma intrusion called the Sokli
Carbonatite Massif that penetrates through the crystalline Pre-
cambrian shield (Vartiainen, 1980). The massif forms a circular
basin of ca. 5 km in diameter and is surrounded by gently sloping
hills reaching up to ca. 320m a.s.l. The massif is crossed by a NE-SW
trending fracture zone along which smaller sedimentation basins
have been formed (Talvitie et al., 1981). The Sokli basin (ca. 2 km2) is
located in the center of massif and is covered by 10e30 m of Late
Quaternary deposits and ca. 2 m of Holocene peat that forms the
present-day mire. A small stream (Soklioja) crosses the mire
entering from the NE and draining towards the SW (Fig. 2).

The regional vegetation is boreal forest dominated by birch
(Betula pubescens and B. pendula) and spruce (Picea abies) on the
lower slopes around mire and pine (Pinus sylvestris) in the upper
slopes and summits (Helmens et al., 2000). Wetland vegetation
includes white mosses (Sphagnum), cloudberry (Rubus chamae-
morus), Ericaceae, dwarf birch (Betula nana), willows (Salix) and
sedges (Carex) (Helmens et al., 2000). The highest peaks (ca. 500 m
a.s.l.) are located at ca. 20 km SE of Sokli, above the altitudinal tree-
line, and are covered with shrub tundra. Present climate is cold
boreal with mean annual temperature of �1 �C and mean July and
February temperatures of 13 �C and �14 �C, respectively
(Irannezhad et al., 2016). Annual precipitation ranges between 500
and 550 mm; summer precipitation is ca. 140e160 mm/season and
winter precipitation ca. 100e120 mm/season (Irannezhad et al.,
2014). The lakes around Sokli are covered by ice between October
and May (Plikk et al., 2019).
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4. Methods

4.1. Sediment coring, stratigraphy and chronology

A sediment sequence of 12 m was retrieved from the Sokli
paleolake in the winter of 2010 by the Geological Survey of Finland
using percussion drilling with a flow-through coring device. The
sequence contains 3m of glacio-lacustrine sands between 25m and
28 m and 9 m of diatom gyttja between 16 m and 25 m, laminated
in the lower part and intercalated with sand/gravel layers near the
top. More details about the coring and sub-sampling can be found
in Plikk et al. (2016).

The diatom gyttja layer with its yellowish-brown color stretches
as a marker horizon through the Sokli basin near the bottom of the
late Quaternary basin infill. Its interglacial pollen flora was first
noted by Ilvonen (1973) and correlated to the Eemian Interglacial.
This age assignment was later supported by stratigraphic studies on
the overlying Weichselian sequence, combined with optically
stimulated luminescence (OSL), thermoluminescence (TL) and
infrared stimulated luminescence (IRSL) dating of underlying and
overlying sands providing an age of between 180e150 and 110e95
ka BP (Helmens et al., 2000, 2007; Alexanderson et al., 2008). In the
present study, we use the age-depth model for the Eemian diatom
gyttja bed as presented by Salonen et al. (2018) in order to facilitate
a large-scale comparison of our results with other regional paleo-
climate datasets and climate forcing time series. In this model, the
onset and end of interglacial conditions are based on the
240
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correlation between the pollen-based temperature reconstruction
at Sokli and stalagmites records from northern Sweden, Belgium
and the Alps (Salonen et al., 2018 and references therein). The
model uses an age of 130.9 ± 1 ka BP (2s error; at sediment depth of
25.17 m) at the onset and an age of 117.5 ± 0.5 ka BP (1585 cm) at
the end of the Eemian interglacial conditions at Sokli and assumes
constant sedimentation between the dates (supplementary mate-
rial; Salonen et al., 2018). Uncertainties are estimated to be higher
in the Mid-Eemian, reaching 2s values of ca. 1500 years (Salonen
et al., 2018).

4.2. Bulk geochemical analysis

A total of 60 samples, covering a depth interval of 2e4 cm each,
were taken from the diatom gyttja and the uppermost part of the
underlying glacio-lacustrine sand (subsampling depth:
2515e1630 cm). The samples were freeze-dried and homogenized
with an agate pestle and porcelain mortar for total organic carbon
(TOC), total nitrogen (TN) and stable carbon isotope (d13Corg) ana-
lyses. Approximately 10 mg of each sample were weighed and
placed into tin capsules. The samples were acidified with 1.5 M HCl
to remove carbonates and dried at 60 �C overnight. TOC, TN and
d13Corg were quantified with a Carlo Erba NC2500 elemental
analyzer coupled with a Finnigan MAT Delta V mass spectrometer
at the Stable Isotope Laboratory, Stockholm University. The TOC and
TN values are expressed as % with a relative error <1%. These values
were used to calculate the C/N ratio. The d13C values are expressed
in per mil relative to Vienna Pee-Dee Belemnite with an analytical
error of ±0.15‰.

