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Abstract. A 318-metre-long sedimentary profile drilled by represent just the first 0.3 Ma after the impact, equivalent to
the International Continental Scientific Drilling Program sedimentation rates in the order of 45cnmkaThis study
(ICDP) at Site 5011-1 in Lake EI'gygytgyn, Far East Russianalso provides orbitally tuned ages for a total of 8 tephras de-
Arctic, has been analysed for its sedimentologic response tposited in Lake EI'gygytgyn.
global climate modes by chronostratigraphic methods. The
12 km wide lake is sited off-centre 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. Fdr Introduction
establishing their chronology, major reversals of the earth’s
magnetic field provided initial tie points for the age model, Lake EI'gygytgyn in the Far East Russian Arctic (67N
confirming that the impact occurred in the earliest geomag-172° E) with a diameter of 12km is located off-centre in an
netic Gauss chron. Various stratigraphic parameters, reflectt8 km wide impact crater formed 3.58 Ma ago (Layer, 2000).
ing redox conditions at the lake floor and climatic condi- The 170 m deep lake has a bowl-shaped morphology, a sur-
tions in the catchment were tuned synchronously to Northerrface area of 110kf and a relatively small catchment of
Hemisphere insolation variations and the marine oxygen iso293kn? (Nolan and Brigham-Grette, 2007). The bedrock
tope stack, respectively. Thus, a robust age model comprisingn the crater catchment consists mainly of igneous rocks,
more than 600 tie points could be defined. It could be shownavas, tuffs, ignimbrites of rhyolites and dacites, rarely an-
that deposition of sediments in Lake EI'gygytgyn occurred desites and andesitic tuffs (Gurov and Koeberl, 2004), some
in concert with global climatic cycles. The upperl60m  of them with ages from 83.2 to 89.3 Ma (Layer, 2000) and
of sediments represent the past 3.3 Ma, equivalent to sedi88 Ma (Kelley et al., 1999). Thus, they were emplaced dur-
mentation rates of 4 to 5cm k& whereas the lower 160m ing the Cretaceous normal polarity superchron (Ogg and
Smith, 2004). In early 2009, the International Continental
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2414 N. R. Nowaczyk et al.: Chronology of Lake EI'gygytgyn sediments

Scientific Drilling Program (ICDP) drilled through the whole within and from the catchment, respectively, which in turn
318 m thick sedimentary infill and further 199 m into the im- depend on climatic conditions. After initial age assignments
pact breccia of the ElI'gygytgyn crater (Melles et al., 2011). using magnetic polarity stratigraphy, all these parameters to-
Three parallel sediment cores from ICDP Site 5011-1 (holeggether show striking similarities to global climate variability
1A, 1B, and 1C) from Lake El'gygytgyn were spliced to as expressed by the LR04 stack (Lisiecki and Raymo, 2005),
make a composite core. For the palaeo-climatic investigawhich was therefore used as reference curve. The major en-
tion mass movement deposits, like turbidites, and tephra layvironmental implications of the EI'gygytgyn palaeoclimate
ers were not included, but they are represented by gaps inecord, occurrence of “super-interglacials” and the stepwise
the respective composite data records. In order to developooling of the Northern Hemisphere are discussed in Melles
a high-resolution age model for the whole sedimentary seet al. (2012) and Brigham-Grette et al. (2013), respectively.
quence from Lake El'gygytgyn we used a multi-parameter In general, age models derived from tuning may include
approach. Major age constraints are provided from a comseveral problems, such as circular reasoning or chronologi-
prehensive magnetostratigraphic investigation of the sedical uncertainties in both the reference record and the record
ments recovered from holes 5011-1A, 1B, and 1C (Haltiato be tuned, when only restricted sets of data are consulted
and Nowaczyk, 2013). For refining the initial age model (Blaauw, 2012). However, wiggle matching can be further
determined by the magnetostratigraphic results, nine addivalidated by using multi-proxy tuning (e.g. Bokhorst and
tional stratigraphic parameters were synchronously tuned eiVandenberg, 2009; Prokopenko et al., 2006), as it was also
ther to the benthic foraminiferal oxygen isotopé8Q) ref- performed in this study.

erence record for the last 5Ma provided by Lisiecki and

Raymo (2005), in general referred to as the LRO4 stack,

or to the Northern Hemisphere summer insolation accord-2 Material and methods

ing to orbital solutions of Laskar et al. (2004). From the

data compilations of Nowaczyk et al. (2002), Nowaczyk et2.1 Data acquisition

al. (2007), Frank et al. (2013) and the rock magnetic pilot

study by Murdock et al. (2013) it became obvious that vari- For magnetostratigraphic investigation the upper40 m of
ations of total organic carbon (TOC) and magnetic suscepsediments were continuously subsampled with U-channels,
tibility (MS) mostly reflect the redox conditions at the lake whereas the remaining sequences were nearly exclusively
floor, with a predominant stratification (mixing) of the wa- analysed by using discrete samples, due to increasing stiff-
ter body and anoxic (oxic) conditions during glacials (inter- ness of the sediments. Determination of the inclination of
glacials). These redox conditions are obviously controlledcharacteristic remanent magnetization (ChRM), which pro-
by insolation variations, mainly influenced by the 18 and vides the polarity interpretation, is based on principle com-
23 kyr precessional cycles, and, to a lesser extent, the 41 kyponent analysis (Kirschvink, 1980) of results from stepwise
obliquity cycle. Consequently, variations of TOC and MS, and complete alternating field demagnetisation of all mate-
together with the intensity of the natural remanent magneti-rial. More detailed information on sampling strategy, data ac-
sation (NRM, which in Lake EI'gygytgyn sediments, like the quisition techniques, and methods of processing are given by
MS, mainly reflects the concentration of magnetic particles),Haltia and Nowaczyk (2013).

were tuned to insolation variations. Since Lake El'gygytgyn Magnetic (volume) susceptibility from cores PG1351 and
is located within the Arctic permafrost region most sedimen-Lz1024 were acquired with a Bartington MS2E sensor in
tary transport and bioproductivity takes place during sum-combination with a MS2 control unit, integrated into the 1st
mer, characterized by superficial thawing of permafrost soils,generation GFZ split-core logger (scl-1.1). Magnetic suscep-
short vegetation periods in the catchment, and algal growthibility and colour information from sediments from ICDP
(mostly diatoms, but alsBotriococcusand sometimes snow  Site 5011-1 cores were obtained every 1 mm using a 2nd gen-
algae such a€hlamidomonasin the water body. From mid-  eration split-core logger (scl-2.3), with its hardware and soft-
autumn to mid-spring all these processes come to a standstillvare designed and built at the Helmholtz Centre Potsdam,
Thus, not only the intensity of insolation but also the length GFZ. Magnetic susceptibility was measured with a Barting-
of the summer appears to be important for the possibility ofton MS2E spot-reading sensor first attached to a MS2 con-
sediment transport from the catchment into the lake. Theretrol unit, which was later replaced by a technically improved
fore, we used the cumulative summer insolation from MayMS3 control unit.

