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Abstract. The combination of permafrost history and dy- and thaw) into which modern soil organic matter has been in-
namics, lake level changes and the tectonical framework isorporated. The nature of the progradational sediment trans-
considered to play a crucial role for sediment delivery to port taking place from the western and northern crater mar-
El'gygytgyn Crater Lake, NE Russian Arctic. The purpose gins may be related to the complementary occurrence of fre-
of this study is to propose a depositional framework based omuent turbiditic layers in the central lake basin, as is known
analyses of the core strata from the lake margin and historicalrom the lake sediment record. Slope processes such as grav-
reconstructions from various studies at the site. A sedimentoitational sliding and sheet flooding occur especially during
logical program has been conducted using frozen core sanspring melt and promote mass wasting into the basin. Tec-
ples from the 141.5m long El'gygytgyn 5011-3 permafrost tonics are inferred to have initiated the fan accumulation in
well. The drill site is located in sedimentary permafrost westthe first place and possibly the off-centre displacement of the
of the lake that partly fills the EI'gygytgyn Crater. The total crater lake.

core sequence is interpreted as strata building up a prograda-
tional alluvial fan delta. Four macroscopically distinct sedi-
mentary units are identified. Unit 1 (141.5-117.0 m) is com-
prised of ice-cemented, matrix-supported sandy gravel and Introduction

intercalated sandy layers. Sandy layers represent sediments

which rained out as particles in the deeper part of the wa-El'dygytgyn Crater in the Far East Russian Arctic (Fig. 1) is
ter column under highly energetic conditions. Unit 2 (117.0—2 Pliocene-aged (3.6 Ma; Layer, 2000) impact crater that of-
24.25m) is dominated by ice-cemented, matrix-supportecfers the unique opportunity to trace terrestrial Arctic palaeo-
sandy gravel with individual gravel layers. Most of the Unit 2 Climate and environmental change back to the time of the
diamicton is understood to result from alluvial wash and sub-Impact. Pilot cores have shown that the sedimentary archive
sequent gravitational sliding of coarse-grained (sandy gravelis fime-continuous, but only recently drill cores penetrat-
material on the basin slope. Unit 3 (24.25-8.5m) has ice/N9 the full basin have become available (Nowaczyk et al.,
cemented, matrix-supported sandy gravel that is interrupted002; Melles et al., 2012). It is remarkable that the lake,
by sand beds. These sandy beds are associated with f|00dir¥§hich partially fills the crater, is positioned off-centre with
events and represent near-shore sandy shoals. Unit 4 (slﬁﬂattened area semi-surrounding it; unconsolidated frozen
0.0 m) is ice-cemented, matrix-supported sandy gravel withdeposits show a distinctly asymmetrical distribution with a
varying ice content, mostly higher than below. It consists of broad fringe of loose sediment that is 3 to 4km wide in the
slope material and creek fill deposits. The uppermost metre i§0rth and west and only 100 to 200 m elsewhere around the

the active layer (i.e. the top layer of soil with seasonal freezefake. This raises two questions. Why is this lake offset? What
is the nature and history of the unconsolidated permafrost
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1898 G. Schwamborn et al.: Implications for the 3.6 Ma old sediment archive

margin? Studies of pilot cores from the lake basin show that
the lake sediments contain frequent layers of mass move- a

ment deposits (Juschus et al., 2007, 2009). The multiple oc-
currences of debris flows in the basin (Niessen et al., 2007)\}_/_\\_
require environmental conditions that link catchment pro- ;.

cesses and mass wasting, as represented in the lake recorc| s f;f‘

In order to better understand the catchment-to-lake interac-| = * -

tion, a tandem drilling of the crater basin has been achieved;| Siberia Al
next to a long sediment record of 318 m penetrating the full

lake basin (core 5011-1) (Melles et al., 2012), a 141.5m v
core was extracted from the western permafrost flats (core T )

the 3.6 Ma old impact crater (Layer, 2000) can be fully ex-
plained, including the imprint of catchment processes on the
environmental and palaeo climate archive contained in the
cores. Permafrost dynamics might govern sediment importg y
into the lake, and understanding the permafrost history of thef e :';" AN
catchment may thus improve the interpretation of the long B * SRR c,ra?gr ring 4‘! o

5011-3) (Fig. 1). This ensures that the sediment history of 7”‘5//

ST o
ol aflia
'Y

wall resembles that of an alluvial fan (McEwen et al., 2011), =&
whereas the flat cross-profile in the distal part is more like

to field observations, recent material transport is alluvial in
nature — mainly taking place during spring melt. Thus, for B
terminology reasons the name El'gygytgyn alluvial fan delta X
(EAFD) is favoured.
A detailed sedimentology is the key to understanding the
construction of the western permafrost margin of the lake
basin. The nature and history of the mid-fan will be elu-
cidated after establishing a description of the material, the [
grain size, the mineralogy, the organic matter, and the pollenf S,
content contained in the core. The purpose of this paper is
to document the sedlmgptary Seq.uence of the western plalﬁussia (black box)(b) A Landsat image showing the crater (dot-
and to propose a depositional environment based on analyses

fth trata. This also hold fint ed line) and drill site 5011-3. 5011-1, Lz1024, P1 and P2 denote
orthe core strata. 1his also Nolds consequences ot INterprely,. oo cores discussed in the text. The lake is east of the crater

Ing t_he 3.6 Ma old palaeoenvironmental and palaeoc"mat'ccentre and semi-surrounded by a flat permafrost surface to the west
archive of lake core 5011-1. and north. The dashed black lines indicate shorelines of the Mid-
dle Pleistocene (outer) and the Late Pleistocene (inner) according
to Glushkova and Smirnov (2007). The dashed white line marks the
2 Geographical setting of EI'gygytgyn Crater lake level during the LGM according to Juschus et al. (2011).

ig. 1. (a) Geographic position of the EI'gygytgyn Crater in NE

El'gygytgyn Crater is a roughly circular depression, 18 km

in diameter, and partially occupied by a lake that is 12 km inlake, which is drained by 50 seasonally active inlet streams
diameter and 175 m deep at maximum (Fig. 1). It was createdNolan and Brigham-Grette, 2007). In 2003, the active layer
3.6 Ma ago by a meteor impact (Layer, 2000) and is superimwas about 0.4 m deep in peaty silts and reached 0.5-0.8m
posed on the Okhotsk-Chukchi volcanic belt in the Anadyrin sand and gravels on the slopes. The site is in the contin-
hinterland. The volcanic plateau is from the Upper Creta-uous permafrost zone (Yershov, 1998; Schwamborn et al.,
ceous and the strata consist of ignimbrites and tuffs mainly2006, 2008) with a MAAT (mean annual air temperature) of
to the east, north, and west, and andesitic rocks located te-10°C at 3 m above the ground (Nolan and Brigham-Grette,
the south (Belyi, 1998). The hills on the volcanic crater rim 2007) and a MAGT (mean annual ground temperature) of
rise to between 600 and 930 m a.s.l. (above sea level), and the6.0°C at 20m depth (Motthagy et al., 2012). Permafrost
lake level is 492 m a.s.l. Loose Quaternary deposits in a perthickness is estimated to be around 350 m based on bore-
mafrost environment cover the crater plain surrounding thehole temperature measurements in hole 5011-3 (Mottaghy
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et al., 2012). Air temperature extremes in 2003 ranged from
—40°C to 26°C. Precipitation comprised 70 mm summer
rainfall (June-September) and 110 mm water equivalent o 5
snow (Nolan and Brigham-Grette, 2007). Humidity between
September 2001 and August 2003 ranged from 17 % tc
100 % with an average of 80 %; the most arid conditions were
found in the summer months.