4.3. n-alkane extraction, identification and quantification

Total lipid extracts were obtained via sonication of ca. 10e15 g of
freeze-dried and powdered sediment samples (Katrantsiotis et al.,
2018). The samples were mixed with dichloromethane and meth-
anol (DCMeMeOH, 9:1, v/v), placed in a sonic bath for ca. 20 min
and centrifuged at 3000 rpm. This extraction procedure was
repeated three times. The extracts were combined into a total lipid
extract, then separated into fractions of different polarity using
silica-based solid-phase extraction. Apolar fractions were obtained
using n-hexane as eluent; from these fractions saturated hydro-
carbon fractions were obtained by a second elution with n-hexane
over pipette columns (3x column volume) filled with glass wool,
activated copper to remove elemental Sulphur, and 10% AgNO3-
coated silica gel.

The hydrocarbon fractions were analyzed by gas
chromatographyemass spectrometry (Shimadzu-QP2010 Ultra
system), for n-alkane identification and quantification. The system
was equipped with an AOC-20i auto sampler and a split-splitless
injector operated in splitless mode. A Zebron ZB-5HT Inferno GC
column (30m � 0.25mm � 0.25 mm) was used for compound
separation. The GC oven temperature was programmed from 60 �C
to 180 �C at a rate of 20 �C/min followed by a rate of 4 �C/min until
320 �C where it was held for 20 min. Quantification was performed
with an external calibration curve, produced by analyzing regularly
a n-C21-40 alkane standard solution (Fluka Analytical) at different
concentrations. The GC-MS Solution software 4.11 (Shimadzu) was
used for compound identification and area integration of the rele-
vant peaks. The n-alkane relative abundances were calculated by
dividing the peak areas of each homologue (Cnwhere n ranges from
23 to 31) with the sum of all peak areas (S C23-31). The carbon
preference index (CPI) was calculated as: CPI ¼ Sodd/Seven (Wang
et al., 2003). The average chain length (ACL) was determined as:
ACL ¼ S (n * Cn)/S Cn where Cn is the concentration (mgg�1 dry
weight) of odd chain n-alkanes (Tanner et al., 2010).
5

4.4. n-alkanes dD

The stable hydrogen isotopic composition (deuterium/hydrogen
ratio) of n-alkanes (dD) was analyzed using a Thermo gas
chromatography-isotope ratio mass spectrometry (GC-IRMS) sys-
tem,which consisted of a Trace Ultra GC connected to Delta V Ultra
IRMS system via a GC-isolink and ConFlo IV system. The GC oven
was programmed to increase at a rate of 15 �C/min from 100 �C to
250 �C followed by a rate of 10 �C/min until 320 �C, with a final hold
time of 9 min. Two ml of each sample were injected into the GC. The
inlet was operated in a splitless mode under pressure of 50 p.s.i.
during 1.5 min. After the splitless time, pressure was reduced; the
split flow of 100 ml/min was decreased to 40 ml/min after 5 min
(gas saver mode). Heliumwas used as a carrier gas at constant flow
mode. The compounds were separated in a Zebron ZB-5HT Inferno
GC column (50 m � 0.250 mm � 0.25 mm). A reference standard of
n-alkanes with known dD composition (reference mixture A6,
provided by Arndt Schimmelmann, Indiana University, USA) was
run several times daily between the samples (i) to calibrate the
reference gas (H2) against which the isotopic compositions were
measured and (ii) to check instrument performance. The long-term
precision was ca. 1.5‰. The H3þ factor was fairly stable with an
average value of 3.9 ppm mV�1. All analyses were performed in
triplicate or duplicate, yielding average standard deviations of
1.16‰ for n-C23, 1.15‰ for n-C25, 0.97‰ for n-C27, 1.36‰ for n-C29
and 2.34‰ for n-C31. The isotopic values were calculated using
ISODAT software and are reported asmean values relative to Vienna
Standard Mean Ocean Water (VSMOW).

5. Results and interpretation

5.1. Bulk geochemistry

The TOC content shows shifts from ca. 1% in the lower minero-
genic layer to ca. 10e13% in the diatom gyttja between 24.80 m and
16.30 m (Fig. 3). The C/N ratio shows an increase from ca. 9e10 to
ca. 12e15 suggesting a shift from input of aquatic organic matter to
an equally large input of terrestrial and aquatic organic matter
within the organic rich layer (Meyers and Teranes, 2001). The
d13Corg profile displays values at ca. �32‰ in the minerogenic layer
with a continuous increase after 24.80 m reaching up to ca. �27‰
within the diatom gyttja where it reamins relatively stable. Plank-
tonic algae usually have lower d13Corg values (�32 ± 3‰) than the
benthic taxa (�26 ± 3‰) due to their thinner diffuse boundary
layer (France, 1995). Therefore, the increasing d13Corg values are
most likely influenced by the high abundance of benthic species
within the diatom gyttja layer (Plikk et al., 2016).

5.2. Distribution and sources of n-alkanes

The n-alkane distribution is dominated by odd-carbon
numbered compounds in the range of C23 to C31 showing abun-
dances from 12 to 40% (Fig. 4). The n-C25 alkane shows the highest
abundance and variability from 19% at the bottom to 36% in the
diatom gyttja. High CPI values (>2) indicate the plant origin of n-
alkanes (Bush and McInerney, 2013). Slight variations in the ACL
index between 25 and 28 are related to shifts in the abundance of
the mid- (C23eC25) and long-chain n-alkanes (C27eC31).

