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Abstract. Lake EI'gygytgyn/NE Russia holds a continuous 1 Introduction

3.58 Ma sediment record, which is regarded as the most long-

lasting climate archive of the terrestrial Arctic. Based on

multi-proxy geochemical, mineralogical, and granulometric I Spring 2009, the ICDP EI'gygytgyn Drilling Project re-
analyses of surface sediment, inlet stream and bedrock sanfovered the 318-m long lacustrine sediment record of Lake
ples, supplemented by statistical methods, major processds!'9ygytgyn in Chukotka, NE Russia (Melles et al., 2011,
influencing the modern sedimentation in the lake were inves2012; Fig. 1). Long high-resolution lake sediment records
tigated. Grain-size parameters and chemical elements linke@'® known to well document regional hydrologic and cli-
to the input of feldspars from acidic bedrock indicate a wind- Matic responses to atmospheric changes (Brigham-Grette et
induced two-cell current system as major driver of sedimentl-» 2007a), and therefore are valuable archives of climate and
transport and accumulation processes in Lake Epgygytgyn_environmental changes. (e.0. AI!en et al., 19_99; Gasse_et al.,
The distribution of mafic rock related elements in the sed-2011; Cohen, 2012). Given their often continuous sediment
iment on the lake floor can be traced back to the input ofSeéquences, large and old lake basins play an important role
weathering products of basaltic rocks in the catchment. Obin collecting sedimentological information providing a conti-
vious similarities in the spatial variability of manganese andNental signature to couple with the marine realm. Thus, these
heavy metals indicate sorption or co-precipitation of these elJakes help to close gaps in the knowledge on land-ocean in-
ements with Fe and Mn hydroxides and oxides. But the sim-teractions through time. Nevertheless, the profound interpre-
ilar distribution of organic matter and clay contents might tation of proxy data derived from lake sediment records re-
also point to a fixation to organic components and clay min-duires an in-depth knowledge of the lake-specific modern bi-
erals. An enrichment of mercury in the inlet streams mightological and sedimentological processes and their controlling
be indicative of neotectonic activity around the lake. The factors (e.g. Vogel et al., 2010; Viehberg et al., 2012). _
results of this study add to the fundamental knowledge of Lake EI'gygytgyn represents a unique site, because it
the modern lake processes of Lake EI'gygytgyn and its lakeholds the most long-lasting climate archive of the terres-
catchment interactions, and thus, yield crucial insights for thetrial Arctic (Melles et al., 2011, 2012), reaching back to the

interpretation of paleo-data from this unique archive. time of meteorite impact event 3.58 Ma ago (Layer, 2000).
Furthermore, the basin was never overcome by large Ceno-

zoic continental ice-masses (Glushkova, 2001; Glushkova

Published by Copernicus Publications on behalf of the European Geosciences Union.



136 V. Wennrich et al.: Modern sedimentation patterns in Lake El'gygytgyn

tigated (e.g. Cremer and Wagner, 2003; Cremer et al., 2005;
Nolan and Brigham-Grette, 2007; Nolan et al., 2002; Fe-
dorov et al., 2012), and a variety of modern to sub-recent
sample sets were taken for study (Melles et al., 2005).

Here, we present the combined results of a multi-proxy
and statistical approach to enhance the understanding of the
modern sedimentation of Lake EI'gygytgyn by analyzing a
set of surface sediment and inlet streams samples, as well
as hand samples from the surrounding bedrock. The major
goal of this study is to provide information concerning the
dominant sedimentation patterns in the lake controlled by
climate-driven transport processes, bedrock geology, post-
| depositional processes, but possibly also influenced by tec-
tonic activity. In combination with recent climatologic and
hydrologic data (Nolan, 2012; Fedorov et al., 2012), these
d findings will enhance our understanding of fundamental in-
lake processes, and thus, form an important basis for the in-
terpretation of the Lake EI'gygytgyn paleo-record extending
to 3.58 Ma.
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2 Study site
Fig. 1. (a) Map showing the location of Lake El'gygytgyn in the
western Beringian Arctic(b) geological map of the El'gygytgyn  Lake El'gygytgyn (6730 N, 17205 E, 492ma.s.l.; Fig. 1)
impact impact crater illustrating the major stratigraphic units (mod- js located within the Anadyr Mountain Range in central
ified after Nowaczyk et al., 2002) and major fault systems (compiledChykotka/ Far East Russian Arctic. Today, the roughly cir-
after Belyi and Belaya, 1998; Belyi and Raikevich, 1994) inthe lake . ,|3r lake has a diameter of 12 km and a maximum wa-

catchment, bathymetric contour lines in the lake (modified after Be- ; .
. i - ter depth of 175 m (Nolan and Brigham-Grette, 2007; Melles
lyi, 2001), and locations of lake floor and bedrock samples used in P ( 9

this study as well as of ICDP site 5011-1.; (1) Koekvun’ Formation Etl,al" 2007).’ filling the deerest part IOf ;Ig%]%&l:/rvn x\”de
(basalt, andesite-basalt, tuff, tuff-breccia, sandstone, tuff-siltstone) gygytgyn impact crater (Gurov et al., ). With a sur-