to August for tuning. Variations in tree and shrub pollen per- The response function of the MS2E sensor with respect
centage and biogenic silica (BSi) represent vegetation conto a thin magnetic layer is equivalent to a Gaussian curve
ditions in the (wider) area around the lake and bioproductiv-with a half-width of slightly less than 4mm (e.g. Fig. 4
ity within its water body, respectively. Sediment grain size, in Nowaczyk, 2001). The amplitude resolution of the sen-
spectral colour, titanium (Ti) content, and Si/ Ti ratio, the lat- sor is 10x 10~® in combination with the MS2 unit and
ter two parameters obtained from X-ray fluorescence (XRF)2 x 10~ with the improved MS3 unit, both using an inte-
scanning, reflect mostly weathering and transport processegration time of about a second. During data acquisition, after
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every 10 measurements, the sensor is lifted about 4 cm abow
the sediment in order to take a blank reading in the air. This
is done in order to monitor the shift of the sensor’'s back-
ground due to temperature drift. Subsequently, the air read-
ings were linearly interpolated and subtracted from the read-
ings on sediment.

A spectrophotometer (GretagMacbeth Spectrolihavas
applied with the scl-2.3 logger for acquiring a full colour
spectrum from 380 nm to 720 nm at a physical resolution of
10nm (i.e. providing 36 spectral lines for each measuring g.¢
spot from ICDP Site 5011-1 cores). For sediments recovered
within cores PG1351 and Lz1024 no colour information is
available. The spectrophotometer integrates over a circular
window of 4 mm in diameter (centre-weighted). In addition
to the visible spectrum further colour information, derived .
from the spectral data, was transmitted by the instrument: ‘ impact crater
the tristimulus valuesX, Y, Z), defined by the International 180°

Commission on lllumination (CIE) in 1931, and vectors in _ , , ,
Fig. 1. Location of Lake EI'gygytgyn in the Far Eastern Russian

* * * 1 1 -
the 1976 CIE [, a*, b*) colour space. The tristimulus val Arctic. The circle (not to scale) marks the site of the impact crater.
ues of a colour are the amounts of the three colours the hu-

man eye can perceive (red, green, blue) in a three-component

additive colour model (Fig. 2a). However, in order to repro- segiment for data acquisition. During data acquisition core
duce a measured colour represented XyX Z) (€.9. on @  gegments were covered by a thin and clear plastic foil in or-
TV or computer screen) 233 matrix has to be applied tothe  yer 1o prevent all three sensors from being stained by the
(X, Y, Z) vector in order to obtain the requiref (G, B) val-  gqft and moist sediments. Ideally, the foil is completely free
ues for display, as itis implemented in the split-core 10gger's ot 4ir pupbles and clinging to the sediment surface due to
controlling computer program. The elements of the matrix ga4iment moisture. However, the older the sediments are the
depend on type of illumination and observing angle, as welljgyer their moisture content is. Thus, downward from about
as on the R, G, B) properties of the used hardware and/or 50 m on, the foil was not always completely attached to the
computer operating system (or television system). sediments and colour information got slightly biased with in-

In the (%, a”,b") colour space (Fig. 2b), the* coor-  creasing drilling depth due to scattered light.
dinate represents variations in colour between eed>(Q)

and green (*<0), whereas the* coordinate represents 2.2 Further data used for tuning
variations in colour between yellowb(>0) and blue
(b*<0). TheL* component represents lightness (0 =black, Biogenic silica (BSi) contents were estimated at a sampling
100 =white). In order to distinguish major colour changesinterval of 20 mm by using Fourier transform infrared spec-
of the sediments from Lake EI'gygytgyn the hue angle troscopy (FTIRS). The method is described in detail by Vogel
(H) was also determined (Fig. 2b and c). It is calculatedet al. (2008) and Rosén et al. (2010, 2011). Biogenic silica is
as H =atan2b*,a™), with 0° < H <360°. Hue values of mostly derived from diatoms, which are the major contribu-
major colours are red =*(B6C, yellow =60, green =120, tors to the intra-lake bioproduction (e.g. Cherapanova et al.,
cyan =180, blue =240, magenta=300 An example of 2007). Post-sedimentary dissolution of diatom frustules is
sediment colour, hue angle distribution, and individual negligible in sediments of Lake EI'gygytgyn. Thus, the per-
colour spectra as obtained with the Spectralinis shown  centage of biogenic silica is taken as a proxy for bioproduc-
in Fig. 3. tivity in Lake EI'gygytgyn. A detailed discussion on FTIRS
Since both the susceptibility and colour sensors need to beesults from ICDP Site 5011-1 is provided by Meyer-Jacob
in full contact to the sediment surface, the scl-2.3 logger iset al. (2013) and Vogel et al. (2013).
additionally equipped with a third sensor, a high-precision The content of total organic carbon (TOC) was deter-
mechanical micro-switch to scan the surface morphologymined every 20 mm using a Vario microCube elemental an-
first. This is achieved by moving the switch from a cer- alyzer (Elementar, Germany). Elemental scans of major el-
tain reference height downward onto the sediment where thements were performed with an ITRAX XRF (X-ray fluo-
switch triggers the termination of its own movement. Trig- rescence) core scanner (Cox Analytical, Sweden), equipped
gering force is in the range of 5g. The distance moved bywith Cr- and Mo-tubes, respectively, which were set to 30 kV
the switch is determined by the stepping motor control, thusand 30 mA. The abundance of elements was determined at
supplying the information needed for subsequently lowering2 mm resolution with an integration time of 10s per mea-
the susceptibility sensor and the spectrophotometer onto theurement. The relative abundance of titanium (Ti) is taken as

90°wW

El'gygytgyn
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Fig. 2. Some basics in colour processir(@) 2°-observer weighting functions for spectrum integration in order to obtain the tristimulus
values (.Y, Z), (b) L*a*b* colour space and definition of the hue angle as also shot),itogether with corresponding colours. Note
that colours are more schematic rather than realistic.