Major storms push lake ice onto the shore to form the up-
permost shoreline in the lake. The storms annually changt
the coastal pebble bar height by 1 to 2m, to a distance of uj
to 10 to 20 m from the lake. Even though prevailing storms
come from either a northerly or a southerly direction (Nolan
and Brigham-Grette, 2007), these ice-pushed pebble ridge
can be seen all around the lake. A lateral series of up tc
four pebble bars measuring 20 to 200 m across and up to 4r
above the present lake level is most conspicuous in the north
ern part of the basin. The outermost ridge has been dated t
Allergd time using AMSHC ages from a sequence of slope
deposits blocked behind the ridge and is linked to a lake leve
higher at that time than it is today (Schwamborn et al., 2008).
Since that time consecutive lake level drops have left behinc 7007, |
more pebble bars. The bowl-shaped lake has nearshore sh:
lows up to 1 km from shore; at water depths of 10 to 12m 600
the shallow terrace drops off abruptly to greater depths. This
subaqueous terrace was formed during the Last Glacial Max
imum (LGM) when the lake had a water level lower than it
is today (Juschus et al., 2011). More past lake level recon
structions come from Glushkova and Smirnov (2007), who 400 1
mapped a Middle Pleistocene-aged shoreline at 540 m and S ——
Late Pleistocene-aged shoreline at 500 m. 30Q T T

There are no data available that would point to glaciation 6o 1 2 3 4 5 6 7 8 9
events in the EI'gygytgyn Crater. Glaciation in the Chukotka A e distance (km) -------------------- A
Peninsula, at least during the late Quaternary, was restricte o
in extent and characterized by well-defined valley glaciers /\
and coalescing valley glacier complexes from local mountain 600 /
centres excluding the El'gygytgyn area (Glushkova, 2001). 1 \;
Seismic surveys of the basin fill do not indicate a glacial \\._//
imprint on the lake sediment column either (Niessen et al.,
2007).

Regional tectonic maps from the Chukotka Anadyr moun-
tain belt show a major fault system running through
El'gygytgyn Crater (Fig. 3). On three sides, on the west,
the east, and the southwest, the crater is intersected by tai
gential fault lines. The western and eastern faults strike par 1 2 3 4
allel in a NW direction and mark the boundaries of the S oo distance (km) -----------o-eooeeeov N
Malo-Chauns volcano-tectonic Graben structure with the
Elgygytgyn Cra_ter located atits sou_theastern end; the S.OUth ection in Fig. 1b. Positions of cross profiles 1, 2, and 3 and a ra-
ea§tern sector is crossed by a major thrL_jSt fault (Belyi anqsiial cross section A-A' running across the fan delta through the
Ra'kev'c_h' 199_4; Stone et al., 2009). It_ IS Sp?CUIated tha'35011-3 permafrost drill site. The faint dotted line indicates the
the relative uplift of the western mountain chain may havesybaquatic fan prolongation. The delta margin might have been
tilted the crater basin and triggered fan and braid plain sedipartially flooded after a lake level rise (Image source: USGS,
mentation. The lake’s shift off-centre towards the east mightCORONA 1216-5, acquisition date: 14 September 19@f))Lon-
be another result of this block motion during the local oro- gitudinal profile across the drill sitéc) Cross profiles 1, 2, and 3.
genesis. Today’s seismicity map indicates that earthquakes
with magnitudes up to 4 shake the area (Fuijita et al., 2009).

500

altitude (m)

altitude (m)
[6)]
o
o

400

Fig. 2. Topography of the fan surfacéa) enlargement of the sub-
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most distinctive sediment body on the western-to-northern
Outer zone of . . . .
Okhotsk-Chukchi alluvial plain; several fans in a row cover this area. Where
volcanic belt the fan spreads out on the plain it measures 3km in length
+ and 2km in width at its maximum (Fig. 2). The fan mar-
gin outline is arcuate where it borders the lake and contin-
ues with a subaqueous prolongation on a slope into the lake
(Fig. 2). Two small deltaic bodies protrude visibly into the
lake and modify the shoreline. Parts of what is today the sub-
aqueous delta have been inundated in the course of a water
level rise after the LGM lowstand (see also Fig. 2 in Nolan
and Brigham-Grette, 2007). The active feeder channel marks
Ol i the northern boundary of the fan and might have migrated to
volcanic belt its modern position from the south (Fig. 2). The feeder chan-
nel of the EAFD and the channel feeding a small delta to the
south measure more than 4km in length and belong to the
longest inlets in the lake catchment. A hummocky tundra en-
vironment characterizes the fan surface with a loamy to rub-
Fig. 3. Tectonic framework around Lake EI'gygytgyn according to p)y sybstrate. Surface drainage occurs mainly during spring

Belyi and Raikevich (1994) and Stone et al. (2009). The grey areg, o vmelt. The ground is mostly dry in summer. Creeks are
marks the lake’s catchment. An uplift of the western block may have.

caused the lake’s offset from the centre and may have initiated far%ntermlttent and ponds do not perSIS_t. Condltlor_ls may haye

and braid plain fill to the west and north of the crater. f';llter_nated between seasonally aIIuv_laIand debrls-_fIO\_/\{ ac_tlv-
ity since the onset of EAFD formation; such variability is
known from other fan environments (Harvey et al., 2005;
Harvey, 2012). Typically, only the most recent processes that

This may add to surface activation and downslope releasdave affected fan surfaces are evident.

of debris.

