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The oxygen isotope composition of diatom silica (d18Odiatom) from marine and lake sediments is helpful
for the interpretation of the past climate and environments, especially when complemented by other
proxy records. This paper presents a Holocene oxygen isotope record of diatoms from Lake Kotokel,
located 2 km east of Lake Baikal in southern Siberia, Russia. The isotope record displays variations in
d18Odiatom from þ23.7 to þ30.3& from about 11.5 ka BP until today. Comparing the isotope composition
of recent Lake Kotokel water (mean d18O ¼ �12&) to that of the most recent diatom sample
(d18O ¼ þ27.5&), an isotope fractionation in the right order of magnitude was calculated. The Kotokel
d18O diatom record is controlled by changes in the isotopic composition of the lake water rather than by
lake temperature. Lake Kotokel is a dynamic system triggered by differential environmental changes
closely linked with various lake-internal hydrological factors. A continuous depletion in d18O of 6.6& is
observed from early to late Holocene, which is in line with other hemispheric environmental changes
(i.e. a mid- to late Holocene cooling). Enhanced evaporation effects and higher relative supply from
a southeasterly moisture source explain the relatively heavy isotopic composition in a rather cold early
Holocene. In summary, changes in the Holocene d18O diatom record of Lake Kotokel reflect variations in
d18O of precipitation linked with both air temperatures (Tair) as well as evaporation effects and, to a lesser
degree, meltwater pulses from the mountainous hinterland and changing atmospheric moisture sources.

� 2012 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Lacustrine sediments have a great potential to provide high
resolution and continuous terrestrial records of environmental
change (Antipin et al., 2001; Hövsgöl Drilling Project Group, 2007;
Brauer et al., 2008; Nakagawa et al., 2012). This is especially true for
lakes that did not dry out during glacial periods or which have
never been glaciated and existed for a long time as isolated systems
(Bezrukova et al., 2008; Jones and Roberts, 2008; Swann et al.,
2010; Wang et al., 2010). During the past decades multi-proxy
studies of sediment cores from lakes greatly contributed to the
reconstruction of late Quaternary climate and environment and
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allowed correlation with continuous archives stored in marine
sediments and ice cores (Jones and Roberts, 2008; Svensson et al.,
2008; Mügler et al., 2010).

The use of oxygen isotopes recorded from biogenic or sedi-
mentary hosts within lake sediments has become an increasingly
common technique (Leng and Marshall, 2004; Jones and Roberts,
2008). A large number of such records from different parts of the
world (Leng andMarshall, 2004; Leng and Barker, 2006; Swann and
Leng, 2009), including the Lake Baikal region (Morley et al., 2005;
Kalmychkov et al., 2007; Mackay et al., 2008, 2011), have been
published and demonstrate the potential for reconstructing past
climate changes from the oxygen isotope composition of biogenic
silica (d18OSi) in both quantitative and qualitative ways.

The oxygen isotope composition of diatom frustules (d18Odiatom)
extracted from lacustrine sediments is an important tool to quan-
titatively estimate changes in temperature, precipitation patterns,
or evaporation in terrestrial ecosystems (Jones et al., 2004; Leng
and Marshall, 2004; Leng and Barker, 2006). Diatoms are photo-
synthetic algae with cell walls of silica characterized by two
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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intricately-patterned valves allowing most fossil taxa to be identi-
fied at the species level. Characteristic valve morphology of
different diatom taxa and their growth in almost all aquatic envi-
ronments make the analysis of fossil diatoms in lake sediments
a particularly useful method for reconstructing spatial and
temporal ecological, environmental and climate changes at the
local to regional scale (Battarbee et al., 2001; Paul et al., 2010;
Kossler et al., 2011). The change in the d18Odiatom may reflect
changing water temperature (Tw) (Shemesh et al., 1992; Brandriss
et al., 1998; Dodd and Sharp, 2010) and the oxygen isotope
composition of the water (d18Ow) in which biogenic silica formed
(Labeyrie, 1974; Shemesh et al., 1992). The d18Ow values depend on
the oxygen isotope composition of atmospheric precipitation
(d18Op) and the hydrological background of the lake (e.g. inflow and
outflow, evaporation, lake level change; Leng and Barker, 2006). As
variations in d18Op depend largely on changes in air temperature
(Dansgaard, 1964), under certain conditions (e.g. short residence
times) the isotope composition of lake water may be a direct
indicator of atmospheric precipitation and air temperature, and in
these cases d18Odiatom can be correlated to regional climate.

If fully understood, diatom isotope records have the potential to
provide a regional picture of hydrological and climatic change.
However, because there are multiple controls over the isotope
composition of lake waters, the interpretation of these records
requires a careful analysis of all potential influences (Jones and
Roberts, 2008).

This study deals with Lake Kotokel (52�500N, 108�100E) located
2 km east of Lake Baikal (Fig. 1a). The lake is up to 14 m deep, and is
characterized by a relatively small catchment area of 183 km2

(Kuz’mich, 1988) and by a short water residence time of about 7
years (Shichi et al., 2009). Bottom sediments of Lake Kotokel have
been shown to be an excellent archive of vegetation and environ-
mental dynamics in southern Siberia over the last 50 ka (Shichi
et al., 2009; Bezrukova et al., 2010). Although high potential of
the Kotokel sediment for palaeoenvironmental and palae-
oecological studies was recognized already in the 1960s and 1970s
(Korde, 1968; Vipper and Smirnov, 1979), only recently new high-
resolution and more accurately AMS-dated palaeoenviromental
records are available for multi-proxy studies. Shichi et al. (2009)
demonstrated that Lateglacial-Holocene sediment samples from
Lake Kotokel are rich in biogenic silica (BSi) reaching up to 27%. BSi
Fig. 1. Simplified maps showing (a) the Lake Baikal region, and (b) the area around Lake Kot
pentagon) and water sampling sites (black triangles) used in this study.
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is mainly preserved in diatoms, which are particularly abundant in
the Holocene sediments (Bezrukova et al., 2010).

Using the findings of these latter studies, the d18O analysis of
diatoms from Lake Kotokel contributes to a better understanding of
the late Quaternary environments and climate history of the region,
and to complement the longer records obtained from Lake Baikal
deep-water sediments, which suffer from several problems influ-
encing accurate dating and environmental reconstructions. These
include the hard-water effect and low organic content (Colman
et al., 1996), partial dissolution of diatoms (Battarbee et al., 2005)
and pollen grains (Demske et al., 2005), long residence time and,
thus, lower sensitivity to abrupt climate changes (Prokopenko et al.,
2007; Watanabe et al., 2009). Additionally, d18O records from small
lakes in this region of Asia are sparse. Both the geographical loca-
tion of Lake Kotokel in the southern taiga with nearby steppe
vegetation and the lake hydrology suggest that its d18Odiatom record
should be sensitive to changes in the regional climate. In order to
test this hypothesis, the main aim of the present study was to
perform the d18O analysis of diatoms from Lake Kotokel for the
upper 500-cm of the KTK2 core spanning the whole Holocene
interval in order to test the suitability of the record for recon-
structing climatic variability in the Baikal region. The aim is to
establish d18O of diatom silica as an independent climate proxy
complementing environmental interpretations based on the
existing pollen and diatom records.

2. Study area

Lake Kotokel has an area ofw69 km2, isw15 km long andw6 km
wide (Bochkarev and Karnaukhov,1936; Galaziy,1993). The average
water depth is 5e6 m. The average lake water temperature from
May to October is about 18�C. The modern measured lake water pH
varies between 6.8 and 7.3 (Kuz’mich, 1988). In the west a low-
elevated mountain ridge (500e729 m a.s.l.) separates Lake Kotokel
(458 m a.s.l.) from Lake Baikal (455 m a.s.l.), and the Ulan-Burgasy
Ridge (up to 2033 m a.s.l.) is located east of Kotokel. The lake has
an outflow to Lake Baikal (Fig. 1) via the rivers Istok, Kotochik and
Turka (Bochkarev and Karnaukhov, 1936; Kozhov, 1950). However,
there is no evidence that the Lake Baikal water (and diatoms) have
penetrated to Lake Kotokel during the last 50 ka (Shichi et al., 2009;
Bezrukova et al., 2010). Kozhov (1939) indicated the existence of
okel (52�500N, 108�100E, 458 m a.s.l.) with locations of the KTK2 and KTK1 cores (black

otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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a marked 10e15 m high ancient terrace at Lake Kotokel. However,
the age of this terrace is unknown.