a proxy of clastic lithogenic input, whereas silica (Si) repre- interval is equivalent to marine oxygen isotope stages (MIS)
sents the sum of both lithogenic and biogenic Si. Thus, thel to 4 and most of MIS 5 (back to about 125ka). Below
Si/Ti ratio reflects the variable contribution of biogenic sil- 5.67 m, and until about 104.8 m composite depth, alternating
ica against the clastic lithogenic background. For further de-sediment intervals from parallel holes 5011-1A and 1B were
tails see Wennrich et al. (2013). Grain-size variability was es-spliced together. Between 104.8 m and 113.4m composite
timated by principle component analysis (PCA) of granulo- depth additional information from core 5011-1C could be
metric analyses using a laser particle analyzer (Francke et alysed. Between 113.4 m and 145.7 m composite depth, cores
2013). For tuning of the ICDP-5011-1 composite record PC1A and 1C contributed to the composite. Below 145.7m
1 (principle component 1) was used, with negative (positive)composite depth down to the sediment impact breccia inter-
values representing coarse (fine) grained sediments. Polleface at 318 m, only core 5011-1C, which has a mean recovery
data is available every 8cm, with lower resolution in the rate of only 50 % (Melles et al., 2011), could be used. How-
Pliocene section (see also Andreev et al., 2013 and Lozhkirver, at least the lowermost 38 m of the composite (280 to
and Andersen, 2013). Where available, the percentage o818 m) is available with 90 to 99 % recovery.
tree and shrub pollen was used as an additional environmen- Core intervals for the composite were selected mainly by
tal indicator with high (low) percentages representing warmvisual inspection, using the better preserved/least disturbed
(cold) conditions. Data from PG1351 are from Nowaczyk et sections from one of the records in cases of overlapping re-
al. (2002), data from Lz1024 are from Lozhkin et al. (2007). covery. In general, tephra layers, turbidites, and mass move-
ments were omitted leaving gaps within the composite data
2.3 Creation of a composite sets. Further details are described by Wennrich et al. (2013).

For analysis of the Lake EI'gygytgyn sedimentary successior2.4 Tuning

a composite was created using data from core Lz1024, recov-

ered in 2003, and from ICDP Site 5011-1, comprising only Fixed age tie points for the ICDP Site 5011-1 composite
partly overlapping holes 1A, 1B, and 1C, recovered in 2009.record are provided by magnetostratigraphic investigation of
From the 16.64-metre-long core Lz1024 data records of thesediments from this site by Haltia and Nowaczyk (2013).

upper 5.67 m were used to supplement the uppermost se&ges for the documented major reversals were mainly
tion of the composite that was not recovered with ICDP Siteassigned according to Lisiecki and Raymo (2005) as
5011-1 cores. According to initial data analyses, this depthlisted in Table 1. Between the tie points provided by
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Core 5011-1A-5H-2-W
Field depth (m)

16.00 16.10 16.20 16.30 16.40 16.50 16.60 16.70 16.80

Hue angle

333ka 4 ) }a) 344 ka
400 500 600 700 400 500 600 700

X=13.29 L*= 44.00 c)156.974 m
Y=13.84 a*= 090

Z=10.50 b*=11.73

X= 981 L*=3919  ()16.419m
Y=10.77 a*= -3.28
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Fig. 3. Example for quantitative colour 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 colours measured with a GretagMacbeth Spéctspkite
trophotometer, together with hue angle (white cur¢e) and(d) two individual spectra including tristimulus valuek, (Y, Z), (L*, a*, b*)
values, hue angle (see Fig. 2), and logging depth. The positions of the two measuring points are marked by arrq)s below

magnetostratigraphy, a synchronous tuning of nine addi-of the ICDP Site 5011-1 composite. However, these sedi-
tional data sets was performed using an interactive wigglement intervals can still provide useful information at least
matching software. Thexéendedtool for correlation ktc, about the polarity of the geomagnetic field during their de-
Linux-based) is capable of loading all necessary data setposition. The expected dipole inclination for the site of Lake
together into the memory of the computer (down-core dataEl'gygytgyn is 78.3. Thus, folded layers with a tilt of, for
sets, reference data sets, age models, positions of tephrastample, 45 will still yield positive (negative) inclination
scaling of axes). The (partly huge) sizes of the data sets useduring normal (reversed) polarity. It then depends on the
for tuning are listed in Table 2. In all, 1 mm spot-readings of angle between magnetization direction and tilting direction
magnetic susceptibility and TOC data, determined every 10vhether the disturbed direction is shallower or steeper than
to 20 mm, were tuned to the Northern Hemisphere (6M,5 the undisturbed one. Also turbidites, although representing
El'gygytgyn latitude) cumulative spring—summer insolation short depositional events on a geological timescale, should
(May to August) according to Laskar et al. (2004). Parallel torecord a polarity if not an accurate palaeomagnetic direc-
this, Ti as well as Si/Ti ratios based on 2 mm readings of X-tion at least in their upper fine-grained section. Therefore,
ray fluorescence (XRF) counts, percentages of biogenic silin intervals close to reversals, the directional data of rejected
ica (BSi, opal) derived from Fourier transform infrared spec- intervals, such as the onset of the Olduvai subchron and re-
troscopy (FTIRS), determined every 20 mm, the hue angleversals within the Gauss chron (see Haltia and Nowaczyk,
determined every 1 mm, grain size PCA data, and tree poller2013), were also taken into consideration when determining
percentages (where available) were tuned to the LR04 marinthe polarity and localization of the major reversals.

oxygen isotope stack of Lisiecki and Raymo (2005). Jointly

to the tuning of the ICDP Site 5011-1 data sets, age mod= ¢
els for the Lake EI'gygytgyn pilot cores were also developed
(Lz1024) and refined (PG1351).

Iterative tuning

The general strategy of tuning is demonstrated by data cover-

ing the time window from 740 ka to 1000 ka, comprising the
3 Results Brunhes Matuyama reversal as well as the termination of the

Jaramillo subchron (Fig. 4). Note that for reasons of clarity
The intention was to provide a sedimentary palaeoclimaticnot all resulting correlation tie points within this interval are
proxy-record that is cleaned of tephra layers, turbidites,displayed. The major reversals of the earth’s magnetic field,
slumps, and other disturbances, such as folded sedimentas incorporated in the official geomagnetic polarity timescale
Therefore, these intervals were discarded for the creatiofGPTS, Ogg and Smith, 2004; Table 1), provide twelve 1st
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Table 1. Ages of geomagnetic reversals from various authors, listed in the first row, and as inferred from multi-proxy tuning of ICDP
Site 5011-1 sediments from Lake El'gygytgyn in this study, listed in the right column. Here, bold numbers indicate new/alternative ages,
otherwise ages were adopted from Lisiecki and Raymo (2005).