Generally, fan deltas form as a result of base-level fall of

the depositional area relative to the source area. Erosionad Material and methods

base-level falls tend to result in temporary thin fans, and tec-

tonic base-level falls tend to result in prolonged accumula-Onshore sedimentary permafrost was cored down to 141.5m

tion of thick fans (Bull, 1977). There are strong relationshipsin November 2008 (Melles et al., 2011). Frozen core pieces

between active orogenic environments and thick accumulawere recovered with a mining rig (Russian SIF-650M) that

tions of young fan deposits (Beaty, 1970; Densmore et al.was employed by a local drilling company. The rotary drill

2007). On the other hand, continued lack of tectonic uplift worked without any fluids and pressured air was used to keep

will change the depositional environment to an erosional enthe base of the borehole clean. Core cuttings were caught in

vironment where pedimentation or flooding events are thea half-open cylinder, which was mounted on top of the drill

main process operating on the landscape (Bull, 1977; Haugit. Individual core runs extracted up to 1.5m of core and

et al., 2010). The feeder channel of the EAFD has a terracéndividual core sections measured up to 0.4 m long. The core

architecture, where the two levels of a modern and an anciendliameter was 0.11 m and the overall core recovery reached

riverbed are distinct. The difference in altitude in the mid-fan 91 %. Cores were labelled and packaged into plastic liners

area is up to one metre with a riverbed width of about 200 m.and thermo boxes and kept frozen until they arrived at the

This suggests that the feeding river had higher water levelsaboratory.

in the past and has been eroding this bed to a deeper level

in recent times. Alternatively, a base level drop in the course3.1 Log protocol

of the Holocene lake level receding or a tectonic uplift in the

western crater margin may control the erosional level in theThe core processing in the field followed a modified protocol

riverbed. that was based on a log protocol provided by the OSG (Oper-

The 5011-3 coring position (789.1'N, 171°56.7' E) is ational Support Group) of the ICDP (International Continen-

located in the central part of the western permafrost flatstal Scientific Drilling Program; icdp-online.org). The main

(Fig. 2). To the east the closest shore bars are 350 m awagomponents of the core composition were described using

and to the west the nearest outcropping of volcanic rockscodes for the sediment types and the colour, and a note de-

occurs upslope 4km away. The area between is covered bgcribing sharp orgradational layer contacts. Notes describing

talus and slope material. The core position lies 8 m higherplant remains, gas bubbles, or fossils were added whenever

than the lake level on a gently sloping surfaeed(®). The  necessary. The ground ice fabric was addressed (e.qg. ice ce-

coring site is located at the distal end of a fan that is thement, lens-like, reticulate, massive, or layered), and finally

Malo-Chauns
volcano-tectonic Graben

relative uplift

B relative downlift
major thrust fault

- Enmyvaam River
Verkhne-Ugatkyn
Graben
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digital images were taken to complete the in-field documen-using an integration of peaks at 2.92 and AQVogt et
tation. The log protocol was transferred into a drilling in- al., 2001) with reference to the total peak area of one in-
formation system that linked the core description with coredividual measurement. XRD instrumental settings were ac-

imagery. cording to Petschick et al. (1996), and digital processing
of XRD diagrams was performed using “MacDiff” soft-
3.2 Laboratory procedure ware (Petschick et al., 1996). The following mineralogi-

cal quotients were used: kalifeldspar-to-plagioclase, quartz-

Further laboratory processing included proper cleaning of allto-feldspar, and pyroxene-to-total peak area (Mogt, 2009;
sections (i.e. removal of borehole cuttings), and documentVogt et al., 2001).
ing core sections with refined descriptions and digital pho- Total organic carbon (TOC) was measured with a Vario EL
tography. On average, samples were taken every 0.5m dill element analyser in samples (5 mg) that had been treated
where a sediment change occurred; sections were 15 to 20 cmith hydrochloric acid (HCI, 10 %) at a temperature o€
long and had a gross weight of about 2 to 3kg. Frozen samto remove carbonate. Samples were heated (1CH@&nd
ples stored in polyethylene bags were weighed, thawed, andupplied with oxygen during analysis. The TOC content was
allowed to settle. Thawed ground ice was immediately ex-measured by heat conductivity using helium as a carrier gas.
tracted from the samples using pore water samplers (i.e. rhilnternational standard reference materials covering the mea-
zones; Seeberg-Elverfeldt et al., 2005). It was analysed fosured range, as well as double measurements, were used to
pH and electrical conductivity (EC) using a WTW Multilab check for external precision. The following errors were ac-
540. Subsamples were taken for further pore-water analysegepted: +5 % for TOC content1 wt %; +10 % for TOC con-
After the remaining sample parts were freeze-dried the gravitent <1 wt %.
metric ice content was determined and is expressed as total A standard hydrofluoric acid (HF) technique was used for
water content equivalent in weight percentage (wt %) of thepollen preparation from subsamples with grain siz@mm.
moist sample. The solid portion of the sample underwent aAt least one sample per core metre was inspected, and (when
standard suite of analyses. possible) at least 250 pollen grains were counted in each

Ice cracks were present in the frozen core. This indicatessample. A total of 210 samples spanning the whole core
the possible destruction of primary sedimentary structure andhave been studied for pollen. More specifications related to
sediment grains. Whereas the assessment of mineralogicthe pollen analysis are outlined in greater detail in Andreev
and organic contents is not sensitive to sediment freezing, thet al. (2012). Age estimation of pollen zones is based on
grain size assessment should be treated with caution, sindde correlation with pollen results from relatively well-dated
post-depositional grain split-up in the core material due toEl'gygytgyn lacustrine sediment cores (Lozkhin and Ander-
frost-cracking may have occurred to an unknown extent.  son, 2006; Lozkhin et al., 2007) and short permafrost cores

Conventional sieving techniques were carried out in thefrom the slopes (Andreev et al., 2012).
course of analysing subsamples. The dry gravel portion was
separated in a rotating sieve tower (Retsch AS 200 con-
trol) into phi-stepped sieves-(l0 mm; >6.3mm;>2mm). 4 Results
Selected samples were further dry-sieved for the fractions4 1 The modern environment
>1mm; >0.5mm; >0.25mm; >0.125 mm; >0.063 mm; '

>0.032 mm; and<0.032 mm using an ATM SonicSifter with - g5, field observation it was clear that spring meltwater cur-

timed mechanical pulsing action. The sieving results were inveyy ransports detritus from the catchment onto the lake ice
put into the GRADISTAT program developed by S. J. BIOtt 5 jnto the growing ice-free margin. The detritus consists of

(Blott and Pye, 2001). The program provides sample staliStaterial up to the gravel-size range. This sediment transport

tics based on Folk and Ward (1957) and a physical descripg the |ake’s shallow areas is probably responsible for fur-
tion of the textural group the sample belongs to and the sedger segiment release to the deep basin promoted by rain and
iment name (such as “fine gravelly coarse sand”) following giorm events occurring later during the open water season.
Folk (1954,)' ) . The shoreline is composed of pebbles forming bars upto 4 m

_ For tracing mineral changes, core cuttings of all sec-g that occasionally contain lagoonal ponds in which sandy
tions (2 = 100) were analysed using XRD (X-ray diffrac- gravel accumulates. After the spring melt peak, the shoreline
tometry). The non-textured pulverized samples were meay,pier system thus acts as a sediment trap; these traps are
sured on a Philips PW1820 goniometer applying Gaid- fgenerally penetrated only by smaller-sized material in the
diation (40kV, 40 mA). The semi-quantitative assessment Oclay and silt range. For a detailed description of the mod-

the main mingral components included the relative quarnzg sedimentation pattern in the EI'gygytgyn Crater Lake the
feldspar (plagioclase and orthoclase), and pyroxene amount$a,qer is referred to Wennrich et al. (2012).
The quartz occurrence is defined using the area below the

4.26A peak, whereas plagioclase is measured using the 3.18
and orthoclase the 3.24 peak areas. Pyroxene is assessed
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5011-3 Mineral ratios TOC unit

unit 4:
(wt %) (Left) Partly ice-rich deposits with ice
0.0 0.6 0 4 0 inclusions filling intrasedimental pore
0 e ({\ Ll ..AAA b L1 I — space.
Pt LY 4 (Right) Diamicton with subround to
T o ! subangular volcanic clasts (up to 7 cm
10 e i 13 1 a ] in length) embedded in a sandy
~ o — g matrix.
Lt — = 8 o 3
i . 0 ==
20 % g 1+ 4= —
E— " et aha the
il ves, < | (Left) Sand layers with a thickness
30 .‘d_-u.:.n.,":..._ ranging between a few cm to 1 dm.