The n-C23 and n-C25 alkanes are normally synthesized from
aquatic macrophytes and Sphagnum species (Ficken et al., 2000;
Bush and McInerney, 2013). In the Sokli core, the most dominant
macrophyte is Myriophyllum spicatum-type, which can produce n-
alkanes with high concentration of n-C23 and n-C25 compounds (Liu
and Liu, 2016). This plant mainly occurs between 24.60 m and
21.00 m exhibiting a similar pattern of variability as the n-C23 and
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n-C25 alkanes (Fig. 4). In addition, the sequence contains a large
amount of chlorophytes, e.g. algal type T.225, Tetra€edron minimum
and Pediastrum spp., which can biosynthesize both short and long-
chain n-alkanes maximizing at C10 and at C25e27 (Blokker et al.,
6

1998). Tetra€edron minimum is one of the most abundant green
algae in the record and is similarly distributed as n-C25 exhibiting
higher percentages between 19 m and 20 m and a decreasing trend
upwards (Fig. 4). It is thus likely that the mid-chain n-alkanes are
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mostly derived from both green algae and Myriophyllum spicatum
with proportionally larger contribution of these aquatic sources to
n-C25. Sphagnum species show a distinct increase at 17.40 m and,
therefore, some contribution of peat mosses to mid-chain homo-
logues is possible in this part of the sequence.

The long chain homologues, i.e. n-C27 to C 31 alkanes are usually
derived from terrestrial vegetation (Rao et al., 2011; Bush and
McInerney, 2013). The n-C27 and n-C29 alkanes are preferably syn-
thesized by woody plants and shrubs while the n-C31 and n-C33
alkanes are produced by grasses and herbs (Zech et al., 2009;
Bliedtner et al., 2018). In the Sokli core, the n-C27 and n-C29 alkanes
likely have a common source as they both display relatively stable
and high abundances and strong correlation (r z 1). These two
homologues can be associated with arboreal plants i.e. Pinus (pine),
Betula (birch) and Picea (spruce) as reflected in the pollen diagram
(Fig. 4; Salonen et al., 2018). These plants are dominated by n-C27
and n-C29 alkanes with Betula producing higher concentrations of
n-C27 (Diefendorf et al., 2011; Aichner et al., 2018). The n-C31 alkane
exhibits a weak anti-correlation with n-C27 and n-C29 (r z �0.1)
and displays high abundances below 14.80 m and above 17.30 m
where herbs dominate the sequence. This suggests that the n-C31
alkane may derive from herbaceous plants, also reflected in the
ACL, as higher values correspond to decreasing contribution of
arboreal pollen and higher abundance of herbaceous pollen (Fig. 4).
Therefore, shifts in ACL likely reflect changes between woody and
herbaceous plants (Bliedtner et al., 2018 Aichner et al., 2018).
5.3. n-alkanes dD and precipitation dD (dDprec)

Compound-specific dD values of n-alkanes vary
between �230‰ and �156‰ with n-C23 showing the highest
variability, i.e. ca 74‰, compared to the other compounds (41‰ for
n-C25, 29‰ for n-C27, 24‰ for n-C29 and 49‰ for n-C31) (Fig. 5).
Overall, the dD profiles of individual n-alkanes exhibit similar long-
term trends (r z 0.7, p < 0.05), implying that they all record
Fig. 5. Vertical profiles of the dD values of the individual n-alkanes with the red dashed lin
Water (VSMOW). (For interpretation of the references to colour in this figure legend, the r
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changes in the isotopic composition of source water, namely
meteoric water that recharges soil and lake waters. These isotopic
changes are predominantly driven by the temperature and mois-
ture source effects (Dansgaard, 1964; Wang and Chen, 2020). In
Finland, a strong correlation exists between dDprec and mean
annual temperature (Kortelainen and Karhu, 2004; Kyll€onen, 2018)
and monthly air surface temperature (r z 0.8, p < 0.05) whereas
the amount effect has less influence on dDprec (r z 0.4, p < 0.05)
(Fig. 6; IAEA 2020; Rovaniemi station). In addition, different
moisture sources have distinct dD signals: warm and moist air
masses originating from the North Atlantic carry isotopically
enriched vapor whereas cold and less moist continental air masses
deriving from the Arctic and Siberia are characterized by isotopi-
cally depleted vapor (Jonsson et al., 2009; Theakstone, 2011; Bonne
et al., 2020). Since compound-specific dD records the dDprec vari-
ability, changes in the relative contributions of these air masses
and, by inference, atmospheric circulation patterns, to local pre-
cipitation can be traced in n-alkanes dD. This signal can be further
biased by the winter or summer dD variability of source water
depending on the ice cover duration and meltwater inflow as well
as the seasonality of photosynthesis and soil recharge in this sub-
arctic region (Jonsson et al., 2009; Throckmorton et al., 2016;
Thienemann, 2017).
5.3.1. Aquatic plant and algal-derived n-alkane dD (dDaq) and lake
water dD (dDlake)