Cande and Kent Lourensetal. Ogg and Smith Lisiecki and
Authors (1995) (1996) (2004) Raymo (2005) This study
Reversal Age
subchron
cryptochron/excursion 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
intra-Jaramillo excursion (t) 1.0142
intra-Jaramillo excursion (0) 1.0192
Jaramillo (0) 1.070 1.072 1.075 1.075
Cobb-Mountain (t) 1.201 1.173 1.1858
Cobb-Mountain (0) 1.211 1.185 1.1938
Olduvai (t) 1.770 1.785 1.778 1.781 1.781
Olduvai (0) 1.950 1.942 1.945 1.968 1.968
Olduvai precursor (t) 1.9782
Olduvai precursor (0) 1.9815
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 (0) 3.110 3.116 3.116 3.127 3.127
Mammoth (t) 3.220 3.207 3.207 3.210 3.210
Mammoth (0) 3.330 3.330 3.330 3.319 3.319
Gauss/Gilbert 3.580 3.596 3.596 3.588 3.588
Here: o — onset , t — termination.

order tie points (red dotted lines in Fig. 4) during the last threshold level (Fig. 4a). This set of proxy records therefore
3.6 Ma for the age model, from which ten are very well de- was used to define 2nd order tie points (dark green short-
fined in the El'gygytgyn sedimentary sequence. Only the topdashed lines in Fig. 4) by interactive wiggle matching to the
of the Kaena and the base of the Mammoth subchrons, bothR04 curve.
within the Gauss chron, are somewhat ambiguous, when only Compared to the LR04 stack, the Northern Hemisphere
(cleaned) palaeomagnetic information are considered. Addisummer insolation shows a much stronger variability. Note
tional two 1st order tie points could be derived from the shortthat already the onsets of interglacials, MIS 19, 21, and 25,
Cobb Mountain event (Mankinen et al., 1978) within the are linked to pronounced insolation maxima. In the further
Matuyama Chron, clearly linked to MIS 35 (Channell et al., course of these interglacials one (MIS 19 and 25) or even
2008). Figure 4 comprises the Brunhes Matuyama reversaiwo insolation minima occur (MIS 21). These minima and
and the termination of the Jaramillo subchron as 1st order tianost of all other minima in insolation are obviously linked
points. For the base of the lacustrine sediment section fronto lows in magnetic susceptibility and highs in TOC when
Lake El'gygytgyn the age of the impact of538+0.04Ma  applying 1st and 2nd order tie points for correlation. Fig-
was adopted from Layer (2000) as another 1st order tie pointure 5 shows a simplified sketch of interdependencies of sed-
After adopting this approach to convert depths into ages iimentary properties versus insolation variations. Minima in
became obvious that the morphology of the log(Si/Ti ratio) insolation trigger anoxic conditions at the lake floor associ-
curve obtained from XRF scanning resembles the LR04 oxy-ated with severe dissolution of magnetic minerals (low mag-
gen isotope reference curve from Lisiecki and Raymo (2005)netic susceptibility) but best preservation of organic matter
quite well (Fig. 4b, d). The same is valid for the Ti con- (high TOC values). The termination of such phases coincide
tent and the hue angle, when both plotted on an inversdairly well with the steepest gradient of increasing insolation
axis (not shown in Fig. 4), and partly the record of bio- after the preceding insolation minimum, and the beginning
genic silica obtained from Fourier transform infrared spec-of intervals characterized by high susceptibility. Insolation
troscopy (FTIRS-BSi), which mainly resembles the so-calledmaxima mark the beginning of periods with high biopro-
super-interglacials (Melles et al., 2012) from above a certainductivity. Nevertheless, due to dominating oxic bottom water
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Table 2. Overview of stratigraphic data used for multi-proxy tuning of Lake EI'gygytgyn sediments: 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.

Data set 5011-1A 5011-1B 5011-1C 5011 comp. Lz1024 PG1351 total
MS2E2 122939 100606 95264 143752 16026 11050 489637
1mm

colouf 122988 101074 99060 138623 no no 461745

1mm

XRF¢ 61357 50132 46 464 71263 8273 186 237675
2mm

NRM, ChRM 5806 4848 2113 5883 607 476 19733

2 (10-15)cm

biog. Silice® no no no 5856 1657 229 7742

(1)2cm

Toc! no no no 6136 1658 334 7847

(1) 2cm

grain size no no no 1125 no no 1125

8cm

Tree polled 392 184 124 556

5-6 (30-300) cm

2 magnetic susceptibilit)? full visible colour spectrum (36 lines)X( Y, Z) tristimulus values,L*, a*, b*), hue angleS X-ray

fluorescence spectra, abundance of major elenfemasural remenent magnetisation (NRM) and characteristic remanent magnetisation
(ChRM) from U-channels, sampling interval for discrete samples in brackétsm Fourier Transform Infrared Spectrocopy
(FTIRS-BSI), sampling interval for Lz1024 in brackeltsotal organic carbon, sampling interval for Lz1024 in brack&sampling

interval for Pliocene interval in ICDP Site 5011-1 cores in brackets.

conditions, organic matter gets degraded (low TOC values)the ice cover is significantly lower than during dry glacials.
whereas magnetic minerals are being widely preserved, leadduring dry glacials, Lake El'gygytgyn was supposed to be
ing to high values in magnetic susceptibility, although the covered by clear ice, that is, with little to no snow on it, as-
lithogenic contribution is lower than during glacials. During sociated with a high light transmission, and thus better grow-
the super-interglacials (Melles et al., 2012), characterized byng conditions for algae. Considering all these interdepen-
exceptional high biogenic silica values and high Si/Ti ratios dencies, 3rd order tie points could be defined for fine-tuning
—such as MIS 5, 9, 11, 17, 25 (see Fig. 4), 31, 47, and 49blue long-dashed lines in Fig. 4).

(see also Supplement) — the high deposition rate of biogenic

matter is the major controlling factor for modulating val- 3.2 Chronostratigraphy and precision of age model

ues of both magnetic susceptibility and TOC. The increased

flux of organic matter into the sediment partly overwhelms Figure 6 shows the most important parameters from ICDP
degradation processes in oxic bottom waters, leading to inSite 5011-1 composite record after synchronous tuning to the
termediate values in both TOC and magnetic susceptibility GPTS, the LR04 stack, and the Northern Hemisphere sum-
A fast oxygen Consumption in the sub-bottom pore water hadner insolation. The parameters that were mainly tuned to the
to be assumed which hampered a further sub-surface degr&R04 marine oxygen isotope stack (Fig. 6f) are plotted in
dation of organic matter. Thus in total, a partial degradationthe left section (Fig. 6a to e): grain size variations, hue an-
of organic matter should have occurred so that the associate@le (sediment colour), biogenic silica (FTIRS-BSi), Si/Ti
TOC peaks very likely give an underestimation of the pri- ratio from XRF-scanning, and tree and shrub pollen per-

mary bioproductivity (Nowaczyk et al., 2002, 2007). Mag- centages where available, including results from pilot cores
netic susceptibility values are mostly controlled by the high PG1351 and Lz1024. The ChRM inclinations of the ICDP

primary bio-production and thus a by dilution of lithogenic Site 5011-1 composite record (Fig. 69) is plotted to the right
compounds. Further on due to oxygen depletion in the poré)f the LR0O4 stack. Geomagnetic field reversals can be rec-
waters, a partial dissolution of magnetic minerals has to beognized from flips between steep positive inclinations (nor-
taken into account, since susceptibility values cannot be exmal polarity, grey background) and steep negative inclina-
plained by dilution by biogenic compounds alone. Another tions (reversed polarity, white background). Thus, the ICDP
special case is that of a glacial supposedly much moisteSite 5011-1 sedimentary record comprises the three geo-
than others (Melles et al., 2007). Due to increased snowfalfmagnetic chrons including Brunhes, Matuyama, and (most

and thus reduced light transmission, bioproductivity below©f the) Gauss (i.e. the last about 3.6 Ma). The right section
of Fig. 6 relates variations of total organic carbon (TOC,
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Fig. 4. Definition of 1st, 2nd, and 3rd order tie points of the age matter
model: Chronostratigraphic plot for the time window 740ka to 1