(Right) Diamicton with typical
subangular clasts in a sandy matrix.

1 1
PN B N
v

ee
1

iy uonosiep Mojeq
10
elep ou

= i 1< i unit 2:
3 by (Left) Ice-filled cracks (see arrows)
£ = with various orientations and lengths
& : 2 and widths. (Right) A pebble layer
g T s T with rounded clasts.
S .
3 o
- - 8 * . -
4 d ." unit 1:
2 (Left and right) Inclined sand layers
- | embedded in diamicton.
.
7 ] '. « | Colour code
B oo J — Pyx/TPA 1
130 5 % - I~ — QrzlFsp
— -
- o N { — K-Fsp/Plg
140 = = " L]
ice cement

sandy gravel plant remains
|E| Fig. 5. Photographic examples of sediment structures and ice fea-

Legend
D sand lithified wood remains E fce crust tures in units 1 to 4. The core diameter is 11 cm.

pebble 5’ inclined stratification ice-filled crack
a minor portion in the coarse to medium sand fraction
Fig. 4. Lithological log of core 5011-3 from EIgygytgyn (>500pum;>250um) (Fig. 6). The gravel-to-sand bound-
Crater showing the material composition and the subdivi- ary (>2mm/<2mm) has 65 % of gravel (max. value 72 %,
sion_ ir_1to core units based on macroscopic feat_ures. Ab-min. value 51 %) and 35% of sand and mud (max. value
tl;rle\ﬂégllgnisc:)claer; :PqL)‘(a_”;' ) FSpn: f?rlgsApf‘:' tKl'FSpk: 'fa“'feldSpar' 49 %, min. value 28 %). The diamicton is intercalated by or-
g=rlag ) PYX=TYroxene, =lolal peakarea. ange to yellowish sand layers at 138.9m, 133.6 m, 121.6 m,
121.2m, 120.9m, and 117.1 m (Fig. 5). These sandy layers
are several cmin thickness and partly show inclined bedding.
4.2 Lithostratigraphy and granulometry The bottom contacts of the sand layers are fuzzy, while the
top contacts are sharp. The presence of the sand layers is used
The cored material can be subdivided into four broad sedito distinguish this unit from the overlying strata.
mentary units based on macroscopic description. These sedi- Unit 2 (117.0-24.25 m) is dominated by massive, matrix-
mentary units have distinct properties, as described from thesupported sandy gravel and contains individual gravel layers.
bottom to the top (Figs. 4 and 5). Gravel-sized clasts (5 to 10cm in diameter) in the diamic-
Unit 1 (141.5-117.0m) is composed of matrix-supportedton are mostly subangular to subround and occur through-
sandy gravel. The mostly red, orange-yellow and brown,out the unit (Fig. 5). In colour and size the clasts resem-
partly greenish gravel clasts measure up to 7cm inble those of unit 1. They tend to be more rounded when
length; they are of volcanic origin with porphyric and ign- they occur in ice-rich gravel layers (i.e. layers with excess
imbritic textures. Commonly they have a subround to sub-ice). Gravel layers are commonly 5 to 20 cm thick and oc-
angular shape. The modal composition shows that mediuncur throughout the unit (i.e. at 116.8m, 112.4m, 106.5m,
gravel 10mm) is the most pronounced portion, fol- 104.4m, 100.1m, 99.5m, 97.9m, 95.0m, 94.1m, 93.2m,
lowed by a distinct mode in the fine pebble fraction and 80.2m, 69.0m, 62.8m, 59.55m, 57.5m, 52.3m, 42.4m,

Clim. Past, 8, 18974911, 2012 www.clim-past.net/8/1897/2012/
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eso, osp the fine pebble fraction (Fig. 6). The peak in the coarse to
20 40 60 80 100 medium sand fraction>500 um; >250 um) is more pro-

[4] nounced than in the underlying units 1 and 2. The high sand
portion in this unit is also pronounced in the gravel-to-sand
N boundary; the gravel portion amounts to 45% (max. value
L2 84 %, min. value 2 %) and the sand and mud portion to 55 %
5\~ (max. value 98 %, min. value 16 %). As with unit 1, the pres-
ik — ence of the sand layers is used to distinguish unit 3 from the
% _ underlying and overlying strata.

3 unies Unit 4 (8.5-0.0m) consists of a matrix-supported sandy
b \/\/—\_ gravel with varying ice contents (Fig. 5). Occasionally sam-
w ples are supersaturated with moisture, e.g. at 1.8 m or at
2| | it 2 1.5m. In colour, size and shape the gravel-sized clasts
are similar to the underlying strata. Unlike the underlying
: — parts, this unit has various layers composed of component-
1 supported diamicton, especially towards the top of the core,
it 1 e.g. at 3.05-2.85m and at 0.6-0.0m. The modal com-
b \/\/_ position in this unit peaks in the medium gravel portion
| (>10mm), followed by a distinct mode in the fine pebble
A fraction. The peak in the coarse to medium sand fraction
- (>500 pm;>250 um) is less pronounced than in the underly-
1 ing units 1, 2, and 3 (Fig. 6). In contrast, there is a noticeable
portion of fine sand and coarse silt in this unit. The gravel-
— to-sand boundary shows a gravel portion of 54 % (max. value
Fig. 6. Grain size distribution (GSD) and gravel/sand+mud bound- 88 %, min. value 19 %,’) and a sand and mud P‘?”‘O” of ,46 %
ary for core 5011-3, and modal grain size composition in units 1 to(Max. value 819%, min. value 129%). Sub-millimetre sized
4 (red line = mean, upper grey line =maximum, lower grey line and Plant remains are scattered in the uppermost two metres and
minimum). are intermixed with the sandy matrix.

s

~a

core depth (m)