(2) Ergyvaam Formation (ignimbrite, tuff), (3) Pykarvaam Forma- 1ac€ area ok~ 110 kn?, the lake is fed by 50 ephemeral
tion (ignimbrite, tuff), (4) Voron'in Formation (ignimbrite, tuff), (5) ~ Streams draining a watershed area of 293 kiefined by the

dykes, stocks, and sills of subvolcanic rocks, (6) flood plain de-crater rim (Nolan et al., 2002; Fig. 2a). The outlet stream,
posits, (7) terrace deposits, (8) boundary between the outer and ithe Enmyvaam River at the south-eastern edge of the lake,
ner OCVB zones, (9) major faults, (10) lake sediment surface samflows into the Anadyr River, which eventually drains into the
ples, (11) bedrock samples (with squares referring to data from thiBering Sea (Nolan and Brigham-Grette, 2007).
study a_nd triangles to data taken from Belyi and Belaya, 1998), (12) The climate in Chukotka is characterized by low mean
ICDP site 5011-1. winter and summer temperatures betwee82°C and
—36°C (January) and betweep4® and +8°C (July, Au-
gust), respectively (Treshnikov, 1985), and a mean annual
and Smirnov, 2007), resulting in widely time-continuous sed- precipitation of~ 250 mm (Glotov and Zuev, 1995). In 2002,
imentation. The lake is located in a region influenced bywinter and summer temperature extremes—@f0°C and
both Siberian and North Pacific oceanic air-masses (Bar#-26°C, respectively, were recorded at Lake El'gygytgyn
and Clark, 2011; Yanase and Abe-Ouchi, 2007; Mock et(Nolan and Brigham-Grette, 2007). Strong winds either from
al., 1998), making it very sensitive to regional atmosphericthe north or south with a mean hourly wind speed of 5.6ns
change. The high potential of Lake EI'gygytgyn as a globally were punctuated by maximum values up to 21.0 fr®lolan
significant paleoclimate and environmental archive is con-and Brigham-Grette, 2007).
firmed by numerous studies on the lake sediments formed Lake El'gygytgyn is an oligotrophic to ultra-oligotrophic
during the past three glacial/interglacial cycles (Brigham-and cold-monomictic lake (Cremer and Wagner, 2003), with
Grette et al., 2007b; Lozhkin et al., 2007; Melles et al., 2007;a yearly ice-cover lasting from mid-October until early to
Minyuk et al., 2007; Nowaczyk et al., 2007; Swann et al., mid-July (Nolan et al., 2002). While thermal stratification of
2010; Asikainen et al., 2007). the water column is today established during the ice-covered
Within the framework of the pre-site survey research, season (Cremer et al., 2005), the lake becomes fully mixed
modern climatological and hydrological processes in the lakeby late summer after snowmelt and the initial ice break-up,
surrounding and in the water column were intensively inves-triggered by the lateral movement of warmer shore-waters
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Fig. 2. Spatial distribution of volume percentages(af sand,(b) silt and(c) clay, (d) mean grain size, and proportions(ej feldspars and

(f) quartz in modern surface sediments (brown @etsample location), inlet streams (coloured streams) and bedrock samples (coloured cir-
cles) of Lake El'gygytgyn. Numbers near the stream moutifa)irefer to the creek numbering system of Nolan and Brigham-Grette (2007).
Arrows in(d) indicate the near-surface circulation pattern, created by prevailing northern and southern wind directions (modified after Nolan
and Brigham-Grette, 2007). Note that data of inlet stream and bedrock samples are only avail@)keniff).

and enhanced by strong winds (Nolan and Brigham-Grettecient terrace 10 m below the modern water level points to
2007). The residence time of the lake water was calculated t@ significant lake-level lowering, most likely during MIS 2
be~ 100yr (Fedorov et al., 2012). (Juschus et al., 2011). Although the existence of higher ter-
Geomorphological studies in the lake catchment haveraces 60 and 80 m above the recent lake level has been sug-
identified prominent lake terraces at 35-40m, 9-11 m andyested (Gurov et al., 2007; Nekrasov, 1963), their lacustrine
3-5m above the modern lake level as remains of lake-levebrigin has not yet been finally confirmed (Glushkova and
high-stands during the lake history (Glushkova and Smirnov,Smirnov, 2005; Juschus et al., 2011).
2007; Schwamborn et al., 2008a, 2006). In addition, an an-
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138 V. Wennrich et al.: Modern sedimentation patterns in Lake El'gygytgyn

The El'gygytgyn impact crater was formed in Upper Cre-
taceous volcanic rocks of the Okhotsk—Chukchi Volcanic
Belt (OCVB) (Gurov et al., 2007; Gurov and Gurova, 1979).
The bedrock in the vicinity of the lake predominantly con-
sists of ignimbrites, tuffs and andesite-basalts associated
with the Pykarvaam, Voron’in, Koekvun' and Ergyvaam
Formations (Belyi and Raikevich, 1994; Nowaczyk et al.,
2002; Fig. 1b) dated to about 67—90 Ma (Kelley et al., 1999;
Stone et al., 2009). The region of Lake El'gygytgyn is af-
fected by continuous permafrost, presumably since the Late
Pliocene (Glushkova and Smirnov, 2007). Erosion and detri-
tal sediment transport of bedrock material into the lake basin
are mainly triggered by permafrost related cryogenic weath-
ering, as well as slope dynamics, and fluvial outwash in the
lake surrounding (Schwamborn et al., 2008b, 2012; Fedorov
et al., 2012). Thus, climate-driven variations in permafrost
stability are believed to have a major influence on the lake
sedimentation.

