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Abstract. In 2003 sediment core Lz1024 was drilled at Lake 1  Introduction

El'gygytgyn, far east Russian Arctic, in an area of the North-

ern Hemisphere which has not been glaciated for the last.1 The Arctic as an important area for paleoclimate

3.6 Ma. Biogenic silica was used for analysing the oxygen reconstruction

isotope compositions¢80yiatom) in the upper 13 m long sec-

tion dating back about 250 ka with samples dominated by onel he Arctic experienced the most rapid warming in the last
taxa in the< 10 um fraction Cyclotella ocellaty Downcore 150 yr (Serreze et al., 2000; Kaufman et al., 2009; Bekryaev
variations ins180 values show that glacial-interglacial cy- €t al., 2010) with a continuation of this temperature trend
cles are present throughout the core @h®Dgiqonrvalues — a@bove the global average projected for the 21st century
are mainly controlled bﬁlgoprecipitation Changes reflect the (S_erreze et QI.., 2000; Anisimov et al., 2007). Especially in
Holocene Thermal Maximum, the Last Glacial Maximum Climate-sensitive areas such as the Arctic (Serreze and Fran-
(LGM) and the interglacial periods corresponding to MIS CiS, 2006a, b; Miller et al., 2010; Serreze and Barry, 2011),
5.5 and MIS 7 with a peak-to-peak amplitude between LGM longer, continuous terrestrial records for paleo-climate re-
and MIS 5.5 0fA%80 =5.3 %.. This corresponds to a mean constructions are rare (Brigham-Grette et al., 2007; CCSP,
annual air temperature difference of abod9 Our record ~ 2009) due to the coverage of large areas by glaciers, e.g.
is the first continuous80giatom record from an Arctic lake ~ during the Last Glacial Maximum (LGM) (Dyke and Prest,
sediment core directly responding to precipitation and dat-1987; Lehman et al., 1991; Thiede, 2004), which destroyed
ing back more than 250ka and correlates well with the Sedimentary sequences in lakes especially in the western part
stacked mariné'80 LR04 ¢ = 0.58) andsD EPICA Dome- of Siberia (Svendsen et al., 1999; Hubberten et al., 2004).
C record ¢ =0.69). With 8180 results indicating strong The Beringia land bridge which connected Alaska (eastern
links to both marine and ice-core records, records from LakeBeringia) and northeast Russia (western Beringia) was ex-
El'gygytgyn can be used to further investigate the sensitivityPosed during the glacials (Hopkins, 1967; Hopkins et al.,

of the Arctic climate to both past and future global climatic 1982; Brigham-Grette, 2001) linked to a eustatic sea-level
changes. drop due to growing ice caps. However, due to its dry cli-

mate the Eastern Arctic experienced only valley glaciation
(Glushkova, 2001) and the precipitation-controlled eastern
margin of the Eurasian Ice Sheet never extended to Eastern
Siberia (Svendsen et al., 2004; Melles et al., 2007).

Lake sediments are known as excellent archives for the
reconstruction of past climate and environmental changes
which may provide insights as to how regions may respond
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to future change. The longest lacustrine palaeoenvironmentapecies-effect on isotope fractionation is still not well under-
record in Siberia exists from Lake Baikal, reaching back tostood for diatoms but this effect was not observed for the
35 Mioyears before present (Tapponnier and Molnar, 1979)prevailing diatom species in sub-surface samples (2 to 4 cm)
However, Lake Baikal is located south of the Arctic cir- at Lake EI'gygytgyn (Chapligin et al., 2012).

cle with southern catchments having generally highéo- This study aims to analyse the upper 13 m sequence of a
values due to lower proportion of snowmelt (e.g. Seal andsediment core from Lake El'gygytgyn and provide a con-
Shanks, 1998). Though the majority of precipitation to this tinuous, 250 k&80 record from diatoms for the terrestrial
region comes via the westerlies (Kurita et al., 2004), the cli-Eastern Arctic. Additionally, potential diagenetic changes
mate is increasingly influenced by south and southeast cyand their impact on the oxygen isotope composition are
clones in July and August (Bezrukova et al., 2008; Kostrovaaddressed.

et al., 2012). In an attempt to obtain Quaternary lake records

from the terrestrial, far east Russian Arctic drilling cam- _

paigns were conducted at Lake Elgygytgyn in an area of2 Materials and methods

the Northern Hemisphere which has not been glaciated dur- . - .

ing at least the last five glacial/interglacial cycles and has thez'1 Site description, material and age model

potential to be an archive of continuous and undisturbed sed-

; : . Lake EI is | in the f Russian Arc-
imentation (Brigham-Grette et al., 2007; Melles et al., 2007). ti? (eGWB%/EIytgl);nz,gS,%a;d ngtmea 2r| egf’i; TE)SI?:si drec

a crater structure formed by a meteorite impact circa
3.6 Ma ago (Layer, 2000). The lake is of circular shape,

Oxygen isotope records from ice-cores (Greenland-Ice CoreabOUt L2km in diameter, 170m deep, cold-monomictic and
: i ultra-oli hic (Nol Brigham- 2007). Fi
Project members, 1993; Grootes et al., 1993; Petit et aI.Utra oligotrophic (Nolan and Brigham-Grette, 2007). Fifty

streams drain into the lake, the Enmyvaam River is the only

1999; EPICA members, 2004 and 2006) or carbonate Or'outﬂow in the southeast of the lake and the total catchment

ganisms (Zachos et al., 2001; Lisiecki and Raymo, 2005)area is 293 ki (Nolan and Brigham-Grette, 2007).

are amongst' the most impo.rj[ant proxies for'reconstruct— Several cores have been drilled in the last decade
ing paleoenvironmental conditions and paleoclimate. In re'(Fig. 1b), including the 16.5m core Lz1024 drilled in 2003

g|r(:ns of hlt?h Iattltude whbere |fe-re_cotrr:js are n;)t al;/an_abl_e Orr(t 7°30.13N; 172°06.46 E) examined in this study. A grav-
where carbonales are absent, as IS the case Tor berngia aig ., .o (UWITEC Corp., Austria) was used for the water-

Lake El'gygytgyn, the oxygen isotope composition from la- sediment transition and changed to a percussion piston corer

custrine biogenic silica, i. e. diatoms, often represents theTurther down the sediment (Melles et al., 2005). In total, 96

best isotope proxy for reconstructing past climate Change%amples spread over the first 13m were chosen for analy-

(_Sh_emesh elg al., 2001; Leng anql MarSha”’. 20.0.4)' _Th|s ISsis, covering the last three glacial-interglacial cycles. From
similar for 6-°O records from marine biogenic silica in re-

. ) 2 cm sections, sub-samples with average dry weight of 1.9g
gions of the ocean floo_r void of carbonate (Shemesh et aI'\’/vere taken. As the first test series of 10 samples distributed
1992). By Fakmg potent!al contro!s and effgcts |.nto a(.:coy.m’equidistantly downcore did not provide enough material af-
the gnalyss of oxygen isotopes in 'Igcustrlne'blogeplc SIIICater purification, two subsequent samples were merged and
provides Onfs of the rare opportunities to gain a direct an he average age and depth determined. The first age model
continuouss~°0O signal from paleo-precipitation beyond the f .