The region is characterized by continental climate with cold
winters and moderately warm summers. The lake ice-cover gener-
ally stays for about sixmonths from the end of October to early-May
(Bochkarev and Karnaukhov, 1936; Egorov, 1950). Around the lake
the average air temperature is approximately �20 �C in January
andþ16 �C in July, and the mean annual values of precipitation and
temperature are approximately 400 mm and �2 �C respectively
(Alpat’ev et al., 1976; Galaziy, 1993). A western air-mass drift is
predominant throughout the year (Numaguti, 1999; Kurita et al.,
2004) though weakened in July and August, when south-eastern
cyclonic activity increases along the Mongolian front, bringing to
the region warm and wet air and often causing heavy rainfalls
(Ladeischikov, 1977; Lydolph, 1977; Gustokashina, 2003; Bezrukova
et al., 2008). Precipitation is generally low during late autumn and
winter, when cold and sunny weather associated with the high-
pressure cell centred over eastern Siberia and Mongolia predomi-
nates in the region (Alpat’ev et al., 1976).
3. Materials and methods

3.1. Core lithology and age determination

The longest sediment core KTK2 (Figs. 1b and 2) from Lake
Kotokel to date was retrieved using a Livingston-type piston corer
from a depth of w3.5 m in the southern part of the lake in August
2005 and subsequently studied for pollen and diatoms (see Shichi
et al., 2009; Bezrukova et al., 2010 for details). The latter study
reported that a reservoir effect is not an issue in Lake Kotokel and
demonstrated that the upper 506 cm of the KTK2 core, consisting of
soft brownish-black gyttja (Fig. 2a), was deposited during the last
w11,650 years (calendar ages are used consistently in this study),
i.e. covers the whole Holocene interglacial. The age-depth rela-
tionship of the analysed Holocene part of the KTK2 core (Bezrukova
et al., 2010) was established on the basis of AMS radiocarbon dates
(Fig. 2b). The Holocene onset is also supported by the results of
pollen and diatom analyses.
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Fig. 2. Summary of the sedimentary, diatom and isotopic records from the KTK2 core discu
simplified diatom diagram (modified after Bezrukova et al., 2010).
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3.2. Diatom record

In the 1253 cm long KTK2 core diatoms were analysed from
a total of 125 samples, taken at 10-cm intervals (see Bezrukova
et al., 2010 for details of the extraction method and analysis).
Generally high diatom concentrations (up to 136.5 � 106 valves
g�1) allowed easy counting of at least 300e600 diatom valves per
sample in all analysed Holocene samples. The upper 500 cm of
the record show continuous dominance of a relatively heavy
diatom with thick siliceous frustules, Aulacoseira granulata
(45e98%) common in water reservoirs with a relatively high
nutrient content, requiring high water turbulence to maintain its
position in the water column (Gómez et al., 1995). Staurosira
construens is another dominant taxon at some levels with
abundances between 2 and 40% (Fig. 2c). Ellerbeckia arenaria
f. teres as well as Pseudostaurosira brevistriata, Ophephora martyi
and Staurosirella pinnata agg. are present at low abundances
(Fig. 2c). The diatom assemblages of the uppermost 130 cm of the
KTK2 record (accumulated since w4 ka BP) show only slight
differences from the early and middle Holocene assemblages, i.e.
a slight decrease in A. granulata, the increase in abundances of E.
arenaria f. teres (up to 11%), and the total disappearance of S.
pinnata agg. (Fig. 2c).

3.3. Sample cleaning

For the oxygen isotope analyses, 87 samples were taken from
the upper part of the core (interval 500e0 cm) separated in 2 cm
slices, yielding an average temporal resolution of about 130 years
throughout the past w11.5 ka. Separation and cleaning of diatom
valves extracted from the sediment matrix was carried out using
a multi-stage technique first applied by Kalmychkov et al. (2005) at
the Institute of Geochemistry (Irkutsk), as described here.

Stage 1 aims to remove organic matter and clay particles.
Sediment samples were heated to 50 �C in 30% H2O2 for 6 h (or until
chemical reaction ends) for removal of organic matter. The samples
were then sieved to remove the clay fraction using a 5 mm sieve. In
order to remove persistent organic matter a 1:1 mixture of
concentrated nitric (70%) and perchloric (72%) acids (HNO3:HClO4)
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at 50 �C was used. Subsequently, the samples were washed and
dried at 50 �C.

Stage 2 applies ‘trimethylsilylation reaction’ (Kashutina et al.,
1975) to make the surface of diatoms hydrophobic and to facili-
tate their extraction. As a result of this reaction the substitution of
the protons of silanol groups (^SieOH) by non-polar radicals
occurs, and the diatom frustules become hydrophobic. Whilst the
other sediment particles are sinking inwater, diatoms remain at the
surface and can be collected from the water surface. The reaction is
described by the following Equation (1) (Kashutina et al., 1975):

^SieOH þ (CH3)3SieCl / ^SieOeSi(CH3)3 þ HCl (1)

The samples were placed into a 50 ml flask, filled with solvent
(chloroform CHCl3) and 5 ml silylation reagent (trimethylchlorsilan
(CH3)3SiCl). After the reaction was completed (in about 24 h), the
samples were separated from the solvent through paper filter,
washed with chloroform, and dried at room temperature.

Stage 3 is used to separate diatoms from the terrigenous frac-
tion. The samples were first placed in separating funnels. After
shaking with water the terrigenous fraction sank to the bottom of
the separating funnel, whilst the diatom frustules were collected
from the water surface. The silyl groups (eSi(CH3)3) were then
removed from the surface by hydrochloric acid (Equation (2)):

^SieOeSi(CH3)3 þ HCl 4 ^SieOH þ (CH3)3SiCl (2)

For this operation clean samples were dried. After that 100 ml
of concentrated (38%) hydrochloric acid (HCl) were added to each
sample. The reaction was carried out at 60 �C for a rapid removal of
trimethylchlorsilan and hexamethyldisiloxane produced during
trimethylchlorsilan hydrolysis. The reaction was continued until all
diatoms settled to the bottom of the glass. The collected diatoms
were carefully washed and dried at 50 �C, the degree of
purity assessed (cf. Section 3.4) and if further cleaning was
required an additional heavy liquid separation (HLS) was per-
formed (cf. Section 3.5).

3.4. Contamination assessment

The degree of purification was determined using the method of
Chapligin et al. (2012): after having completed the cleaning
procedure, the purity of the samples was estimated using Scanning
Electron Microscope (SEM)-energy-dispersive X-ray microanalysis
(EDXA). SEM and microanalyses were done with a ZEISS ULTRA 55
Plus Schottky-type field emission scanning electron microscope
(FESEM) at the German Research Centre for Geoscience (GFZ),
Potsdam. The FESEM is equipped with an energy-dispersive system
and a silicon-drift detector (UltraDry SDD) provided by Thermo
Fisher Scientific. Further SEM images were takenwith a Zeiss Supra
40 VP SEM at the Institute of Geological Sciences of the Free
University Berlin.

For SEM analyses, samples with less than 1 mg of purified
diatom material were diluted with distilled water, mixed and one
drop was then pipetted on conductive-tabs mounted on aluminium
stubs and then dried. For EDXA dry samples were placed on stubs.
In both cases, dry stub samples were then carbon coated.

