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Abstract

A 318 m long sedimentary profile drilled by the International Continental Scientific
Drilling Program (ICDP) at Site 5011-1 in Lake EI'gygytgyn, Far East Russian Arc-
tic, has been analysed for its sedimentologic response to global climate modes by
chrono-stratigraphic methods. The 12km wide lake is sited in an 18 km large crater
that was created by the impact of a meteorite 3.58 Ma ago. Since then sediments have
been continuously deposited. For establishing their chronology, major reversals of the
Earth’s magnetic field provided initial tie points for the age model, confirming that the
impact occurred in the earliest Gauss chron. Various stratigraphic parameters, reflect-
ing redox conditions at the lake floor and climatic conditions in the catchment were
tuned synchronously to Northern Hemisphere insolation variations and the marine oxy-
gen isotope stack, respectively. Thus, a robust age model comprising more than 600
tie points could be defined. It could be shown that deposition of sediments in Lake
El'gygytgyn occurred in concert with global climatic cycles. The upper ~ 160 m of sed-
iments represent the past 3.3 Ma, equivalent to sedimentation rates of 4 to 5cm ka™',
whereas the lower 160 m represent just the first 0.3 Ma after the impact, equivalent to
sedimentation rates in the order of 45cmka™".

1 Introduction

Lake EI' gygytgyn in the Far East Russian Arctic (67.5° N, 172° E) with a diameter of
12km is located in an 18 km wide impact crater formed 3.58 Ma ago (Layer, 2000). The
170 m deep lake has a bowl-shaped morphology, a surface area of 110 kmz, and a rel-
atively small catchment of 293 km? (Nolan and Brigham-Grette, 2007). The bedrock in
the crater catchment consist mainly of igneous rocks, lava, tuffs, ignimbrites of rhyolites
and dacites, rarely andesites and andesitic tuffs (Gurov and Koeberl, 2004), some of
them having ages from 83.2 to 89.3 Ma (Layer, 2000) and 88 Ma (Keeley et al., 1999).
Thus, they were emplaced during the Cretaceous normal polarity super-chron (Ogg
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and Smith, 2004). In early 2009 the International Continental Scientific Drilling Pro-
gram (ICDP) drilled through the whole 318 m thick sedimentary infill and further 199 m
into the impact breccia of the EI'gygytgyn crater (Melles et al., 2011). Three parallel
sediment cores from ICDP Site 5011-1 (holes 1A, 1B, and 1C) from Lake EI'gygytgyn
were spliced to a composite. For the paleo-climatic investigation mass movement de-
posits, like turbidites, and tephra layers were not included, but they are represented by
gaps in the respective composite data records. In order to develop a high-resolution
age model for the whole sedimentary sequence from Lake El'gygytgyn we made a
multi-parameter approach. Major age constrains are provided from a comprehensive
magnetostratigraphic investigation of the sediments recovered from holes 5011-1A, 1B,
and 1C. (Haltia and Nowaczyk, 2013). For refining the initial age model predetermined
by the magnetostratigraphic results nine fu r stratigraphic parameters were syn-
chronously tuned either to the benthic foraminiferal oxygen isotope (6180) reference
record for the last 5 Ma provided by Lisiecki and Raymo (2005), in general referred to
as the LRO4 stack, and to the Northern Hemisphere summer insolation according to
orbital solutions of Laskar et al. (2004). From the data compilations of Nowaczyk et
al. (2002) and Nowaczyk et al. (2007) and the rock magnetic pilot study by Murdock et
al. (2013) it became obvious that variations of total organic carbon (TOC) and magnetic
susceptibility (MS) mostly reflect the redox conditions at the lake floor, with a predomi-
nant stratification (mixing) of the water body and anoxic (oxic) conditions during glacials
(interglacials). These redox conditions are obviously controlled by insolation varations,
mainly influenced by the 18 and 23 kyr precessional cycles, and, to a lesser extent, the
41 kyr obliquity cycle. Consequently, variations of TOC and MS, together with the inten-
sity of the natural remanent magnetisation (NRM, which in Lake EI'gygytgyn sediments,
like the MS, mainly reflects the concentration of magnetic particles), were tuned to inso-
lation variations. Since Lake EI'gygytgyn is located within the Arctic permafrost region
most sedimentary transport and bioproductivity takes place during summer, character-
ized by superficial thawing of permafrost soils, short vegetation periods in the catch-
ment, and algal growth (mostly diatoms, but also Botriococcus and sometimes snow
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algae such as Chlamidomonas) in the water body. From mid-autumn to mid-spring all
these processes come to a standstill. Thus, not j e intensity of insolation but also
the length of the summer appears to be importa herefore, we used the cumula-
tive summer insolation from May to August for tuning. Obtain ariations in tree and
shrub pollen percentage and biogenic silica (BSi) represent vegetational conditions in
the (wider) area around the lake and bioproductivity within its water body, respectively.
Sediment grain size, spectral colour, titanium (Ti) content, and Si/Ti-ratio, the latter two
parameters obtained from X-ray fluorescence (XRF) scanning, reflect mostly weath-
ering and transport processes within and from the catchment, respectively, which in
turn depend on climatic conditions. After first age assignments using magnetic polar-
ity stratigraphy, all these parameters together show striking similarities to global cli-
mate variability as expressed by the LR04 stack (Lisiecki and Raymo, 2005), which
was therefore taken as reference curve. The major environmental implications of the
El'gygytgyn paleoclimate record, occurrence of “super-interglacials” and the stepwise
cooling of the Northern Hemisphere are discussed in Melles et al. (2012) and Brigham-
Grette et al. (2013), respectively.

In general, age models derived from tuning include several problems, such as circular
reasoning or chronological uncertainties in both the reference record and the record
to be tuned, when only restricted sets of data are consulted (Blaauw 2012). However,
wiggle matching can be further validated by using multi-proxy tuning (e.g. Bokhorst and
Vandenberg, 2009; Prokopenko et al., 2006), as it was also performed in this study.

2 Material and methods

2.1 Data acquisition

For magnetostratigraphic investigation the upper about 140 m of sediments were
continuously subsampled with U-channels, whereas the remaining sequences were
nearly exclusively analysed by using discrete samples, due to increasing stiffness
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of the sediments. Defining the inclination of characteristic remanent magnetization
(ChRM), providing %@ity for interpretation, is based on principle component analy-
sis (Kirschvink, 198 results from stepwise and complete alternating field demag-
netisation of all material. Further information on sampling strategy, data acquisition
techniques, and methods of processing are given by Haltia and Nowaczyk (2013).