~{

bottom water

e
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3 Material and methods

3.1 Field work

Fig. 3. Photograph of a gravity core taken near the northern shore of
During a field campaign in summer 2003, a set of 55 sur-Lake El'gygytgyn from a water depth of 127.4 m. Surface samples
face sediment samples was collected from the floor of Lakeused in this study comprise the uppermost 2cm of the sediments
El'gygytgyn (Fig. 1b). The samples were recovered from a(above the dotted line) representing roughly the past 150 yr based
floating platform using a gravity corer (UWITEC Corp., Aus- ©n Holocene sedimentation rates.
tria) with plastic liners of 6 cm in diameter. Sample locations
were determined according to a regular map grid, except for
the shallowest parts of the lake, which were sampled along )
a transect at the southern shelf and at three sites along the M&jor and trace elements were measured by ICP-OES
southeastern shelf. This study is based on the uppermost 2 ci~AP 6300 DUO, Thermo Scientific) after HCIGHF total

of the gravity cores, which represents roughly the past 15cfligestions. Acid digestion was perormed in .closed Teflon
years based on Holocene sedimentation rates (Fig. 3).  VeSSels (PDS-6) heated for 6 h at T80by treating 100 mg

To investigate the influence of both fluvial sediment sup- S@mple with 3mL HR-1mL HCIO4. After digestion, acids

ply and bedrock geology on the modem sediments of LakeVe€reé evaporated using a heated metal block (fg0and
El'gygytgyn, an additional 30 sediment samples were takenVe'e re-dissolved and evaporated th_ree times Wl_th 3 mL half-
from the major inlet streams entering the lake, and anothefoncentrated HCI, followed by re-dissolution with 2 vol%
11 bedrock samples were collected from the lake catchmenfiNOs and dilution to 25mL. Precision ¢) and accuracy
(Fig. 1b). The bedrock samples were supplemented by addi/€"® checked by paraI_IeI analy§|s of international and in-
tional XRF data of bedrock samples taken from the literatureN0USe reference materials, leading<.8 to < 2.6 % for

(Belyi and Belaya, 1998). major elements ang 1.7 to < 12.1 % for trace metals. Mer-
’ cury was directly determined using 30—-50 mg of dry homog-
3.2 Analytical work enized sediment using a DMA-80 Direct Mercury Analyzer

(MLS instruments). The analysis is based on combustion of
Sediment samples from both the lake floor and inlet streamshe sample and pre-concentration of Hg at a gold trap (amal-
were freeze-dried in the lab and subsequently split into samgam), re-heating and determination of Hg gas by atomic-
ple aliquots. Aliquots for geochemical and biogeochemicalabsorption spectrometry (AAS). The detection limit of the
analyzes were ground te: 63pum and homogenized. To- analysis is very low € 1 ugkg?) and the reproducibility
tal nitrogen (TN) was measured with an elemental analyzei(precision) is~ 5 % relative to the standard deviation from
(vario EL Ill, elementar Corp.). The total organic carbon con- the average value.
tent (TOC) was measured using a METALYT CS 1000S an- The major and trace element composition of the bedrock
alyzer (ELTRA Corp.), after pretreating the sediment with samples was determined by wavelength-dispersive X-ray flu-
10 % HCI to remove carbonates. orescence (XRF) analysis using a sequential X-ray spectrom-
eter (Phillips PW2400) calibrated with natural and synthetic
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standards. Prior to analysis, powdered samples were heatdihe sand, very coarse silt, coarse silt, medium silt, fine silt,
for four hours at 108C before fusion with LiB4Oy. very fine silt) as explanatory variables, respectively.

