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Abstract

To date, terrestrial archives of long-term climatic change within the arctic region have
widely been restricted to ice cores from Greenland and, more recently, sediments from
Lake El’gygytgyn in Northeast Arctic Russia. Sediments from this lake contain a pa-
leoclimate record of glacial-interglacial cycles during the last three million years. Low5

resolution studies at this lake have suggested that changes observed during Transition
IV are of greater amplitude than any observed since. In this study, geochemical param-
eters are used to infer past climatic conditions thus providing the first high resolution
analyses of Transition IV from a terrestrial arctic setting. These results demonstrate
that a significant shift in climate was subsequently followed by a rapid increase in bio-10

genic silica production. Following this sharp increase, bioproductivity remained high,
but variable, for over a thousand years. This study reveals differences in the timing and
magnitude of change within the ratio of silica to titanium (Si/Ti) and biogenic silica (BSi)
records that would not be apparent in lower resolution studies. This has significant im-
plications for the increasingly common use of Si/Ti data as an alternative to traditional15

BSi measurements.

1 Introduction

Recent rapid warming observed within the latter part of the 20th century has raised
many questions about the rate at which global climate can change. Paleoclimatic data
from a variety of proxies have demonstrated multiple, rapid shifts in climate have20

punctuated earth’s history. For example, ice-core records from the Younger Dryas in
Greenland indicate a 10 ◦C increase in temperature within a decade (Alley, 2000). Fur-
thermore, abrupt climatic changes have been shown to occur repeatedly throughout
the past 500 000 yr (Oppo et al., 1998). That abrupt climate changes can, and have
occurred, is now accepted, however, there is a need for an increased understand-25

ing of such changes, the rate at which they occur, and modelling to understand the
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mechanisms behind such changes. These data will inform us of essential information
for predicting tuning climate models used for predicting future climate change.

The need for high-resolution paleoclimate records is especially urgent for high lati-
tude regions as they are increasingly subject to physical perturbation by both anthro-
pogenic disturbance and climatic change. Polar regions are expected to experience5

the greatest and most rapid climatic changes of any region on earth (IPCC, 2007). In
addition, arctic regions can exert a significant influence on global climates, primarily
through surface reflectivity, freshwater influence on ocean currents and the release of
greenhouse gases (ACIA, 2004). These feedbacks are generally expected to amplify
global warming (Holland and Bitz, 2003), however, there is still debate as to the net10

result (Serreze and Francis, 2006). Thus not only is the arctic currently subject to the
greatest changes in climate, but changes within this region can also have significant
flow on affects which can, in turn, alter global climate. As such, understanding abrupt
climate changes within the arctic region is critical.

Currently there is insufficient paleoclimate data from the arctic region to adequately15

constrain and validate regional-scale models (ACIA, 2004). Few long-term climatic
datasets are available, most of which are derived from marine sediments. High-
resolution reconstructions from the Arctic Ocean have been hampered due to low sed-
imentation rates and difficulties with stratigraphic correlation between cores. Ice-cores
from Greenland have provided high-resolution terrestrial records of climatic changes20

however these only cover the past 2 glacial periods. High resolution data of high lati-
tude climatic change over longer timescales is so lacking that models predicting such
changes are based on data from the Southern Hemisphere (Siddall et al., 2006).

Studies of the sedimentary record from Lake El’gygytgyn may help overcome this
problem, as it is the longest, continuous, terrestrial record of climate change from the25

Arctic (Brigham-Grette et al., 2007; Melles et al., 2012). A recent low resolution study
from this site suggests that climatic changes observed during Transition IV were greater
than any others within the last 350 000 yr (Frank et al., 2012) as indicated by several
proxies including BSi, total organic carbon (TOC) and magnetic susceptibility (MS).
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A high-resolution study using these parameters was therefore undertaken to further
contribute to our understanding of climate change within this region.

Of the sediment characteristics previously examined, Bsi, TOC and MS were se-
lected for the current study as these showed the strongest relationship to past climatic
conditions. The elemental ratios of Si/Ti and iron to manganese (Mn/Fe) were also in-5

corporated, thereby enabling further assessment of silica input and the dissolution of
magnetic minerals, respectively.