Magnetic (volume) susceptibility from cores PG1351 and Lz1024 were acquired with
a Bartington MS2E sensor in combination with a MS2 control unit, integrated into the
1st generation GFZ split-core logger (scl-1.1). Magnetic susceptibility and colour infor-
mation from sediments from ICDP Site 5011-1 cores were obtained every 1 mm using
a 2nd generation split-core logger (scl-2.3), with its hard- and software designed and
built at the Helmholtz Centre Potsdam, GFZ. Magnetic susceptibility was measured
with a Bartington MS2E spot-reading sensor first attached to a MS2 control unit, which
was later replaced by a technically improved MS3 control unit.

The response function of the MS2E sensor with respect to a thin magnetic layer is
equivalent to a Gaussian curve with a half-width of slightly less than 4 mm (e.g. Fig. 4 in
Nowaczyk, 2001). The amplitude resolution of the sensor is 10 x 107° in combination
with the MS2 unit and 2 x 107° with the improved MS3 unit, both using an integration
time of about a second. During data acquisition, after every 10 measurements, the sen-
sor is lifted about 4 cm above the sediment in order to take a blank reading against air.
This is done in order to monitor the shift of the sensor’s background due to temperature
drift. Subsequently, the air readings were linearly interpolated and subtracted from the
readings on sediment.

A spectrophotometer (GretagMacbeth SpectrolinoTM) was applied with the scl-2.3
logger for acquiring a full colour spectrum from 380 to 720 nm at a physical resolution of
10 nm, that is, providing 36 spectral lines for each measuring spot from ICDP Site 5011-
1 cores. For sediments recovered within cores PG1351 and Lz1024 no colour informa-
tion is available. The spectrophotometer integrates over a circular window of 4 mm in
diameter (centre-weighted). In addition to the visible spectrum further colour informa-
tion, derived from the spectral data, was transmitted by the instrument: the tristimulus

3066

CPD
9, 3061-3102, 2013

Chronology of Lake

Elgygytgyn
sediments

N. R. Nowaczyk et al.

L

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

1|


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/3061/2013/cpd-9-3061-2013-print.pdf
http://www.clim-past-discuss.net/9/3061/2013/cpd-9-3061-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
kenkodama
Highlight
Determination of

kenkodama
Sticky Note
that provides the polarity interpretation

kenkodama
Highlight

kenkodama
Highlight
in the air


10

15

20

25

values (X,Y,Z), defined by the International Commission on Illumination (CIE) in 1931,
and vectors in the 1976 CIE (L*,a*,b*) colour space. The tristimulus values of a colour
are the amounts of the three colours the human eye can perceive (red, green, blue) in
a three-component additive colour model (Fig. 2a). However, in order to reproduce a
measured colour represented by (X,Y,Z), e.g. on a TV or computer screen, a 3 x 3 ma-
trix has to be applied to the (X,Y,Z) vector in order to obtain the required (R,G,B) values
for display, as it is implemented in the split-core logger’s controlling computer program.
The elements of the matrix depend on type of illumination and observing angle, as well
as on the (R,G,B) properties of the used hardware and/or computer operating system
(or television system).

In the (L*,a*,b*) colour space (Fig. 2b), the a* coordinate represents variations
in colour between red (a* > 0) and green (a* <0), whereas the b* coordinate repre-
sents variations in colour between yellow (b*>0) and blue (b*<0). The L* compo-
nent represents lightness (0 = black, 100 = white). In order to distinguish major colour
changes of the sediments from Lake El'gygytgyn the hue angle (H) was also deter-
mined (Fig. 2b, c) . It is calculated as H = atan2(b*,a*), with 0° < H < 360°. Hue values
of major colours are: red = 0°/360°, yellow = 60°, green = 120°, cyan = 180°, blue = 240°,
magenta = 300°. An example of sediment color, hue angle distribution, and individual
color spectra as obtained with the SpectrolinoT'\’I is shown in Fig. 3.

Since both the susceptibility and colour sensors need to be in full contact to the
sediment surface, the scl-2.3 logger is additionally equipped with a third sensor, a
high-precision mechanical micro-switch to scan the surface morphology first. This is
achieved by moving the switch from a certain reference height downward onto the
sediment where the switch triggers the termination of its own movement. Triggering
force is in the range of 5 gram. The distance moved by the switch is determined by the
stepping motor control, thus supplying the information needed for subsequently low-
ering the susceptibility sensor and the spectrophotometer onto the sediment for data
acquisition. During data acquisition core segments were covered by a thin and clear
plastic foil in order to prevent all three sensors from being stained by the soft and moist
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sediments. ldeally, the foil is completely free of air bubbles and clinging to the sediment
surface due to sediment moisture. However, the older the sediments are the lower their
moisture content is. Thus, downward from about 200 m on, the foil was not always
completely attached to the sediments and colour information got slightly biased with
increasing drilling depth.

2.2 Further data used for tuning

Biogenic silica (BSi) contents were estimated at a sampling interval of 20 mm by us-
ing Fourier transform infrared spectroscopy (FTIRS). The method is described in detail
by Vogel et al. (2008) and Rosén et al. (2010, 2011). Biogenic silica is mostly de-
rived from diatoms, which are the major contributors to the intra-lake bioproduction
(e.g. Cherapanova et al., 2007). Post sedimentary dissolution of diatom frustules is
negligible in sediments of Lake El‘gygytgyn. Thus, the percentage of biogenic silica
is taken as a proxy for bioproductivity in Lake EI'gygytgyn. A detailed discussion on
FTIRS results from ICDP Site 5011-1 is provided by Meyer-Jacob et al. (2013) and
Vogel et al. (2012).

The content of total organic carbon (TOC) was determined every 20 mm using a
Vario microCube elemental analyzer (Elementar, Germany). Elemental scans of major
elements were performed with an ITRAX XRF (X-ray fluorescence) core scanner (Cox
Analytical, Sweden), equipped with Cr- and Mo-tubes, respectively, which were set to
30kV and 30 mA. The abundance of elements was determined at 2 mm resolution with
an integration time of 10 s per measurement. The relative abundance of titanium (Ti) is
taken as a proxy of clastic lithogenic input, whereas silica (Si) represents the sum of
both lithogenic and biogenic Si. Thus, the Si/Ti-ratio reflects the variable contribution of
biogenic silica against the clastic lithogenic background. For further details see Wen-
nrich et al. (2013). Grain-size variability was estimated by principle component analysis
(PCA) of granulometric analyses using a laser particle analyzer (Francke et al., 2013).
For tuning of the ICDP Site 5011-1 composite record PC 1 (principle component 1)
was used, with negative (positive) values representing coarse (fine) grained sediments.
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Pollen data is available every 8 cm, with lower resolution in the Pliocene section (see
also Andreev et al., 2013; Lozhkin and Andersen, 2013). Where available, the percent-
age of tree and shrub pollen was used as an additional environmental indicator with
high (low) percentages representing warm (cold) conditions. Data from PG1351 are
from Nowaczyk et al. (2002), data from Lz1024 are from Lozhkin et al. (2007).