Bulk mineral contents of selected surface sediment ( Interpolation and mapping of the surface sediment datasets
22), stream# = 23) and bedrock samples £ 7) were de-  were performed with the software Surfer 9 (Golden Software
termined by X-ray diffraction (XRD). XRD analyses were Inc.) using the Kriging method (Cressie, 1991; Oliver and
run on pressed powder pellets using a Philips PW 1820MNebster, 1990).
diffractometer with Col&¢ radiation (40kV, 40 mA), auto-
matic divergence slit (ADS), graphite monochromator, and
automatic sample changer. Scanning was performed frond Results
3° to 100 2theta with a step size of 0.92theta and 1 . C

: . . e 4.1 Grain-size distribution
seconds time per step. Mineral identifications were done

by means of the Philips software X'Pert HighScorand 1o gyrface sediments of Lake EI'gygytgyn are silt domi-
sheet silicates were identified and quantified with the X-ray,teq (Fig. 2b) with a mean grain-size ranging between 7.3

diffraction interpretation software MacDiff 4.25 (Petschick ;4 g9 6 um (Fig. 2d). The spatial distribution of the mean

et al., 1996). Full quantification of the bulk mineral assem- g4in_size shows fine-grained sediments in the northern, east-
blage was carried out using the QUAX software package

! ' ern and western central lake basin, whereas coarser mate-
(Emmermann and Lauterjung, 1990) following the QUAX

rial is found at the southern, northwestern and northeast-
full pattern method (Vogt et al.,, 2002). The standard de-grp eqges of the lake (Fig. 2d). Coarse-grained areas with
viation for bulk mineral determination i%2 % for quartz

X high sand content{ 63 um) up to 73.8 % are located in the
(Vogt, 1997) and+5-10% for feldspars and clay minerals qrthwestern and northeastern corners of the lake and along
(Vogt et al., 2002). _ the southern shore (Fig. 2a). Highest silt contents (2—63 um)
Grain-size analyses were performed on 1g freeze-driedyit maximum values up to 82.3 % (Fig. 2b) are observed at
sediment. Prior to the measurement, samples were prépq goytheastern edge of the basin near the mouth of creeks
treated according to Francke et al. (2013) to remove organigg and 50 (creek numbers according to Nolan et al., 2002;

matter (300% HO,, 50°C, 18h), vivianite nodules (0.5M iy 24) The clay content varies between 8.4 % at the south-
HNOgz, 50°C, 5h, 30 min shaking in between) and biogenic o, shore and 33.6 % in the central lake basin (Fig. 2c).

silica (0.5M NaOH leaching, 90C, 2x 30min.). The re- g rrisingly, the center of the lake exhibits a tongue of
sults of the treatment steps were validated by biogeochemicalg qiments with higher mean grain sizes around 15-25 um
analyses, Fourier Transform Infrared Spectroscopy (FTIRS)gytending from the southern shore towards the lake center
XRD, scanning electron microscopy (SEM) and optical mi- rig oq). This feature is mainly due to a slight shift of the

croscopic investigations (Francke et al., 2013). Subsequently,) oo n caused by an increase in very coarse silt (31—63 um) of
the samples were mixed with W07 solution (0.05 % w/v) up to 17 %.

as a dispersant agent and finally measured by a Laser Par-

ticle Size Analyzer (DigiSizer 5200, Micromeritics Instru- 4.2  Bulk mineralogy

ment Corp.). The laser-diffractometer uses a 1MB CCD-

sensor and calculates 160 grain-size classes between 0.1 amtle bulk mineral composition of the surface sediments is
1000 um with average values of three runs. One minute of ul-dominated by a mixture of quartz, feldspars (plagioclase and
trasonic treatment and flow rates of 10 L mirre-suspended  K-feldspars), clay minerals and accessory minerals (Table 1).
the sediments prior to the analysis. Although bedrock samples of the catchment contain fairly
scattered amounts of quartz ranging from 2.9-27.7 %, the
surface sediment and inlet stream samples show a rather het-
erogeneous quartz distribution with a clear enrichment (up to
34.3 %) at the southern and southeastern shore (Fig. 2f). Con-
Calculations of grain-size parameters and statistics were perersely, the northwestern shore is characterized by lowest
formed using the program GRADISTAT (Blott and Pye, quartz content.

2001). The statistical grain-size parameters were calculated Feldspars also exhibit high concentrations in the sur-
according to the arithmetic method of moments. face sediments at the southern and northeastern shores
To handle and simplify the element data of the surface(max. 42.5%) but differ from quartz due to the high con-
sediments, and to visualize grain-size dependencies, botbentration also found at the northwestern shore and a pro-
principal component analysis (PCA) and redundancy analynhounced low in the central and eastern part of the lake
sis (RDA) were carried out. Analyses were conducted usingmax. 22.8%; Fig. 2e). These values fit within the con-
the Microsoft Excel add-in XLSTAT (Addinsoft SARL) with  centration range of the inlet stream samples (25.4—40.0 %)
chemical element data as dependent response variables andd of the bedrock material (15.1-51.4%; Fig. 2e). In
various grain-size parameters (mean, mode, median, percenfie latter, feldspars occur as phenocrysts of orthoclase

ages of sand, mud, silt, clay, medium sand, fine sand, veryKAISi3Og) and plagioclase, mainly of oligoclase and