Due to the presence of larger-sized diatom frustules the sug-
gested excited beam area of 200e250 mm in diameter for the
>10 mm fraction (Chapligin et al., 2012) was increased to
300e500 mm for a better reproducibility. The quantitative analysis
was performed using the standardless procedure; the results were
expressed as weight percentages (displayed as oxides).
Please cite this article in press as: Kostrova, S.S., et al., Holocene oxygen is
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As Al2O3 is less sensitive to small variations in the chemical
composition of (clay) minerals the percentage of contamination
(ccont, %) was calculated according to the Equation (3) (Brewer et al.,
2008):

ccont½%� ¼ cðAl2O3Þsample

.
cðAl2O3Þcont$100 (3)

where c(Al2O3)sample is the measured Al2O3 percentage analysed by
EDXA for an individual sample and c(Al2O3)cont is the average Al2O3
percentage of the contamination.

The isotopic effects of the terrigenous contamination were
removed using the Equation (4) following Swann and Leng (2009):

d18Ocorr ¼
�
d18Omeasured � d18Ocont$ccont=100

�.
ðcdiatom=100Þ

(4)

where d18Omeasured is the original measured value, d18Ocont repre-
sents the average d18O of the analysed terrigenous sample, ccont is
the percentage of contamination identified from the above equa-
tion and cdiatom is percentage of diatom material calculated as
(100% � ccont), respectively, within the analysed sample.

The average d18O of terrigenous material/mineral matter was
determined by analysing the heavy fraction after having applied
HLS. The heavy fractions from all core samples where HLS was
used were merged into three samples (0e130 cm, 150e260 cm,
420e500 cm) to gain enough material for both EDXA and
isotope analyses. The average from all three analyses defined
the average isotope and element composition from
contamination.
3.5. The grade of purification of diatoms and contamination
correction

The oxygen isotope analysis of diatom silica requires highly
pure samples because even a small proportion of contamination
can significantly influence the oxygen isotope composition
(Morley et al., 2004; Lamb et al., 2005; Brewer et al., 2008; Mackay
et al., 2011). After the cleaning procedure eight samples were
considered as unsuitable for isotopic analysis due to too small
remaining weight or too high contamination (EDXA: < 90% SiO2,
w5.5% of Al2O3). Among the 87 samples, 46 ranged between 98.0
and 99.7% SiO2, and between 0.1% (detection limit) and 0.86%
Al2O3. These 46 samples were analysed for oxygen isotopes
without additional cleaning. Further 33 samples contained
SiO2 percentages ranging between 93.0 and 97.9%, and up to 2.8%
Al2O3. These samples were additionally cleaned using HLS.
Samples were mixed with a sodium polytungstate solution (SPT;
3Na2WO49WO3$H2O), with a density of 2.2 g/cm3, and then
centrifuged at 2500 rpm for 30 min. The SPT was removed by
repeated centrifuge washing with ultrapure water. After HLS the
Al2O3 percentages decreased to 0.2e1.0% while the SiO2 percent-
ages increased to 97.5e99.2% depending on the initial element
composition of the sample before HLS. HLS allowed separating the
terrigenous fraction from diatom frustules (Fig. 3a). The heavy
fraction acted as a reference for determining the element
composition and the d18O values of the “contamination” in
general. All samples with no obvious impurities according to SEM
and EDXA (Figs. 3 and 4b) were analysed for oxygen isotopes.

The average d18Ocont value from the three terrigenous samples
merged fromthe remainingheavy fractionafterHLSwasþ8.1�0.1&.
The average percentage of Al2O3 analysed by EDXAwas 13.9 � 0.9%.
Both values were taken for correcting the measured isotopic
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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Fig. 3. SEM-images showing (a) purified sample only consisting of diatom frustules (mainly Aulacoseira granulata); and most common Holocene diatom taxa from the KTK2 core of
Lake Kotokel: (b) A. granulata mantle view and (c) A. granulata mantle and valve face view; (d) A. ambigua mantle view; (eej) Staurosira construens agg., including S. construens f.
binodis, (e) external and (f) internal valve view, Staurosira construens f. construens, (g, h) external and (i) internal valve view, and (j) Staurosira construens f. venter, valve face view;
(ken) Pseudostaurosira brevistriata, valves characterized by only a few areolae near the edge of the valve face; (o) Ellerbeckia arenaria f. teres, valve face with only marginal ring of
radiate ribs; (p) Ellerbeckia arenaria f. arenaria, with a large number of radiate ribs nearly covering the whole valve face, only the centre is covered by small irregular markings. Scale
bar is equal to (a) 50 mm; (bed) 10 mm; (een) 5 mm and (oep) 20 mm.
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composition (Equations (3) and (4)). 14 samples with <1.2%
contamination had a difference between d18Ocorr and d18Omeasured
below the instrument’s error (SD ¼ �0.25&). 18 samples had Al2O3

concentrations >0.6% resulting in ccont >4.5% with corrections in
d18O > 0.9&. The d18Ocorr values are displayed in Fig. 4a (black bold
line) together with the original measurements (grey line). The
contamination correctiondid not cause any significant changes of the
overall trend (Fig. 4a, b).
Please cite this article in press as: Kostrova, S.S., et al., Holocene oxygen is
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3.6. Oxygen isotope analysis of biogenic silica

Biogenic silica contains loosely-bound oxygen (i.e. H2O, OH-
groups) reaching up to 7e12% by weight (Haimson and Knauth,
1983; Matheney and Knauth, 1989; Lücke et al., 2005) that needs
to be removed prior to isotope analysis. Before d18O analysis of
diatoms, the hydrous layer was removed using the inert Gas Flow
Dehydration (iGFD) method (Chapligin et al., 2010). Then, laser
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
:10.1016/j.quaint.2012.05.011



Fig. 4. Diatom oxygen isotope composition and concentrations of most common diatom taxa from the KTK2 core, Lake Kotokel. (a) raw d18O (grey line) and contamination-
corrected d18O values of diatoms (bold black line); (b) contamination assessment: SiO2 and Al2O3 concentrations in diatoms from KTK2 core; (c) total diatom concentration; (d)
Aulacoseira granulata; (e) Staurosira construens agg.; (f) Staurosirella pinnata agg.; (g) and Ellerbeckia arenaria f. teres; (h) Ellerbeckia arenaria f. arenaria and subdivided oxygen
isotope zones. Note: Diatom species concentrations are given at different scales.
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fluorination under BrF5 atmosphere was used for the liberation of
O2 (Equation (5); Clayton andMayeda, 1963) from about 1 to 1.5 mg
of pure diatom material:

SiO2 þ 2BrF5/O2 þ SiF4 þ 2BrF3 (5)

The liberated O2 of the diatom sample is separated of by-
products in cold traps and directed to a molecular sieve. From the
molecular sieve the sample enters a PDZ Europa 2020 mass spec-
trometer (MS-2020; now supplied by Sercon Ltd., UK) for oxygen
isotope analysis at the Isotope laboratory of the Alfred Wegener
Institute for Polar and Marine Research (Potsdam). The final d18O
value of the diatom sample is calculated relative to Vienna Standard
Mean Ocean Water (V-SMOW) according to:

d18Osample ¼
��

18O=16O
�
sample

.�
18O=16OÞref

�
� 1

�
$1000

& VSMOW ð6Þ

Long-term standard measurements of d18O in silica display
standard deviations of 1s � �0.15& for quartz as well as of
1s � �0.25& for biogenic silica (Chapligin et al., 2010). In general,
every fifth sample is a biogenic standard used to verify the quality
of the analyses. For the Lake Kotokel series the working standard
BFC (a diatomite from Shasta County California) was used
(d18O ¼ þ28.80 � 0.18&, 1s, n ¼ 24) matching the results from the
inter-laboratory comparison (d18O ¼ þ29.0 � 0.3&, n ¼ 7 labora-
tories; see Chapligin et al., 2011).
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3.7. Water sampling and stable water isotope analysis

Surface water from Lake Kotokel and other Baikal region lakes,
rivers and streams were sampled during July 2011. The water was
collected in the southern part of Lake Kotokel, next to the KTK2
coring site, and in the northern part, where the lake has a connec-
tion to Lake Baikal (i.e. the rivers Istok/Kotochik, see Fig. 1 for
sampling site locations). Atmospheric precipitation samples were
collected from May to September 2011 in Irkutsk, about 270 km
west of Lake Kotokel. Water and air temperatures were also
recorded. After sampling, all samples were stored cool in airtight
bottles prior to isotope analyses.