Degradation

1000 ka of(a) biogenic silica (FTIRS-BSi)(b) Si/Ti ratio, with
high (low) ratios indicating higher (lower) biogenic input with re-
spect to lithogenic inputc) cumulative summer (May to August)
insolation for 67.8 N (according to Laskar et al., 2004y) LR04
oxygen isotope stacké%0) from Lisiecki and Raymo (2005]e)  Fig. 5. Simplified sketch of interdependencies of Lake E'gygytgyn
magnetic susceptibility (MS)f) total organic carbon (TOC), and  sedimentary properties with orbital forcing throughout the Pleis-
(9) ChRM inclination, with grey (white) indicating normal (re- tocene:(a) variation of summer insolation(b) lithogenic versus
versed) polarity. Geomagnetic field reversals are defined as 1St0fdQ{iogenic sedimentary inpufc) magnetic susceptibility, an¢)

tie points of the age model. Correlation of Si/Ti ratio and biogenic concentration of organic matter. For detailed explanation see text.
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 trans- L
form infrared spectroscopy, XRF — X-ray fluorescence, ChRM — MIS M2 within the early Mammoth subchron, occurs around

characteristic remanent magnetization. 3.3Ma (see supporting online material for a more detailed
display and labelling of data). This is parallelled by a drastic
drop in tree and shrub pollen percentage down to 20 % in the
sedimentary record of Lake El'gygytgyn. Furthermore, this
Fig. 6h) and magnetic susceptibility (Fig. 6i) to the Northern actually substantiated the position of the onset of the Mam-
Hemisphere insolation (cumulative, May to August, 8TNS moth subchron in the ICDP Site 5011-1 record, since here
Fig. 6j). The obtained age model of the ICDP 5011 com-the interpretation of palaeomagnetic data is hampered by nu-
posite is shown in Fig. 7 and age models for the pilot coresmerous recovery gaps and low core quality.
PG1351 and Lz1024, are shown in Fig. 8. Mean sedimenta- In the first place, the precision of the age model(s) of Lake
tion rates in Lake El'gygytgyn are in the range of 4cnmka  El'gygytgyn sediments is limited by the accuracy, precision
for the last about 1.0 Ma. Going further back in time, sedi- and temporal resolution of the reference curves. The LR04
mentation rates slightly increase to about 5cmkepbughly  oxygen isotope stack for the last 5Ma is provided in 1 kyr
between 2.5 and 3.0 Ma, whereas the interval between 3.81.crements. Lisiecki and Raymo (2009) point out that espe-
and 3.6 Ma is characterized by ten-fold higher sedimentatiorcially the timing of glacial terminations documented in ben-
rates of about 45cmka. This must be due to major envi- thic oxygen isotope records from the Atlantic and the Pa-
ronmental changes. In the marine LR04 oxygen isotope stackific can already differ by up to 4 kyr. This problem accounts
the oldest shift towards heavier values during the past 3.6 Mamainly for new marine benthic oxygen isotope records to be

Time
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Fig. 6. Chrono-stratigraphic plot of main parameters used for developing the age model of the ICDP Site 5011-1 composite record from Lake
El'gygytgyn: (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(@)biogenic silica from Fourier transform infrared spectroscopy (FTIRS-BSi),

(d) Si/Tiratio from X-ray fluorescence (XRF) scannirfg) tree and shrub pollen percentagésmarine 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 susceptibility, an@) the cumulative Northern Hemisphere summer insolation (May to August),
according to orbital solutions provided by (Laskar et al., 2004).
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ICDP Site 5011-1 composite depth below lake floor (m)
N
(=3
o

250 4omkyrt L 250 Site 5011-1 composite record, assembled from cores 5011-1A, -1B,
semr? I and -1C.
50 cm kyr-1 r
300 1 - 300
A 3 kyr. Therefore, absolute ages of EI'gygytgyn sediments are
A A AR AR possibly offset by up to about 3kyr (considering Laskar et
' Age (Ma) ' ' al., 2004) to 15 kyr (considering Lisiecky and Raymo, 2005)

. . . in the Pliocene, but relative age assignments to the reference
Fig. 7. Age depth model for the ICDP Site 5011-1 sedimentary yecords should have a precision of some 500yr since many
_corlnposnehrecprdl denc\lled lflrom tun'rég of p:ystn)cal,hs_edlmentolpg-(3rd order) tie points were derived from the insolation refer-
ical, geochemical, and pollen records to the benthic oxygen iso- - - .
tope stack from Lisiecki and Raymo (2005) and the Northern Sum_ence record, which has a higher temporal resolution.
mer insolation according to orbital solutions provided by (Laskar et
al., 2004), respectively. Initial 1st order tie points (black diamonds) . .
were provided by a comprehensive magnetostratigraphic investiga4 Discussion
tion 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
40ar/39Ar dating (Layer, 2000) at 3.58H0.04) ka. Black (white)
denote normal (reversed) polarity.

