
Abstract A combined analysis of magnetic
susceptibility, total organic carbon (TOC), bio-
genic silica (opal), and TiO2 content of the
12.6 m long composite core PG1351 recovered
from Lake El’gygytgyn, Chukotka Peninsula,
indicate a clear response of the lacustrine sedi-
mentary record to climate variations. The impact
is not direct, but through variations in oxygena-
tion of the bottom waters. Mixing of the water
body is typical for warmer climates, whereas the
development of a stratified water body associated

with anoxic conditions at the lake floor appears
during cold climates. Oxic conditions lead to a
good magnetite preservation and thus to high
magnetic susceptibilities, but also to a large-scale
degradation of organic matter, as reflected by
low TOC (total organic carbon) values. During
anoxic conditions, magnetite is severely dissolved
yielding very low susceptibility values, whereas
organic matter is best preserved, reflected by
high TOC values. Hence, in general, neither
susceptibility reflects the lithogenic fraction, nor
does TOC reflect bioproductivity in case of the
studied El’gygytgyn sediments. Based on avail-
able infrared stimulated luminescence (IRSL)
dating, the obtained susceptibility pattern of core
PG1351 shows an obvious correlation to northern
hemisphere insolation variations, with a domi-
nating impact of the Earth’s 18 and 23 kyr pre-
cessional cycles for the upper half of PG1351,
that is, during the past 150 ka. Therefore, the
whole susceptibility record, together with bio-
genic silica (as a proxy for bioproductivity), TOC
(as an indicator for redox conditions), and TiO2

(as a proxy for lithogenic input), was systemati-
cally tuned to the northern hemisphere insolation
yielding an age of about 250 ka for the base of
the composite core.
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Introduction

In 1998, a joint Russian, American, and German
team succeeded in recovering a 12.6 m long com-
posite core (PG1351) from Lake El’gygytgyn
(Fig. 1). A comprehensive paleo- and rock-
magnetic study was performed on the obtained

sediments by Nowaczyk et al. (2002). Splitted
cores were scanned for magnetic susceptibility in
steps of 1 mm with a Bartington MS2E spot
reading sensor. Paleomagnetic samples of 6.2 cm3

were taken about every 2.5 cm. In, addition, about
0.5 cm3 large syringe samples, taken every 2 cm,
were used for obtaining hysteresis data, low

Fig. 1 Location of Lake
El’gygytgyn in Chukotka,
NE Siberia (top) and
position of site PG1351
within the lake (bottom).
The dashed line marks the
boundary of the
catchment of Lake
El’gygytgyn
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temperature curves of magnetic susceptibility, and
high temperature curves of saturation magnetiza-
tion. Thus, pure magnetite in the PSD range could
be identified as the dominating magnetic mineral.
However, also hematite is present in the investi-
gated sediments, mainly controlling the magnetic
properties where massive magnetite dissolution
occured.

High resolution logging of magnetic suscepti-
bility revealed amplitude variations larger than
would have been expected simply from dilution of
the lithogenic fraction by biogenic input. Pro-
nounced lows can be attributed to climatically
induced reductive dissolution of magnetite in the
deposited sediments during glacials. The age
model by Nowaczyk et al. (2002), here further
referred to as the ‘2002 age model’, was based on
infrared-stimulated luminescence (IRSL) ages, a
preliminary pollen record, and, for the last about
100 ka (assuming that the magnetic susceptibility
record of El’gygytgyn sediments reflects climatic
conditions in some systematic way), a correlation
to the GRIP oxygen isotope record. The older
sections, where Greenland ice cores do not pro-
vide reliable data, were tentatively tuned to the
oxygen isotope record of ODP 677. This yielded
an age of about 300 ka for the core base, that is,
about marine isotopic stage boundary 9/8.