The dD signature of lakewater (dDlake), recorded by dD of aquatic
plant- and algal-derived mid-chain n-alkanes (dDaq), is generally
influenced by the balance between freshwater input and evapora-
tion (Duan et al., 2011; Guenther et al., 2013). In this subarctic re-
gion, however, almost half of the annual precipitation falls as snow
and lakes are characterized by prolonged ice cover. As a result,
dDlake in northern Fennoscandian lakes has been shown to be
largely influenced by the ice cover duration and the timing of D-
depleted snowmelt (winter dDprec) with late snowmelt in spring/
es showing the average values, expressed as ‰ against Vienna Standard Mean Ocean
eader is referred to the Web version of this article.)
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summer extending the period during which isotopically depleted
snowmelt can influence dDlake (Jonsson et al., 2009). This is espe-
cially a characteristic of lakes with higher catchment elevations and
large inputs of recharge water that have been shown to be insig-
nificantly affected by the evaporative isotopic enrichment and to
retain water isotopic signal close to winter dDprec (Jonsson et al.,
2009). Similar topographical and climate settings also apply at
the Sokli paleolake (Fig. 2); therefore, longer ice cover duration and
later input of D-depleted snowmelt during periods of prolonged
winters would diminish the relative contribution of summer pre-
cipitation and summer evaporation in dDlake, leading to a greater
preservation of the (low) winter signal in dDlake. This interpretation
is further consistent with the variability between dDaq and the
amount of nordic/alpine diatom flora in the Sokli Eemian sequence
Fig. 7. Synthesis of proxy data in the Sokli core. dDterr (dD29) and dDaq (dD23) records (thi
consists of the total sum of Staurosira construens var. venter, S. construens var. construens, S
phanodiscus spp includes the species S. medius, S. parvus, S. minutulus, S. alpinus and Cyc
of Myriophyllum,spores of selected green algae and Sphagnum, the ratio of total percentage o
trees and shrubs and the pollen based Tjan and Tjul reconstructions (Salonen et al., 2018). The
climatic zones were identified based on the integration of dDterr and dDaq, the diatom and p
scale indicate the Tunturi and V€arri€o cooling events as they were first defined by Helmens

8

(compilation diagram of proxies in Fig. 7; dDaq and Fragilariaceae).
Lower dDaq (represented by dD23) values coincide with an increase
in Fragilaria that are common in alpine and Arctic lakes and indicate
prolonged, cold winters, with extensive ice cover and lower water
depths (Fig. 7) (Paul et al., 2010; Plikk et al., 2016; Zalat et al., 2018).
Therefore, we argue that dDaq predominantly represents winter
dDlake variations influenced by dDprec, the ice cover duration and the
timing of D-depleted meltwater. Lower dDaq values indicate cold
periods dominated by D-depleted air masses from the Artic and/or
Siberia, prolonged ice-cover seasons and late summer melting
causing aquatic plants to incorporate the D-depleted lake water.
Higher dDaq values reflect warmer periods dominated by D-
enriched moisture sourced from the North Atlantic and shorter ice-
cover seasons causing plants to incorporate D-enriched lake water,
s study). Most abundant diatom species (Plikk et al., 2016). Fragilariaceae percentage
taurosirella lapponica, S. leptostauron, S. pinnata, and Pseudostaurosira brevistriata. Ste-
lotella spp consists of the species C. radiosa and C. michiganiana. Pollen percentage
f birch to conifers (Pinus and Picea), the ratio of total amount of herbs to total amount of
record is divided into 3 phases representing the early, middle and late Eemian. Different
ollen data representing cold/dry and warm/wetter periods. The bars next to the depth
et al. (2015), Plikk et al. (2016) and Salonen et al. (2018).

http://nucleus.iaea.org
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possibly enhanced by higher evaporation rates under prolonged
warm conditions.

5.3.2. Terrestrial leaf wax dD (dDterr)
In the sub-arctic regions, terrestrial plants mostly photosyn-

thesize between May and September because of the temperature
and light limitations during the rest of the year (Throckmorton
et al., 2016). In addition, soil water utilized by the plants is
mainly recharged by summer rainfall and is influenced by evapo-
rative enrichment (Thienemann, 2017; Kjellman et al., 2020).
Thawing of soils and snowmelt carrying the winter dDprec signal
likely contribute to a much lesser extent, as meltwater pulses
quickly run off the landscape during spring and summer
(Throckmorton et al., 2016). Therefore, dD of terrestrial plant-
derived n-alkanes dDterr (dD29) reflects summer dDprec variability,
enhanced by the evaporative enrichment of soil and leaf water
(Kjellman et al., 2020). This variability is further associated with
changes in summer temperature and moisture source (Rosqvist
et al., 2004). Lower dDterr values indicate colder summers domi-
nated by Arctic, D-depleted air masses, while higher dDterr values
reflect warmer summers characterized by D-enriched air masses
from the North Atlantic.

5.4. Climate reconstruction

The Sokli sequence is divided into the early, middle and late
Eemian phases. Different climatic trends and short-term events can
be identified in each phase, based on the integrated interpretation
of dDterr, dDaq (this study) and the diatom and pollen data (Plikk
et al., 2016; Salonen et al., 2018) (Fig. 7).

5.4.1. Phase I (25.20 me22.10 m; early Eemian)
The early Eemian is characterized by an early rapid warming

trend, followed by a period of increased seasonality and a cooling
event towards the end of this phase.