4.1 Age of meteorite impact

The lowermost distinctly stratified sediments recovered from
Lake El'gygytgyn clearly show normal polarity. Some inter-
calations of suevitic material in this section imply that these
sediments must have been deposited shortly after the impact.
dated by correlation to a master record. However, the LRO4The suevites are supposed to have been episodically washed
stack/master record is based on records with a global disin from the intra-crater catchment. Palaeomagnetic data from
tribution, including the Atlantic and Pacific Oceans, so thatthe underlying suevites show predominantly a normal polar-
stratigraphic correlation to it might introduce inaccuraciesity, too (Maharaj et al., 2013). Thus, it can be concluded,
in dating in the range of several kyrs. The LR0O4 stack hasthat the impact that created the EI'gygytgyn Crater occurred
been tuned to the 21 June insolation at B5according to  definitely after the Gauss—Gilbert reversal (Table 1). How-
orbital solutions of Laskar et al. (1993). Because of uncer-ever, it is not clear how long it took to form a permanent
tainties in these solutions, Lisiecki and Raymo (2005) con-lake within the impact crater and when it came to a persistent
clude that absolute ages in their LR0O4 stack might be offseteposition of sediments into it. Figure 9 shows the dating
by several kyrs, depending on time interval: up to 4 kyr from of the impact by Layer (2000) within the context of the ge-
0to 1 Ma, up to 6 kyr from 1 to 3Ma, up to 15kyr from 3to omagnetic polarity timescale(s). The Error range of the

4 Ma. In addition to usage of the LR04 stack as stratigraphicdating (358+ 0.04 Ma) crosses the Gauss-Gilbert reversal.
reference, we tuned magnetic susceptibility and TOC vari-Thus, the only conclusion that can be drawn is that the older
ations from Lake EI'gygytgyn sediments to updated orbital (upper) limit for the age of the impact can be set to 3.588 Ma,
solutions given in increments of 0.25kyr and with an un- when adopting the LRO4 timescale, or to 3.596 Ma when
certainty of 0.1 % according to Laskar et al. (2004). Thus,using the Ogg and Smith (2004) GPTS. Unfortunately, no
tuning data with ages around 3 Ma might be offset by only biogenic remnants (neither diatoms, nor pollen) that would
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3.580 Cande & Kent (1995) According to our study, the Matuyama Gauss reversal,
consistently documented in cores ICDP Site 5011-1A and 1C
3.588 Lisiecki & Raymo (2005) (Haltia and Nowaczyk, 2013), occurred at 2.588 Ma, clearly
Erayaytayn impact within MIS 103 (Table 1, Fig. 6). Deino et al. (2006) pro-
according to Layer (2000) | | 3.506 Lourens etal. (1996) vide an“%Ar/*°Ar-based age of 389+ 0.003 Ma from two
ssgo| | 0998 Smith(2009) tephras, tightly bracketing the Matuyama Gauss reversal in
T T TN e the upper part of a diatomite of the fluvio-lacustrine sedi-
- > ments in the Chemeron Basin, Central Kenya Rift, Afrika.
This would be in excellent agreement to our result. How-
| ever, Deino et al. (2006) tune their radiometrically obtained
— age to an astronomically polarity timescale and shift this age
— to 2.610Ma. This is close to the age of 2.608 Ma, given
1 by Lisiecki and Raymo (2005). But, this would place the
Gauss Gilbert Matuyama Gauss reversal into MIS 104, a cold interval.

This contradicts our stratigraphic results that only allow

Fig. 9. Radiometric dating of the EI'gygytgyn impact (Layer, 2000) Placement of the Matuyama Gauss reversal into the mid-
in the context of currently used geomagnetic polarity timescales dleé MIS 103 (Table 1, Fig. 6) (i.e. within a warm interval).
Since the lowermost ICDP Site 5011-1 sediments show clear norThis is also in agreement with findings by Prokopenko and
mal polarity directions, the impact must have occurred after theKhursevich (2010) from Lake Baikal Site BDP-96. Thus, the
Gilbert Gauss reversal. Matuyama Gauss reversal at ICDP Site 5011-1, is definitely
not recorded in MIS 104, but in MIS 103 at 2.588 Ma. The

. . _ ounger age of 2.581 Ma for this major reversal, given by
allow assignments to climate _cycles are preserved within th gg and Smith (2004), places the Matuyama Gauss reversal
Iowermqst_about 2.5 m of sediments. Ther_efor_e, the_ YOUNG€Y,i5 the late MIS 103 which also does not fit to results from
(lower) limit of the impact age of 3.540 Ma is still defined by

Lake El'gygytgyn.
the 1o error range of Layer (2000). The reversed Matuyama chron is mainly interrupted by

the prominent Olduvai and Jaramillo normal polarity sub-
chrons, clearly expressed in the ICDP Site 5011-1 record.
In general, as listed in Table 1, our multi-proxy study of Besides these, there are three further, much shorter intervals

the Lake EI'gygytgyn ICDP Site 5011-1 sedimentary record Of normal polarity, not listed in Lisiecki and Raymo (2005):
confirms ages of geomagnetic reversals within the pasth€ Réunion subchron (Chamalaun and McDougall, 1966;
3.6 Ma as given by Lisiecki and Raymo (2005). Table 1 lists McDougall and Watkins, 1973), an Olduvai precursor
also ages of known reversals provided in the geomagnetiéChannell et al., 2003), and the Cobb Mountain subchron
polarity times scales (GPTS) of Cande and Kent (1995),(Mankinen et al., 1978). The ICDP Site 5011-1 derived age
Lourens et al. (1996), and Ogg and Smith (2004), sinceange for the Réunion subchron of 2.1216-2.1384Ma is in
Lisiecki and Raymo (2005) do not provide ages for all of 900d agreement with the GPTSs (Table 1) and radiomet-
them. In addition to this, reversal ages listed in the various/ic dating results of 24+ 0.03 Ma by Baksi et al. (1993),
GPTSs slightly deviate from each other. 2.13740.016 Ma by Singer et al. (2004), ori5+ 0.02 Ma
Palaeomagnetic data quality of the Gauss chron at ICDP®Y Quidelleur et al. (2010). The results are also consistent
Site 5011-1 is very heterogeneous since it is based mainly oWith magnetostratigraphic data from North Atlantic ODP
a single core, ICDP 5011-1C (Haltia and Nowaczyk, 2013)_Site 981 (Feni Drift; Channell et al., 2003, Fig. 3), placing
Normal polarity in its earliest part is very well established. the Réunion subchron into MIS 80 and 81 (see Supplement).
But between~ 3.55 and~ 2.95Ma (290 and 145m com- Magnetostratigraphic results from ICDP Site 5011-1 give an
posite depth) directions are fairly scattered due to numer2g€ range for the Olduvai precursor of 1.9782 to 1.9815Ma
ous recovery gaps and bad core quality, with at least soméMIS 75, see Supplement). It is consistently documented in
increase of data coverage around the middle Gauss norm&eres ICDP Site 5011-1A and 1B (Haltia and Nowaczyk,
polarity phase. Thus, the onset of the Mammoth and the ter2013). Evidence for this more excursional feature, nearly
mination of the Kaena reversed polarity subchrons are not€aching a full normal polarity prior to the Olduvai normal
clearly expressed. However, using the available data set dpolarity subchron, comes from sediments in the North At-
climate-proxy parameters a fairly robust age model could bdantic (Channell et al., 2003). In the ICDP Site 5011-1 record
achieved even for this interval. From2.95Ma on (200m  the Cobb Mountain subchron is covering the time interval
composite depth) the ICDP 5011-1 composite is based on dfom 1.1858 to 1.1938 Ma. This is equivalent to late MIS

least two cores and normal polarity within the upper Gauss34 and early MIS 35 (see Supplement), similar to findings
chron is well expressed. from the North Atlantic at IODP Site U1308 by Channell et

al. (2008). The obtained age range is also in broad agreement

4.2 Polarity stratigraphy
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with the GPTS (Table 1). Cores ICDP Site 5011-1A and Table 3. Positions and ages of tephra layers identified in Lake
1B both show evidence for a short intra-Jaramillo excursionEl'gygytgyn sediments. Core labels indicate: 1 — PG1351, 2 —
reaching reversed inclinations (Haltia and Nowaczyk, 2013).Lz1024, A-5011-1A, B - 5011-1B, C - 5011-1C.