2.3 Creation of a composite

For analysis of the Lake EI'gygytgyn sedimentary succession a composite was created
using data from core Lz1024, recovered in 2003, and from ICDP Site 5011-1, compris-
ing only partly overlapping holes 1A, 1B, and 1C, recovered in 2009. From the 16.64m
long core Lz1024 data records of the upper 5.67 m were used to supplement the up-
permost section of the composite that was not recovered with ICDP Site 5011-1 cores.
According to initial data analysis, this depth interval is equivalent to marine oxygen iso-
tope stages (MIS) 1 to 4 and most of MIS 5 (back to about 125 ka). Below 5.67 m, and
until about 104.8 m composite depth, alternating sediment intervals from parallel holes
5011-1A and 1B were spliced together. Between 104.8 and 113.4 m composite depth
additional information from core 5011-1C could be used. Between 113.4 and 145.7m
composite depth, cores 1A and 1C contributed to the composite. Below 145.7 m com-
posite depth down to the sediment impact breccia interface at 318 m, only core 5011-
1C, which has a mean recovery rate of only 50 % (Melles et al., 2011), could be used.
However, at least the lowermost 38 m of the composite (280 to 318 m) is available with
90 to 99 % recovery.

Core intervals for the composite were selected mainly by visual inspection, using the
better preserved/least disturbed sections from one of the records in cases of overlap-
ping recovery. In general, tephra layers, turbidites, and mass movements were omitted
leaving gaps within the composite data sets. Further details are described by Wennrich
et al. (2013).
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2.4 Tuning

Fixed tie points for the ICDP Site 5011-1 composite record are provided by magne-
tostratigraphic investigation of sediments from this site by Haltia and Nowaczyk (2013).
Ages for the documented major reversals were mainly assigned according to Lisiecki
and Raymo (2005) as listed in Table 1. Between the tie points provided by magne-
tostratigraphy, a synchronous tuning of nine additional data sets was performed using
an interactive wiggle matching software. The extended tool for correlation (xte, Linux-
based) is capable of loading all necessary data sets together into the memory of the
computer (down-core data sets, reference data sets, age models, positions of tephras,
scaling of axes). The (partly huge) sizes of the data sets used for tuning are listed in
Table 2. 1 mm spot-readings of magnetic susceptibility and TOC data, determined ev-
ery 10 to 20 mm, were tuned to the Northern Hemisphere (67.5° N, EI'gygytgyn latitude)
cumulative spring/summer insolation (May to August) according to Laskar et al. (2004).
Parallel to this, Ti as well as Si/Ti ratios based on 2 mm readings of X-ray fluorescence
(XRF) counts, percentages of biogenic silica (BSi, opal) derived from Fourier transform
infrared spectroscopy (FTIRS), determined every 20 mm, the hue angle determined
every 1 mm, grain size PCA data, and tree pollen percentages were tuned to the LR04
marine oxygen isotope stack of Lisiecki and Raymo (2005). Jointly to the tuning of the
ICDP Site 5011-1 data sets, age models for the Lake EI'gygytgyn pilot cores were also
developed (Lz1024) and refined (PG1351), respectively.

3 Results

It was intended to provide a sedimentary paleoclimatic proxy-record that is cleaned
from tephra layers, turbidites, slumps, and other disturbances, such as obs d folded
sediments. Therefore, s@ intervals were discarded for the creation of the ICDP Site
5011-1 composite. However, such sediment intervals can still provide useful infor-
mation at least on the polarity of the geomagnetic field during their deposition. The
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expected dipole inclination for the site of Lake EI'gygytgyn is 78.3°. Thus, folded layers
with a tilt of 45° will still yield positive (negative) inclination during normal (reversed)
polarity. It then depends on the angle between magnetization direction and tilting direc-
tion whether the disturbed direction is shallower or steeper than the undisturbed one.
Also turbidites, although representing short depositional events on a geological time
scale, should record a proper polarity if not even a proper direction at least in their up-
per fine-grained section. Therefore, in intervals close to reversals, the directional data
of rejected intervals, such as the onset of the Olduvai subchron and reversals within
the Gauss chron (see Haltia and Nowaczyk, 2013), were also taken into consideration
when determining the polarity and localization of the major reversals.

3.1 Iterative tuning

The general strategy of tuning is plarily demonstrated by data covering the time
window from 740 to 1000 ka, comprnsing the Brunhes Matuyama reversal as well as
the termination of the Jaramillo subchron (Fig. 4). Note that for reasons of clarity not
all resulting correlation tie points within this interval are displayed. The major reversals
of the Earth’s magnetic field, as incorporated in the official geomagnetic polarity time
scale (GPTS, Ogg and Smith, 2004; Table 1), provide twelve 1st order tie points (red
dotted lines in Fig. 4) during the last 3.6 Ma for the age model, from which ten are very

well2afined in the El'gygytgyn sedimentary sequence. Only the top of Kaena and the
bas Mammoth subchrons, both within the Gauss chron, are somewhat ambiguous,
when only (cleaned) paleomagnetic information are considered. T rther 1st order

tie points could be derived from the short-termed Cobb Mountain event (Mankinen
et al.,, 1978) within the Matuyama Chron, clearly linked to MIS 35 (Channell et al.,
2008). Figure 4 comprises the Brunhes Matuyama reversal and the termination of the
Jaramillo subchron as 1st order tie points. For the base of the lacustrine sediment
section from Lake EI'gygytgyn the age of the impact of 3.58 + 0.04 Ma was adopted
from Layer (2000) as another 1st order tie point.
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After adopting this approach to convert depths into ages it became obvious that
the morphology of the log(Si/Ti-ratio) curve obtained from XRF scanning resembles
the LR0O4 oxygen isotope reference curve from Lisiecki and Raymo (2005) quite well
(Fig. 4b, d). The same is valid for the Ti content and the hue angle, when both plotted on
an inverse axis (not shown in Fig. 4), and partly the record of biogenic silica, obtained
from Fourier transform infrared spectroscopy (FTIRS-BSi), which mainly resembles the
peak warm interglacials from above a certain threshold level (Fig. 4a). This set of proxy
records therefore was used to define 2nd order tie points (dark green short-dashed
lines in Fig. 4) by interactive wiggle matching to the LR04 curve.