With the elaboration of numerous stratigraphic
data, organic and inorganic geochemistry, dia-
toms, and improved pollen data (e.g., Melles et al.
2007; Minyuk et al. 2007), it became obvious that
the sediments in the lower half of the core must
be significantly younger than proposed by the
2002 age model. Furthermore, these new data
confirmed the indication from this age model that
variations in the lake sediment composition re-
flect the 18 and 23 kyr precessional cycles, and, to
a lesser extent, the 41 kyr obliquity variations.
Therefore, a more reliable age model for core
PG1351 can likely be achieved by correlation of
variations in sensitive sediment proxies with lati-
tudinal insolation. In this paper, the susceptibility
data, which were acquired with the highest reso-
lution of all data sets (1 measurement every mm),
together with data obtained with a lower resolu-
tion (opal, TOC, and TiO2), are tuned to the
insolation at 70"N using data sets provided by
Berger and Loutre (1991).

Main factors controlling the susceptibility
of Lake El’gygytgyn sediments

For the elaboration of a proper age model it first
has to be understood how climate interacts with
sedimentation processes in the environment of
Lake El’gygytgyn. Under the present conditions,
sediments are mainly carried into Lake El’gy-
gytgyn by about 50 ephemeral creeks (Nolan
et al. 2003). The fluvial supply takes place only
during summer time, when air temperatures are
above 0"C. In summer 2002, positive air temper-
atures occurred at Lake El’gygytgyn from late
May to late September (Nolan and Brigham-
Grette 2007). Besides this, there must be some
minor aeolian contribution, because tree pollen
are found in recent sediments (Nowaczyk et al.
2002; Lozkhin et al. 2007), although the tree
boundary nowadays lies 150 km to the west and
to the south from Lake El’gygytgyn. Also this
material enters the lake in summer time, usually
between July and October, when the lake ice
cover disintegrates (Nolan and Brigham-Grette
2007). The sedimentation today takes place in
well oxygenated bottom water in consequence of
complete mixing of the water column in summer
times (Cremer and Wagner 2003).

With modern pH values between 6.3 and 7.7 in
the water column of Lake El’gygytgyn (Cremer
and Wagner 2003), dissolution of biogenic silica
(opal) probably is negligible. This makes opal a
promising proxy for past bioproductivity. In core
PG1351, opal exhibits pronounced alternation of
low and high concentrations, ranging between
5 and 20 wt-% (Fig. 2). Low values roughly rep-
resent cold phases (glacials) and high values
represent major warm phases (interglacials)
(Melles et al. 2007). This interpretation is in good
agreement with age data available for the last
about 150 ka, where the 2002 age model is not in
doubt (Nowaczyk et al. 2002; Forman et al. 2007).
Taking opal as a proxy for bioproductivity, the
biogenic input to the lake sediment varied in the
range of about f · (5 to 20)%. The factor f takes
into account that diatoms are not only composed
of opal but also of organic matter, that is,
hydrocarbons. In order to estimate the size of f,
the total organic carbon (TOC) in core PG1351 is
plotted in Fig. 2 in a way that maximum values in
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TOC overlap with opal values (both plotted on
inverted axes). Overlapping occurs predomi-
nantly during peak glacial stages, when preser-
vation of organic matter was best, due to a
permanent lake ice cover that lead to a stratified
water column and anoxic bottom waters (Melles
et al. 2007). In these sections, the ratio of TOC to
opal is about 1:6. Assuming a widely complete
preservation of TOC, the biogenic contribution to
the lake sediments can thus be estimated to vary
between about 6 and 25 wt-%. This takes into
account that organic hydrocarbons, beside
carbon, consist of hydrogen, oxygen, nitrogen, etc.

From the very restricted catchment area, bor-
dered by the crater rim (Fig. 1), it can be assumed
that both the general composition and the amount
of the lithogenic fraction supplied to the lake are
relatively constant. This suggestion is confirmed

by the contents of TiO2 in core PG1351 (Fig. 2), a
parameter regarded as one of the best proxies for
lithogenic supply (Minyuk et al. 2007). Since
TiO2 and opal are generally anti-correlated, a
significant part of the TiO2 variation between
about 0.4 and 0.9 wt-% can be explained by
changes in the dilution of the lithogenic fraction
with the biogenic fraction in the range of 25–50%
maximum.