According to Channell et al. (2002), this short excursion oc-
curred during MIS 30, a cold interval. Stratigraphic data from ~ €ore Index  5011-1 composite depth (m)  Age (ka)

Lake EI'gygytgyn, in contrast, only allows placing it into the 1,2 0 2.54-2.55 58
younger warm interval of MIS 29 (Fig. 6) between 1.0142 1,2,A,B 1 7.88-7.89 177
and 1.0192 Ma with a duration of 5000yr. A late Jaramillo A B 2 27.52-27.52 674
reversed excursion was also found in Chinese loess (Guo et B 3 36.41-36.47 918
al., 2002) A B 4 60.79-60.80 1411

oo . . . A B 5 62.04-62.08 1434

Evidence for ge(_)magnetlc excursions during Fhe B_ruhnes A B 6 79.25-79.26 1775
chron (see e.g. Laj and Channel, 2007 for a review) is com- A B ¢ 7 104.93-105.00 2295

pletely missing in Lake El'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 pi- for the input of lithogenic material, although magnetic parti-

lot core Lz1024. cles were very likely derived from the catchment inside the
El'gygytgyn crater, bearing highly magnetic volcanic rocks
4.3 Limnologic and climatic implications (Haltia and Nowaczyk, 2013). The massive loss of magnetic

particles of up to 95 % still allowed a clear detection of geo-

Figure 10 illustrates the response of Lake El'gygytgyn sed-magnetic reversals (Haltia and Nowaczyk, 2013), but it defi-
iments to climate variability throughout the past 3.6 Ma in nitely excludes a reliable estimation of relative geomagnetic
more detail. The records of biogenic silica (FTIRS estima- palaeointensity variations (Nowaczyk et al., 2002, 2007).
tion), representing bioproductivity in the upper water layers This is a major deficit of the EI'gygytgyn sedimentary record,
of the lake, and TOC, representing mostly the efficiency ofbecause correlation of palaeointensity variations to reference
preservation of organic matter at the lake floor, are shown irrecords, such as the PISO1500 stack (Channell et al., 2009)
Fig. 10a. The data is plotted in a way that both curves areor the EPAPIS-3000 stack (Yamazaki and Oda, 2005, and
superimposed in prominent anoxic intervals where a nearlyfurther references therein), could have provided further geo-
complete preservation of organic matter is assumed, such amagnetic tie points between the major reversals. This could
the glacial maxima of MIS 2+ 24 ka), MIS 4 (- 65ka), sub-  have significantly substantiated the age model mainly de-
glacial MIS 5b (- 110ka), and several intervals of MIS 6 rived from tuning Lake El'gygytgyn sedimentary climate
(~135ka,~ 160 ka,~ 180ka). Otherwise, TOC values plot proxies to the LR04 stack (Lisiecki and Raymo, 2005) and
below the curve of biogenic silica, indicating a partial degra- the Northern Hemisphere cumulative summer insolation, ac-
dation of organic matter at the lake floor in the order of cording to orbital solutions by Laskar et al. (2004). On the
about 60 to 80 % (green area between both curves). This is imther hand, only the strict link between alternating redox con-
agreement with earlier findings from Lake EI'gygytgyn pilot ditions, leading to the alternating dissolution/preservation ef-
core PG1351 (Nowaczyk et al., 2007), using biogenic silicafects described above, and insolation variations enabled the
concentrations measured by wet digestion techniques, rathetefinition of many tie points in the age model for ICDP Site
than estimates based on FTIRS, as it was done for ICDP Sité011-1. Figure 10b also shows a clear anti-correlation be-
5011-1 core material. Thus, in Lake EI'gygytgyn sediments,tween Ti and the LR04 stack. This indicates a dilution of
the amount of TOC, in general, does not represent the prithe lithogenic fraction by biogenic components being larger
mary bioproduction. (smaller) during warm (cold) phases. A good proxy for the

Records of Ti content (XRF counts), taken as a proxy ofvarying ratio of bioproductivity, in Lake EI'gygytgyn mostly
lithogenic input from the catchment, and magnetic suscepti-biogenic (bio) silica from diatoms, to lithogenic (litho) in-
bility (MS), representing preservation of magnetic particlesput is the Si/Ti ratio (Melles et al., 2012; Wennrich et al.,
during phases of oxygenated bottom waters, are shown ir2013), here obtained in high-resolution from XRF-scanning
Fig. 10b. Curves were plotted in a way that MS superimposegFig. 10c). Actually this ratio is (Sio + Siitho) / Tilitho- Thus,
Ti in time intervals when best preservation of magnetic parti-when Sgi, approximates zero the Si/Ti ratio approximates
cles can be assumed during dominating oxic conditions at tha certain value, depending on the average composition of
lake floor. However, in most cases the MS curve plots belowthe catchment rocks. The pure (Si/jli) ratio might also
the Ti curve, indicating far-reaching dissolution of up to 95 % change due to an increased (decreased) chemical alteration
of the magnetic fraction. There is even an anti-correlationunder anoxic (oxic) condition in cold (warm) phases at the
between Ti content and magnetic susceptibility visible dur-lake floor (Minyuk et al., 2007). Nevertheless, the modula-
ing longer sequences within the EI'gygytgyn sedimentarytion of the Si/Ti ratio is obviously dominated by its vary-
record. Thus, magnetic susceptibility is anything but a proxying biogenic contribution since the Si/Ti ratio resembles
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Fig. 10.Response of Lake EI'gygytgyn (ICDP Site 5011-1) to climate variability as represented by the marine oxygen E@mpetack

LRO4 (Lisiecki and Raymo, 2005): Time series(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 v@}énse angle (colour) and Si/ Ti ratio, both following global

climate cycles. Curves ifa) 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 (@), partial degradation (60 to 80 %) of organic matter is indicated (green area between both curves).
Where the MS curve lies below the Ti curve (i), 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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Fig. 10.Continued.