Compared to the LR04 stack, the Northern Hemisphere summer insolation shows a
much stronger variability. Note that already the onsets of interglacials, MIS 19, 21, and
25, are linked to pronounced insolation maxima. In the further course of these inter-
glacials one (MIS 19 and 25) or even two local insolation minima occur (MIS 21). These
local minima and most of all other minima in insolation are obviously linked to lows in
magnetic susceptibility and highs in TOC when applying 1st and 2nd order tie points
for correlation. To be more precise, the bases of many sediment intervals character-
ized by low magnetic susceptibility and high values of TOC generally coincide with
minima in insolation. The top of these intervals coincide fairly well with the steepest
gradient of increasing insolation after the preceding insolation minimum, and the base
of intervals characterized by high susceptibility are linked to insolation maxima. Thus,
3rd order tie points could be defined for fine-tuning (blue long-dashed lines in Fig. 4).
However, there are additional TOC peaks related to certain interglacials which are also
characterized by exceptional high biogenic silica values and high Si/Ti-ratios, such as
MIS 5, 9, 11, 17, 25 (see Fig. 4), 31, 47, and 49. In these cases the TOC values are
mostly controlled by a high primary bio-production and a better preservation due to
fast oxygen consumption and hampered degradation in the uppermost sediment suc-
cession. Magnetic susceptibility values in these intervals are one order of magnitude
higher than those from anoxic intervals. This points towards at least sub-oxic bottom
water conditions and implies that at least partial degradation of organic matter should
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have occurred so that the associated TOC peaks very likely give an underestimation
of the primary bioproductivity (Nowaczyk et al., 2002, 2007). The other TOC peaks
(note that TOC is plotted on an inverted axis) are associated with minima in Si/Ti ra-
tios, indicating low bioproductivity. Thus, these intervals represent just phases of less
efficient degradation of organic matter under sub-oxic bottom water conditions. These
types of conditions are in turn the least favourable for magnetite preservation leading
to the observed lows in magnetic susceptibility (Nowaczyk et al., 2002, 2007).

3.2 Chronostratigraphy and precision of age model

Figure 5 shows the most important parameters from ICDP Site 5011-1 composite
record after synchronous tuning to the GPTS, the LR04 stack, and the Northern Hemi-
sphere summer insolation, respectively. The parameters that were mainly tuned to the
LR04 marine oxygen isotope stack (Fig. 5f), are plotted in the left section (Fig. 5a
to e): grain size variations, hue angle (sediment colour), biogenic silica (FTIRS-BSi),
Si/Ti-ratio from XRF-scanning, and tree and shrub pollen percentages, where available,
including results from pilot cores PG1351 and Lz1024. The ChRM inclinations of the
ICDP Site 5011-1 composite record (Fig. 5g), is plotted to the right of the LR04 stack.
Geomagnetic field reversals can be recognized from flips between steep positive in-
clinations (normal polarity, grey background) and steep negative inclinations (reversed
polarity, white background). Thus, the ICDP Site 5011-1 sedimentary record comprises
the three geomagnetic chrons including Brunhes, Matuyama, and (most of the) Gauss,
that is, the last about 3.6 Ma. The right section of Fig.5 relates variations of total organic
carbon (TOC, Fig. 5h) and magnetic susceptibility (Fig. 5i) to the Northern Hemisphere
insolation (cumulative, May to August, 67.5° N, Fig. 5j). The obtained age model of the
ICDP 5011 composite is shown in Fig. 6 and age models for the pilot cores, PG1351
and Lz1024, are shown in Fig. 7. Mean sedimentation rates in Lake EI'gygytgyn are
in the range of 4cm ka~' for the last about 1.0 Ma. Going further back in time, sedi-
mentation rates slightly increase to about 5cm ka~' between 2.5 and 3.0 Ma, whereas
the interval between 3.3 and 3.6 Ma is characterized by ten-fold higher sedimentation
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rates of about 45cmka™". This must be due to major environmental changes. In the
marine LR04 oxygen isotope stack the oldest shift towards heavier values during the
past 3.6 Ma, MIS M2 within the early Mammoth subchron, occurs around 3.3 Ma (see
Supplement for a more detailed display and labelling of data). This is paralleled by
a drastic drop in tree and shrub pollen percentage down to 20 % in the sedimentary
record of Lake EI'gygytgyn. Furthermore, this actually substantiated the position of the
onset of the Mammoth subchron in the ICDP Site 5011-1 record, since here the inter-
pretation of paleomagnetic data is hampered by numerous recovery gaps and low core
quality.

In the first place, the precision of the age model(s) of Lake EI'gygytgyn sediments is
limited by the accuracy, precision and temporal resolution of the reference curves. The
LR04 oxygen isotope stack for the last 5 Ma is provided in 1 kyr increments. Lisiecki and
Raymo (2009) point out that especially the timing of glacial terminations documented
in benthic oxygen isotope records from the Atlantic and the Pacific can already differ
by up to 4 kyr. This problem accounts mainly for new marine benthic oxygen isotope
records to be dated by correlation to a master record. However, the LR04 stack/master
record is based on records with a global distribution, including the Atlantic and Pacific
Oceans, so that stratigraphic correlation to it might introduce inaccuracies in dating in
the range of several kyrs. The LR04 stack has been tuned to the 21 June insolation at
65° N according to orbital solutions of Laskar et al. (1993). Because of uncertainties in
these solutions Lisiecki and Raymo (2005) conclude that absolute ages in their LR04
stack might be offset by several kyrs, depending on time interval: up to 4 kyr from 0—
1 Ma, up to 6 kyr from 1-3 Ma, up to 15 kyr from 3—-4 Ma.