. . . . Lz1024 h t al. (2007), us-
LGM in the Eastern Arctic. This can then be compared with or core Lz1024 was proposed by Juschus et al. (2007), us

. 18 ing isochronous sediment layers and susceptibility variations
frfhelf rke 9'8 ntal and \%Oble O. repords dtct)hbettt_aé undlerst?n? to correlate core Lz1024 to the previously dated 13.5m core
€ links between West beringia and the wider global Cl- b 9351 with the final age model, and then revised after tun-

mate system. The preparation of the samples (e.g. Junleti-ng the magnetic susceptibility to the insolation at kD

Leclerc and Labeyrie, 1987; Shemesh et al., 1995; Morley

o Nowaczyk et al., 2002, 2007). The core base of Lz1024
et al., 2004), contamination assessment (Lamb et al., 2007\(Nas dated to a maximum age of 350 ka (Frank et al., 2012;

Brewer et al., 2008; Mackay et al., 201.1; Swann and.Pat'age model for composite profile from ICDP Site 5011-1 in
wardhan, 2011) as well as .the oxygen Isotope apaly5|s fo'f\/lelles et al., 2012); the focus of this study is on the record
diatoms are often challenging and time-consuming (LengOf the first 250 ka

and Barker, 2006; Swann and Leng, 2009). Recently, im- '

proved protocols have been developed for the purificationy 5 Methods

of small fractions and a more reliable contamination correc-

tion (Chapligin et al., 2012). In addition, a faster dehydration2.2.1  Preparation

and analytical technique has also been introduced (Chapli-

gin et al., 2010). However, when analysing 250 ka old ma-Various steps are essential from coring to the final inter-
terial, diagenetic changes pose a serious threat to the religsretation of the oxygen isotope composition from biogenic
bility of §180-values from biogenic silica. Additionally, the silica (overview in Fig. 2). One taxa dominates the diatom

1.2 The importance of$*80 giatom) records
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Fig. 1. (a)Geographical position of Lake El'gygytgyn afl) drilling locations (Melles et al., 2011).

coring

assemblage at Lake El'gygytgyn in the investigated first
250 ka:Cyclotella ocellata(avg. size 5-10 um, 95 to 100 % (

lll

sample

relative abundance) with minor occurrence$tibcaenicus

v
seczkinae(avg. size 20-35 um, 0-5 %, relative abundance)
sample
v

process

(Cremer et al., 2005; Cherapanova et al., 2007; Snyder et
al., 2012). For this reason, the normally analysedO pum

fraction did not provide enough diatom material for oxy- [ preparation/purification j

gen isotope analyses in most core sections. Consequently, in

an attempt to obtain an isotope record dominated by a sin- v

gle taxa, the< 10 um fraction was purified according to an [contamination assessment j—»—
8-step method developed by Chapligin et al. (2012) which

is similar to the 4-step method (Morley et al., 2004). After v

freeze-drying, the samples were treated withObl (32 %) ( ,Si-OH" removal j

and HCI (10 %) to remove organic matter and carbonates and

wet sieved into< 10 um and> 10 um fractions. Four multi- v

ple heavy liquid separation (HLS) steps with varying den- [ 50 analysis j—»
sities (from 2.25 to 2.15 g cn?) were then applied using a N
sodium polytungstate (SPT) solution before being exposed v

to a mixture of HCIQ (65 %) and HNQ (65 %) for remov- ( correction j<—<
ing any remaining micro-organics. )

2.2.2 Species assessment [ interpretation j

The diatom assemblage in tkel0 um fraction of 40 purified
samples equally distributed throughout the core was assesse
by counting under light microscope (LM) (Chapligin et al.,
2012, based on Morley et al., 2004, and Swann et al., 2008).
Five random fields of view were selected along a transect ir2.2.3 FTIR analysis
the middle of the slide and at least 200 valves as well as frag-
ments were counted whenever possible. The biovolume waghe question of potential diagenetic changes and their im-
calculated by defining average area-sizes (Chapligin et al.pact on the oxygen isotope composition in the amorphous
2012) for each species as it better reflects the actual proposstructure was addressed by performing diffuse reflectance
tion of each taxa when analysing for oxygen isotopes tharFourier Transform Infrared Spectroscopy (FTIRS) at @me
using the number of valves. University, Sweden. This method determines individual com-
pounds in biogenic silica by recording the different charac-
teristic vibration patterns (absorption peaks) of the chemi-
cal bonds present in the structure (siloxane bonds: Si-O-Si;