25.20 me24.90 m; Early Eemian warming trend/deglacial stage.
A trend to higher dDaq and dDterr values in the transition from sandy
sediments to gyttja marking the onset of the interglacial conditions.
The dDterr trend might be further enhanced by the establishment of
a forest dominated by birch (Salonen et al., 2018), which tends to
produce long chain n-alkanes with lower dD values than herbs due
to fractionation differences (Yang et al., 2011). In the aquatic
ecosystem, the diatom assemblage is dominated by Cyclotella spp.
(C. radiosa and C. michiganiana) favored by deep, warm waters and
stable summer stratification (Fig. 7) (Plikk et al., 2016). Overall, the
diatom community indicates primary production increase reflect-
ing a transition from a deglacial ice-lake with limiting conditions
for aquatic production to a more eutrophic lacustrine environment.

24.90 me23.70 m; Early Eemian/increased seasonality. The dD pro-
files provide evidence for increased seasonality; low dDaq values
reflect cold and prolonged winters dominated by an extensive ice
cover and high dDterr values indicate warmer summers. In the
catchment, pine forest and mixed boreal forest with spruce (Picea)
replace the birch forest (Salonen et al., 2018). Both Pinus and Picea
(gymnosperms) tend to fractionate more against deuterium, thus
producing long chain n-alkanes with lower dD values compared to
birch (angiosperms) (Pedentchouk et al., 2008). However, dDterr
shows higher values suggesting that any vegetation change likely
has aminimal effect in the isotopic variability. The pollen-based Tjan
generally exhibits a decreasing trend, similar to dDaq, whereas Tjul
resembles more dDterr (Salonen et al., 2018). The biomarker evi-
dence for seasonality contrast is further corroborated by an in-
crease in the nordic/alpine and benthic diatom species, i.e.
9

Fragilaria, indicating lower water temperatures and short mixing
periods likely as a result of a pronounced seasonality with long cold
winters and short warm summers (Fig. 7) (Plikk et al., 2016).
However, lake conditions become more eutrophic with slightly
prolonged spring indicated by an increase in the spring diatom
bloom of Stephanodiscus species, green algae, and the aquatic plant,
Myriophyllum spicatum, which gradually dominate the summer
stratification (Plikk et al., 2016).

23.70 me22.10 m; tunturi cooling-drying event. The dDaq and dDterr
records exhibit a trend towards lower values marking the onset of a
major climate perturbation. This event was first defined on the
basis of the terrestrial record where the boreal forest is replaced by
sub-arctic, open birchepine forest leading to a Tjul drop in the order
of 2e4 �C (Tunturi cooling event; 23.45 me22.55 m) (Helmens
et al., 2015; Salonen et al., 2018). Overall, diatoms (increase in
Aulacoseira) and pollen depict colder, more open, arid and wind
stress environmentwith a brief return tomilder conditions through
the event (23.00 me22.80 m). The biomarker dD records, however,
show an earlier cooling trend from ca. 23.70 m coinciding with an
increase in cold water-oligotrophic green algae before the strong
response in the terrestrial record (Fig. 7). In addition, the dDterr
record exhibits more pronounced lower values near the end of the
event, between 22.50 m and 22.30 m, when the pollen data show a
warming trend. It is possible that dDterr might be enhanced by
changes in the vegetation in this part of the sequence where pine
forest replaces the birchepine forest.

5.4.2. Phase II (22.10 me17.50 m; middle Eemian)
This phase represents the mid-climatic optimum conditions

divided into an early warming trend and a late period of decreased
seasonality with cooler summers.

22.10 me19.60 m; main climatic optimum conditions. The dDaq and
dDterr profiles reach higher values; the same applies to Tjul indi-
cating that the climate was ca. 3 �C warmer than today. The diatom
assemblage reflects the development of a highly productive lake
with extended mixing periods and a prolonged growing season
mainly as an effect of milder winters and an earlier ice-out; con-
ditions favorable to the spring bloom dominated by Stephanodiscus
species (Fig. 7) (Plikk et al., 2016). However, towards themiddle part
of this phase (above 20.85 cm), an abrupt shift from Stephanodiscus
to Aulacoseira species indicates shallowing of the lake with an
increased mixing regime, leading to a reduced summer thermo-
cline stability (Plikk et al., 2016).

19.60 me17.50 m; decreased seasonality with colder summers.
The dDaq and dDterr records show an interval of lower values, which
are more pronounced in dDterr, indicating decreased seasonality
with cooler summers in agreement with pollen data (Salonen et al.,
2018). This trend is followed by a brief return to milder conditions
towards the end of the optimum phase. The diatom assemblage is
dominated by Aulacoseira species reflecting a dimictic and shallow
lake with extended mixing period (Plikk et al., 2016). A.ambigua,
known to require high levels of wind-driven turbulence and light to
prosper, reflects strong mixing during late summer (Wang et al.,
2008; Plikk et al., 2016). High amounts of A.ambigua generally
coincidewith lower dDterr values (Fig. 7; above 19.60m), suggesting
that cooler summers might be associated with stronger seasonal
winds.