strongly the morphology of the FTIRS-BSi curve represent-be a very helpful parameter for tuning the ICDP Site 5011-1
ing only biogenic silica (Fig. 6). The variations in Si/Ti ra- sedimentary sequence and more detailed analyses of the full
tio are also parallelled by changes in colour (hue angle) fromspectral colour information, from which the hue angle was
yellowish brown (80) to greenish grey (140, also shown derived, might give further information in the future. The per-
in Fig. 10c. According to an initial study on the time inter- centages of tree & shrub pollen also vary in concert with vari-
val from MIS 8 to 12 (Wei et al., 2013), combining colour ation in biogenic silica, Si/Ti ratio, colour (hue), and grain
spectral data with mineralogical data from X-ray diffrac- size (Fig. 6), but these aspects exceed the focus of this pa-
tion (XRD), colour changes mainly reflect physical weath- per. Major environmental implications of the pollen record
ering processes, with some additional chemical weatheringis published in Melles et al. (2012) and Brigham-Grette et
reflecting wet dry cyclicity. Thus, the hue angle turned out toal. (2013).
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Data from Lake Elgygytgyn have been subjected to the spectral peak of the base frequency with the Fourier trans-
some wavelet time-series analysis (e.g. Torrence and Compdorm of the taper function in the frequency domain, which
1997; Kumar and Foufoula-Georgiou, 1997). Wavelet analy-is a Gaussian curve in the case of a Gaussian curve (see
sis is the preferred method for a time-dependent frequencyforrence and Compo, 1997). Thus, a wavelet is always sensi-
analysis, that is, in cases when non-stationary frequenciesve to a whole frequency band centred by the base frequency
have to be confirmed in a time series. Actually it is a cross-of the wavelet. For analyses of Lake EI'gygytgyn sediments a
correlation of a time series with a whole set of single baseMorlet wavelet with a base frequency of 6 and a scale of 200
frequencies which are multiplied with a certain taper functiona was used (see Torrence and Compo, 1997), applying the
(e.g. a Gaussian curve). Concerning the wavelet, the multipliPAST software (Hammer et al., 2001), Version 2.17. Prior to
cation in the time domain is equivalent with a convolution of analyses data sets were re-sampled every 200 a.
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Fig. 11.Wavelet analyses using a Morlet wavelet with a base frequency of 6 and a scale of 200 a performed on some stratigraphic properties
from Lake El'gygytgyn used for tuningia) persistent mono-frequency sine waves with periods of 21 ka (precession, at 6.7145), 41 ka
(obliquity, at 7.6795), and 100 ka (eccentricity, at 8.9658) for refergii}ehe marine oxygen isotope stack by Lisiecki and Raymo (2005)

that was used as one tuning reference curve, times ser{eyluie angle of sediment colour afe) Si/ Ti ratio from XRF scanning solely

based on magnetostratigraphic dating and the same with fine-tuned age(djoated (f). White arrows always mark the positions of the

major astronomical periods shown (@).

For illustration of the (limited) frequency resolution of wavelet analysis, they are not represented by a single spec-
Fig. 11a shows the result from a superposition of three pureral line but a whole frequency band. The wavelet analysis of
sine waves with periods of 21 ka (precession of earth’s rotathe LR04 stack in Fig. 11b reveals that the 100 ka cycle has
tion axis), 41 ka (obliquity variations of earth’s rotation axis), been persisting only during the past about 800 ka. The 41 ka
and 100ka (eccentricity variations of earth’s orbit), con- cycle can be clearly traced back to about 2.5 Ma. Figure 11c
stantly persisting from 0 to 3.6 Ma. According to the theory and d (11e and f) show the results from the hue (Si/Ti ratio)
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on the basis of the palaeomagnetic age model only, and aftet.1938 to 1.1858 Ma. Our data also give evidence for an
fine-tuning to both the LR04 stack and the Northern Hemi-intra-Jaramillo excursion lasting from 1.0192 to 1.0142 Ma
sphere summer insolation. The three astronomical periodin MIS 29, which is younger than ages derived from other
shown in Fig. 11a, also indicated by white arrows, are lessstudies, placing it in MIS 30 (Channell et al., 2002). Despite
visible as in the LR04 stack, but nevertheless, a certain im+ecording of such short-term geomagnetic field features dur-
provement can be seen, especially the 100 ka and the 41 kag the Matuyama chron no evidence for excursions within
frequency band. Finally, when considering Fig. 7, the purethe Brunhes chron was found in Lake EI'gygytgyn sedi-
palaeomagnetic age model already gave a fairly good estiments. Repeatedly occurring perversive magnetite dissolu-
mate for the final fine-tuned age model. Thus, the deviationdion throughout the whole Pleistocene inhibited a reconstruc-
between the results from wavelet analysis in Fig. 11c (11e)ion of geomagnetic palaeointensity variations. Nevertheless,

and d (11f) cannot be large. in addition to the polarity stratigraphy, a synchronous tuning
of 9 stratigraphic parameters to the LR04 marine oxygen iso-
4.4 Tephra layers tope stack (Lisiecki and Raymo, 2005) and to the Northern

Hemisphere cumulative summer insolation (May to August),
Up to now, a total of eight tephra layers have been identifiedaccording to orbital solutions by Laskar et al. (2004), respec-
in Lake El'gygytgyn sediments. Currently, radiometric agestively, led to a significant refinement of the age model by the
are not yet available. However, based on multi-proxy tuningdefinition of a total of about 600 tie points. The age model
of the sediments they are embedded in, tephra ages couldas some uncertainties towards the base of the (Pliocene)
be determined by chrono-stratigraphic means of this studysediments between 2.94 and 3.54 Ma, mainly due to low sed-
Their positions in composite depth and respective ages argnent recovery during drilling. Here, pronounced variation
listed in Table 3. Tephra 1 (177 ka) is described in some dein the percentages of tree pollen provided major clues for
tail by Ponomareva et al. (2013). Large volcanic eruptionsage assignments. Estimated sedimentation rates are in the
on Kamchatka listed by Bindemann et al. (2010) are potentange of 4 to 5cmkal for the past about 3.3 Ma, whereas
tial sources of the tephras. Geochemical fingerprints workedhe first 0.3 Ma after the impact that created the EI'gygytgyn
out by van den Bogaard et al. (2013) shows that most of thesrater are characterised by about ten-fold higher sedimenta-
tephras can be linked to the volcanic activity on Kamchatka.tion rates. This study also provides orbitally tuned ages for a
Only tephra 6 (1775 ka) should be related to the Aleutian vol-total of eight remote tephras deposited in Lake EI'gygytgyn
canic arc. Thus, the origins of the tephras is sited more thamvhich can act as marker layers in future studies.
1000 km away from Lake El'gygytgyn, indicating that the
observed tephras are marker layers of regional importance.
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5 Conclusions
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