If magnetic susceptibility would also be a proxy
for lithogenic input, just diluted by biogenic
remainders (mainly opal and TOC), the varia-
tions of the former should follow the variations of
the latter in an opposite way than TiO2 does.
Thus, when bioproduction is high susceptibility
should be lower, but not less than 50%, and vice
versa. However, this is absolutely not the case. In
contrast, bioproduction highs are associated with
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Fig. 2 Magnetic susceptibility log from core composite
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plotted with inverted axes. The deviations between TiO2

and susceptibility variations mark times of magnetite
dissolution during anoxic conditions, whereas deviations
between opal and TOC mark times of severe degradation
of organic matter during oxic conditions at the lake floor.
For further explanation see text
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susceptibility highs and susceptibility lows are
paralleled by bioproduction lows (Fig. 2). Fur-
thermore, magnetic susceptibility is anti-correlated
to TiO2, and it shows values spanning not only
between 50 and 100 % but nearly two orders of
magnitude. Hence, variations in biogenic accu-
mulation do not have a significant impact on the
fluctuations of magnetic susceptibility in Lake
El’gygytgyn sediments. The susceptibility fluctu-
ations must be caused by another process.

Sediment intervals with low susceptibilities are
of dark grey color andmostly laminated.They have
a relatively high content of total organic carbon
(TOC), reaching about 2.5% (Fig. 2). Minima and
maxima inTOCareparalleled by variations in total
sulphur (TS), indicating anoxic conditions at the
lake bottom (Nowaczyk et al. 2002; Melles et al.
2007). Thus it can be concluded that anoxic phases
of the lake lead to massive reductive magnetite
dissolution but best preservation of organicmatter.
The intervening intervals of high susceptibility, in
contrast, are generally built up ofmassive brownish
sediments characterized by low TOC and TS val-
ues. They in turn represent oxic phases with good
preservation of magnetite but severe degradation
of organic matter. The alternation of laminated
andmassive sediment units in core PG1351 leads to
the observed susceptibility pattern, being lowered
down to 1% (and not 50%) in anoxic units, when
compared to the highest values in oxic units. For
this process, anoxic conditions must have been se-
vere enough in order to achieve the strong reduc-
tive magnetite dissolution observed. The steep
flanks of the susceptibility and TOC records imply
that there might be a threshold level in energy in-
put for the development or destruction of a per-
manent stratification in the water body of Lake
El’gygytgyn.

Thus, magnetic susceptibility is a proxy neither
for the lithogenic input nor for the biogenic
dilution, but for oxic (high values) or anoxic
conditions (low values) at the bottom of Lake
El’gygytgyn, seperated by nearly two orders of
magnitude. The amount of dissolved magnetite
can be qualitatively estimated by the width of the
light grey area in vertical direction between the
curves of TiO2 and magnetic susceptibility in
Fig. 2. The light grey area between the curves of
opal and TOC contents in Fig. 2 thus gives an

estimate of how much organic matter has been
degraded, when the water at the lake bottom
was oxic.

The insolation-tuned age model

The presence or absence of oxygen at the bottom
of Lake El’gygytgyn, most sensitively reflected for
the past climatic cycles by the high-resolution
susceptibility data from core PG1351, is controlled
by the amount of biogenic primary production in
the photic zone and by the degree of mixing of the
water column (Melles et al. 2007). The primary
production affects the flux of organic matter to the
lake bottom, where its degradation reduces the
oxygen content in the water. It depends, besides
nutrient supply and temperature, on the avail-
ability of light. Sunlight, due to the proximity of
Lake El’gygytgyn to the Arctic Circle, today is
supplied nearly 24 h during summer times, but its
strength varied in the geological past in depen-
dence on insolation changes due to changes in the
astronomical configurations of the Earth on its
orbit around the sun. Also the lake mixing, and
thus the degree of ventilation of the bottom water
via the temperature, depends on the intensity of
insolation. Today, complete mixing takes place in
summer times, when the lake ice cover disinte-
grates and surface waters warm to about 4"C
(Nolan and Brigham-Grette 2007), but this may
not have been the case during times of reduced
summer insolation in the past. The dependency of
the oxygen content at the lake bottom on the
intensity of insolation justifies a correlation of the
El’gygytgyn susceptibility record to the insolation
record as theoretically calculated for the geologi-
cal past (Fig. 3), using the available IRSL ages of
Forman et al. (2007) as tie points.