5.4.3. Phase III (17.50 me16.30 m; late Eemian)
This late Eemian phase is characterized by an abrupt cooling

event and a period of enhanced climatic instability with an overall
cooling trend towards the end of the Eemian.
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17.50 me17.00 m; V€arri€o cooling event. The dDaq and dDterr records
indicate an abrupt cooling event, previously defined by both
aquatic and terrestrial proxies (V€arri€o cooling event) (Plikk et al.,
2016; Salonen et al., 2018). In the catchment, trees and shrubs are
replaced by herbs and Sphagnum (Salonen et al., 2018), which
might further lead to even more pronounced trend to lower dD
values (Nichols et al., 2010; Taylor et al., 2019). Overall, the pollen
data show that Tjul dropped by ca 1.5 �C while aquatic proxies
indicate a sudden decline in the lake level with colder and less
productive conditions as well as more extensive ice cover (Fig. 7;
peaks in Fragilariacaea/Staurosirella pinnata and Pediastrum integ-
rum) (Plikk et al., 2016).

17.00 me16.30 m; climatic instability/cooling trend. Following the
V€arri€o event, dDaq and dDterr exhibit a small recovery phase coin-
ciding with rising Tjul values. This warming is succeeded by a
decline dD trend and a slightly cooling trend in Tjul as herbs and
birch forest return to the area (Salonen et al., 2018). Overall, the
biomarker signal is paralleled by changes in the diatom community
and other green algae reflecting two stages in the late Eemian
development of the lake: (i) a return to littoral, overgrowing and
eutrophic conditions with a subtle increase in water level (peak in
A. ambigua), and finally (ii) an unstable environment with further
decreasing water level, and cooler and less productive conditions
(Plikk et al., 2016).

6. Discussion

6.1. Effects of teleconnection indices

The Eemian climate was influenced by substantial changes in
the latitudinal, annual and seasonal insolation cycle, attributed to
shifts in the orbital configuration leading to a warmer climate state
with pronounced high-northern latitude warming (Pedersen et al.,
2016). The climate system response to this orbital forcing was
accompanied by a variety of feedback mechanisms that caused a
modification of atmospheric circulation patterns leading to
regional climate changes both spatially and temporally.

In our study, the dD profiles plotted against age generally follow
the long-term trends of secular seasonal insolation forcing in the
northern high latitudes during the Eemian (Fig. 8) (Berger and
Loutre, 1991). They also exhibit high frequency variability on
centennial to millennial scales (Fig. 8). Both the short-term and the
long-term dD trends are interpreted to reflect changes in the
temperature and moisture source and, consequently, in the relative
dominance of various atmospheric circulation patterns as a
response to orbital forcings and feedback mechanisms (Cruz et al.,
2005). The Sokli site is located in the transitional zone between the
oceanic climate of Western Europe, the continental climatic sectors
of Siberia and the polar climate. Therefore, the dD variability can be
largely attributed to changes between continentality/polar and
oceanic influence associated with shifts from a western to eastern
zonal flow and/or meridional flow and vice versa. These changes
can be connected to the modes of North Atlantic Oscillation (NAO)
and Arctic Oscillation (AO) reflecting the strengths of the westerlies
and the polar vortex, respectively, as well as to the intensity of the
Siberian High.

Our data indicate that the transition into the Eemian is charac-
terized by a broad -scale change in the atmospheric circulation
systems associated with the dominance of more D-enriched-
westerly-derived air masses over the study area. Other records
across Europe indicate abrupt shifts from a continental to an
oceanic climate regime with stronger westerlies leading to warmer
and wetter conditions (Cheddadi et al., 1998; Klotz et al., 2003;
Brewer et al., 2008; Wilcox et al., 2020).
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An outstanding feature of the Sokli proxy integration is the
distinct seasonality contrast and the cooling events in the early and
late Eemian, which interrupt the overall warming trend. An
increased seasonality contrast is indicated by the pollen data from
the central Europe during the early Eemian (Brewer et al., 2008),
and coincides with an increased summer insolation and decreased
winter insolation (Berger and Loutre, 1991). The response of the
atmospheric circulation to the Arctic sea ice loss had likely an
impact on the seasonality contrast: sea ice concentrations in the
early Eemian were distinctly lower especially during the summers
and autumns (Stein et al., 2017). Model simulations and studies of
reanalysis data have shown that anomalously low sea ice in
Barents-Kara Seas during autumn tends to induce an amplification
of the Siberian High as well as a negative phase of NAOeAO through
weakening of the stratospheric polar vortex leading to a meridional
flow and anomalously cold Eurasian winters (Honda et al., 2009,
Kim et al., 2014; Petrie et al., 2015 and references there in). The
strengthening of the Siberian High for the early Eemian is likely
reflected by the low d18O diatom values from Lake Baikal in eastern
Siberia resulting in a more continental and/or polar climate pattern
(Fig. 8) (Mackay et al., 2013). In addition, isotopic and faunal data
from the Bahamas in the tropical Atlantic reveal a northward
displacement of the Intertropical Convergence Zone (ITCZ) (Fig. 8)
(Zhuravleva and Bauch, 2018). This would strengthen the blocking
effects of the Subtropical High over western and central Europe
during the summer attracting warm air masses from the southwest
that would enhance subsidence and surface heating (Davis et al.,
1996). In connection to the effects of the Subtropical High, annual
to inter-annual variations in summer temperatures in Northern
Finland are best explained by the East Atlantic (EA) pattern (Fig. 1)
(Irannezhad et al., 2015). Its positive phase is characterized by a
negative pressure anomaly west of the British Isles leading to a
warm airflow (southwesterly wind) over Europe and above-
average summer temperatures (Wulff et al., 2017).