In addition to usage of the LR04 stack as stratigraphic reference we tuned magnetic
susceptibility and TOC variations from Lake EI'gygytgyn sediments to updated orbital
solutions given in increments of 0.25kyr and with an uncertaintiy of 0.1 % according
to Laskar et al. (2004). Thus, tuning data with ages around 3 Ma might be offset by
only 3kyr. Therefore, absolute ages of EI'gygytgyn sediments are possibly offset by
up to about 3kyr (considering Laskar et al., 2004) to 15 kyr (considering Lisiecky and
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Raymo, 2005) in the Pliocene, but relative age assignments to the reference records
should have a precision of some 500 yr since many (3rd order) tie points were derived
from the insolation reference record, which has a higher temporal resolution.

4 Discussion
4.1 Age of meteorite impact

The lowermost distinctly stratified sediments recovered from Lake Elgygytgyn clearly
show normal polarity. Some intercalations of suevitic material in this section imply that
these sediments must have been deposited shortly after the impact. The suevites are
supposed to have been episodically washed in from the intra-crater catchment. Pa-
leomagnetic data from the underlying suevites show predominantly a normal polarity,
too (Maharaj et al., 2012). Thus, it can be concluded, that the impact that created
the EI'gygytgyn Crater occurred definitely after the Gauss-Gilbert reversal (Table 1).
However, it is not clear how long it took to form a permanent lake within the impact
crater. Figure 8 shows the dating of the impact by Layer (2000) within the context of the
geomagnetic polarity time scale(s). The 1o error range of the dating (3.58 + 0.04 Ma)
crosses the Gauss Gilbert reversal. Thus, the only conclusion that can be drawn is
that the older (upper) limit for the age of the impact can be set to 3.588 Ma, when
adopting the LR04 time scale, or, to 3.596 Ma when using the Ogg and Smith (2004)
GPTS. Unfortunately, no biogenic remnants (neither diatoms, nor pollen) that would
allow assignments to climate cycles are preserved within the lowermost about 25 m of
sediments. Therefore, the younger (lower) limit of the impact age of 3.540 Ma is still
defined by the 10 error range of Layer (2000).

4.2 Polarity stratigraphy

In general, as listed in Table 1, our multi-proxy study of the Lake EI'gygytgyn ICDP
Site 5011-1 sedimentary record confirms ages of geomagnetic reversals within the
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past 3.6 Ma as given by Lisiecki and Raymo (2005). Table 1 lists also ages of known
reversals provided in the geomagnetic polarity times scales (GPTS) of Cande and
Kent (1995), Lourens et al. (1996), and Ogg and Smith (2004), since Lisiecki and
Raymo (2005) do not provide ages for all of them. In addition to this, reversal ages
listed in the various GPTSs slightly deviate from each other.

Paleomagnetic data quality of the Gauss chron at ICDP Site 5011-1 is very hetero-
geneous since it is based mainly on a single core, ICDP Site 5011-1C (Haltia and
Nowaczyk, 2013). Normal polarity in its earliest part is very well established. But, be-
tween ~ 3.55 and ~ 2.95 Ma (290 and 145 m composite depth) directions are fairly scat-
tered due to numerous recovery gaps and bad core quality, with at least some increase
of data coverage around the middle Gauss normal polarity phase. Thus, the onset of
the Mammoth and the termination of the Kaena reversed polarity subchrons are not
clearly expressed. However, using the available data set of climate-proxy parameters
a fairly robust age model could be achieved even for this interval. From ~2.95Ma on
(290 m composite depth) the ICDP Site 5011-1 composite is based on at least two
cores and normal polarity within the upper Gauss chron is well expressed.

According to our study, the Matuyama Gauss reversal, consistently documented in
cores ICDP Site 5011-1A and 1C (Haltia and Nowaczyk, 2013), occurred at 2.588 Ma,
clearly within MIS 103 (Table 1, Fig. 5). Deino et al. (2006) provide an *°Ar/*Ar-
based age of 2.589 +0.003 Ma from two tephras, tightly bracketing the Matuyama
Gauss reversal in the upper part of a diatomite of the fluvio-lacustrine sediments in
the Chemeron Basin, Central Kenya Rift, Afrika. This would be in excellent agreement
to our result. However, Deino et al. (2006) tune their radiometrically obtained age to
an astronomically polarity time scale and shift this age to 2.610Ma. This is close to
the age of 2.608 Ma, given by Lisiecki and Raymo (2005). But, this would place the
Matuyama Gauss reversal into MIS 104, a cold interval. This contradicts our strati-
graphic results that only allow to place the Matuyama Gauss reversal into the middle
MIS 103 (Table 1, Fig. 5), that is, within a warm interval. This is also in agreement with
findings by Prokopenko and Khursevich (2010) from Lake Baikal site BDP-96. Thus,
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the Matuyama Gauss reversal at ICDP Site 5011-1, is definitely not recorded in MIS
104, but in MIS 103 at 2.588 Ma. The younger age of 2.581 Ma for this major reversal,
given by Ogg and Smith (2004), places the Matuyama Gauss reversal into the late MIS
103 which also doesn't fit to results from Lake EI'gygytgyn.

The reversed Matuyama chron is mainly interrupted by the prominent Olduvai and
Jaramillo normal polarity subchrons, clearly expressed in the ICDP Site 5011-1 record.
Besides these, there are three further, much shorter intervals of normal polarity, not
listed in Lisiecki and Raymo (2005): the Réunion subchron (Chamalaun and Mc-
Dougall, 1966; McDougall and Watkins, 1973), an Olduvai precursor (Channell et al.,
2003), and the Cobb Mountain subchron (Mankinen et al., 1978). The ICDP Site 5011-1
derived age range for the Réunion subchron of 2.1216 to 2.1384 Ma is in good agree-
ment with the GPTSs (Table 1) and radiometric dating results of 2.14 £ 0.03 Ma by
Baksi et al. (1993), 2.137 £ 0.016 Ma by Singer et al. (2004), or 2.15+0.02 Ma by
Quidelleur et al. (2010). The results are also consistent with magnetostratigraphic data
from North Atlantic ODP Site 981 (Feni Drift; Channell et al., 2003, Fig. 3), placing
the Réunion subchron into MIS 80 and 81 (see Supplement). Magnetostratigraphic re-
sults from ICDP Site 5011-1 give an age range for the Olduvai precursor of 1.9782 to
1.9815 Ma (MIS 75, see Supplement). It is consistently documented in cores ICDP Site
5011-1A and 1B (Haltia and Nowaczyk, 2013). Evidence for this more excursional fea-
ture, nearly reaching a full normal polarity prior to the Olduvai normal polarity subchron,
comes from sediments in the North Atlantic (Channell et al., 2003). In the ICDP Site
5011-1 record the Cobb Mountain subchron is covering the time interval from 1.1858 to
1.1938 Ma. This is equivalent to late MIS 34 and early MIS 35 (see Supplement), sim-
ilar to findings from the North Atlantic at IODP Site U1308 by Channell et al. (2008).
The obtained age range is also in broad agreement with the GPTS (Table 1).