0g 2.Method outline from coring to final interpretation.
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silanol bonds: Si-OH; blO) over a certain wavelength win- analysis. Every fifth sample was a biogenic working standard
dow (Schmidt et al., 2001; Gendron-Badou et al., 2003;to verify the quality of the analyses. For this, the biogenic
Moschen et al., 2006; Leng et al., 2009; Swann and Patstandard BFC (Leng et al., 2001; Leng and Sloane, 2008;
wardhan, 2011). A relative reduction in Si-OH groups com- Chapligin et al., 2010) calibrated within an inter-laboratory
pared to the Si-O-Si groups indicates a diagenetic change bgomparison was used (Chapligin et al., 2011). WithO-
a condensation reaction (Si-OH + HO-SiSi-O-Si+ H0) values of +29.@: 0.3 %0, BFC is the closest diatom work-
typical for an alteration of amorphous silica by tempera- ing standard to the Lake EI'gygytgyn samplé$8Q-values
ture and/or pressure towards a higher state of organisatiomange between +19 and +26 %o) available. Additionally, the
An FTIR spectrometer (Bruker IFS 66v/S) equipped with a international quartz standard NBS280 = +9.57 %o; Hut,
diffuse reflectance accessory (Harrick Inc.) was used with1987; Gibning et al., 2007) was measured. Long-term stan-
11 mg of sample material mixed with 500 mg KBr for the dard measurements 6t20-values in silica show standard
analysis under vacuum (4 mbar) conditions (Mogel et al.,deviations of & =0.15 %o for quartz and d. < 0.25 %o for
2008; Roén et al., 2010). Sixteen (16) purified diatom sam- biogenic silica working standards such as BFC (Chapligin et
ples from different core depths (first sample at 0.09 m, lastal., 2010). Replicate isotope analyses were performed for 49
sample at 12.35 m) were selected and scanned (64 scans pgamples from the core Lz1024, which show a mean standard
sample) with measurements taken every 4 &ffior the spec-  deviation of 0.13 %o (&, ranging between 0.00-0.41 %o).
tral region between 3750 and 400ch

All wavelength absorption peaks 1500cnt! were re- 2.2.5 Contamination assessment and correction
moved as these peaks are not related to biogenic silica technique
(Frohlich, 1989) or linked to molecular vibrations of hydrox- , .
ide (-OH stretching). Focusing on wavelengthd500cnl ~ The measured Oxygen Isotope. composméﬁs@measurea
allows only the silica bonds from the diatom frustules to be V&S c.orrected (to5™°Ocorr) using geochemical mass-
examined. Common peak centres for amorphous silica ar@lancing (Brewer et al., 2008; improved by Swann and
450cntt, 800cnT! and 1100 cm? for various modes of ~ L€Nng. 2009; Chapligin et al., 2012).

siloxane bonds and 945 cth for silanol bonds (Gendron- g .18 0 18 0 .
Badou et al., 2003; Swann and Patwardhan, 2011). In ouf Ocorr = (57 Omeasured— % cont - 6 Ocont) /% purity (1)

study the data was baseline-corrected and normalised, so thgf,are the percentage of purity was 100% subtracted by
the area under each curve adds up to 100 %, with individuale percentage of remaining contamination (% cont.). Deter-

peaks separated by applying a Gaussian peak fitting (Fig. 43}ining 9 cont. by counting contamination particles/diatoms
(Swann and Patwardhan, 2011) using the software Fytik, Veryhqer 5 light microscope underestimates this parameter in
sion 0.9.3 fittp://fityk.nieto.plj. Peak types were then as- ha - 10 um fraction due to the presence of small, dif-

signed (Si-OH and Si-O-Si) and the percentages calculateq;se clay and silt particles (Chapligin et al., 2012). Thus,
from the respective areas. S _ % cont. was calculated by dividing the sample percentage of
However, when using FTIR each Si-O-Si band has itsp|,0, by the AbOs percentage from a 100% contamina-

own “sensitivity”, so absolute unweighted calculations aresn end member according to Brewer et al. (2008), Swann
not ;uitableforqomparingindividual samples.Thqrefore,theand Leng (2008) and Mackay et al. (2011). Chapligin et
relative change in Si-OH bond determined by a single peaky| (2012) tested different contamination assessment tech-
was calculated. The h|ghest_peak area (top sample at 0.(_)9 ”ﬂiques to Lake ElI'gygytgyn sub-surface samples and found
1.3ka) was set at 100 % (using the size of the un-normaliseq, significant difference between this method and calculating
-Si~OH peak following peak fitting). % cont. by multiplying the sample’s AD3 percentage with

a clay assemblage factor that depends on th®#\percent-

age of the average clay types present in the core. Hence, the
Al,0O3 percentage for each sample was analysed by Energy-

Oxygen isotope analysis was performed with a PDZ Eu-pigpersive X-ray Spectroscopy (EDS) (3-5 repetitions, di-
ropa 2020 mass spectrometer (MS-2020; now supplied by, meter of excited-area size: 100-120 pm) and the % cont.

Sercon Ltd., .UK) following the method of Chapligin et and §180¢on;. end-members determined from a heavy frac-
al. (2010). Prior to isotope analyses, hydrous groupXH jon after the first heavy liquid separation containing no di-
-OH) were removed from an initial sample weight of 1.5 41oms (verified under scanning-electron microscope (SEM)),

to 2mg using ramp degassing under inert gas flow Condi'resulting in AbO3_10pm = 16.6 % ands180con; = +6.5 %o
tions (inert Gas Flow Dehydration=iGFD technique) in a (Chapligin et al., 2012). '

horizontal ceramic tube furnace flushed with helium (Chap-
ligin et al., 2010). The dehydrated sample was then reacted
by laser fluorination under BgFatmosphere to liberate O
based on Sharp (1990). The oxygen was separated of by-
products and directed to the mass spectrometer for isotope

2.2.4 |sotope analysis

Clim. Past, 8, 16211636 2012 www.clim-past.net/8/1621/2012/
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3 Results of 2.3 % resulted in a hight80-value correction of 2.5 %o.
. These samples were discarded from further interpretations.
3.1 Diatom assemblage Only a low correlation exists between the final mass of the

. , . . sample after purification and #Ds percentagerf = 0.14).
Five different types of diatoms and patrticles were CoumedHowever, all samples above 2.5%8k had final masses

for 40 samples downcor&fclotella ocellata, Pliocaenicus pe|oy 10 mg, which indicates that in horizons with low bio-
seczkinagSurirella fragments, contamination particles and genic productivity (BSi 10%) a purification resulting in

other diatom species) with an average of 2367 counts.  g6,gh cleaned sample material can be rather difficult.
The diatom assemblage in the analysetiO um fraction was

almost mono-specific (Fig. 3, biovolume [%] wiyclotella 3.4 §1804;st0m record

ocellataconstituting> 90 % of all diatom biovolume in 37

out of 40 samples, and 70-90 % in 3 samples). The usuallyThe §180.q-values (henceforth simplified again 8320)