The subsequent Tunturi cooling event in Sokli is prominently
observed in records from the North Atlantic and Europe as dry and
cold conditions (Fig. 8) (Lauritzen, 1995; Rioual et al., 2001; Brewer
et al., 2008; Tzedakis et al., 2018; Finn�e et al., 2019). However, the
exact timing if this event varies from site to site being centered at
126.2 ka BP in the Korallgrottan cave record in NW Sweden (Finn�e
et al., 2019) and at 125.5 ± 0.5 ka BP in the Swiss Alps (Wilcox et al.,
2020). Overall, this climatic perturbation occurs at around the same
time as the maximum summer insolation and minimum winter
insolation coinciding with an increase in ice-rafted debris (IRD),
lower sea surface temperatures (SSTs) and a small increase in the
ice volume in the North Atlantic (Fig. 8) (Berger and Loutre, 1991;
McManus et al., 2002; Oppo et al., 2006, 2007; Irvali et al. 2012). It
has been suggested that the melting of the Greenland ice sheet or
residual ice masses from the Laurentide ice sheet led to the slow-
down of the Atlantic meridional overturning circulation (AMOC)
(Galaasen et al., 2014; Zhuravleva et al., 2017). The d18O diatom
values from Lake Baikal indicate a stronger Siberia High leading to a
more continental climate (Fig. 8) (Mackay et al., 2013). In addition,
an abrupt southern displacement of the ITCZ is evident in the
tropical Atlantic (Fig. 8) (Zhuravleva and Bauch, 2018). This would
result in a weaker Subtropical High and more negative EA phases
during summers, characterized by a positive pressure anomaly over
W-NW Atlantic causing a cold air advection and below-average
temperatures (Irannezhad et al., 2015; Wulff et al., 2017). These
features of the Tunturi event have many parallels with the Younger
Dryas event just before the start of the Holocene.

The Eemian optimum phase in the Sokli record at ca.126e124 ka
BP coincides with a warming trend in records from Norway, Swe-
den and Greenland within the range of dating uncertainties (Fig. 8)
(Lauritzen, 1995; NEEM, 2013; Finn�e et al., 2019). Other records



Fig. 8. Comparison of the Sokl dD records with other regional and global records and climate forcing series: (A) Sokl dD records plotted together with December and June insolation
at 60�N, (B) Korallgrottan Cave d18O, NW Sweden (Finn�e et al., 2019), (C) Okshola Cave d18O, NW Norway (Lauritzen, 1995), (D) SST estimates derived frommodern analog technique
from ODP Site 980, WNW Atlantic (Oppo et al., 2007), (E) Ice d18O records from NEEM ice cores from Greenland (NEEM community members, 2013), (F) d18O diatom profile from
Lake Baikal reflecting shifts in the Siberia High intensity (Mackay et al., 2013) and (G) Relative abundances of the tropical species G. sacculifer and G. ruber in core MD99-2202,
Bahamian archipelago associated with shifts in the Intertropical Convergence Zone (ITCZ) during the Eemian (Zhuravleva and Bauch, 2018). The coloured bars indicate the Tun-
turi and V€arri€o cooling events in our record, and their suggested counterparts in other datasets.
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from central Europe indicate the dominance of more stable con-
ditions (Dabkowski et al., 2016) with an increase in mean annual
temperatures and precipitations culminating at ca. 124 ka BP
(Vansteenberge et al., 2016; Wilcox et al., 2020). A substantial in-
crease in winter temperatures is observed in the southern part of
the East European Plain during the optimum phase (Velichko et al.,
2017), coinciding with an increase in North Atlantic SSTs (Fig. 8)
(Oppo et al., 2006, 2007), stronger AMOC (Salonen et al., 2018 and
references therein) and the lowest global ice volume (Kukla et al.,
2002). The Lake Baikal record reveals a weaker Siberian High
(Fig. 8) (Mackay et al., 2013), compensated by stronger westerlies/
zonal flow with frequent incursions of the Atlantic air to the east,
that is, a shift fromNAO� to NAOþ in the North Atlantic. A dominant
zonal flow would then cause warmer and wetter conditions during
the optimum phase. This change in atmospheric circulation sys-
tems could be related to the increasing winter insolation (Berger
and Loutre, 1991) that would trigger large temperature differ-
ences between the mid- and high latitudes leading to the devel-
opment of large latitudinal pressure gradients (Li et al., 2019).

The Eemian thermal maximum in Sokli was interrupted by a
period of decreased seasonality with colder summers in agreement
with a cooling trend in western and central Europe from ca. 124 ka
BP (Brewer et al., 2008; Dabkowski et al., 2016; Wilcox et al., 2020).
The Sokli dD record resembles the declining trend in the Baikal
record reflecting a more continental climate between ca. 123 and
121 ka (Fig. 8) (Mackay et al., 2013). This coincides with a cooling
trend in the North Atlantic, especially in the summer SSTs, coupled
with a southward displacement of ITCZ, leading to a weaker Sub-
tropical High and a more negative EA pattern (Fig. 8) (Oppo et al.,
2006, 2007; Zhuravleva and Bauch, 2018). The middle Eemian is
also characterized by a further reduction in the Arctic sea ice during
summers (Stein et al., 2017). In model simulations, Arctic sea ice
11
loss during early summer is related to a negative summer NAO and
equatorward shift of the eddy-driven jet because of a reduction in
the meridional temperature gradients (Knudsen et al., 2015; Petrie
et al., 2015). This is in agreement with the Sokli dD record as
negative summer NAO would result in colder conditions in north-
ern Europe associated with stronger northerly winds and moisture
transport from the Arctic (Folland et al., 2009).