Cores ICDP Site 5011-1A and 1B both show evidence for a short intra-Jaramillo
excursion reaching reversed inclinations (Haltia and Nowaczyk, 2013). According to
Channell et al. (2002), this short excursion occurred during MIS 30, a cold interval.
Stratigraphic data from Lake EI'gygytgyn, in contrast, only allow to place it into the
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younger warm interval of MIS 29 (Fig. 5) between 1.0142 and 1.0192 Ma with a duration
of 5000yr. A late Jaramillo reversed excursion was also found in Chinese loess (Guo
et al., 2002).

Evidence for geomagnetic excursions during the Bruhnes chron (see e.g. Laj and
Channel, 2007, for a review) is completely missing in Lake EI'gygytgyn sediments. The
main reason might be the comparatively low sedimentation rates. Shallow inclinations
in the younger Brunhes chron sediments are mostly related to slightly disturbed core
intervals from pilot core Lz1024.

4.3 Limnologic and climatic implications

Figure 9 illustrates the response of Lake EI'gygytgyn to climate variability throughout
the past 3.6 Ma. The records of biogenic silica (FTIRS estimation), representing bio-
productivity in the upper water layers of the lake, and TOC, representing mostly the
efficiency of preservation of organic matter at the lake floor, are shown in Fig. 9a. The
data is plotted in a way that both curves are superimposed in prominent anoxic inter-
vals where a nearly complete preservation of organic matter is assumed, such as the
glacial maxima of MIS 2 (~ 24 ka), MIS 4 (~ 65 ka), sub-glacial MIS 5b (~ 110ka), and
several intervals of MIS 6 (~ 135, ~ 160, ~ 180 ka). Otherwise, the TOC lies below the
curve of biogenic silica, indicating a partial degradation of organic matter at the lake
floor in the order of about 60 to 80% (green area between both curves). This is in
agreement with earlier findings from Lake EI'gygytgyn pilot core PG1351 (Nowaczyk et
al., 2007), using biogenic silica concentrations measured by wet digestion techniques,
rather than estimates based on FTIRS, as it was done for ICDP Site 5011-1 core ma-
terial. Thus, in Lake EI'gygytgyn sediments, the amount of TOC, in general, does not
represent the primary bioproduction.

Records of Ti content (XRF counts), taken as a proxy of lithogenic input from the
catchment, and magnetic susceptibility (MS), representing preservation of magnetic
particles during phases of oxygenated bottom waters, are shown in Fig. 9b. Curves
were plotted in a way that MS superimposes Ti in time intervals when best preservation
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of magnetic particles can be assumed during dominating oxic conditions at the lake
floor. However, in most cases the MS curve lies below the Ti curve, indicating far-
reaching dissolution of up to 95 % of the magnetic fraction. There is even an anti-
correlation between Ti content and magnetic susceptibility visible during longer se-
quences within the El'gygytgyn sedimentary record. Thus, magnetic susceptibility is
everything but a proxy for the input of lithogenic material, although magnetic particles
were very likely derived from the catchment inside the EI'gygytgyn crater, bearing highly
magnetic volcanic rocks. The massive loss of magnetic particles of up to 95 % still al-
lowed a save determination of geomagnetic reversals (Haltia and Nowaczyk, 2013), but
it definitely excludes a reliable estimation of relative geomagnetic paleointensity varia-
tions (Nowaczyk et al., 2002, 2007). This is a major deficit of the EI'gygytgyn sedimen-
tary record, because correlation of paleointensity variations to reference records, such
as the PISO1500 stack (Channell et al., 2009) or the EPAPIS-3000 stack (Yamazaki
and Oda, 2005, and further references therein), could have provided further geomag-
netic tie points between the major reversals. This could have significantly substanti-
ated the age model mainly derived from tuning Lake-EI'gygytgyn sedimentary climate-
proxies to the LR04 stack (Lisiecki and Raymo, 2005) and the Northern Hemisphere
cumulative summer insolation, according to orbital solutions by Laskar et al. (2004).
On the other hand, only the strict link between alternating redox conditions, leading to
the alternating dissolution/preservation effects described above, and insolation varia-
tions enabled the definition of many tie points in the age model for ICDP Site 5011-1.
Figure 9b also shows a clear anti-correlation between Ti and the LR04 stack. This indi-
cates a dilution of the lithogenic fraction by biogenic components being larger (smaller)
during warm (cold) phases. A good proxy for the varying ratio of bioproductivity, in Lake
El'gygytgyn mostly biogenic (bio) silica from diatoms, to lithogenic (litho) input is the
Si/Ti-ratio (Melles et al., 2012; Wennrich et al., 2013), here obtained in high-resolution
from XRF-scanning (Fig. 9¢). Actually this ratio is (Sipis + Sijino)/ Tilitho- 1 hUS, When Siy;,
approximates zero the Si/Ti-ratio approximates a certain value, depending on the av-
erage composition of the catchment rocks. The pure (Si/Ti);o-ratio might also change
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due to an increased (decreased) chemical alteration under anoxic (oxic) condition in
cold (warm) phases at the lake floor (Minyuk et al., 2007). Nevertheless, the modula-
tion of the Si/Ti-ratio is obviously dominated by its varying biogenic contribution since
the Si/Ti-ratio resembles strongly the morphology of the biogenic silica (FTIRS-BSi)
curve (Fig. 5). The variations in Si/Ti-ratio are also paralleled by changes in colour
(hue angle) from yellowish brown (80°) to greenish grey (140°), also shown in Fig. 9c.
Up to now, these color changes have not been investigated in detail, but probably they
represent the alternation between predominantly chemical and physical alteration, as
proposed by Minyuk et al. (2007), in concert with climatic variations (Fig. 9c). Anyhow,
the hue angle turned out to be a very helpful parameter for tuning the ICDP Site 5011-1
sedimentary sequence and more detailed analyses of the full spectral colour informa-
tion, from which the hue angle was derived, might give further information in the future.
The percentages of tree & shrub pollen also vary in concert with variation in biogenic
silica, Si/Ti-ratio, color (hue), and grain size (Fig. 5), but these aspects exceed the fo-
cus of this paper. Major environmental implications of the pollen record is published in
Melles et al. (2012) and Brigham-Grette et al. (2013).