3.3 Statistics and interpolation
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Table 1. Averaged bulk mineralogy composition of surface sediments, inlet stream and bedrock samples of Lake EI'gygytgyn. For creek
numbering see Fig. 2a.
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§ ﬁ Pykarvaam Form. 5 185 26.1 52 16 32 12 03 01 07 28 19 217 06 11 34 02 27 07 31 05
5 E Koekvuum Form. 1 29 419 87 58 12 42 01 03 04 17 27 34 03 25 03 01 19 52 66 11
83 Ergyvaam Form. 1 269 260 104 10 26 20 00 02 01 15 19 54 41 99 45 04 86 0.7 03 05
andesine ((Na,Ca)[Al(Si,Al)$0g]), in both the acid and an- Another cluster in the PCA results comprises the elements

desitic volcanic rocks (Gurov et al., 2005; Belyi, 2010). of group Il, including Cr, Cu, Zr, TiQ, Zn, V, Ni, Fe&0s, Co
The clay mineral assemblage is composed of illite, smec-and Cd, showing high loadings of PC 1 and only low nega-
tite, chlorite, mixed layer clay minerals, and to a minor tive loadings of PC 2 (Fig. 4a). As shown for instance in the
amount, kaolinite (Table 1), which concurs with earlier distribution plot of Cr (Fig. 5b), these elements are highly
downcore clay mineral analyses from Lake El'gygytgyn enriched in the southeastern part of Lake EI'gygytgyn (up to
(Asikainen et al., 2007). Furthermore, zeolites (up to 4.7 %),70.3mgkg? Cr) and along the eastern shore, whereas the
pyroxenes (up to 4.3%) and Fe-oxides and -hydroxides (upther parts of the basin show relatively low concentrations
to 4.4 %) occur in considerable amounts (Table 1), wherea$6.3-30.5mgkg! Cr). A similar heterogeneity in the dis-
carbonate phases, such as calcite (C@CMg-rich calcite,  tribution of group Il elements is also valid for the bedrock
siderite (FeC@) and rhodochrosite (MnC#$), play only a  and stream samples, with rather low values in most of the

minor role in surface sediments with contenrts3% (Ta-  lake catchment but a clear enrichment in bedrock samples
ble 1). The accessory mineral assemblage resembles tHeom the southeastern crater rim (up to 104 mg¥@r) and
composition of the inlet streams and bedrock samples. sediments from streams 48 to 50 (30.1-154.0 mgtk@r;

Fig. 5b).
4.3 Element composition A third group of elements, characterized by medium neg-

. ative loadings of PC1 and high negative loadings of PC2 in
Based on the PCA results of the elemental concentrationg,, pca contain typical heavy metals, such as Pb, Mo, MnO
in Lake El'gygytgyn surfac.e sediments, thr.ee d.ominant. eI-AS, but also BOs, SO, and Hg (Fig. 4a). With the exception
ement clusters can be defined. Group I, with high loadingsyt 4senic, group 11l elements are typically elevated in the
on principle component (PC) 2 and low loadings on PC 1, 4eepest part of the lake basin (e.g. MnO: 0.06-0.11 %), and

includes AbOs, N0, Ca0, KO, Ba and Sr (Fig. 4a). AS 46 gepleted in sediments along the coarse-grained northern
illustrated in KO concentrations as high as 6.65 % (Fig. 5a), 5nd southern shores (e.g. MnO: 0.03-0.05 %; Fig. 5c). This

these elements are typically enriched close to the southergyqiia) gistribution significantly differs from bedrock and
and northern shores but are rather depleted in the centrgl oo samples, showing a clear group Il enrichment in the

lake basin. Lower KO concentrations are also indicated at basaltic to andesitic rocks (MnO: 0.15-0.16 %) and stream

the southeastern shore, but are represented only by a singlg,mpjes (MnO: 0.07-0.09 %) of the southeastern crater rim.
value (Fig. 5a). Bedrock samples show a clear differentia- \jercyry is heterogeneously distributed in the recent sed-

tion of group I elements in the different formations, with oW 1 ants of Lake El'gygytgyn, in contrast to other group IIl
K20 concentrations of 1.2—2.2 % in the basaltic to andeSitiCelements. For major parts,of the lake basin, Hg concen-
rocks of the Koekvun’ Formation, but distinctly higher values i4tions in the surface elements do not excee,d 150 pd kg
in the rhyolithic source rocks of the Pykarvaam (3.3-4.4%) g 54). In the northern central lake basin, in contrast, mer-
and Ergyvaam Formations (4.7 %; Fig. 5a). In contrast, theCury exhibits a pronounced local maximum, with two sam-

inlet stream samples show a rather homogen(_eous distr!butiome locations yielding 4-5 times higher Hg contents (476 and
of group | elements, with high ¥O concentrations ranging g7g ngkgl) compared to all other lake sediment samples.
between 4.5 and 8.5 %. Sediments from creeks 46 and 50 in the southeastern corner
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Fig. 4. Result of the(a) principal component analysis (PCA) of the inorganic geochemistry(epdedundancy analysis (RDA) of the
inorganic geochemistry and grain-size parameters (explanatory variables) in surface sediments of Lake EI'gygytgyn.

of the basin yield Hg concentrations ranging between 182-the deposition of fine-grained material (Nolan and Brigham-
1142 pg kg, whereas mercury does not exceed 110 gtkg ~ Grette, 2007).