Hydrogen and oxygen isotope composition of 41 samples was
measured with a Finnigan MAT Delta-S mass spectrometer at the
AWI in Potsdam using equilibration techniques. They are given as
per mil difference to V-SMOW, with internal 1s errors of better
than �0.8& and �0.1& for dD and d18O, respectively (Meyer et al.,
2000).

4. Results

4.1. Isotope composition of lake water and atmospheric
precipitation

The results of stable water isotope analyses are presented in
d18OedD diagrams (Fig. 5) with respect to the Global Meteoric
Water Line (GMWL; dD ¼ 8$d18O þ 10), in which fresh surface
waters (Craig, 1961) and precipitation (Rozanski et al., 1993) are
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
:10.1016/j.quaint.2012.05.011



Fig. 5. d18OedD diagram for Lake Kotokel and rain water (sampled in Irkutsk) as well
as river water samples connected to the lake collected between July and September,
2011 (compare Table 1). Additionally, GNIP data for Irkutsk precipitation, the Global
Meteoric Water Line as well as an evaporation line for Lake Kotokel water are given.
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correlated on a global scale. Dansgaard (1964) determined a global
linear relationship between mean annual air temperature and
oxygen isotope composition to be d18O ¼ 0.695$T � 13.6& SMOW.
Thus, in general, the lowest d18O and dD values (or lightest isotopic
composition) roughly reflect the coldest temperatures. Slope and
intercept in the d18OedD diagram are valuable indicators for the
identification of (1) precipitation deriving from the evaporation of
open water bodies and (2) participation of secondary evaporation
processes. The deuterium excess (d ¼ dD � 8$d18O) introduced by
Dansgaard (1964) is an indicator for kinetic (non-equilibrium)
fractionation processes and generally related to conditions (i.e.
humidity, sea surface temperature, wind speed) in the initial
moisture source region (Merlivat and Jouzel, 1979; Meyer et al.,
2002, 2010).

In Table 1, hydrogen and oxygen isotope minimum, mean, and
maximum values, standard deviations, slopes and intercepts in the
d18OedD diagram (Fig. 5) are given for the Lake Kotokel water. For
comparison, stable isotopic compositions of rainwater andwater of
the rivers connected to Lake Kotokel are presented. The isotopic
composition of lake water in July 2011 ranges between �10.8&
and �13.7& for d18O and from �101.2& to �113.9& for dD
Table 1
Summary of stable isotope composition (d18O, dD and d excess), which includesminimum,
the d18OedD diagram for the analysed samples representing Lake Kotokel surface water,

Sample type No.
total

T [�C]
Mean

d18O [&]
Min

d18O [&]
Mean

d18O [&]
Max

d18O [&]
Sd

dD [&]
Min

d
M

Surface water,
Lake Kotokel

15 Twater

þ 24.3
�13.7 �12.0 �10.8 0.6 �113.9 �

Inflow rivers,
Lake Kotokel

5 Twater

þ 16.5
�19.5 �18.8 �16.9 1.1 �141.5 �

Istok/Kotochik
rivers

5 Twater

þ 20.6
�21.8 �20.9 �20.2 0.7 �158.8 �

Rain water,
Irkutsk

12 Tair
þ 14.1

�14.3 �10.9 �5.3 3.1 �113.0
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(Table 1). The d excess varies from �4.7& to �14.8& with a mean
value of �10.0&.
4.2. Oxygen isotope record of diatoms

The d18Ocorr values of the investigated part (0e500 cm depth)
within core KTK2 vary between þ23.7 and þ30.3& (Fig. 4a). In
general, through the core a gradual depletion of 6.6& in d18O is
observed in diatom frustules from the bottom of the core towards
the sediment surface. The linear correlation between d18Odiatom and
calibrated ages (in yr) yields: d18Odiatom ¼ 0.0003 age (y) þ 25.79
(r2 ¼ 0.43).

Maximum d18O values (þ29.2 to þ30.3&) are registered during
the beginning of the Holocene (w11.5e11.2 ka BP). After a sharp
drop to þ25.2& at w10.7 ka, and subsequent rise to þ30.1&, d18O
values gradually decrease to þ27.5& from w10.3 to 9.4 ka BP. The
interval between w11.5 and 9.4 ka BP with relatively high d18O
values is considered as oxygen isotope zone KTK2-1.

The interval w9.4e2.7 ka BP (oxygen isotope zone KTK2-2)
displays intermediate and relatively constant d18O values ranging
between þ27.5 and þ29.9& gradually increasing with time.
However, there are a number of peaks in this interval with sharp
variations in d18O between about þ30e29& and about þ27e26&.
Smaller maxima in this interval are observed at w8.7, w8.2, w6.7,
w5.8, w4.9, and w2.7 ka BP, whereas smaller minima occur at
w9.3, 6.6 and 5.1 ka BP. A minimum d18O value ofþ20.4& has been
registered atw4.6 ka BP, which could bemeasured only once due to
a lack of material. Therefore, this unverified d18O value was left out
from further interpretation (Fig. 4a).

The youngest interval (w2.7e0 ka BP; oxygen isotope zone
KTK2-3) is characterized by relatively low d18O values ranging
fromþ23.7 toþ29.8&. Betweenw2.7 and 2.1 ka BP there is a sharp
decrease in d18O values from þ29.8 to þ24.5& with subsequent
increase to þ27.9& at w1.6 ka BP. A sharp decline of d18O values
from þ27.8 to þ23.7& is observed at w1.5e1.2 ka BP being the
absolute minimum in the d18O record. Afterw1.2 ka BP, d18O values
increase to þ27.5& in the most recent sample.
5. Discussion

5.1. Hydrological and meteorological background for the
interpretation of the Lake Kotokel diatom isotope record

In order to assess the recent hydrological background informa-
tion, the stable isotope composition of Lake Kotokel water as well as
that of major rivers connected to Lake Kotokel have been studied in
detail (summarized in Table 1 and displayed in a d18OedD co-
isotope plot; Fig. 5) and compared to regional precipitation (data
from Irkutsk, own samples and GNIP database).
mean andmaximumvalues, standard deviations (Sd) and slopes and intercepts from
rain water from Irkutsk and river water connected to Lake Kotokel.

D [&]
ean

dD [&]
Max

dD [&]
Sd

d [&]
Min

d [&]
Mean

d [&]
Max

d [&]
Sd

Slope Intercept R2

106.3 �101.2 3.0 �14.8 �10.0 �4.7 2.0 4.8 �48.3 0.96

138.1 �126.2 6.7 9.1 12.3 14.5 2.0 6.2 �21.2 0.99

153.6 �149.5 4.0 12.0 13.4 15.3 1.5 5.8 �32.9 0.99

�85.2 �52.0 21.5 �9.5 2.4 12.1 6.5 6.7 �11.7 0.94

otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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Stable isotope data from the meteorological station in Irkutsk
(GNIP database; IAEA, 2001) show that summer air masses reach
relatively heavy d18O values of up to�10&, while winter air masses
generally show lighter isotopic composition, which may drop in
January and February to d18O ¼ �25&. The weighted mean annual
isotope composition of precipitation in Irkutsk is d18O ¼ �16.2&,
dD ¼ �124.1& and d excess ¼ þ5.3&, respectively (IAEA, 2001).
Rain samples in Fig. 5 taken in Irkutsk between July and September,
2011 in the frame of this study consequently display the summer
season with a mean isotope composition of d18O ¼ �11& and
dD ¼ �85& (mean d excess of þ2.4&).