> 10 um sized specidgBliocaenicus seczkinagccurs in the  throughout the 250ka record range between +19.1 and
< 10 pum fraction (smaller frustules) only in the first 70cm +24.4 %o with an average of +21.7 %o (Fig. 3). The first
of the record (about 9 ka) with biovolume abundances of upsample (5cm depth corresponding to 0.8 ka) shows a
to 20%. In the deeper core sections between 6 m and 10 a180-value of +21.4 %o, which is in good agreement with
depth,Surirellafragments and other species have biovolumeundated but younger sub-surface samples (Lz1032, 2-

abundances of up to 15 %. 4cm, §180=+20.8%0) close to the Lz1024 drilling posi-
. . tion (Chapligin et al.,, 2012). An increase to peak values
3.2 Diagenetic effects of +23.1%. (0.52m depth, corresponding to 6.6ka) and

i ) ) +23.4%0 (0.64m, 8.4ka) with a single spike of +23.9 %o
In order to test the samples for diagenetic effects which could(l_18m 15.0ka) is observed. This is followed downcore

potentially alter$180-values with time, FTIRS measure- by a significant decline to an absolute minimum &HO
ments were performed. The determined absolute percentage 1191 %, at 1.61m/23.1ka. Thel8O-values continu-
of Si-OH bonds ranges between 5.6 and 9.0%. As absolutg)q\y increase until +22.4 %o (1.98 m, 34.3ka), with subse-

unweighted calculations are not suitable for comparing indi-quent fluctuations within about 1.0%. for the next 70ka.

vidual samples, the change in Si-OH bond percentages re'énd prominent minima of +19.6%. (3.36m, 70.5ka) and

ative to the highest peak area (top sample at 0.09m, 1.3ka»q g9, (4.80m, 107.3ka) and average maxima with peaks
set at 100 %) was calculated, resulting in maximum valuesof +23.3%0 (2.42m, 54.6ka) and +21.0%o-@.5m, ~

in the upper core section between 0-30 ka (average 88 %), 700 ka).

local minimum at 90 ka (64 %) and relatively constant values Measurements reveal an increase for the next 20 ka with
further downcore (average for the period between 90 ka an% peak of +24.4%, (5.85m, 127.2ka) before a progressive
230ka=68%). A relative decrease of 2.9 % per 10ka is 0b-jacrease down to +20.7 %o (7.35m, 162.2 ka). This peak at
served in the first 90 ka (total decrease of 26 %) with a COr5 gem (127.2ka) is the absolute maximum of the record.

relation between Si-OH percentage and age’& 0.63).  papween 7.35m and 9.56 m (162.2 ka and 187.6ka), no fur-

For the relatively constant part of the Si-OH percentagey,or measurements could be performed as two more samples
record from 90ka to 231ka, only a weak correlation exists, ihin this period did not provide sufficient material. The

(r® = 0.30). These numbers are not absolute and should onl%180 \alue of +20.1 % at 9.56 m (187.6 ka) supports the de-
be used qualitatively to separate larger from smaller Si'OHcreasing trend. From the short-term minimum downcore a
layers. However, different calculations by peak height ratio i increase until 197.6 ka was observed, plateauing until
(945cn? (SIOH) vs. 800cm® (inter-tetrahedral Si-O-Si- 5q 344 with an averagi80 = +23.2 %o. Further downcore,

bending vibrftions)_) or peak area ratio (990-860¢ms. slight decline of 1.5 %. was detected until values increased
860750 cm™) confirmed this trend. again to a maximum of +23.6 %o (244.0 ka).

3.3 Contamination assessment and correction

; -~ . 4 Di [
Out of 96 samples, 80 contained sufficient material af- Iscussion

ter all purification steps for both oxygen isotope measure-4 1 180 Isotope controls

ments and contamination analysis % mg). Chapligin et

al. (2012) showed that the geochemical mass-balancing co4.1.1 Diagenetic alteration

rection technique is reasonable for samples containing up

to 2.5% AbO3eps or < 15% contamination. From the 80 Diagenetic effects could severely influence the oxygen iso-
analysed samples, 76 samples had an averag®z:Aper-  tope composition on longer time scales by preferentially in-
centage of ®4+0.16% (Fig. 3, SiQ and ALOs [%], corporating'®0 from exchangeable Si-OH bonds into the
A8Ocorr-measurel FOr four samples the AD3 percentage  Si-O-Si structure, resulting in highet*0-values (Bran-
was> 2.5% and for one more sample theo8l; percentage  driss et al.,, 1998; Schmidt et al., 2001; Moschen et al.,

www.clim-past.net/8/1621/2012/ Clim. Past, 8, 1621636 2012
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2006). Despite the relative decrease of silanol bonds of®
0.6 %/10ka and a total of 20 % for the whole 250 ka record

(Fig. 4b; top sample: 9cm, 1.4ka, 100 %; deepest sample:
12.35m, 231ka, 76 %), no general trend in the oxygen iso-

tope composition of the samples (+0.2 %./100#&a= 0.03)

towards highes180-values could be detected in the 250 ka
record (Fig. 3). A rapid signal alteration (early stage dia-
genesis, Moschen et al., 2006) during sedimentation canno

be excluded. By this process, th&Qyjatonrvalues would
then reflect the deepet*®Ojke water However, for Lake

El'gygytgyn this is unlikely as the lake is well-mixed and

no significant differences iA20jake waterin the water pro-
file can be observed (Chapligin et al., 2012). Hence, thepeak fitting and peak centres for all silica modes, the Si-OH bond
results support the theory from Moschen et al. (2006) thatpeak is located at about 945 crh (b) FTIRS analysis of 16 sam-

any rapid signal alteration during sedimentation is followed ples downcore.
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Fig. 4. Assessment of potential diagenetical chang@sgaussian

by only minor post-sedimentary diagenetic changes, which

are not detectable in th&!80 data. This makes the Lake

El'gygytgyn diatom record suitable for (further) downcore 412 | ake temperature, blooming period and*80ater