I N

Legend

>10 mm
>6.3 mm
>2 mm
>1 mm
>500 um
>250 um
>125 um
>63 um
>32 um
<32 ym

AAA_ _Smh

4.3 Mineralogy and organic matter content

41.0m, 37.95m, 27.65m, 26.45m). The lack of distinct sed- ) o )
iment changes and a visually fairly constant diamictic grain!n terms of mineralogy the core material is traced using
size composition are most characteristic of this unit. Theth€ guartz, feldspar and pyroxene components (Fig. 4). The
modal composition in this unit is similar to unit 1; it peaks @mount and the average individual size of feldspar macro
in the medium gravel portions(10 mm) followed by a dis- crystals vary visibly in the volce_lmc clasts and _along the
tinct mode in the fine pebble fraction and a minor portion €OT€: When expressed in a kalifeldspar-to-plagioclase ra-
in the coarse to medium sand fracticRS00 pm;>250 pm) tio (K-Fsp/Plg), it ranges between 0.5 and 1.5. This is re-

(Fig. 6). The gravel-to-sand boundary slightly differs in this 9rded a range that indicates minor change of source rock
unit from unit 1; it has 61% of gravel (max. value 88 %, geology when compared with other sediment records where

min. value 28 %) and 39% of sand and mud (max. valuethese values can be up to 4 to 8 in different lithostratigraphic
72 %, min. value 12 %). At 49.65m core depth, organic re-units (e.g. Vogt, 2009). Exceptionally, there are higher val-

mains have been found and identified as pieces of lithified!®S UP 0 3.5 at 121.8m and 101.2m depth. Quartz-to-
wood. feldspar ratios (Qrz/Fsp) as well as pyroxene occurrence

Unit 3 (24.25-8.5m) has matrix-supported sandy gravel(PYX/TPA; TPA=total peak area) do not change markedly
to gravelly sand that is interrupted by sand beds (Fig. 5)&long the core; within a range of 0.1 and 0.4 the quartz-
The multi-coloured gravel-sized clasts in the diamicton are!©-feldspar ratios change and the pyroxene signal with re-
mostly subangular to subround and occur throughout thesPect to the overall mineralogical signal ranges between 0.1

unit, as in unit 2. The pale red to orange coloured sand bed@nd 0-2. For comparison, elsewhere those ratios can reach
occur at 24.25-23.55m, 23.2—23.05m, 19.45-19.3m, 18.9UP to 4 and express lithostratigraphic units (e.g. Vogt, 2009),
18.8m. 18.4-18.0m. 16.5-16.2m. 10.1-10.0m. and 9.eWhich is not obvious in core 5011-3. Geological mapping
91m: ’they have cm to dm thick sand layers (e.é]. at 16 5-has identified rhyolithic volcanics that appear as tuffs and ig-

16.2m) and are partly fining upwards (i.e. at 18.4-18.0 m)_nimbrites in the western area (Belyi, 1998). Therefore, the

The diamicton parts generally resemble the underlying unitsS@MPle debris is classed as a monomictic breccia. The fluc-

The modal composition in this unit peaks in the mediumtu"’_‘t.ing kalifeldspar-to—pllagioclasg ratio points to minor vari-
gravel portion &10mm), followed by a distinct mode in aPility of the upland drainage basin geology.
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50113 pollen zonation oo PH  interpretation unit .38.0.m, 14.1m, and 2.0_m. Some sediment .samples show
R s T e I ice-filled cracks, suggesting that ruptured sediment has been
i otnaer fias i) i |4 healed by ice veins at a postsedimentary stage when the
LPFI 10 F=— o pollen 2 ] it ] slope was not fully frozen, e.g. at 138.6 m, 121.8 m, 120.4 m,
| 20 ﬁ,_\%; | o 3 118.0m, 93.4m, 70.4m, 70.05m, 68.4m, 66.8m, 64.4m

— (see Fig. 4), 46.3m, 44.5m, 41.3m, 40.9m, and 19.5m. The
cracks have various orientations and lengths; they can be ver-
tical to horizontal, and they are commonly 1-2 cm thick and
up to 10 cm long.

The pH of the thawed ground ice can be subdivided into
N | detris two main zones: (i) between 141.5-8.5m core depth (units
4= fow pollen at 61-69 m 1 to 3), the pH values range between 7 and 8; and (ii) be-
2 tween 8.5-0.0 m (unit 4), the pH values are slightly acidic,
ranging between 5 and 7 (Fig. 7). The boundary between the
two parts is sharp and is used to support the differentiation
. 1 between units 3 and 4.

The acidic pH range of the upper core part (8.5-0.0m)
resembles pH conditions of the modern lake water or near-
. . surface permafrost. The pH measurements indicate that

openbeans

core depth (m)

no pollen

s _':::’:'-I ] El'gygytgyn Crater Lake is circumneutral to weakly acidic
120 % ] ] s (Cremer et al., 2005). Similarly, ground ice in frozen soil
130 171 1 1 tone. ! and ice wedges exhibits weakly acidic pH values between
o B2t 1 | s 6 and 7 (Schwamborn et al., 2006). Based on EC measure-

ments in 2000 and 2003 it was concluded that ion-depleted

Fig. 7. The lithological log of core 5011-3 with pollen zones (partly Meltwaters mainly feed the lake; the specific conductivity in

shown as stratigraphic zones; MIS = marine isotope stage), grounéel'9ygytgyn Crater Lake was very low. This was also con-

ice properties (ice content and pH), and depositional interpretationfirmed by selected conductivity measurements in snow sam-

LPF=Late Pleistocene flooding event; MPF =Middle Pleistoceneples and inlet streams in 2003, all indicating specific conduc-

flooding event. tivities below 25 pS cm! (Cremer and Wagner, 2003). The
acidic pore ice pH of unit 4 thus resembles modern surface
water conditions, whereas the higher pH of units 1, 2, and 3

The core contains organic matter only to a minimal amountdiffers from the subaerial signature.
(Fig. 4). In the uppermost two metres some, TOC values
reach more than 5 wt %. Below two metres and down to%4-5 Pollen content

20 m core depth, TOC is not detectable. Between 20 m core

depth and the core bottom, only individual measurementd® COMprehensive documentation of the pollen stratigraphy

have been conducted on samples that had a pollen load. How:a"n be found in the accompanying paper by Andreev et

ever, also those samples had TOC values below the detectidH: (,2012)', The corr'elatlon of pollen zones is based on a com-
limit. parison with two fairly well-dated five-metre cores extracted

from slopes in the area (P1 and P2, Fig. 1). In the follow-
ing a summary is given and the correlated pollen zones are
displayed in Fig. 8.