at most of the other inlet streams (Fig. 5d). The coarse-grained tongue extending from the southern
shore towards the lake center cannot be of fluvial origin be-
cause large inlet streams as possible source do not exist along
the southern shore. Furthermore, due to the low sand con-
tent within the area of the tongue (Fig. 2a) sediment transport
, ) ) .. from the southern, very sandy shelf by ice-rafting is also un-
Lak_e El'gygytgyn surface seo_llme_nts show a variety of distri- likely. Turbidity currents, whose deposits are typically char-
bution patterns based on grain-size parameters, element COQzyei;ad by graded bedding of the sediments with a coarse
centrations, bulk mineralogy, and organic parameters, whichy, e anq 4 fine silt/clay cap, are rather abundant in older sed-
are controlled by transport processes, bedrock geology, earl?fnents of Lake El'gygytgyn but have not been observed for
diagenetic processes and potential tectonic activity. Thusthe last 3200 uncalt“C years (Juschus et al., 2009; Sauer-

these data have a direct impact on the interpretation of th%rey etal., 2013). The lack of the typical structure in the mod-

paleoclimate record derived from sediment cores of Lakeern sediments along the coarse tongue also rules out an origin

5 Discussion

Elgygytgyn. from turbidity currents. Thus, the coarser sediment tongue

_ ) o is most likely the result of wave-induced re-suspension pro-

5.1 Sediment transport mechanisms within the water cesses (Bloesch, 1995) with an erosion of fine-grained mate-
body rial from the shallow southern shelf (water depthl0m)

o o ) during heavy storms with northerly wind directions and a
The grain-size distribution in the surface sediments of Lakeg,psequent northward transport by sub-surface currents. This
El'gygytgyn and especially the mean grain size traces theyggestion is supported by the very coarse grain-size charac-
general path of a two-cell wind induced current system inerigtically found on the southern shelf (Fig. 2a and d). The
Lake EI'gygytgyn (Fig. 2d), which appears to be triggered by occyrrence of such re-suspension processes was observed
strong winds from the north or south, as postulated by N°|arb|uring a heavy storm from the north in August 2003. Wind
and Brigham-Grette (2007). Similar wind-driven two-cell \g|ocities up to 16.8 ms (Nolan, personal communication,
current circulation systems are common features in Arcti02012) and wave heights up to 1 m created a distinct north-
lakes (e.g. Oté and Burn, 2002), often resulting in oriented \y5,q reaching suspension cloud-efL km in length in front
lake bodies with an elliptical shape perpendicular to the mainys e Enmyvaam river (Fig. 6), accompanied by a nearly
wind direction. Consistent with the occurrence of coarse-gpt off of the outlet by coarse sediment drift. The visi-
grained sediments found in the northwestern and northeashe suspension cloud ended just at the shelf edge, implying
ern comers of the lake and along the southern shore (Fig. 2g fyrther transport and dispersion of the material into the

and d), maximum littoral drift at the edges of the lake, CO- jeeper lake basin presumably via vertical lake currents or
incident with the highest erosional forces obviously prevents
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Fig. 5. Spatial distribution of concentrations @) K20 [% wt/wt], (b) Cr [mg kg_l], (c) MnO [% wt/wt], (d) Hg [ug kg_l], (e) TOC [%
wt/wt], and (f) TN [% wt/wt] in surface sediments (brown dotssample location), inlet streams (coloured streams) and bedrock samples
(coloured circles= this study; colored squarestaken from Belyi et al., 1998) of Lake EI'gygytgyn. Note that no inlet stream and bedrock
sample data are available f@) and(f).

hyperpycnal near bottom flows as described for Lake Michi-slightly triangular morphology of the southern shore line
gan (Hawley and Lee, 1999) or Lake Malawi (Halfman and (Fig. 1b), focusing the wave activity at the southeastern edge
Scholz, 1993). Between 2001 and 2005, similar heavy stormgust in front of the Enmyvaam outlet. Furthermore, similar-
with wind speeds exceeding 10 msand a duration of more ities in the spatial pattern of the coarser-grained sediment
than four hours were recorded at Lake EI'gygytgyn betweentongue and a NE-SW oriented ridge structure indicated in
9 (2001, 2004) and 26 (2002) times during the ice-free seathe bathymetry (Fig. 1b) may imply a higher sedimentation
son (mid- July—mid-October; Nolan et al., 2002). The for- rates along the suspension fan.

mation of a major suspension fan is likely amplified by the
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ments with the sand fraction (Fig. 4b). Consequently, ele-
ments of group | (e.g. K, Na, or Sr) might be used in sed-
iment cores of Lake El'gygytgyn as indicators for coarser
grain sizes (e.g. Wennrich et al., 2013).