Variations in insolation due to quasi-cyclic
changes in obliquity (41 kyr) and precession (18
and 23 kyr) of the Earth’s rotational axis, and
variations in eccentricity (100 and 400 kyr) of the
Earth’s orbit around the sun were first taken into
account as the main reasons for the occurrence of
ice ages by Milankovitch (1941). Berger and
Loutre (1991) provided, among other data sets, a
detailed data base with monthly means of insola-
tion in 10" latitudinal steps every 1 kyr, reaching
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back to 1 Ma. They also provided values for
eccentricity, the precession angle Omega, defined
as the longitude of perihelion from the moving
vernal equinox (degrees), the obliquity (degrees),
and ‘climatic precession’, defined as eccentricity
multiplied by the sine of Omega, which is used
here for discussion. By this definition, a climatic
precession minimum is equivalent to a northern
summer during perihelion (Earth closest to the
sun) and a northern winter during aphelion (Earth
farthest from the sun). This results in colder win-
ters but hotter summers, when compared to the
current situation, with the northern winter during
perihelion (January, 3rd) and summer during
aphelion (July, 3rd). A higher obliquitiy also re-
sults in a more intense northern summer insola-
tion because of a steeper insolation angle. For
higher latitudes below the arctic circle, this yields
longer days during summer.

According toBergerandLoutre (1991), the recent
insolation (I) per year at 70"N is 4770 Wm–2 a–1

(Fig. 3). This is not the maximum of the Holocene.
The highest insolationwas seen at 11 ka, during the
beginning of the Holocene, with a value of

5098 Wm–2 a–1, 6.9% more than today. However,
during the past 300 ka, there were even higher
insolation maxima during the beginning of the
Eemian (128 ka), with 5227 Wm–2 a–1, 9.6%more
than today, and the early stage 7 (219 ka), with
5249 Wm–2 a–1, even 10.0%more than today.Most
prominent insolation lows were calculated for
24 ka, the Last Glacial Maximum (4660 Wm–2 a–1,
DI = –2.3%), 72 ka (4596 Wm–2 a–1, DI = –3.7%),
116 ka (4525 Wm–2 a–1, DI = –5.1%), 188 ka
(4522 Wm–2 a–1, DI = –5.2%), and 231 ka
(4480 Wm–2 a–1, DI = –6.1%). Thus, the largest
insolation contrast occured at Termination III
(stage boundary 8/7), with a total difference of
769 Wm–2 a–1, or DI = 16.1%, relative to today’s
insolation level. Termination II (stage boundary
6/5) experienced a difference of 544 Wm–2 a–1,
DI = 11.4%, and Termination I (stage boundary
2/1) a difference of 438 Wm–2 a–1, DI = 9.2%.

If insolation would be the only climate forcing
factor, temperatures would be approaching glacial
conditions now (Fig. 3). This is not the case, be-
cause changes in the concentration of greenhouse
gases (CO2, CH4, water vapor, etc.) and other
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effects globally keep the balance since the insola-
tion maximum 11 kyr ago. On the other hand,
when continental ice sheets start to cover large
areas, due to an increased surface albedo, they
reflect much more sun light, and thus keep the
Earth cold after an insolation minimum. This re-
quires, besides low temperatures, a certain amount
of snowfall, because otherwise deeply penetrating
permafrost would develop instead of an ice sheet.
Another climate factor is the energy redistribution
by the global conveyor belt of the ocean current
systems. The Gulf Stream as part of the global
conveyor belt, for example, currently keeps
northern Europe relatively warm and nearly ice-
free. Berlin in western Europe (52.5"N, 13.3"E)
and Irkutsk in central Asia (52.3"N, 105.3"E) are
nearly at the same latitude and, therefore, theo-
retically receive a similar amount of insolation.
However, their annual mean temperatures differ
greatly: Berlin +8.0"C and Irkutsk –1.8"C. Or,
going to higher latitudes: the mean annual air
temperature in Tromsø in northwestern Europe
(69.6"N, 18.9"E) is +4.4"C, whereas at Lake
El’gygytgyn in northeastern Asia (67.5"N,
172.1"E) it was –10.3"C in the year 2002 (Nolan and
Brigham-Grette 2007). So, the effect of insolation
on climate regionally can be superimposed by
other climate controlling factors, involving the
atmospheric and oceanic circulation, the atmo-
spheric composition, and complex feedback
mechanisms between atmosphere, cryosphere,
hydrosphere, lithosphere, and, via the vegetation
on landmodulating the albedo, even the biosphere.