The ground ice in the core is mostly formed as ice cement, "€ .polllen record in core 5011-3 is discontinuous
i.e. the intrasedimental ice fills the pore space that is avail{F19- 7); unit 1 does not contain any pollen, spores or other

able within the sediment layers. In sediment units 1, 2, andP@ynomorphs except from a few pollen grains found be-

3 the pore ice ranges between 10 and 20 wt % (per cenfween 121.8 m and 123.5m depth. In the core units 2, 3, and

gross weight). In some unit 4 samples, pore ice exceedd the pollen and spores are also very rare. Relatively rich
20 wt % and it can reach up to 45 wt % within the upper pollen assemblages are found between 65.9-61.4 m depth in

three metres of the core (Fig. 7). Exceptionally, the groundUNit 2, where the sample at 65.9-65.7 m depth contains nu-
ice forms crusts around gravel-sized clasts or forms ice inMerous pollen oArtemisia PoaceagandAsteraceaeHow-

clusions where sediment packing is looser, e.g. at 140.0 m€Ver, the overlying sediments (65.3-63.55m depth) contain

108.4m. 74.2m. 63.55m. 61.75m. 54.5m. 18.0m. 11.0 mrather abundant amounts of pine pollen with some larch, fir,

and 4.1 m (see also Fig. 4). Ice crusts have grown at the boSPruce, and hemlock pollen. Samples at 51.8-51.6m, 51.3—

tom side of the clasts, especially in unit 2 deposits, e.g. aPl-1M, and 35.9-35.8m depth contain pollen of herbs and

128.8m, 123.4m, 94.8m, 88.7m, 75.3m, 62.2m, 54.1 m Shrubs.

4.4 Ground ice characteristics
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G. Schwamborn et al.: Implications for the 3.6 Ma old sediment archive 1905

core P1 core P2

= 2 B
g P § g
] S & 8
T |‘| YT '."-”" Ty |||‘| L . o
FA11 L AL :
- . - @ @
eI -3 Qo0
(:I,)_ 2]
g 2
73 o
@ @
R R R e R R R
i >
I II |I | II [T I||||| 11 3 @
g o
it = s ==s——a== » "
= = = P
T 3 3
v e e s e e seee e v e s el 3 Q
= e G 1 ciavatum-type 2 ®
: I'“_“]“ LU '|'|||' T I' Totat pllen concantration @
SRR L LR AR R R NN
Po— = = = ; 5 S Polien Zone:
Allerod | Dryas Holocene Stratigraphy undefined Allerod Dryas Stratigraphy
core 5011-3
Ea— T E D e
i i | o R A Lt Alnus fruticosa-type =
K | ! Ll i o 3
:Tn ; [T 71 »
= — - - Q0
= i L |2}
= b = — . =
L 3 L I 1 »
A | =
" [ — 2
T - @
N | -
B 8
e : H le)
. ] f v 14
F T T
el i i i

l

. Allerod |L %
undefined b __

(&) 2sin

Fig. 8. Correlation of the pollen stratigraphy in permafrost core 5011-3 (bottom) Hithdated cores P1 and P2 (from: Andreev et al.,
2012).

In unit 3, sediments at 19.8 m and 19.3 m depth pollen of The 2.5-1.8m core section lacks those tree and shrub
alder and birch an@®phagnunspores occur (Fig. 8). The pollen and instead is dominated mostly Gyperaceaeand
pollen assemblages are dominatedMryus fruticosaBetula ~ Poaceaepollen. Most likely this association represents the
sect. NanaandPoaceae However, pollen ofSalix, Cyper-  Younger Dryas in the area. Between 1.8-1.0m aldér (
aceag Ericales Caryophyllaceaeand spores oSphagnum  nug and birch Betulg, pollen occur again along with high
LycopodiumandHuperziaare also important components of numbers ofArtemisia while from 1.0-0.0 m the pollen as-
the spectra. Based on a comparison with other core resultsociation is dominated bRBetula sectNanag Alnus fruti-
from the area, this pollen content argues for an interglacialcosa CyperaceagPoaceae andEricales This pollen con-
assemblage, possibly MIS 7, even though this interpretatiorient is associated with the Holocene based on comparison
remains debatable. with other well-dated core records (Fig. 8).

In unit 4 between 9.5-2.5m, the core has a relatively
high pollen concentration, including tree pollen such as alder . )

(Alnus fruticosd and birch Betula sect. Nangenext to ~ ° Discussion

Salix, Cyperaceae, Poacedericalesand spores oSphag-
num (Fig. 8). When compared with other core results from
the area, this pollen zone is linked to Allergd.

The EAFD has features that are common to both alluvial fans
and deltaic depositional systems; the proximal area in front
of the mountain ridge framing the crater can be described as

www.clim-past.net/8/1897/2012/ Clim. Past, 8, 1897911, 2012
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Topset |  Foreset |  Bottomset in the water column, i.e. from high-energy stream flows in a
sorit-3 Sorit-1 deep slope position.

Unit 2 has a coarse-grained portion with gravel that is typi-
cal of the debris cone of a Gilbert-type fan delta and its slope.
Mass wasting on the slope is incited by oversteepening of the
depositional slope, and a mixture of slope and channel trans-
port is suggested to control sediment accumulation. Individ-

sediment
transport

(covered by Juschus et al., 2009)

\ 9km ual lobes where these deposits have formed on the slope may
w E have migrated through time. The high-energy conditions on
Legend 1 1
B B mocetmsopssons [l nrtcees [ sope e the slope h_ave prevented clay and pollen from sedimenting
[l deta front andt debris cone. [l prodeta muds 0] take (creep and alluvial) out. The ratio of bed load (sand and gravel) to suspended load

(clay and silt) is a chief but complex factor for determining
Fig. 9. A proposed simplified view of the E'gygytgyn western mar- the energetic environment (Galloway, 1975). However, sus-
gin that combines known lithologies of cores 5011-3 and 5011-1pended load is also particularly susceptible to loss from the
and studies of mass movements on the lake floor by Juschus e§ystem via waves and stream drift or currents, and is virtu-
al. (2009). Note that the bottom of core 5011-3 encounters sedy\y, apsent in the cored material of 5011-3. Instead, it is de-

iments from the deeper slope area. Turbidites known from €O cribed from cores from the centre of the lake basin (Juschus

E?(iglr:dﬁ]rge Seexdﬁsqcetﬁ? trlgntsh;?o?ti?grirt:si:g;? a continuation of thgt al., 2007; Melles et al., 2012). Thus, the finer portions of
the sediment load are transported further downslope where
they build up graded layers in the deeper basin, which define

a fan setting, whereas the distal part forms a deltaic environth€ basin floor record of the mass wasting events. Lake sed-

ment. Characteristic of deltas is a deposit built by a terresiment core 5011-1 consists of up to 30 % of such turbiditic

trial feeder system, typically alluvial, into or against a body layers and documents the basin floor end of the slope cascade
of standing water (Nemec, 1990), in this case a lake. The re(Kukkonen et al., 2012). According to the pollen contents at
sult is a localized, often irregular progradation of the shore-65-9-65.7m core depth, a rather treeless, cold and dry en-
line controlled directly by the terrestrial feeder system, with Vironment is indicated for the relevant time. In contrast, the
possible modification by basinal processes, such as the ag0llen assemblages at 65.3-63.55m can be associated with
tion of waves or lake level change. The site of maximum de-&n interglacial (marine isotope stage (MIS) 117?) based on the
position may shift through time and sediment change in the_s'm”af r_elat|ve occurrence of these pollen in the corresp.ond—
stratigraphic column may occur through autogenic forcing.!n9 unitin lake core 5011-1 (Melles et al., 2012). Pollen find-