5.2 Indications for sediment sources

The distinct clustering of group Il elements in the east and
southeast of the lake in combination with high concentra-
tions of group Il elements in the bedrock and inlet streams
Fig. 6. Suspension cloud at the southern shelf of Lake EI'gygytgyn, of the southeastern crater rim (Fig. 5b) suggest a bedrock
observed during a heavy storm with northerly winds in Au- source in the southeastern lake catchment. Especially Cr, Ni,
gust 2003. View from the southeastern shore, also showing thezy and Co, but also 63, were reported to have maximum
Enmyvaam outlet stream exiting the lake to the left (distancey)yes in the basaltic rocks (basalts, andesite-basalts) of the
ca. 1.5km). Koekvun’ Formation (Belyi and Belaya, 1998) that perva-
sively outcrops along the southeastern section of the crater
(Nowaczyk et al., 2002).

The bulk mineralogy clearly follows the general grain-size  Simultaneously, the southeastern edge of the lake basin ex-
distribution with quartz showing some similarity with the hibits a pronounced silt maximum (Fig. 2b) that most likely
pattern of silt content (Fig. 2b and e), and feldspar exhibitingcan be traced back to the high flux of fluvial suspension from
a distinct similarity with the pattern of the sand content creek 49 (informally called “Lagerny Creek”) as major in-
(Figs. 2a and f). The obvious enrichments of quartz in thelet of Lake EI'gygytgyn. During snow melt, Lagerny Creek
silt and feldspar in the coarse fraction of the surface sedproduces the highest water and sediment discharge of all inlet
iment can be directly traced back to cryogenic weatheringstreams in the range of 6. % 1 and 24.0 gs?, respectively
processes within the active layer of the permafrost in the lakgFedorov et al., 2012).
surrounding, which promote this grain-size dependent frac- A correspondence of group Il elements and coarse silt
tionation and accumulation (Konishchev, 1982; Schwamborn(16—31 pm) and, to some degree, the medium silt (7—16 pum)
et al., 2008b). and total silt fraction is not only supported by similarities

The general patterns in mineralogy are also mirrored inin the spatial distribution patterns but also by the results of
the elemental composition, with group | elements exhibitingthe RDA (Fig. 4b). Consequently, fluvial input of weather-

a distinct similarity to the distribution pattern of feldspars. ing products from the basaltic bedrock material via Lagerny
Thus, group | elements can most likely be linked to the Creek to the lake can be assumed as major source of group
amount of plagioclase and K-feldspars (Fig. 2e) originat-1l elements. Nevertheless, group Il elements exhibit a much
ing from the surrounding acidic volcanic rocks. The domi- more pronounced concentration gradient between the south-
nance of acidic volcanic rocks is also indicated by the rela-eastern corner and the remaining lake basin compared to
tively homogeneous distribution of group | elements in the the silt content. This discrepancy most likely results from a
sediments of the inlet streams and the source rocks surwery local source of group Il elements, whereas the silt sig-
rounding the lake. Since carbonate rocks are very rare in th@al mirrors the general high input of silt-sized weathering
catchment of Lake El'gygytgyn, mostly occurring as vein products from the catchment into the lake that is further in-
fillings in the suevite below the lake sediments (Melles etcreased in the southeast by the high fluvial sediment input of
al., 2011), the main sources for strontium can be attributed_agerny Creek.

to Na-Ca-feldspars, replacing sodium or calcium (Cherniak The prevailing northward dispersion of this fluvial mate-
and Watson, 1994), and to K-feldspars, with strontium andrial along western lake shore (Figs. 2b and 5b) implies an
barium known to substitute potassium (ElI Bouseily andanti-clockwise circulation pattern at the western lake shore,
El Sokkary, 1975). and thus, suggests northerly winds may be slightly dominant

The apparent KO increase in the inlets and at the shelves during the ice-free period as drivers of the current circulation
of the northern and southern shore with respect to the respesystem. But due to the poor sample resolution in this region
tive source rocks implies an enrichment of potassium duringthis pattern may also be the result of interpolation artifacts.
cryogenic weathering and/or transport processes. This gen- According to down-core investigations on ICDP Site
erally contradicts a higher grade of chemical weathering 0f5011-1 (Fig. 1) and pilot core PG1351 in the central part of
the inlet stream deposits and surface sediments usually caukake EI'gygytgyn, Ti, FeOs, but also Cr and Ni typically are
ing a depletion especially of Na, but also K and Ca (Nesbittenriched during cold stages (Minyuk et al., 2007, 2011, 2013;
and Young, 1984). Furthermore, the RDA results of the ele-Wennrich et al., 2013). Such sediments are usually character-
ment concentrations with grain-size parameters as explandzed by low coarse silt to fine sand but higher clay and fine silt
tory variables show a clear correlation of the group | ele-contents (Francke et al., 2013). This discrepancy implies a
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fundamental change in the weathering and/or sedimentation 600
settings in Lake El'gygytgyn under a perennial ice cover 550 |

. . . local Hg
during glacial periods. 500 maximum
5.3 Indicators of post-depositional processes —*: 450 |

2 0l r=0.6118n=>53
The RDA results (Fig. 4b) as well as similarities in the distri- £ s

bution patterns of heavy metals, e.g. MnO, with those of clay,
TOC and TN (Figs. 2c, 5c, e and f) strongly indicate group 501