In summer, snow in higher altitudes of the Lake Kotokel
hinterland melts and via inflow rivers such as Cheremukhovaya
River might drain into the lake. This is underlined by the relatively
light isotope composition of the rivers connected with Lake Koto-
kel. All these rivers connected to Lake Kotokel showamean isotopic
composition of around �20& in d18O, and �145& in dD (mean
d excess around þ13&; Table 1).

Lake Kotokel is characterized by a mean isotope composition
of�12.0& in d18O, �106& in dD and a lowmean d excess of�10&.
Thus, the isotopic composition of Lake Kotokel is substantially
different from that of the rivers draining to it. All Lake Kotokel
samples are situated underneath the Global Meteoric Water Line
(GMWL) and linearly correlated in the d18OedD diagram with
a slope of 4.8 and an intercept of�48 (r2 ¼ 0.96). As this correlation
is best explained by evaporative isotope fractionation, it is called an
evaporation line (e.g. Gat, 1996, Fig. 5). Evaporation is a disequilib-
rium fractionation process leading to relative isotope enrichment of
heavier isotopes (i.e. higher d18O values) in the lake whereas the
lighter isotopes tend to be preferentially evaporated into the vapor
phase. The intersection point of the evaporation line with the
GMWL (Global Meteoric Water Line; Craig, 1961; or, if available,
a Local Meteoric Water Line) is considered to best reflect the
original meteoric water prior to evaporative isotope fractionation.
The intersection point is at about �18.5& for d18O and �140& for
dD and, hence, similar to the isotopic composition of the inflow
rivers, but isotopically lighter than the mean isotopic composition
of annual precipitation (mean annual d18Op in Irkutsk: �16.2&;
GNIP database). This is an additional clue that Lake Kotokel is
predominantly fed by snow meltwater from the hinterland and,
thus, by precipitation from higher altitudes characterized by lighter
d18O and dD values. This also demonstrates that Lake Kotokel water
cannot be the origin of any of the rivers i.e. as an outflow (at least in
the end of July, 2011), but all rivers drain into the lake. This is
surprising because it was assumed that Istok River is fed by Kotokel
water and connects Lake Kotokel with Lake Baikal.

In spring, when there is a rapid snow melt (late April e early-
May), the rivers Kotochik and Turka are filled by meltwater. The
water level in Lake Kotokel in this period is lower than the level of
Kotochik River in the place where it connects with Istok River
(Fig. 1). At this time, water through Istok enters into Lake Kotokel
until the levels of Kotokel and Kotochik become identical. This
process may continue sometimes until early July. Such water
exchange between the Kotokel and Kotochik may occur several
times during the summer, depending on the amount of precipita-
tion in the catchments of the lake and Kotochik River (Kozhov,
1939; Egorov, 1950; Khalbaeva and Konnova, 1988). This process
was also observed by the authors in 2011. Accordingly, Lake Kotokel
is partly a shallow through-flow system (Kozhov, 1950) and partly
acts as a closed system.

Additionally, the pathways of atmospheric moisture are an
important factor on d18Op. As described in Section 2, two different
atmospheric circulation systems supply moisture to the Baikal
region, i.e. (1) Atlantic air masses deliver precipitation all year
round, whereas (2) south and southeast cyclones are active in July
Please cite this article in press as: Kostrova, S.S., et al., Holocene oxygen is
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and August. Different air masses carry a characteristic isotopic
signal of precipitation (Shemesh et al., 2001; Lee et al., 2003;
Rosqvist et al., 2004; Peng et al., 2010). d18Op is not only a function
of the local condensation temperature (Dansgaard, 1964), but also
of the history of the air-mass trajectories (Hernandez et al., 2011).
Due to the longer atmospheric pathway with subsequent rainout
(Rayleigh-distillation type), a greater contribution from the Atlantic
air mass would result in a more negative d18Op as compared to the
southern pathway.

In summary, LakeKotokel is assumed tobe fedbymeteoricwaters,
i. e. precipitation with an important contribution of riverine input of
snow melt from higher altitudes. Additionally, local moisture can be
supplied to Lake Kotokel when evaporation from Lake Baikal takes
place. According to Lydolph (1977), evaporation from Lake Baikal
tends to be active in November and December. At this time, the
smaller Lake Kotokel is already frozen and the diatom bloom period
has ended. Therefore, Baikal moisture may reach Lake Kotokel with
the snowmelt in spring only and has therefore a negligible effect on
d18Oof the lakewater. The shallowness of the lake leads to substantial
increase of Tlake in summer. Published data (i.e. Bochkarev and
Karnaukhov, 1936; Egorov, 1950; Kozhov, 1950; Khalbaeva and
Konnova, 1988; Kuz’mich, 1988) and observations show that
maximum lake water temperatures of up to 25�C can be reached
during the summer period. There is no significant temperature
difference between surface and bottom water due to constant wind
mixing of thewatermass (Antipova and Pomazkova,1971; Kuz’mich,
1988; Polonnykh, 1988). As the lake is ice-covered between October
and May, the blooming period for diatoms is short in summer, but
generally offers relatively high surface lake and air temperatures.

Comparing d18O of the lake water of between�10.8 and�13.6&
(mean: �12&) with the isotopic composition of the most
recent diatom d18O in Lake Kotokel of þ27.5& (D18OSiO2�H2O of
38.3e41.1&; mean: 39.5&), isotope fractionation factors a for the
system diatom silica-water are between 1.0417 and 1.0387 (mean
a ¼ 1.0400). Using the isotope fractionation correlation between
diatom silica and water determined by Juillet-Leclerc and Labeyrie
(1987), Tlake is calculated between 11 and 22 �C (calculated mean
Tlake ¼ 16 �C) for diatom bloom. Therefore, the isotope composition
of diatoms formed in Lake Kotokel might properly reflect the
isotope composition of the lake water.

In general, the interpretation of oxygen isotope data from
diatom silica in terms of palaeotemperatures requires an under-
standing of two opposed temperature effects: (1) temperature-
dependent fractionation between diatom silica and water as well
as (2) the relationship between precipitation and temperature
(Leng and Barker, 2006). The water-temperature dependency of
oxygen-isotope fractionation for the formation of diatom silica is
negative, with published estimates from w �0.5 to �0.2&/�C
(Juillet-Leclerc and Labeyrie, 1987; Shemesh et al., 1992; Brandriss
et al., 1998; Moschen et al., 2005; Dodd and Sharp, 2010). The
lacustrine-based coefficient of �0.2&/�C is the most appropriate
(Swann and Leng, 2009) and was used for further calculation. Thus,
decreasing (increasing) lake temperatures results in larger
(smaller) isotope fractionation of the d18O in diatoms compared to
the d18O of the water. For Irkutsk precipitation, Seal and Shanks
(1998) calculated a positive relationship of þ0.36&/�C between
monthly atmospheric air temperature and d18Op based on the 1990
GNIP data (Morley et al., 2005). As Tair displays stronger variability
thanTlake, and has a stronger effect on d18Olake, d18Odiatom reflects air
rather than lake temperatures.

Despite uncertainties about the temporal development of the
isotope composition of Lake Kotokel through time, it is assumed
that these changes are mainly driven by: (1) changes in d18O of
precipitation in the Kotokel catchment. This can be either induced
by changes in Tair or by changes of the relative contribution of the
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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two main moisture sources, (2) delivery of snow meltwater to the
lake as well as by (3) varying evaporative effects. Thus, changes in
the isotope composition of the lake are to large parts driven by
factors leading to lighter d18O in cold periods and heavier d18O in
warm phases.

5.2. Lake Kotokel diatom species changes and their implications for
d18Odiatom

Korde (1968), Polonnykh (1988) and Kuz’mich (1988) demon-
strate that A. granulata is the dominant species among the diatoms
and that the composition of themodern dominant algae complex of
Lake Kotokel is stable in recent years. Diatom counts show that
species A. granulata also dominates the diatom assemblage through
the core reaching a concentration in the Holocene part of the lake
sediments of up to 98% (Bezrukova et al., 2010). Recently, in Lake
Kotokel A. granulata is the main primary producer in the lake
forming a maximum biomass (up to 9.8 g/m3) in late Julyeearly
August when the lake is ice-free and nutrients can be supplied to
the pool (Antipova and Pomazkova, 1971; Polonnykh, 1988).