Most of the coarse-grained (i.e. sandy gravel) material thafn9s at51.8-51.6m, 51.3-51.1m, and 35.9-35.8 m depth are

makes up core 5011-3 and the slope at the shoreline as d&gain linked to cold-climate Pleistocene conditions.

picted from the bathymetry corresponds to facies types and In umt 3, the sedimentary environment is similar with the

depositional zones that are typical for a Gilbert-type fan delta€*Cception of the sand beds at the bottom and the top of

(Postma, 1995). In Fig. 7, a downcore interpretation of thethis unit. The ice content is low (10-20 wt %) in units 1,

depositional environments is given, and in Fig. 9, a resulting?> @nd 3, which is thought to support the interpretation of

scheme is proposed that includes the delta progradation argHbagueous deposition where grains are packed densely in
the basin bathymetry. The gravity-induced sediment transth€ course of prograding sediment transport. The sandy lay-
port tends to remove sediment basinward from the delta sys€rs at 19.8m and 19.3m depth were probably formed dur-
tem into subaqueous fan and basin floor environments (Gall"g an interglacial based on the correlation of the pollen as-
loway, 1975). In Elgygytgyn Crater Lake such mass move- semblages Wlth lacustrine records (Lozkhin and Anderson,
ments on the lake floor have been identified based on seismi¢006; Lozkhin et al., 2007; Matrosova, 2009). They are not

and core data (Juschus et al., 2009). dated, but the comparison with pollen records shows that
the spectra are very similar to those from the E14 zone
5.1 Interpretation of the depositional environment of the infrared-optical stimulated luminescence (IR-OSL)-

dated Lz1024 lacustrine core (Juschus et al., 2007; Ma-
According to the proposed scheme (Fig. 9), the core seditrosova, 2009). Based on that pollen zone comparison, we
ment units 1 to 4 are interpreted as follows. Unit 1 corre- suggest a MIS 7 age for the sand layers between 20.0-19.0 m
sponds to material from a deeper position that forms the botdepth. However, an older age for the revealed interglacial in-
tomset beds on the delta front slope. The stratified layers oferval cannot be completely excluded. The sandy layers be-
sand deposited as sediment masses have cascaded down itd@en 9.5-9.1 m are linked to the Allergd as another warm-
deeper waters, where hydraulic sorting has left coarser grainslimate period of sand deposition based on the pollen stratig-
(i.e. gravel) further upslope. The diamicton layers are associraphy. The variability and complexity of this unit is associ-
ated with mass movements, whereas the inclined bedding cdted with a depositional setting in the near shore environ-
the medium-to-coarse sand layers argues for settling eventsient where lake-level changes have caused an imprint on