Il elements in Lake EI'gygytgyn surface sediments to follow 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
the organic matter enriched fine fraction. The first suggests 0 02 04 06 08 1 12 14 16 18 20
that group 1l elements are mainly bound to organic matter. TOC (wt %)

Phosphorous and sulfur are typical components of lacustrine _ _
organic matter (Wetzel, 2001). Molybdenum as a catalyst for™'9- 7- Regression diagram of TOC [% wt/wf] vs. Hg [ugtl
nitrogen fixation in living plants is generally accumulated in or surface sediment samples of Lake EI'gygytgyn=(55). Lin-

plant material (Bortels, 1930), but can also be fixed to the or-ar regression line and coefficient of determination were calculated

ganic matter by early diagenetic processes (Robinson et alsxCIUdIng the values of the local Hg maximuss 450ug kg™,
1993). But due to the high accordance of group Il to clay,
an incorporation of the heavy metals into crystal lattices of
clay minerals (Lin and Puls, 2000; Tessier, 1992) has to bdo the Hg budget of Lake El'gygytgyn. But the heteroge-
considered. neous distribution of Hg in both the surface sediments and
On the other hand, enhanced concentrations of heavy methe tributaries with a very pronounced maximum in one re-
als (Pb, As, Mo), but also®s, in the central basin of a gion of the lake floor implies a local Hg source. The most
fully-mixed Lake El'gygtygyn (Cremer et al., 2005) might likely source of the elevated mercury contents are volcanic
partly be linked to the enhanced occurrence of Fe-oxides anébrmations especially of the outer zone of the OCVB out-
-hydroxides (Table 1). In recent sediments from Lake Baikalcropping around the lake, which are known not only for its
and the San Francisco Bay, iron and manganese oxides hagmwld and silver resources, but also for rich mercury ore de-
been shown to be a significant sink for P, Mo, Pb, As andposits (Sidorov et al., 2011). Interestingly, the peak concen-
other heavy metals by adsorption and co-precipitation (Liontrations in the inlet streams of the southeastern catchment
etal., 1982; Miller et al., 2002). fit the result of a gas mercury survey in the lake catchment
Nevertheless, the occurrence of Fe-oxides and -hydroxides 2003 yielding elevated Hg values in the soil air just in
highlight the iron mineralogy at the sediment/water interfacethis region of the EI'gygytgyn crater (Fedorov and Kupolov,
to clearly differ from those of Lake EI'gygytgyn down-core 2005). These were initially interpreted as tracers of tectonic
sediments deposited during glacial periods, where higheactivity along a NW-SE striking major boundary within the
Fe concentrations are linked to the diagenetic formation ofOCVB and a fault system associated with the Malyi-Chaun
vivianite ((Fe3(POQu)2-8H20) under reducing pore-water graben zone along the southern shore. Similar fault-related
conditions (Minyuk et al., 2007, 2013), with manganese in-mercury anomalies in soils have also been reported from the
corporated as an impurity into the vivianite structure (FagelBaikal Rift Zone (Koval et al., 2006, 1999), and can pre-

et al., 2005). sumably be traced back to tectonically-driven mercury mo-
bilization as described for Hg deposits in Spain (eédprak
5.4 Indicators of tectonic activity and Hernandez, 1995).

Although recent seismic activity is reportedly low for the
In major parts of the Lake El'gygytgyn basin, mercury be- EI'gygytgyn region (Fujita et al., 2002), minor faults mapped
haves like other group Il elements and is positively corre-within the lake sediment stratigraphy during seismic surveys
lated with the TOC content-f = 0.61; Fig. 7). A similar  (Niessen et al., 2007) indicate ongoing neotectonic activity.
coincidence of Hg and TOC was also observed in surficialSuch fault re-activation explains well the elevated Hg val-
sediments from Lake Baikal, with mercury as Haainly ues in the inlet stream sediments. As no obvious transport
absorbed onto organic matter (Gelety et al., 2005, 2007)process exists to explain the Hg maximum at two sites in
This TOC-Hg analogy generally supports a scavenging ofthe lake surface sediments, a tectonic origin of the mercury
mercury by algae and/or suspended algal material as meranomaly in the lake center cannot be excluded, even though
tioned by Outridge et al. (2007) for lakes in the Canadianthe seismic surveys did not yield any active faults in the re-
High Arctic. spective lake area. Thus, further research is necessary to re-
An atmospheric source of mercury has been described foveal the mercury sources and its cycle in Lake EI'gygytgyn
many remote lakes (e.g. Lorey and Driscoll, 1999; Cannonand to validate the theory of tectonically triggered Hg mobi-
et al., 2003; Bindler et al., 2001) and might also contributelization. Nevertheless, detailed Hg downcore analyses of the
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3.6 Ma record from the lake may have the potential to get These results are of essential importance for deciphering

new insights into the seismic history of this region, and/orthe climatic and environmental history of the area since 3.6

the mechanisms that trigger mass movements. Ma from the composition of the sediments drilled on ICDP
Site 5011-1 within the scope of the international EI'gygytgyn

) Drilling Project.
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