The gradual shift in KTK2 d18Odiatom record is accompanied by
changes in the diatom species assemblages (Fig. 4ceh). The fossil
diatom assemblages during the early Holocene period
(w11.5e9.5 ka BP), are dominated by planktonic A. granulata (up to
506 � 103 valves/g) (Fig. 4d), whereas benthic diatoms (i.e. S. con-
struens agg.) (Fig. 4e) occur at low abundances (about
4e5�103valves/g). This interval is characterizedbymaximumvalues
of d18Odiatom (þ29.2 to þ30.3&) (Fig. 4a). Between 9.5 and 3 ka BP,
a phase of relatively stable d18Odiatom values, the diatom assemblages
also reveal rather stable composition and are furthermore dominated
by A. granulatawith moderate abundance of S. construens agg. and S.
pinnata agg. (Fig. 4f). Between w3 and 0 ka BP, A. granulata, S. con-
struens agg. and E. arenaria f. teres occur in notable amounts (Fig. 4d, e
andg),whereasE. arenaria f.arenaria and S. pinnata agg. (Fig. 4h, f) are
absent. This interval is characterized by lower values of d18Odiatom
(þ23.7 to þ27.5&) (Fig. 4a). In most studies (Juillet-Leclerc and
Labeyrie, 1987; Shemesh et al., 1995; Brandriss et al., 1998; Schmidt
et al., 2001; Moschen et al., 2005; Chapligin et al., 2012) no clear
evidence of a species effect in d18Odiatom is found. Only Swann et al.
(2008) provide evidence that some form of species effect may exist
within d18Odiatom measurements. Despite this, the mechanisms
potentially causing these offsets remain unknown (Swann et al.,
2008). As there is no clear relationship between the oxygen isotope
composition of Lake Kotokel diatoms and their species composition,
species effects are not considered to have a significant effect on the
isotopic signal. Therefore, the obtained diatom d18O values between
w11.5 ka BP until today mainly reflect the conditions of A. granulata
blooms.

5.3. Holocene diatom oxygen isotope record of the KTK2 core

Diatom frustules extracted from Lake Kotokel sediment core
KTK2 display d18Ocorr values between þ23.7 and þ30.3&
throughout the Holocene (Fig. 4a). These generally match the range
of d18O values of other lacustrine diatom records (þ15 to þ36&)
(Shemesh et al., 2001; Hu and Shemesh, 2003; Morley et al., 2005;
Kalmychkov et al., 2007; Swann et al., 2010).

The Lake Kotokel d18Odiatom record (Fig. 4a) exhibits an overall
continuous gradual depletion trend of w0.35&/1000 years with
a maximum d18Odiatom of about þ30.3& at w11.5 ka BP and
a minimum of about þ23.7& at w1.2 ka BP. The mean d18Odiatom
value (after contamination correction) has been determined
toþ28.3& for the period between 11.5 ka BP and today. The general
trend is subdivided into three main time slices (Fig. 4): (KTK2-1)
a period of relatively heavy isotope composition of about þ30& in
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the early Holocene (between 11.5 and 9.5 ka BP) with a continu-
ously depleting trend of w1.4&/1000 years; (KTK2-2) a relatively
stable period between 9.5 and 3 ka BP with d18Odiatom values
around þ28.5& and only a slight depletion of w0.2&/1000 years;
(KTK2-3) at 2.7 ka BP a sharp decrease of about w4& (to þ24&)
within about 500 years is observed in the d18Odiatom record. After
the absolute minimum (þ23.6&) at w1.2 ka BP, a moderate
increase to þ25& is observed in the d18Odiatom record. The upper-
most sample in the Lake Kotokel sediment core (0e4 cm) has been
measured with a d18O of þ27.5& and gives evidence that the
diatom d18O values are in the right order of magnitude (cf. Section
5.1). Additionally, this recent value is in good agreement with the
youngest sample from the Lake Baikal core (d18O ¼ þ26.6&, after
contamination correction þ27.8&; Mackay et al., 2011).

The Lake Kotokel d18Odiatom record is characterized by a marked
variability with several single spikes in its isotopic composition
(Fig. 4a). In general, the marked variability and single peaks mark
either a rapid change in lake hydrology associated with changes in
the catchment and/or changes of the precipitation/evaporation ratio.

In the following, all potential controls and the expected relevant
changes in d18Odiatom record of Lake Kotokel are discussed.
Assuming that the contribution from the different sources of
precipitation was constant through the investigated period and
considering the total decrease of 6.6& in d18Odiatom throughout the
core (Fig. 6a), an unrealistic increase of w33 �C in lake water
temperature through the Holocene was calculated. Based on these
arguments, the effect of lake water temperature on the d18Odiatom

signal is a minor factor to explain variations in d18O records. This
allows assuming that the most efficient parameter affecting the
Kotokel diatom oxygen isotopic signal is the oxygen isotopic
composition of the lakewater. Relating the decrease in Lake Kotokel
d18Odiatom record solely to air temperature change indicates the
direction of the overall decrease of about 7& in d18Odiatom as
a general early to late Holocene cooling trend. Nonetheless, this
shift would correspond to about 20 C� air temperature change
(using the relationship ofþ0.36&/�C published by Seal and Shanks,
1998) which is far too high. Thus, most likely Lake Kotokel
d18Odiatom changes between 11.5 ka BP until today reflect changes in
the d18Olake rather than direct air temperature changes.

Therefore, additional factors are needed to explain the vari-
ability in the Kotokel diatom isotope record. As introduced above,
possible other controls on d18O of Lake Kotokel water are: (1) air
mass (direction) changes and changes in seasonal precipitation
amounts with time, (2) varying inflow rates and sources including
input of isotopically-depleted melt water from the hinterland, as
well as (3) evaporative enrichment of the lake water, (4) the
duration of the lake ice coverage and (5) lake level changes. The
interplay of various factors is necessary to explain the d18Odiatom
record of Lake Kotokel.

A change in the relative contribution of the air masses to the
local precipitation would influence the isotopic composition of the
lake water. If such changes in air mass dominance were persistent
through time, they could be reflected in the diatom d18O record.
Following this assumption, the general trend could suggest lower
relative contribution of Atlantic-dominated continental air masses
in the early Holocene (w11e9 ka BP) as compared to moisture from
warmer southeast masses. In the late Holocene to present day,
Atlantic air masses would prevail. Changes in the isotope signal of
diatoms from Lake Kotokel bottom sediments over time could, thus,
be interpreted as reflecting regional variations in atmospheric
circulation. However, such changes in air-mass trajectories should,
with a certain lag, also be visible at Lake Baikal.

Evaporation has a significant effect on the isotopic composition
of the residual water (Craig and Gordon, 1965) especially in a rela-
tively shallow lake such as Lake Kotokel. As evaporation of lake
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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Fig. 6. Summary chart showing variations in the proxy records from Lake Kotokel, including (a) corrected d18O values of diatoms (this study); (b) the pollen-inferred scores of
dominant biomes (Tarasov et al., 2009; Bezrukova et al., 2010) as palaeoclimatic indicators in the Lake Baikal region; (c) annual precipitation and (d) mean air temperatures of the
coldest and warmest month derived from the KTK1 pollen record (Tarasov et al., 2009); along with (e) d18O record of diatoms from Lake Baikal (Siberia) (Mackay et al., 2011); (f)
NGRIP d18O record from Greenland ice (Svensson et al., 2008) as indicator of the Northern Hemisphere air temperature; (g) the d18O records from Chinese stalagmites (Yuan et al.,
2004) as indicator of the Pacific monsoon intensity; (h) the d18O records of diatoms from Lake 850 (Swedish Lapland) (Shemesh et al., 2001). Grey bars indicate approximate
positions of significant rapid climate change periods (RCC) (Mayewski et al., 2004); the arrows shown in the right graph indicate events of ice-rafted debris (IRD) deposition (Bond
et al., 1997).
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water leads to an isotopic enrichment of heavy isotopes in the lake,
this would be reflected in higher d18Odiatom values. Consequently,
enhanced evaporative enrichment should be notable as a positive
shift in the diatom isotope record.