8180 analyses.
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Various environmental factors can influence 8A80-values

of lacustrine, biogenic silica (Fig. 5). The lake temperature
in which the diatoms grow has an effect on the fractiona-
tion betweers80yaterands180giatom of about—0.2 %.°C~1
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A varying lake water temperature can be expected from differ-
o A ent ages, samples or from taxa blooming in different seasons.
w 5
2 : |8 A 4.1.3 Lake hydrology, ice-cover and'80
o= 50O L A p
z 8 2% . .
v 2 5 s @ o c Evaporation trends were not detected when analysing the
g5 g CAI= 3 2 8180 lake water profile at three different times of the year
i B 8 £y S (May, August, November; Chapligin et al., 2012). Despite
© o5 © . .
& = o g - < o 2 the fact that these observations account mainly for the re-
£ g '_ é e « cent system, the reconstructed differences in lake level (ter-
0 2 races: +35-40 m, middle Pleistocene; +9-11m, late Pleis-
% 3 = tocene; +2-3m, Holocene; Glushkova and Smirnov, 2007)
w0 S 2 = ; ; ;
° g a 5 2% and subsequent differences in evaporation rates can poten-
% z|< § g g tially change the hydrological conditions (i.e. the residence
T ) A £ . . . .
% o =& = R time) and cause a shift 580k water However, changes in
8% @ S 5 the extension of the photic zone should be considerably low
) - < throughout time. Hence’'80giatom is basically infl d
2 v v v roughout time. Hence5°Ogjatom IS basically influence
P — by 5180Iake water
o A0 A O In a deep, well-mixed lake such as Lake El'gygytgyn
\ 4 vprake nater with little evaporation and a defined small catchment area,

8180|ake wateris mainly determined by the oxygen isotope
composition of precipitations¢®0,). Precipitation is either
directly going into the lake or supplied via one of the small
5*®0giatom ands®Opaie waterWhile A*®Owarerarrows indicate at-  greams (Chapligin et al., 2012; Wilkie et al., 2012).
mospheric or hydrological processes influencing®®jake water The residence time is about 100 yr (Fedorov et al., 2012).
and thus, indirect mechanisms 6HOiatom Small up pointing For the last 100yr, the isotope mass balance modél of the
arrows indicate an increase of the respective parameter. lake (Wilkie et al ! 2012) shows that this residence time
buffers short-term changes and reduces the amplitude in

(Brandriss et al., 1998; Moschen et al., 2005; Dodd and®**Olake water (Wilkie et al., 2012). However, the low sed-

Sharp, 2010: Dong and JingTai, 2010). Lake Elgygytgyn imentation rate only allowed for sampling on a centennial
1 1 L . . . 8 )

lacks a true thermocline as in winter the lake is thermally Sc&l€ and for gaining a_vera@é Odgiatom values. Compared

stratified, but only with a difference of 2°€ from the top to this sample-related time resolution and the relatively low

to bottom of the water column (0T at 3m water depth, resolution from thes*®Ogiatom record (74 samples/250 ka),

3°C at 170 m depth). As soon as the ice melt begins, the firsf"€ residence time can have reduced thlesamplltude by “cut-

30 m are mixed (at 1.2C, beginning of June) and in mid-July tng Off local maxima or minima” of thé**Ogiatom record

the lake is completely mixed with temperatures from July to 0 @ certain extent but considerably less than in the 100yr

mid-October ranging between 2. to 3.8°C (observations Model- _ ion i

from 2002, Nolan and Brigham-Grette, 2007). Diatoms are Modoern lake water isotope composition &7°Oave =

phototrophic organisms and the major blooming period was~19-8 %o (Chapligin et al., 2012) matches the oxygen iso-

assessed by Cremer et al. (2005) from early spring (undert_opeocomposmon of precipitation ranging betweei4 and

ice) through open-water conditions until the re-establishment™34 %o _for snow salrsnples of single winter events (mean

of ice coverage in autumn, with the highest increas€pf ~ —2°-2 ZA”) and rain Oo—value§ ranging from-15.9 %o to

clotella ocellatain the first meters of the photic zone between —12-4 %0 (mean—14.3%.) (Wilkie et al., 2012). Assum-

1 June and 20 July. Thus, due to this short major bloom-NJ @ winter to summer precipitation ratio of 60% to 40%

ing period variations in lake temperature should not exceec{’llglan and Brigham-Grette, 2007), thle8 annual average of

+1°C, equal to water temperature-induced changédi®- 9 O-valuesowould b&%)g'?’ %o. Streand="O-values ranged

values of+0.2 %o, which is within the instruments error for T0M —24.2 %0 t0—16.7 %o (Wilkie et al., 2012).

biogenic silica (& = 0.25 %o, Chapligin et al., 2010). Chap- _Hence, the oxygen isotope composition of the diatom sam-

ligin et al. (2012) has further shown that no significant iso- pi(gs reflectss™Ojake wates Which is mainly controlled by

topic differences exist in the water column throughout vari-8 Op (Pathway via streams or directly on/into the lake). This

ous times of the year, so only minor effects from seasonality’S IN @ccordance with Swann et al. (2010).