In order to correlate the sediment properties
from core PG1351 to the insolation data (Fig. 3) it
was taken into account that insolation maxima do
not occur in the middle but at the beginning of
warm stages, being marked by first maximum val-
ues within an interval of high susceptibilities.
Insolationminima, in contrast, were systematically
correlated to the bases of major low-susceptibility
layers, which coincide with distinct increases in
TOC (Fig. 2) and mark the onset of anoxia. Cor-
respondingly, the steepest gradients in increasing
and declining insolation values were correlated to
the bases and to the tops of high susceptibility
sections, respectively, coinciding with the tops and
the bases of major TOC-rich sections (Fig. 3). This
tuning yielded the revised age model shown in

Fig. 4. It is roughly congruent with the 2002 age
model, but yields generally younger ages below
about 600 cm composite depth, corresponding
with ages of more than 130 ka. According to this
age model, the base of the core composite now
reaches back to 252 ka.

Indications for the climatic history

The El’gygytgyn susceptibility, TOC, and TiO2

records plotted versus age are shown in Fig. 5
(lower center), together with the 70"N insolation
curve (bottom) and (from top to middle), eccen-
tricity, obliquity, and ‘climatic precession’ after
Berger and Loutre (1991). Obviously, there is a
striking similarity of the (logarithmically plotted)
low-frequency component of magnetic suscepti-
bility of Lake El’gygytgyn sediments and the
70"N insolation curve, especially to the preces-
sional variations. Each minimum in ‘climatic
precession’ (northern hemisphere summer during
perihelion), meaning higher summer insolation, is
coincident with a maximum in magnetic suscep-
tibility, representing oxic conditions and mixing
of the lake’s water body as a consequence of high
summer temperatures. In contrast, maxima in
‘climatic precession’ (northern hemisphere sum-
mer during aphelion), with lower summer inso-
lation, coincide with minima in magnetic
susceptibility, representing anoxic conditions due
to reduced or even absent mixing of the water
body as a result of lower summer temperatures
and related permanent ice coverage. There is also
a similar agreement between the insolation re-
cord and the TiO2 record, but with opposite sign,
that is, lower TiO2 content (due to higher bio-
productivity) in interglacials and higher TiO2

content (due to lower bioproductivity) in glacials.
Therefore, it can be concluded that the overall
climatic and environmental conditions on the
Chukotka Peninsula, which control sediment in-
put, bioproductivity, and preservation of either
organic matter (during anoxic phases) or mag-
netic minerals (during oxic phases) in Lake
El’gygytgyn, are strongly controlled by astro-
nomically forced insolation variations, with
decreasing importance of precession, obliquity,
and eccentricity.
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On the one hand, susceptibility values during
stages 1 (Holocene), 3, 5a, 5c, 5e (Eemian), and
early stage 6, for example, are on a comparably
high level. On the other hand, susceptibilities
during sub-stages 5b, 5d and 7b are characterized
by similarly low values as those during the high
glacial stages 2, 4, and late 6 (Fig. 5). The lake
water mixing controlling the susceptibility mainly
depends on positive summer temperatures
exceeding a certain level for a sufficient time
interval per year. Thus, it becomes obvious that
there is a kind of threshold level in insolation for
Lake El’gygytgyn that controls whether the water
body is mixing during summer, or not. In order to
illustrate and also to quantify this, magnetic sus-
ceptibility as well as TOC values were plotted
versus insolation (Fig. 6, bottom), together with