4.4 Tephra layers

Up to now, a total of eight tephra layers have been identified in Lake EI'gygytgyn sedi-
ments. Currently, radiometric ages are not yet available. However, based on multi-proxy
tuning of the sediments they are embedded in, tephra ages could be determined by
chrono-stratigraphic means. Their positions in composite depth and respective ages
are listed in Table 3. Work on the geochemical fingerprints of the tephra layers is in
progress.
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5 Conclusions

Despite the presence of more than 300 turbidites, mass movements of up to 1.2m
thickness (Sauerbrey et al., 2013), and bad core recovery in the lower section, a fairly
detailed age model could be achieved for the about 320 m thick ICDP Site 5011-1 sedi-
mentary composite record from Lake EI'gygytgyn, Far Eastern Russian Arctic, covering
the past 3.6 Ma. Reference ages of 14 reversals of the geomagnetic field, documented
in the sediments, are provided by the time scales of Lisiecki and Raymo (2005) and
Ogg and Smith (2004), respectively, showing slightly deviating ages for some of the
reversals (Table 1). Within that range, reversal ages derived from chronostratigraphic
analyses of Lake EI'gygytgyn sediments are in a general agreement with these time
scales. Thus, we suggest an age of 2.588 Ma for the Matuyama Gauss reversal. For
the Réunion subchron a duration extending from 2.1216 to 2.1384 Ma could be de-
rived. Our study confirms the existence of a short-term Olduvai precursor from 1.9815
to 1.9782 Ma, reaching full normal polarity, also documented in North Atlantic sedi-
ments (Channell et al., 2003). In ICDP Site 5011-1 sediments, the Cobb Mountain
subchron is covering the time interval from 1.1938 to 1.1858 Ma. Our data also give
evidence for an intra-Jaramillo excursion lasting from 1.0192 to 1.0142Ma in MIS 29,
which is younger than ages derived from other studies placing it in MIS 30 (Channell
et al., 2002). Despite recording of such short-term geomagnetic field features dur-
ing the Matuyama chron no evidence for excursions within the Brunhes chron was
found in Lake EI'gygtygn sediments and repeatedly occuring perversive magnetite dis-
solution throughout the whole Pleistocene inhibited a reconstruction of paleointensity
variations. Nevertheless, in addition to the polarity stratigraphy, a synchronous tuning
of 9 stratigraphic parameters to the LR04 marine oxygen isotope stack (Lisiecki and
Raymo, 2005) and to the Northern Hemisphere cumulative summer insolation (May to
August), according to orbital solution by Laskar et al. (2004), respectively, led to a sig-
nificant refinement of the age model by the definition of a total of about 600 tie points.
The age model has some uncertainties towards the base of the (Pliocene) sediments
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between 2.94 and 3.54 Ma, mainly due to low sediment recovery during drilling. Here,
pronounced variation in the percentages of tree pollen provided major clues for age
assignments. Estimated sedimentation rates are in the range of 4 to 5cm ka~' for the
past about 3.3 Ma, whereas the first 0.3 Ma after the impact that created the EI'gygytgyn
crater are characterised by about ten-fold higher sedimentation rates.

Supplementary material related to this article is available online at:
http://www.clim-past-discuss.net/9/3061/2013/cpd-9-3061-2013-supplement.
pdf.
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Table 1. Ages of geomagnetic reversals from various authors, listed in the first row, and as CPD
inferred from multi-proxy tuning of ICDP Site 5011-1 sediments from lake EI'gygytgyn in this
study, listed in the right column. Here, bold numbers indicate new/alternative ages, otherwise
ages were adopted from Liesiecki and Raymo (2005).

9, 3061-3102, 2013

Chronology of Lake

Cande and Lourens et Ogg and Lisiecki and This El t
Authors Kent (1995)  al. (1996) Smith (2004) Raymo (2004)  study %VQV gyn
sediments

Reversal subchron Age
cryptochron/excursion N. R. Nowaczyk et al.

Ma Ma Ma Ma Ma
Brunhes/Matuyama 0.780 0.781 0.780 0.780
Jaramillo (t) 0.990 0.988 0.991  0.991 Uiille ~eige
intra-Jaramillo excursion (t) 1.0142 :
intra-Jaramillo excursion (o) 1.0192
Jaramillo (o) 1.070 1.072 1.075 1.075 :
Cobb-Mountain (t) 1.201 1.173 1.1858
Cobb-Mountain (o) 1.211 1.185 1.1938 )
Olduvai (1) 1770 1785 1778 1781 1781
Olduvai (o) 1.950 1.942 1.945 1.968 1.968
Olduvai precursor (t) 1.9782
Olduvai precursor (o) 1.9815 g g
La Réunion (t) 2.140 2.129 2.128 2.1216
La Réunion (o) 2.150 2.149 2.148 2.1384 ! !
Matuyama/Gauss 2.581 2.582 2.581 2.608 2.588
Kaena (t) 3.040 3.032 3.032 3.045 3.045
Kaena (o) 3.110 3.116 3.116 3.127 3.127
Mammoth (t) 3.220 3.207 3.207 3.210 3.210
Mammoth (o) 3.330 3.330 3.330 3.319 3.319
Gauss/Gilbert 3.580 3.596 3.596 3.588  3.588

Here: t — termination, o — onset.
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Table 2. Overview of stratigraphic data used for multi-proxy tuning of Lake El'gygytgyn sedi-
ments: number of obtained logger readings or individual determinations, with numbers in italics
indicating raw data that was acquired on the full stratigraphic lengths of the respective cores.

Scanning/sampling intervals are given below the parameter notation.