are expected to be reflectedsifOgiatom values. With a deep

photic zone of about 34 m (Dehnert and Juschus, 2008), good

mixing conditions and a location in the cold Arctic environ-

ment, no significant impact on th#€0gjatonrvalues from

Fig. 5. 8180gjatom controls in the lacustrine environment.
Alsouptakearrows mark direct fractionation mechanisms between
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4.1.4 Air temperature, air mass source and —0.2%0°C~1) and air temperature (about +0.69% 1) fac-
continentality tors cannot be mixed up and merged, as air temperature
varies between glacial and interglacials frer10.3°C to
The §180 precipitation signal could be affected by vary- —25°C while water temperatures at these latitudes in well
ing air mass sources, air temperature, and/or continentalmixed lakes with a depth of 170 m must have been always
ity. According to Dansgaard (1964), the mean annual airaround #C with only small variations (modern and in-
temperature (MAAT) at surface is directly related to the terglacial lake temperatures about 2} see Sect. 4.1.1).
mean annua}SmOp signal (shift of +0.7%8C~1; in high Hence, the effect from lake temperatures (e.g. potentially
latitudes/continental regions +0.6 %!, Rozanski et al., higher lake temperatures during the MIS 5.5 interglacial or
1993). Due to the relatively stable lake water temperatureshe Greenland interstadial (1) would reduce &#8Ogjatonr
and the negligible effect from\ Tiake, Wwe assume the effect values, and thus, the amplitude slightly (e.g. by 1 %. when
of air temperature changes as predominant. assuming a maximum temperature difference of 49Gb
Nolan et al. (2012) identified modern synoptic weather (2) The amplitude reduction froéﬁgop t0 8180 atercould
patterns and climate trends affecting air temperatures fronalso originate from the lake residence time, acting as a buffer
National Centers for Environmental Prediction (NCEP) for extreme variations i|3180p over time (see Sect. 4.1.2).
global reanalysis data. Strong Aleutian lows and strong highThis effect could increase with longer residence time in
pressure centres over the Arctic Ocean prevail in the wintercold phases generally characterized by lower temperature
bringing cold Arctic air and moisture from the East and North and humidity and thus potentially less moisture reaching the
to Lake El'gygytgyn. Summers are characterized by weaklake setting. (3) The global isotope-temperature relationship
low pressure systems over Siberia and broad high pressur@®ansgaard, 1964) is based on recent precipitation from dif-
systems to the south and east providing warm continental aiferent regions. There is no detailed information if M%Op-
and recycled moisture to the lake. MAAT relationship is valid for the region, nor if it might have
For this area and the lake system, the general warming ochanged through time. Additionally, every sing®Ogiatom
cooling trends for air temperature are more important in con-sample refers to centennial time scales, thus longer than the
trast to changes in storm tracks being negligible (Nolan et al. period considered by Dansgaard (1964). However, the rea-
2012). Furthermore, Nolan et al. (2012) suggest that thessonable order of magnitude af0 in the Lake EI'gygytgyn
weather patterns have been relatively stable with time andsotope record indicates that air temperatures should be the
are likely representative of this and other interglacial periods.main driver.
For Beringia, Mock et al. (1998) suggest the applicability of
modern synoptic climatology to paleoclimate reconstruction.4.2 Comparison with other Lake EI'gygytgyn records
The modern day and interglacial mean annual air temper-
ature is—10.3°C (Nolan and Brigham-Grette, 2007), while 4.2.1 §%0gjatom Holocene study
mean annual air temperatures for glacials were assumed to
be about—25°C using the coldest value from modern day Swann et al. (2010) examined the oxygen isotope compo-
NCEP daily reanalysis (Swann et al., 2010). Using the Danssition of diatoms for the first 23 ka at Lake EI'gygytgyn in
gaard relationship of +0.6 %C 1, this temperature differ-  relatively high resolution (now until 2 ka BP: every 0.17 ka;
ence of about 15C is equivalent to a long-term amplitude 2k-22kaBP: on average every 0.3ka.; core Lz1029; Fig. 6).
in 818Op by 9 %.. This should be significantly higher when Differences exist between the two studies and a relatively
using MIS 5e (i.e. MIS 5.5) interglacial temperatures insteadconstant offset of 3+ 1.0 %o, n = 16 was observed. The
of modern day temperatures (Melles et al., 2012). studies are compared and simplified in the following sec-
If only condensation temperature controlled this peak-to-tion to studyl (Swann et al., 2010) and study2 (our data).
peak amplitude oA 180 =5.3 %o, this would correspond to a While for studyl the 5-75 pum fraction was used (comprised
mean annual air temperature change of abd@ Between  of Cyclotella ocellataandPliocaenicus costatlgo provide
LGM and MIS 5.5 interglacial (Dansgaard, 1964). This tem- enough material for isotope analysis, in study2 th&0 um
perature difference is in line with pollen-based reconstruc-fraction was used in order to obtain single-species sam-
tions by Melles et al. (2012) who found a difference in mean ples of Cyclotella ocellata Differences in diatom assem-
temperatures of the warmest month between LGM and MISblages (and different living conditions between both species)
5.5 of around 9C. between the two studies could have caused the different
Potentially, the change in the isotope signal due to air tem-$180-values, although numerous studies have found no ev-
peratures could be amplified by changes in continentality patidence of a species-dependent isotope fractionation in di-
terns. Lower sea levels and extended sea-ice in glacial periatoms (Schmidt et al., 1997, 2001; Brandriss et al., 1998;
ods increase the continentality of the location and the effecMoschen et al., 2005). Chapligin et al. (2012) analysed the
of the Rayleigh distillation, and thus, further decrease thePliocaenicusdominated> 10 um fraction vs. th€yclotella-
6180p. In contrast, there are three possibilities to explain adominated< 10 pm fraction for sub-surface samples from
reduced amplitude. (1) The different lake temperature (about.ake EI'gygytgyn and detected no significant difference in
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8"Oghapigin etal, stutyz [%00]  3"®Osyamnetat, syt [%o]  A180,,,1 0, [%0] records show similar trends, indicating that conclusions on
1920 21 22 23 24 25 22 20 24 2 26 27 2 012345078 palaeoclimatic changes can be drawn based on relidfi@
changes in the individual studies.

4.2.2 Biogenic silica, TiQ, magnetic susceptibility

For a longer time-series, we compared measurements of bio-

genic silica (BSi [%]), TiQ [%] and magnetic susceptibil-

ity analysed on the same core (Lz1024; Frank et al., 2012)

to our 8180 record (Fig. 7). BSi can be generally used as a

proxy for nutrient availability and bioproductivity or primary

production (Ragueneau et al., 2000). Fi®commonly used

as a proxy for clastic sediment supply from fluvial (Haug et

al., 2001) or eolian (Yancheva et al., 2007) transport and of-

ten related to weathering (Minyuk et al., 2011). To compare

the 8180 record with both data sets (BSi record, Boset

al., 2010; TiQ, Frank et al., 2012), we interpolated between

sample depths to get comparable data. Both BSi ang TiO

Fig. 6. Both existing studies 0'80gjatonrvalues from Lake  records do not correlate well with thi#80 record §80

El'gygytgyn until the LGM. Left: our study (study2), uncorrected s, BSij, r = —0.14; §180 vs. TiQp, r = —0.33). The anti-

(grey) and corrected (blackj°0 record; middle: study by Swann  ¢orrelation of the overall record is mainly due to the first

et aI.. (2010) (study2); right: the resulting offsets between the tWo, a6 meters of the core and the high peak of BSi at the time

studies. interval corresponding to the LGM (around 1.6 m depth).
High BSi percentages are not necessarily linked to increased
temperatures but also to a higher nutrient availability. High

8180giatonrvalues between the two size fractions after con- TiO, percentages can be explained by enhanced weathering

tamination correction. (maximum in TiGQpercentage). This is accompanied by a

The purity of diatoms in a sample could cause differencesminimum in§180-values in cold periods.

in 8180-values between both studies. The % cont. in studyl Magnetic susceptibility in lake sediments reflects the con-

was assessed by counting under a light microscope, resultingentration of magnetic mineral phases, which is controlled

in a mean sample purity of %+ 1.9% (1o), while study2 by preservation in Lake EI'gygytgyn sediments (Nowaczyk

showed a purity of 94+ 3.4%. Studyl did not correct etal., 2007). Anoxic bottom and pore waters dissolve the re-

the measured values for contamination whereas study2 didspective mineral phases while keeping preserved under oxic