The Late Eemian in Sokli starts with an abrupt cooling (V€arri€o
event), corresponding to a reduced summer insolation (Fig. 8)
(Berger and Loutre, 1991). During this period, there is further evi-
dence for strengthening of the Siberia High (Mackay et al., 2013),
lower SSTs in the North Atlantic (Oppo et al., 2006, 2007), and an
abrupt southward displacement of the ITCZ and the Subtropical
High (Fig. 8) (Zhuravleva and Bauch, 2018). A similar event identi-
fied in the North Atlantic and East Greenland at ca. 117 ka, was
attributed to an increasing southward incursion of Arctic waters
leading to a slowdown of AMOC and a southern position of the
polar front (Mokeddem et al., 2014; Zhuravleva et al., 2017).

The transition into glacial conditions towards the end of the
Eemian is slower than the onset of the inter-glacial period, which is
a typical feature of Glacial-Interglacial climate dynamics. The Sokli
data indicate an enhanced climatic instability and an overall cool-
ing trend in agreement with pollen records from northern Europe
(Brewer et al., 2008). The d18O diatom values from Lake Baikal
reflect a fluctuating transition to a continental climate coupledwith
a further southward displacement of the ITCZ and the associated
Subtropical High (Fig. 8) (Mackay et al., 2013; Zhuravleva and
Bauch, 2018).

The late Eemian summer cooling is attributed to a decreased
summer insolation leading to changes in atmospheric patterns.
However, the winter insolation shows an increasing trend. This is
not apparent from Sokli dDaq, where decreasing values also indicate
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cooling. In some model simulations, winter temperatures at 60e90
�N exhibit similar trends as Sokli dDaq which could be explained by
various feedback mechanisms counteracting the positive forcing of
winter insolation (Bakker et al., 2013). One possibility is that lower
summer temperatures, along with an increased northward mois-
ture transport, led to longer sea-ice and snow cover, which acted as
a feedback to enhance cooling (Khodri et al., 2001). In addition, high
precipitation amounts could have resulted in an increase in the
freshwater runoff into the Arctic Ocean causing a southward
extension of the cold and less-salty water at the expense of the
northward extension of warmer waters reducing the thermohaline
circulation (Khodri et al., 2001; Crucifix and Loutre, 2002). This
would be consistent with a sea surface cooling observed in the
western Nordic Seas and the Labrador Sea (Van Nieuwenhove et al.,
2013; Irvalı et al., 2016) as well as the gradual decreasing SSTs in the
north Atlantic (Fig. 8) (Oppo et al., 2006, 2007).

7. Conclusions

We studied the dD composition of n-alkanes in a sediment core
from the Sokli site in NE Finland, in order to increase the under-
standing of seasonal characteristics of interglacial climate dynamics
at high latitude during the Eemian period. The dDaq record is
interpreted to reflect dDlake variability largely influenced by winter
dDprec, ice cover duration and D-depleted meltwater whereas dDterr

is mainly influenced by summer dDprec and the evaporation of leaf
and soil water. Overall, low dDaq and dDterr values indicate cold
conditions associated with the dominance of D-depleted air masses
from Arctic and Siberia and higher values reflect a warm climate
dominated by D-enriched westerly air masses. Three phases of
major climatic changes can be identified in Sokli that follow the
secular variations in seasonal insolation: (i) an early interglacial
rapid warming succeeded by a period of strong seasonality, (ii) a
mid-climatic optimum phase with gradually decreased seasonality
and cooler summers, and (iii) climatic instability in the latest phase
with an overall cooling trend. Superimposed on this trend, two
abrupt cooling events occur in the early (Tunturi event) and late
Eemian (V€arri€o event).

The prolonged and cold winters during the early Eemian coin-
cide with reduced winter insolation and anomalously low sea ice in
Barents-Kara Seas that would induce an amplification of the Sibe-
rian high and negative NAOeAO phases. A shift to an oceanic
climate during the mid-Eemian phase corresponds to gradually
increased winter insolation that would lead to a large latitudinal
temperature and pressure gradient causing stronger westerlies and
positive NAO. Summer atmospheric circulation patterns have also
influenced the dDterr record.Warm (cold) summers during the early
(late) Eemian generally coincide with maximum (minimum) June
insolation and northward (southward) displacement of ITCZ and
expansion (retreat) of Subtropical High over Europe. The cooling
events in the early and late Eemian can be linked to disturbances in
the North Atlantic Ocean circulation.

Our study complements the scarcely available Eemian proxy
data from high-latitude continental regions and especially corrob-
orates the seasonal signal, which has remained poorly constrained.
In future studies, the Sokli data can be used as a reference for
climate modeling to further understand Interglacial climate dy-
namics, which in turn can help to improve projections of future
warming.
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