BSi indicates the productivity of silica producing organisms, predominantly diatoms,
within aquatic ecosystems. As diatoms are the dominant primary producer in Lake
El’gygytgyn, and are strongly influenced by climate (Cremer and Wagner, 2003; Cher-10

apanova et al., 2007), BSi is an ideal indicator of past climatic conditions (Melles et al.,
2012). At Lake El’gygytgyn, BSi is positively related to temperature as increasing tem-
peratures decrease the duration of lake-ice cover, thus increasing light availability and
enhancing primary production. The Si/Ti ratio provides another indicator of biogenic
silica production. The total amount of silica within the system is normalized by the15

amount of titanium (as a proxy for clastic sediment supply), with an increase in the ra-
tio therefore regarded as indicating increased biogenic silica production. This method
assumes, however, that both the ratio of Si/Ti within catchment and the amount trans-
ported into the lake remain constant. Over long time scales, Si/Ti values are highly
correlated (R2 = 0.88; n = 635) with Fourier Transform Infrared Spectroscopy (FTIRS)20

– inferred BSi (Melles et al., 2012).
The amount of TOC in the sediments reflects primary production and the input of

organic matter from the catchment, offset by decomposition of organic matter in the
water column and sediments. All three processes typically increase during warm con-
ditions, and TOC values therefore represent an interplay between the relative rates of25

each process (Melles et al., 2007). MS values in El’gygytgyn sediments predominantly
reflect the rate of preservation of magnetic mineral phases. Strong degradation of mag-
netic mineral phases typically occurs when the bottom waters and surface sediments
become anoxic, as is the case when the lake is permanently ice covered (Frank et al.,
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2012). Good preservation typically occurs when the water column and surface sedi-
ments are well oxygenated due to annual wind and density driven mixes of the water
column, which only takes place if the ice cover disintegrates during summer months
(Nowaczyk et al., 2002, 2007). The Mn/Fe ratio is another paleoredox indicator with
low Mn/Fe ratios typically indicating reducing conditions (Loizeau et al., 2001; Melles5

et al., 2012), however, Fe can be mobilized to the same extent as Mn under severely
reducing condition (Snowball, 1993).

This combination of proxies can provide valuable information about past climatic and
environmental conditions. Consequently, a high-resolution study was undertaken to
further elucidate the transition into MIS 9 and thus contribute to our understanding of10

rapid climate change during transitional periods.

2 Site description

Lake El’gygytgyn (67◦ 30′ N, 172◦ 05′ E) is situated in North-Eastern Russia, approxi-
mately 100 km north of the Arctic Circle (Fig. 1). The climate of this region is harsh,
with a mean annual temperature of −10.2 ◦C recorded in 2002 (Nolan and Brigham-15

Grette, 2007). The cold conditions are reflected in the depth of permafrost, which can
be up to 300 m thick (Nolan and Brigham-Grette, 2007). Vegetation within the area is
scant, consisting predominantly of lichen and herbaceous taxa, although shrub forms
of Salix and Betula are occasionally present in sheltered areas (Lozhkin et al., 2007).
The harsh climate also exerts an influence on the lake itself, which remains ice covered20

for at least nine months of the year (Nolan and Brigham-Grette, 2007).
Lake El’gygytgyn is located within a meteorite crater, believed to have formed 3.6 Ma

ago (Layer, 2000). The crater is approximately 18 km in diameter whilst the lake itself
covers an area of 110 km2. A seismic survey has shown that Lake El’gygytgyn con-
tains a generally undisturbed sediment record above impact breccia (Niessen et al.,25

2007). A scientific drilling operation in spring 2009 recovered the 318 m thick lake sed-
iment sequence which spans ∼2.8 million yr (Melles et al., 2011, 2012). This study

5345

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-print.pdf
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 5341–5358, 2012

Amplified
bioproductivity at
Lake El’gygytgyn

during Transition IV

L. Cunningham et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

predominantly focuses on a 16.6 m core (LX1024) spanning ∼350 ka. These records
represent a unique opportunity to study past environmental conditions preserved within
these sediments, from a region where long sedimentary records are scant.

3 Methods

A full description of the methods used to retrieve the composite sediment core LZ10245

is given in Melles et al. (2005). Prior to subsampling the core sections were split in
half, lengthwise. One half was used for high-resolution X-ray fluorescence (XRF) and
MS measurements using the methodology described in Melles et al. (2012), except
that XRF analyses had an analysis time of 20 s per measurement. The counts per
second (cps) data obtained from XRF scanning analyses can be used as estimates10

of the relative concentrations (Croudace et al., 2006). Consequently, the Mn/Fe ratio
was calculated from the cps data. To facilitate comparisons between datasets, block
averaging was used to match these higher resolution series (XRF and MS) to the sam-
ple resolution of the BSi data. The Si/Ti data incorporated within this study is derived
from a longer composite core from Lake Elgygytgyn which has been corrected for the15

effects of the sediment matrix (Melles et al., 2012). To facilitate comparions, this data
was interpolated to the same temporal resolution as the FTIRS BSi data.