CPD
9, 3061-3102, 2013

Chronology of Lake

Elgygytgyn
sediments

N. R. Nowaczyk et al.

Data set 5011-1A 5011-1B  5011-1C 5011 comp. Lz1024 PG1351 Total
MS2E™ 1 mm 122939 100606 95264 143752 16026 11050 489637
Color® 1 mm 122988 101074 99060 138623 no no 461745
XRF® 2 mm 61357 50132 46464 71263 8273 186 237675
NRM, ChRM™ 2 (10-15) cm 5806 4848 2113 5883 607 476 19733
biog. Silica® (1) 2 cm no no no 5856 1657 229 7742
TOC® (1) 2 cm no no no 6136 1658 334 7847
grain size 8 cm no no no 1125 no no 1125
Tree pollen”) 5-6 (30—-300) cm 392 184 124 556

U]
® X-ray fluorescence spectra, abundance of major elements, ) natural remenent magnetisation (NRM) and
characteristic remanent magnetisation (ChRM) from U-channels, sampling interval for discrete samples in
brackets, ® from Fourier Transform Infrared Spectrocopy (FTIRS-BSi), sampling interval for Lz1024 in brackets,

© total organic carbon, sampling interval for Lz1024 in brackets, 0 sampling interval for Pliocene interval in ICDP
Site 5011-1 cores in brackets.
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Fig. 1. Location of Lake EI'gygytgyn in the Far Eastern Russian Arctic.
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integration in order to obtain the tristimulus values (X,Y,Z), (b) L*a*b* color space and definition
of the hue angle as also shown in (¢), together with corresponding colors. Note that colors are
more schematic rather than realistic.
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Core 5011-1A-5H-2-W
Field depth (m)
16.00 16.10 1620 16.30 1640 16.50 16.60 16.70  16.80

400 500 600 700 400 500 600 700

L*= 4400 ) 15974 m X= 081 L'=3919  ()16.419m
a*= 0.90 Y=10.77 a*= -3.28
b*=11.73 Z=10.05 b*= 4.75

Hue =85.61° Hue =124.65°

Amplitude (norm.)

400 500 600 700 400 500 600 700
Wave length (nm)

Fig. 3. Example for quantitative color data acquisition from core 5011-1A-5H-W in field depth
across Termination IV (time interval from 344 to 333 ka): (a) original and (b) contrast-enhanced
down-core variation of colors measured with a GretagMacbeth SpectrolinoT"’I spectrophotome-
ter, together with hue angle (white curve), (¢) and (d) two individual spectra including tristimulus
values (X,Y,Z), (L*,a*,b*) values, hue angle (see Fig. 2), and logging depth. The positions of the
two measuring points are marked by arrows below (b).
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ICDP Site 5011-1 composite
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tuned age (ka) Jaramillo
Brunhes Chron Matuyama Chron subchron

Fig. 4. Definition of 1st, 2nd, and 3rd order tie points of the age model: Chronostratigraphic plot
for the time window 740 to 1000 ka of (a) biogenic silica (FTIRS-BSi), (b) Si/Ti-ratio, with high
(low) ratios indicating higher (lower) biogenic input with respect to lithogenic input, (¢) cum-
mulative summer (May to August) insolation for 67.5° N (according to Laskar et al., 2004), (d)
LR04 oxygen isotope stack (6'20) from Lisiecki and Raymo (2005), (e) magnetic susceptibil-
ity (MS), (f) total organic carbon (TOC), and (g) ChRM inclination, with grey (white) indicating
normal (reversed) polarity. Geomagnetic field reversals are defined as 1st order tie points of
the age model. Correlation of Si/Ti-ratio and biogenic silica to the LR04 stack define 2nd order
tie points, and correlation of magnetic susceptibility and TOC to insolation patterns define 3rd
order tie points. For further details, see text. FTIRS — Fourier transform infrared spectroscopy,
XRF — X-ray fluorescence, ChRM — Characteristic Remanent Magnetization.
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Fig. 5. Chrono-stratigraphic plot of main parameters used for developing the age model of the
ICDP Site 5011-1 composite record from Lake Elgygytgyn: (a) grain size data from principle
component analysis (PCA), with negative (positive) values representing coarse (fine) grained
sediments, (b), hue angle from photospectrometry (see Fig. 2), (¢) biogenic silica from Fourier
transform infrared spectroscopy (FTIRS-BSi), (d) Si/Ti-ratio from X-ray fluorescence (XRF)
scanning, (e) Tree and shrub pollen percentages, (f) marine oxygen isotope stack (Lisiecki and
Raymo, 2005), (g) inclination of the characteristic remanent magnetisation (ChRM), with grey
(white) indication normal (reversed) polarity, (h) total organic carbon (TOC), (i) magnetic sus-
ceptibility, and (j) the cummulative Northern Hemisphere summer insolation (May to August),
according to orbital solutions provided by (Laskar et al., 2004).
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diamonds) were provided by a comprehensive magnetostratigraphic investigation of ICDP Site
5011-1 cores (Haltia and Nowaczyk, 2013; see also Fig. 2). The red star marks the time of
the impact inferred from “°Ar/*°Ar dating (Layer, 2000) at 3.58 (+0.04) ka. Black (white) denote Interactive Discussion
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Composite depth (m)

Fig. 7. Age depth models for pilot cores PG1351 (1998) and Lz1024 (2003) after synchronizing
with ICDP Site 5011-1 age model (Fig. 6). Red squares with error bars mark results from
infrared stimulated luminescence (IRSL) dating. The dotted line in the right graph mark the
junction between Lz1024 and the ICDP Site 5011-1 composite record, assembled from cores

PG1351 - field campaign 1998

Lz1024 - field campaign 2003

5011-1A, -1B, and -1C.
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Fig. 8. Radiometric dating of the EI'gygytgyn impact (Layer, 2000) in the context of currently
used geomagnetic polarity time scales. Since the lowermost ICDP Site 5011-1 sediments show
clear normal polarity directions, the impact must have occurred after the Gilbert Gauss reversal.
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Fig. 9. Response of Lake EI'gygytgyn (ICDP Site 5011-1) to climate variability as represented
by the marine oxygen isotope (6180) stack LR04 (Lisiecki and Raymo, 2005): time series of
(a) biogenic silica (FTIRS estimation), representing bioproductivity in the upper water layers
of the lake, and total organic carbon (TOC), representing preservation of organic matter at
the lake floor during phases of anoxic bottom waters, (b) Ti content (XRF counts), taken as
a proxy of lithogenic input from the catchment, and magnetic susceptibility (MS), representing
preservation of magnetic particles during phases of oxygenated bottom waters, (¢) hue angle
(color) and Si/Ti-ratio, both following global climate cycles. Curves in (a) and (b) were plotted in
a way that TOC (MS) superimposes biogenic silica (Ti) in time intervals when best preservation
of organic matter (magnetic particles) can be assumed during anoxic (oxic) conditions at the
lake floor. Where the TOC curve lies below the biogenic silica curve in (a), partial degradation
(60 to 80 %) of organic matter is indicated (green area between both curves). Where the MS
curve lies below the Ti curve in (b), fairly massive dissolution (up to 95 %) of the magnetic
fraction in the sediments is indicated (grey area between both curves). For further explanation
see discussion in the text.
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