Inflow due to meltwater input is an important control on lake
water d18O (Leng et al., 2001). Enhanced melting of perennial
snowfields or isolated ice caps in the hinterland of Lake Kotokel
may act as an important source of low d18O in water, whereas the
build-up of these forms in colder times may reduce meltwater
supply of lighter isotopic composition to the lake until the system
has reached a new steady state. This is counter-intuitive because
a warming would favour higher d18O in precipitation (Dansgaard,
1964) and enhanced evaporation would lead to even higher d18O
in the lake. Melting events should follow a regional warming, lead
to enhanced nutrient supply and, thus, a higher diatom concen-
tration in the core. In the Lake Kotokel oxygen isotope record,
several smaller minima in d18Odiatom, e.g. at 1.2 ka, 6.0 ka, 9.3 ka and
10.8 ka BP correspond roughly to maxima in the diatom concen-
tration (Fig. 5a, c). A sudden drop in d18O accompanied by increased
diatom concentration may, thus, reflect a meltwater pulse as
a reaction to temperature increase. The duration of the summer
season (and hence the persistence of the lake-ice-cover) is another
crucial factor influencing diatom blooming period with its respec-
tive Tlake. Hence, a clue to the regional interpretation of the Lake
Kotokel d18O record (Fig. 6a) is the comparison to the nearby Lake
Baikal d18O data (Mackay et al., 2011, Fig. 6e).
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5.4. Inter- and extra-regional comparison

The pattern of the d18Odiatom record in the Holocene part of the
KTK2 core shows partly similarities, and partly differs considerably
from that obtained from the Lake Baikal. Between 11.5 and
10.3 ka BP, both records are characterized by highest d18Odiatom
values (Baikal: d18O þ35&; Kotokel: þ30&). However, the first
w700 years of the Holocene are accompanied by opposite trends in
d18Odiatom of both records. Whereas at Lake Baikal, d18Odiatom
increases about 3&, at Lake Kotokel a decrease in d18Odiatom values
is observed. Both records show rather constant d18Odiatom values
around þ28& between 9 and 3 ka BP. However, after 3 ka BP, both
d18Odiatom records again show roughly opposite trends (Fig. 6a, e).
Only a slight gradual enrichment of the d18Odiatom record through
the Holocene is observed for Lake Baikal (Kalmychkov et al., 2007;
Mackay et al., 2011), while diatoms from Lake Kotokel show
a continuous gradual depletion in d18Odiatom since the early Holo-
cene. This is most likely due to the significant differences in the
hydrological setting of both lakes, whereas the general climatic
conditions and main atmospheric patterns are similar. Lake Baikal
is a very large and deep-water body, whereas Lake Kotokel is
a relatively small shallow lake. The residence time of Lake Baikal is
about 400 years (Gronskaya and Litova, 1991), thus >50 times
larger than that estimated for Lake Kotokel (7 years; Shichi et al.,
2009). Lake Baikal is remarkably uniform in its oxygen isotope
composition of water averaging to d18Ow ¼ �15.8 � 0.2& (Seal and
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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Shanks, 1998). Water is supplied to Lake Baikal frommore than 300
rivers and streams (Kozhov, 1955), with variable oxygen isotope
composition ranging from �13.4 to �21.2& (Seal and Shanks,
1998). Hence, changes in d18Odiatom from Lake Baikal sediments
have been linked to variations in fluvial input, most notably
between rivers with catchments which extend to the south of Lake
Baikal into Mongolia (i. e. d18O ¼ �13.5& for Selenga River; Seal
and Shanks, 1998) and rivers with more northerly
(d18O ¼ �19.5& for Upper Angara; Seal and Shanks, 1998) catch-
ments (Morley et al., 2005; Mackay et al., 2008, 2011). However, in
the lower part, d18Odiatom values from Baikal Lake have been cor-
rected strongly (for more than 60% contamination between 11 and
10 ka BP) and have larger error bars. In the past 5 ka, contamination
correction is considerably lower (for <20% contamination; Mackay
et al., 2011). Diatom dissolution is a significant process in Lake
Baikal (Ryves et al., 2003; Battarbee et al., 2005). It has been shown
that some diatom species may partly dissolve in the water column,
as well as at the sedimentewater interface for other more robust
taxa. It has been suggested that only 1% of the valves are finally
preserved in the Lake Baikal sedimentary record (Ryves et al., 2003;
Battarbee et al., 2005). Swann et al. (2005) were unable to make
a positive identification of some diatom species due to their
dissolution. Dissolution effects need to be taken into account in
environmental reconstructions.

In contrast, Lake Kotokel is characterized by a heavier average
oxygen isotope composition of �12&. Rivers connected to Lake
Kotokel as mentioned above have a mean d18O around�20&. Here,
evaporation plays a major role in controlling changes on lake water
d18O and, thus, on the Kotokel diatom d18O record. Due to the
shallowness of Lake Kotokel and the good preservation of Kotokel
diatoms under the REM, dissolution effects are less significant than
for Lake Baikal.

Bezrukova et al. (2010) note that an obvious shift to the Holo-
cene interglacial environments appears in the Kotokel diatom and
pollen records at w11.7e11.6 ka BP, suggesting an almost
synchronous response of terrestrial and aquatic ecosystems to
global climate change. This date agrees with the formal definition
and dating of the Global Stratotype Section for the base of the
Holocene (w11,650 cal y BP), derived from the Greenland NGRIP
ice core and selected regional records (Walker et al., 2009), pointing
to a synchronous onset of the Holocene interglacial across Eurasia
(Bezrukova et al., 2010). According to pollen data a gradual increase
is marked both in precipitation amount (Fig. 6c) as well as inwinter
and summer temperatures between 11.5 and 9.5 ka BP (Fig. 6d;
Bezrukova et al., 2010), also detected in the NGRIP record (Svensson
et al., 2008, Fig. 6f). Bezrukova et al. (2011) determined vegetation
changes at the onset of the Holocene, which were likely caused by
the global climatic warming. The beginning of the Holocene is
accompanied by a gradual decrease of d18O values of Lake Kotokel
diatom from þ30.3& at 11.5 ka BP to þ27.5& at 9.5 ka BP inter-
rupted by an abrupt event toþ25.2& at 10.7 ka BP. As a decrease in
d18Odiatom of Lake Kotokel during this period is accompanied by an
increase in air temperatures (derived from the pollen and NGRIP
data), Tair cannot be the determining factor, because it is positively
correlated with d18Op. Therefore, during this interval Lake Kotokel
received less precipitation and acted as a closed-system basin
during longer periods per year. Consequently, enhanced evapora-
tion can explain the highest d18O values between 11.5 and 9.5 ka BP.
The gradual decrease in d18Odiatom in that period is in line with
increasing precipitation rates, rising air temperatures and, poten-
tially enhanced meltwater influx from perennial snowfields or
isolated ice caps in the hinterland of Lake Kotokel.

Numerous palaeoclimate studies based on high-resolutionproxy
records demonstrate that Holocene climate has not been stable
(Mayewski et al., 2004; Wanner et al., 2008). The obtained oxygen
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isotope record from Lake Kotokel also shows that the Holocene has
been a period of rapid and variable climate change. Based on studies
of palaeoclimatic records from the northern and southern hemi-
spheres, Mayewski et al. (2004) identified six periods of significant
rapid climate change (RCC) during the time periods 9000e8000,
6000e5000, 4200e3800, 3500e2500, 1200e1000, and
600e150 cal yr BP, which are characterised by polar cooling,
humidity change in the tropics, and major atmospheric circulation
changes. These RCCs are generally marked by strengthened atmo-
spheric circulation over the North Atlantic and Siberia (except the
shorted RCCs at 4200e3800 and 1200e1000 cal yr BP; Mayewski
et al., 2004) and should be visible as minima or decrease in the
Kotokel isotope record.