However, higher contamination should cause low&O- conditions. Thus, high and low magnetic susceptibility val-

values for study1, which is not the case. ues can represent interglacials and glacials but a high organic

Different dehydration techniques were applied in both lab-content during interglacials can also induce anoxic bottom

oratories (SWF, iGFD), but an inter-laboratory comparisonwater conditions.

showed for both techniques results within standard devia- None of the compared proxies are directly related to tem-

tion on various biogenic working standards (Chapligin et perature and precipitation, and hence only weak correlations

al., 2011) between the two laboratories. The removal of Si-exist between these proxies and the diat3f0 signal. It is

OH groups in Nickel cylinders by using SWF as applied remarkable, though, thal®0 peaks often occur earlier than

in study1 could potentially remove oxygen from clay struc- TiO» minima or BSi maxima percentages (8120 at 5.50—

tures, whereas iGFD removes jusp® and -OH groups. 6.22 m depth vs. Ti@and BSi at 5.30-5.80 8180, 2.40-

However, study2 corrected for contamination, so a signifi-2.70 m vs. TiQ and BSi, 2.40-2.00 m), which could indicate

cant difference due to different dehydration techniques cara more direct atmospheric signal responsiblest§0, while

also be excluded. Both studies show different analytical rethere is a delayed reaction in the more indirect proxy records

producibility (mean SD (&) =0.34 %. for studyl vs. 0.13%. due to subsequent weathering (3)@&nd nutrient availabil-

for study?) but a similar trend can be observed. In bothity (BSi).

records,3180-values increase until 8-10ka, corresponding

to the HTM (studyl: +27.0 to +27.4 %o, increase between 3—4.3 Comparison with other regional and global

10.7 ka; study2: +23.4 %0 peak at 8.4ka), and decrease un-  climate records

til 20-22ka, corresponding to the LGM (studyl: +22.4 to

+22.5 %o at 21.4-21.6 ka; study2: +19.1 to +20.3 %o at 22.1-The diatoms'®0 record was compared with prominent cli-

23.1ka). Hence, no obvious reason for the offse§i0-  mate curves such as the global mar#¥€0O benthic stack

values between the two studies could be observed, but bothR04 (Lisiecki and Raymo, 2005; henceforth simplified to
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Fig. 7. Comparison of th¢a) Slsodiatom record with other Lake EI'gygytgyn recordg) TiO» [%], (c) BSi [%] (both Frank et al., 2012)
analysed with FTIRS (R@& et al., 2010) an(t) magnetic susceptibility for core Lz1024. Shaded parts indicate interglacial periods.

LR04) and the glaciab80 record from the North Green- On the one hand, this further supports the proposed age
land Ice Core Project (NGRIP; North-Greenland-lce-Core-model, on the other hand this shows the potentiall8® in
Project members, 2004; henceforth simplified to NGRIP).diatoms at Lake El'gygytgyn as a long-term climate archive
As this latter record ends at 123ka, thesD Dome-C  back to 3.6 Ma.

record from the European Project for Ice Coring in Antarc-

tica (EPICA; EPICA members, 2004 and 2006; henceforth4.4 Paleoclimate reconstruction

simplified to EPICA) was used for comparison further down-

core as well as the mean monthly (July) insolation &7  Gjacial-interglacial cycles are clearly visible in the presented
(Laska_lr et aI._, 200_4), being indicative for the main diatom 5180giatomrecord at Lake EI'gygytgyn dating back to 250 ka.
blooming period (Fig. 8). This includes prominent minima and maxima such as the
For comparing the EPICA, the LR04 record and the meanygjocene Thermal Maximum (HTM5280 around +23 %o,
monthly (July) insolation at 67N with our 60 record we g gka). A post-HTM cooling trend can be observed, while
interpolated between sample ages. The correlation of the diy, the pre-HTM time the Younger Dryas stadial (Greenland
atoms*%0 record and the stacked®0 LRO4 record (Fig. 9;  stadial 1) has not been identified in th0 record, which
r =+0.58) andéD EPICA record (Fig. 97 = +0.69) are  yight be due to the relatively low resolution. However, in
significant (p < 0.05), indicating that a clear precipitation ihe higher resolved*0 record of Swann et al. (2010) a lo-
driven climate signal is preserved in th&0 record from  ca minimum in the Younger Dryas exists, but is not clearly
diatoms at Lake El'gygytgyn. visible within the general trend. The LGMYO =+19.1 %o,
The correlation between the diatoft?O record and the 23 1 ka) reflects the absolute minimum of the record and cor-
mean monthly (July) insolation at 6N is r = +0.56. When responds to minima in th&:80 NGRIP,sD EPICA Dome-C
correlating this record to the different Milankovitch cycles, gnd stacked80 LR04 records (Fig. 8) as well as in the
the 41ka cycle caused by the obliquity of the ecliptic is jyly insolation record from 6MN. However, the LGM min-
clearly the best fit{ = +-0.67; eccentricityr = 40.29; pre-  jmum in the Lake Elgygytgyrs*80 record is earlier than
cession:r = —0.30). Hence, solar forcing, especially the those in LR04 and EPICA (20-18 ka), whereas the insolation
41 ka obliquity cycle, seems to be the main forcing factor onminimum at 67 N occurs at the same time-(23ka). De-
longer time scales fa§'?0 in diatoms at Lake EI'gygytgyn.  spite the relatively low resolution, two maxima in the MIS 3
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Fig. 8. (@) Thes180giatomrecord is plotted versu) July insolation at 67N (Laskar et al., 2004(c) §180 from the ice-core record NGRIP
(North-Greenland-Ice-Core-Project members, 20@4the stacked marine oxygen isotope record LR04 (Lisiecki and Raymo, 2005) and
(e) 8D from EPICA Dome-C ice-core record (EPICA members, 2004, 2006). For both ice-core records: complete record in grey; spline
smoothing in black. Warmer periods corresponding to MIS 1, MIS 3, MIS 5 and MIS 7 are marked in grey, interglacials and significant
interstadials are labelled.

interstadial can be distinguished. These maxima generally~ 231 ka) correlates well with the EPICA, LR04 and insola-
coincide with the mid MIS 3 warm phase (+22.4 %o, 34.3 ka) tion minima. The time corresponding to MIS 7.5 is reflected
and early MIS 3 warm phase (+23.3 %o, 54.6 ka), as statecy the locals180 maximum (+23.6 %o, 244.0 ka), which oc-
for Siberia (e.g. Swann et al., 2005). The colder MIS 4 is re-curs slightly earlier than in the EPICA, LR04 and insolation
flected by relatively lowes80-values between 70 and 60 ka. record ¢~ 240ka).