Clim. Past, 8, 18974911, 2012 www.clim-past.net/8/1897/2012/



G. Schwamborn et al.: Implications for the 3.6 Ma old sediment archive 1907

the sediment deposition. Sediment cores extracted from the 7o,
modern near shore zone at 10 m water depth show sandy lay |
ers alternating with pebble-rich layers in the upper 2m of
core (Juschus et al., 2011). The sandy lake bed from that
water depth appears similar to the sandy layers forming the_ sso;
bottom and the top of unit 3 in core 5011-3, thus support- 5 | o o—
ing the interpretation of a subaqueous deposition of thesez MPF flooding horizon —>
sand layers. As introduced earlier, in the same study a lake |
level lowstand at-10 m below the present has been recon- 400,
structed for the LGM (Juschus et al., 2011). Consequently,
the sandy gravel below the Allergd sandy layers were tem-
porarily exposed to subaerial conditions. This includes re- *°;77
working of sediment in the surf zone or by ice shoving and
subaerial slope processes. Periodic snowmelt impulses may
have carried migrating lobes of gravel and sand into the neaFig. 10.Core position with respect to Quaternary lake level changes
shore zone in- and outside the shoreline. In terms of the relaand interpreted flooding horizons. Altitudinal positions of the rela-
tively massive nature of the sandy gravel, we suggest a hightive highstands (RHS) are based on Glushkova and Smirnov (2007).
energy depositional environment in the lake margin that isThe position of the relative lowstand (RLS) is based on Juschus et
associated with mass wasting and reworking of deposits ot (20.11). LPF and MPF refer to interpreted lithological events (see
the subaqueous slope. Indirect evidence for fairly constanf!s® Fig- 7)-
mass wasting through time comes from sediment cores from
the centre of the lake and their turbidity record. A total 28
turbidites have been counted in the 16.7 m long Lz1024 corethe Holocene towards modern time conditions. Five accel-
which stretches over 300 000yr (Juschus et al., 2009). Th&rator mass spectrometry (AMS$§C datings of plant re-
turbidites measure from a few centimetres to more than 40nains between 1.0-0.0 m show all modern ages (Andreev et
centimetres in thickness and occur in cold-climate periodsal., 2012), pointing to reworking soil dynamics in the active
as well as in warm-climate periods, with no obvious corre- layer.
lation to one of the two climate modes. This suggests that Observably, the pollen record is reliable only in the up-
mass wasting events occur independently of climate historyoer~ 9.5m and this includes about 7 m of deposits with an
and might be more related to episodic oversteepening of thé\llerad pollen association. To a lesser extent the pollen in-
subaqueous slopes (Juschus et al., 2009) and random gravitfermation from the sand beds between 20.0-19.0 m depth is
induced sliding in the course of sheet flooding during springuseful since it links this sedimentary event to a warm-climate
and storm events in summer. period. From the EI'gygytgyn Lake record analysis, the MIS
Unit 4, which has overridden these strata, is character~ period has been interpreted to be the warmest epoch during
ized by varying pore space volume in loosely packed ma-the last four climatic cycles based on the pollen stratigraphy
terial. Unit 4 represents the delta top facies in a channel en{Lozkhin et al., 2007; Matrosova, 2009).
vironment on the subaerial delta plain where topset beds are
formed by stream activity. This environment combines mi- 5.2 Permafrost formation in the EAFD and lake level
grating channel activity and slope processes on the tundra history
surface. It is thought to mirror the present surface condi-
tions with creek fill accumulation and slope processes duringOur definition of a part of this fan as a delta necessitates
the Holocene according to the pollen load stratigraphy, be-a word about the near-shore environment. The EI'gygytgyn
cause unit 4 is the only core portion with a seemingly time- shoreline is built up by a series of pebble bars that are an-
continuous pollen record including Allergd, Younger Dryas, nually modified by ice-rafting and wave activity during the
and Holocene pollen associations (Fig. 8). The plant detrituopen water season. According to Orton and Reading (1993)
in the uppermost two metres of core points to reworked ma-and in concert with the Gilbert-type character, the sandy
terial that is associated with slope and soil mixing processeso gravelly composition, as recovered in most of the cores,
in the modern and ancient active layer. The layers betweepoints to an alluvial fan or braidplain setting and a high topo-
9.5-2.5m are associated with the Allergd given the similargraphic gradient. Tectonics, climate, and water level changes
pollen spectra in other deposits from the area, which haveare among the controls on fan delta environments and fa-
been dated accordingly (Schwamborn et al., 2006, 2008; Ancies (Bull, 1977), and autostratigraphy in a delta setting can
dreev et al., 2012). The pollen load at 2.5-1.8 m core depttcreate a variety of formations in the stratigraphic sequence
points to a cooling climate in the area that is attributed to thewithout external forcing (Muto et al., 2007; Paola et al.,
Younger Dryas based on a comparison with aforementione@009). Susceptibility of source rocks to erosion and denuda-
pollen records. The topmost section above 1.8 m represent$on of uplands can be different and may produce weathering
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debris and accumulation bodies of varying amounts. Pasbf the lake and so-called “deep water sediments” at 2.38—
glacial erosion and material dumping can play a role, al-2.48 m core depth have been dated to £8% ka using IRSL
though this has been outruled at least for the Late Pleistocen@nfrared Stimulated Optical Luminescence) (Juschus et al.,
by Glushkova (2001). Seismic surveys of the lake basin da2011). Based on their similar absolute topographic position
not show evidence of glacial excavation of the basin eitherand the available age indications, these two strata from the
(Niessen et al., 2007). Still, we cannot totally rule out the two cores should be synchronous events. For the correspond-
listed external and internal forcings on the EAFD formation, ing time Juschus et al. (2011) reconstructed a high lake level
but based on the available studies there are no data that coutdf unknown absolute height. For the time period posterior to
fill this knowledge gap. the MIS 7 event, Juschus et al. (2011) claim a lake level drop
However, there is coincidence between the timing of re-even lower than-10 m below present, since they found an
constructed past lake level changes based on present-dayosional contact in their lake sediment record. Remnants of
geomorphology (Glushkova and Smirnov, 2007; Juschus ea 10 m terrace that can be found on the south banks of the
al., 2011) and the prominent sandy horizons in core 50114ake indicate another lake level higher than present, which
3. The water level in EI'gygytgyn Crater Lake is known to — based on the pollen contents of the lower and the upper
have fluctuated in the past. A Middle Pleistocene-aged shorednits of this 10 m terrace — is believed to be of MIS 3 to
line at 540 ma.s.l. and a Late Pleistocene aged shoreline &fllS 2 age (Glushkova and Smirnov, 2007). The lake sedi-
500 ma.s.l. have been inferred from terrace deposits at thenent study by Juschus et al. (2011) confirms a water level
relevant positions in the lake’'s catchment (Glushkova andhigher than present at about 40 ka before present. However,
Smirnov, 2007; Fig. 1). A water level higher than today oc- in our core 5011-3 there are no corresponding strata that have
curred during the Allergd when the lake level was 5 m higherrecorded this high lake level event. Rather, the deposits over-
than it is at present (Schwamborn et al., 2008). The seriedying the MIS 7 strata are interpreted to result from mass
of pebble bars that are especially visible along the northerrwasting and possibly reworking of local material. It is only
shoreline illustrate the subsequent lake level receding afteduring the Allergd that another lake level higher than mod-
the Allerad position. A lake level 10 m lower than at presentern is recorded again in core 5011-3, as already outlined in
has been dated to MIS 2 age after sampling a correspondhe previous section. Figure 10 illustrates the known Quater-
ing subaqueous terrace at that water depth (Juschus et ahary lake level changes with respect to the coring position
2011). It was concluded that lower water levels are linked toof 5011-3. The coring site has been exposed at least since
cold-climate periods, whereas the 40m, 10m, and 5m terthe post-Allergd lake level receding. The shoreline retreat,
races that mark higher lake levels are associated with warmwhich left behind a series of shoreline bars that are visible on
climate periods (Juschus et al., 2011). Given that the surthe north banks, enabled the freezing front that surrounds the
face of the coring site is 8 m higher than the modern lakelake to migrate basinwards and subaqueous slope sediments
level and the uppermost Allergd beach line is 5 m above théhave been incorporated into permafrost. Presumably in syn-
modern lake level, we must expect to hit Allergd material chrony with the freezing process, some sediment packages
at 3m depth in the core. In fact, the pollen record providesslumped or subsided as indicated by the ice-filled cracks,
an Allergd-time pollen composition below 2.5 m core depth. which are most often seen in unit 2 deposits. The freezing
In total the sediment layers bearing an Allergd pollen recordprocess seems to alter the water chemistry in the pore space
are as thick as 7 m; this includes the sandy beds between 9#&s expressed by the pH; the formerly subaqueous environ-
and 9.1 m core depth. We interpret these sandy layers as thment can now be identified by downcore basic pH values in
flooding horizons of the Late Pleistocene, namely the Allergdunits 1, 2, and 3. Within the subaerially deposited shoreline,
lake level transgression (LPF in Fig. 7). Hereafter, when thepebble bars formed on top of the Allerad flooding horizon;
lake level receded, subaerial shoreline pebble bars were dehe pH values change to more acidic values, pointing to mod-
posited on top of the sand layers. Based on the pollen asern surface water and soil water conditions in the pore space.
semblage, the ancient Allergd pebble bar deposits measure 6 In the material of unit 4, frequent seasonal freeze—thaw
m thick, similar to the thickness of the ancient pebble barscycling in the soil and associated physical weathering has
exposed at the northern shoreline. happened during the accumulation on the subaerial slope. In
The sand beds at ca. 20.0-19.0 m core depth are attributefdct, in this unit we find an increased portion of fine grained
to the warm stage MIS 7, according to the interpretation ofmaterial (fine sand and silt; Fig. 6), which is a typical result
the pollen record in the deposits. In analogy to the Allergdfrom frost weathering action in the area (Schwamborn et al.,
flooding event, a similar lake level situation is postulated 2012). In contrast, units 1 to 3, which have been formed un-
for that time that flooded the coring site at that time. This der subaquatic conditions, have escaped intense soil weath-
lake level MIS 7 event (Middle Pleistocene floodirgVPF ering and the post-depositional freezing only happened twice
in Fig. 7) in our core is matched by a corresponding eventafter the two known episodic flooding events and the sub-
that has been identified in a lake sediment record; a lake corsequent shore line retreat that allowed the freezing front to
(Lz1028) has been sampled 8.2 m below the modern watemigrate across the study site. Still, we cannot exclude the
depth from a subaqueous cliff-like bench in the southern parpossible destruction of primary sedimentary structure and
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sediment grains due to post-depositional freezing in the maas their valuable and constructive remarks greatly improved the
terial of units 1 to 3. early version of the manuscript.
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