However, the time period 9e8 ka BP is marked in the Kotokel
isotope record by two maxima at 8.8 and 8.2 ka BP (Fig. 6a) with
d18O values of 29.9 and 29.8&, respectively. According to the
isotope data the time period between 6 and 5 ka BP was rather
stable with the exception of the sharp d18O variations from þ29.5
to þ26.4& at w5.3e5.1 ka BP (Fig. 6a). Around 5.7 ka BP,
a minimum in the d18Odiatom signal is observed in the Baikal record
(Fig. 6e), which has been attributed to decreasing fluvial input to
Lake Baikal (Mackay et al., 2011). In contrast, the climate recon-
structions from KTK1 pollen record demonstrate rather constant
precipitation and air temperatures at this time (Fig. 6c, d). In the
Lake Kotokel isotope record in the interval corresponding to
3.5e2.5 ka BP there has been a gradual increase in the d18O values
toþ29.8& atw2.7 ka BP, and a sharp drop toþ27.1& atw2.6 ka BP.
The results of pollen analysis show a decline in the index of the
taiga, precipitation and winter temperatures during this period
(Fig. 6bed). A sharp decline of d18Odiatom values from þ27.8& at
w1.5 ka BP to þ23.7 or þ24.3& at 1.2e1 ka BP is observed in the
oxygen isotope curve obtained for Lake Kotokel. According to
pollen-based reconstruction (Tarasov et al., 2009) the decline in
amount of annual precipitation and in winter and summer
temperatures is marked during this period (Fig. 6c, d).

Comparison of the timing of enhanced ice-rafted debris (IRD)
deposition and low surface water temperatures (Bond et al., 1997)
in the North Atlantic (peaks at about 1.4, 2.8, 4.2, 5.9, 8.1, 9.4, 10.3
and 11.1 ka BP) with changes in the oxygen isotope composition of
diatoms from Lake Kotokel sediments also suggests that the IRD
events in the North Atlantic might show a response in the Lake
Kotokel isotopic record. All these dates are marked by visible
changes in the isotopic composition of diatoms: the events of 10.3,
8.1, 5.9, 2.8, 1.4 ka BP in the isotope curve are marked by elevated
values of d18Odiatom (Fig. 6a). A decline in d18Odiatom values of 1.2 and
1.3& are observed at w9.4 and w11.1 ka BP, respectively. However,
the mechanism behind the influence of IRD events on d18Odiatom is
unclear still.

The synchronicity of climate events in the Kotokel isotope
record and the sequence of North Atlantic cooling events suggest
that the large-scale climatic shifts in the North Atlantic region
might have influenced the Lake Kotokel diatom isotope composi-
tion. The character of the isotope record obtained for Lake Kotokel
is similar to that obtained for Swedish Lapland (Lake 850: Shemesh
et al., 2001; Vuolep Allakasjaure: Rosqvist et al., 2004). All curves
show a general depletion trend in d18O values through the core
(Fig. 6a, h). This depletion for Swedish Lapland diatoms is inter-
preted as an increase in the influence of the Arctic polar continental
air mass that carries isotopically-depleted precipitation (Shemesh
et al., 2001) and corresponds with IRD maxima (Rosqvist et al.,
2004). Assuming that isotopically-depleted precipitation reaches
the Lake Kotokel regionwith awestern Atlantic air mass drift, lower
d18Odiatom suggests a greater contribution from the colder Atlantic
mass. However, such a larger scale climatic change needs to be also
detected with a lag time of several hundred years in the d18O
otope record of diatoms from Lake Kotokel (southern Siberia, Russia)
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diatom record from Lake Baikal (Fig. 6e). As this continuous
depletion is not visible at Lake Baikal, the precipitation change was
either small or without notable effect in the region.

In general, the diatom d18O record from Lake Kotokel resembles
the stalagmites d18O record from Dongge Cave (China) (Fig. 6a, g).
Both curves demonstrate a gradual depletion trend during the early
Holocene, then relatively stable conditions from about 9 to 3 ka BP
and a marked change at w3e2.5 ka BP with depletion in both d18O
records. The East Asian summer monsoon activity was enhanced
shortly after the Younger Dryas (YD) at the onset of the Holocene,
and was strongest in the early and mid-Holocene, and weakened
after the mid-Holocene (Chen et al., 2008; Wang et al., 2012). The
d18O records from Chinese stalagmites are interpreted as an indi-
cator of the Pacific monsoon intensity (Tarasov et al., 2009;
Bezrukova et al., 2010), and, thus, might be an indicator of moisture
deriving from the southeast, even though monsoonal circulation
did not reach the Baikal area directly. The similarity in the temporal
distribution of d18O values for stalagmites and diatoms suggests
that the oxygen isotope record from Lake Kotokel can serve as an
indicator of air masses entering the region from the southeast,
which could be prevalent especially in early to mid Holocene times.

The Lake Kotokel records presented in this paper are linked to
changes in the northern hemispheric climate, which are respon-
sible for the sub-latitudinal transport of heat and moisture to the
central parts of Eurasia. The d18Odiatom record of Lake Kotokel in
comparison with climate records from other regions not only
reflects global climatic changes but also accounts for regional
climatic features. This demonstrates the complexity of the interplay
of different controls for the regional climatic conditions between
site-specific factors such as hydrology (water volume, residence
time, evaporation, inflow of snowmelt) superimposing general, i.e.
northern hemisphere climatic trends. This study underlines the
importance of oxygen isotope analyses in fresh-water diatoms for
palaeoclimatic investigations.

6. Conclusions

Diatom biogenic silica isotope records from the KTK2 core of
Lake Kotokel, near Lake Baikal provide important information on
Holocene climatic and environmental changes. The fractionation
between recent Lake Kotokel water and the most recent diatom
sample is in the right order of magnitude (mean a ¼ 1.0400), and
allows calculating reasonable water temperatures. Nonetheless, the
d18O in Kotokel diatoms is predominantly controlled by d18O of the
lake and not by the lake water temperature. Main controls influ-
encing on d18Olake are d18Op (thus Tair) as well as evaporation effects.

TheregionaroundLakeKotokelhasundergonesignificantclimatic
and environmental changes through the Holocene. The presented
downcore oxygen isotope record indicates that the temperature
history in the LakeKotokel regionduring the last 11.5 kahas generally
followed the northern hemisphere temperature trends described in
other records, i. e. late to mid-Holocene cooling after the Holocene
Optimum. Meltwater release from the hinterland was detected as
minima in the d18O record of Lake Kotokel corresponding with
maxima in the diatom concentration. Especially the combination of
d18Odiatom and pollen data helps differentiate regional and global
events and responseof thevegetation to thesechanges inmoredetail.
Due to the similar regional setting and climate, but a different
hydrology, the combination with Lake Baikal d18O record leads to an
improved understanding of the regional and northern hemispheric
components contained in the Lake Kotokel d18O signal.

As demonstrated, the overall trend in the diatom isotope signal
from Lake Kotokel sediments in the Holocene correspond with
regional variations in atmospheric circulation. Especially in the
early Holocene, d18Olake is rather influenced by moisture-carrying
Please cite this article in press as: Kostrova, S.S., et al., Holocene oxygen is
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air masses from the south east, likely further enriched in 18O and
superimposed by enhanced evaporation. In the late Holocene,
colder climatic conditions with lower evaporation prevail and the
relative influence of Atlantic-derived moisture seems to be
stronger. Future studies on the seasonal change of lake water
isotope composition are aimed to better understand the isotope
geochemistry of Lake Kotokel and its hydrological system.
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