their respective frequency distributions (Fig. 6,
top). This way of data display revealed that mag-
netic susceptibility does not show a bi-modal but a
tri-modal distribution: Insolation values lower than
about 4900 Wm–2 a–1 are mostly associated with
susceptibilities of either around 90 · 10–6 or
around 250 · 10–6, whereas insolation values
higher than about 4900 Wm–2 a–1 are associated
with susceptibilities of around 1000 · 10–6. The
splitting of the susceptibility distribution in inter-
vals with lower insolation into two maxima is
somehow linked with TOC contents. Intermediate
susceptibilities of around 250 · 10–6, occurring
mainly during early stage 6 and stage 7d, are asso-
ciated with intermediate TOC values of around
0.7%, whereas the highest TOC values of up to
2.6% are associated with the lowest susceptibilities
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of around 90 · 10–6. Both low susceptibilities (high
TOC values) and intermediate susceptibilities
(intermediate TOC values) occur during low
insolation periods ( < 4900 Wm–2 a–1), character-
ized by anoxic bottom water conditions in Lake
El’gygytgyn. Oxic conditions, associated with high
insolation periods (>4900 Wm–2 a–1), in contrast,
aremainly reflected by high susceptibilities around
1000 · 10–6 and low TOC values of up to 0.4%
maximum.However, there is one exception, where
the oxic conditions are associated with high sus-
ceptibilities but also relatively high TOC contents
between 0.4 and 1.0% (Fig. 5). This interval rep-
resents the Eemian interglacial (stage 5e), when
the biogenic accumulation in Lake El’gygytgyn
was the highest during the past 250 kyr (Melles
et al. 2007).

In summary, this indicates that insolation
variations are the dominating controlling factors

for magnetite preservation (and TOC degrada-
tion) on the one hand, and magnetite dissolution
(and preservation of TOC) on the other hand,
although there must be at least one additional
process leading to the described two different
scenarios during low insolation periods. In addi-
tion, there are also some high-frequency contri-
butions on a millenial scale, superimposed on the
Milankovitch-type (10–400 kyr) of variations.
Nevertheless, a high sensitivity to insolation
variations and a reduced dependency on changes
in the oceanic circulation pattern is what should
be expected, given the continental climate of
Chukotka. This may be the case for wider areas of
eastern Siberia, as indicated by the finding of an
insolation dominance during the past 60 kyr also
on the sedimentation inElikchanLake to the south
of Chukotka (60"45¢ N, 151"53¢ E) (Brigham-
Grette et al. 2004). The climatic conditions during
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warmer time intervals, at least during the short
summers, could have been much milder on
Chukotka when compared to Europe or North
America. This is also indicated by the restricted
glaciation on Chuchotka (Glushkova et al. 1994)
during times when massive ice sheets of nearly
continental size occurred in western Eurasia and
North America (e.g., Svendsen et al. 2004).

Conclusions

By combining the sedimentological key parame-
ters magnetic susceptibility (proxy for magnetite
preservation), biogenic silica (opal, proxy for
bioproductivity), total organic carbon (TOC,
proxy for redox conditions), and TiO2 (proxy for
lithogenic input) in composite core PG1351, it was
possible to clarify the major (long term) processes
that control late Quaternary sedimentation in
Lake El’gygytgyn. Sediment transport to the lake
is restricted to summer times, when temperatures
are above 0"C, so that the lake ice cover disinte-
grates and precipitation and meltwater from
snowfields enters the lake. The lake almost flips
between two completely different stages. Oxic
bottom water conditions occur during warm cli-
mates, leading to good preservation of magnetite
but severe degradation of organic matter, whereas
anoxic bottom water conditions of different de-
gree occur during cold climates, leading to severe
magnetite dissolution but the best preservation of
organic matter. The change between oxic and
anoxic conditions is obviously mainly a function
of insolation variation, since magnetic suscepti-
bility resembles nearly perfectly the pattern of
70"N insolation, with high susceptibilities (low
TOC values) during high insolation, and low
susceptibilities (high TOC values) during low
insolation periods. In general, the contribution of
precession is dominating. Starting with available
IRSL ages it was thus possible to tune the El’gy-
gytgyn susceptibility record to the 70"N insolation
curve in order to obtain a reliable age model for
core composite PG1351. The core base is now
dated at 252 ka, 45 kyr younger than published by
Nowaczyk et al. (2002). According to the revised
age model, the long-term pattern of susceptibility
variations might reflect a strongly continental type

of climatic behaviour deviating to a certain degree
from global temperature reconstructions.
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