The local minimum §80 =+19.6 %), verified by multiple According to the presente8'8Ogiatom record of Lake
data points, occurs at 70 ka and matches the NGRIP and El'gygytgyn, similar temperatures occurred in the time of the
the insolation minimum. After the LGM minimum it is the HTM, MIS 3 and MIS 7, whereas the MIS 5.5 interglacial
second lowest minimum, reflecting a cold time period. Thewas warmer than the Holocene. Comparing similar peak av-
MIS 4 is preceded by a characteristic maximum corresponderages80-values from HTM (+22.8 %o; 11.1-8.4ka) and
ing to the MIS 5.5 interglacial (+24.4 %o, 127.2 ka) being the MIS 7 (+22.6 %o; 244.0—-202.8 ka) wi#t®0O-values from the
absolute maximum of the record. Again, this maximum cor-time corresponding to MIS 5.5 (+23.6 %o; 127.2-123.6 ka),
relates well with the maxima of the EPICA and the inso- the values differ by 0.8-1.0 %o, equivalent to about 1 to
lation record. However, the increase towards high€O- 1.5°C difference in mean annual air temperature (MAAT)
values occurs earlier than in the other records and alread{Dansgaard, 1964; Rozanski et al., 1993; calculated as de-
at ~ 133 ka the values are close to the peak maximum. Furscribed in Sect. 4.1.4). This is in the range of the pollen spec-
ther maxima are present in the time interval correspondingra temperature reconstructions by Melles et al. (2012) who
to MIS 7.1 and 7.3 (plateatr +23.0 %0, ~ 209-203ka) as found the MIS 5.5 to have slightly higher mean temperatures
well as MIS 7.5 (+23.6 %o, 244.0ka). The intermediate pe-of the warmest month (MTWM, i.e. July) as compared to
riod of MIS 7.2 could not be detected despite the analysisthe HTM data. The most recet®O-value of +21.4 %o is

of four samples within this time. Hence, t3¢80 record  around 1.5%o below the HTM80-value and corresponds
shows a plateau which is more similar to the weakly de-to a MAAT decrease of abouf 20 2.5°C, which slightly ex-
veloped minima of the EPICA and LRO4 records than to ceeds pollen-based reconstructions by Melles et al. (2012)
the distinct minimum of the insolation record at206ka. @ (MWTM difference ~ 1° to 2°C between today and both
The 6180 minimum corresponding to MIS 7.4 (+21.5%, HTM and MIS 5e=MIS 5.5). In the global marine LR04
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Fig. 9. Correlation between thélSOdiatom record and(a) mean monthly insolation (Julyjb) the marine LR0O4 stack an(t) the
8DepICA Dome-crecord.

record, abrupt warming and slow cooling trends were 0b-7.5 (+23.6 %o, 244.0ka) are clearly visible. A peak-to-peak
served, whereas in 0df80 record both warming and cool- amplitude of A0 =5.3 %o between the MIS 5.5 absolute
ing processes seem to occur with the same speed. Howevanaximum and the LGM absolute minimum was detected.
the reason for the different reaction time is not yet under-This shift would be equal to a change in mean annual air
stood but may be linked to the fast reaction time of the laketemperature of about @ when assuming that changes in
water to climate change. 8180p and §180)ake waterare governed by atmospheric tem-
perature at the point of condensation (+0.6&x* for high
latitudes). However, variations in moisture source and conti-
5 Conclusions nentality could be still masked within this difference.
Generally, thes'®0 record tends to peak earlier than the
Samples from the upper 13 m (dating back about 250 ka) ofveathering (TiQ [%]) or bioproductivity (BSi [%]) proxy
the 16.5m sediment core drilled at Lake El'gygytgyn (far records, indicating that'®0 precipitation signal rapidly re-
east Russian Arctic) were analysed for the oxygen isotopesponds to global/regional climate change while Fi@-
composition of biogenic silica (diatoms). For this purpose acts on enhanced weathering in cold periods or BSi per-
the < 10 um fraction was used, showing mostly a mono- centages increase after warmer time intervals with a certain
specific diatom assemblage @yclotella ocellata Sam-  delay. The correlations of th&'80 record with thes'80
ple purity was analysed by EDS adfOgiaronrvalues cor-  benthic stack LRO4r(=0.58) and thesD EPICA Dome-
rected using geochemical mass-balancing. Despite a decrea€-record ( = 0.69) are significant and show the sensitivity
ing trend in silanol group percentages of about 25 % fromof Lake EI'gygytgyn and the wider Arctic climate system to
the topmost sample downcore detected by FTIRS, this diglobal climate conditions. However, when comparing Lake
agenetic change is not reflected in th¥0 record. The El'gygytgyn to these global records, the LGM, MIS 7.5 and
5180giatom Signal is clearly controlled by thé80 signal  the §*80-values increase towards the MIS 5.5 occur earlier.
from precipitation (driven by temperature at the point of con- From the Milankovitch cycles the 41 ka obliquity cycle cor-
densation in the atmosphere) with downcore variations, indi+elates best with thé'80 record and is most likely one of
cating that glacial-interglacial cycles are present throughouthe main forcing factors on longer time scales 88fO in
the whole core. The Holocene Thermal Maximum (HTM; diatoms at Lake El'gygytgyn. This is the longest continu-
5180 peak around +23 %o; 8.9 ka), the Last Glacial Maximum ous terrestriab80 record from the Arctic directly reflect-
(LGM; +19.1 %o, 23.1 ka) as well as the MIS 5.5 interglacial ing 8180 precipitation signals. The work will be expanded to
(+24.4 %0, 127.2ka) and the interval corresponding to MIS sediment core 5011-1 (dating back to about 3.6 Ma), which
7.1, 7.3 (plateau around +23.0 %v,209-203 ka) and MIS
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