BSi and TOC concentrations were inferred using FTIRS at 0.25 and 1 cm resolu-
tion, respectively. Subsamples for FTIRS analysis were collected between 1620 and
1660 cm of the core which, based on the chronology (Nowaczyk et al., 2012), repre-20

sents Transition IV. The sediment of the sub-sampled section was massive and grey to
light brown in color and contained low but variable amounts of organic matter. FTIRS
sample preparation, analysis and model calibration followed Rosen et al. (2011), ex-
cept that as per Melles et al. (2012) only samples from Lake El’gygytgyn were included
in the FTIRS-BSi calibration.25

The age model for Lake El’gygytgyn, is primarily based on paleomagnetic data and
tuning of the proxy record to insolation at 67.5◦ N and the global marine oxygen isotope
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stack, in the uppermost part confirmed by radiocarbon and infrared stimulated lumines-
cence (IRSL) dating (Nowaczyk et al., 2012). As the section of the core discussed in
this paper is essentially based on tuning of the proxy record to insolation, the ages
given may not be accurate in terms of absolute ages. Allowing for potential inaccu-
racies of the age model (Nowaczyk et al., 2012) the section of the core discussed in5

this paper covers the time period from ∼332.1 to ∼342 thousand years ago (ka). The
temporal resolution for samples varied between ∼40 and 85 yr, with an average value
of ∼65 yr. To assess the impact of sediment accumulation rates on the proxy records,
we present the datasets both in their original units and standardised by the time period
over which each sample accumulated (Fig. 2).10

4 Results and discussion

4.1 Description of the proxy records

In the earliest part of the record the Mn/Fe and TOC records show gradual declines
(Fig. 2), with minimum values occurring at ∼338.5 ka. The TOC values remain rel-
atively stable until ∼336 ka, however, the Mn/Fe record is more variable, initially in-15

creasing to almost equal the early values at ∼ 336.5 ka, then dropping sharply before
increasing once more. A sharp increase is noted in both records from ∼336 ka, al-
though once again the Mn/Fe record shows more pronounced variability. In contrast
to the Mn/Fe record, MS is stable in the earliest part of the record (∼342–∼340 ka)
but shows a gradual increase to intermediate values already at ∼336.5 ka. MS values20

then decrease, similar to the Mn/Fe values, but show a more gradual recovery. The
MS values continue to increase until ∼334.5 ka when maximum values are reached,
coinciding with maximal TOC values and a notable increase in the sediment accumu-
lation rate (SAR). Both MS and TOC values subsequently decrease sharply, with TOC
dropping to intermediate values while MS values revert back to levels seen during the25

MIS 10 glacial period. The decrease in these parameters probably results from dilution
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associated with high SAR associated with both catchment input and high fluxes of
autochthonous biogenic silica to the sediment. This interpretation is supported by con-
tinuing increase in Mn/Fe values which reach maximum values at ∼333 ka after which
they decrease slightly, but still remain at levels well above that seen during the pre-
ceding glacial period. The variability within the Mn/Fe data decreases noticeably at5

∼334.5 ka coinciding with higher SAR, with the decreased variability persisting until
the end of this record (∼332 ka).

The Si/Ti values are variable but low through the first part of the record. The minimum
value is recorded at 339.5 ka, followed a gradual increasing trend. A small decrease in
values is observed at ∼335 ka, however, values only remain subdued for ∼800 yr.10

A marked increase in values is observed at ∼334.2, and values continue to increase
until 332.8 at which point several pronounced oscillations are observed (Fig. 2). The
BSi values are low and relatively stable throughout most of the record, until a very sharp
increase at ∼333.8 ka. When the data are adjusted for the time period over which each
sample accumulated, a smaller increase is observed at ∼334.5 ka consistent with other15

parameters. After the dramatic increase at ∼333.8 ka, an increasing trend is apparent
within the BSi values. There is a sudden decrease in values at 332.8, however values
again increase from this point, with a maximum value of 26.5 % observed at 332.2 ka.
This potentially coincides with a mid MIS9 decrease in productivity and temperature
reported by D’Anjou et al. (2012) however the low temporal resolution of the latter20

precludes more definitive comparisons.
Given the differences between BSi and the Si/Ti record described above, it is not

surprising that the correlation within this time period (R2 = 0.70) is weaker than that ob-
served over the entire El’gygytgyn record (R2 = 0.88; Melles et al., 2012). The results
presented here caution against using Si/Ti ratios as an indicator of BSi until the under-25

lying causes of such differences can be elucidated. For example, the offsets between
these two parameters potentially suggest that Si/Ti values may be more strongly influ-
enced by either the amount, or grain-size, of catchment material entering the lake than
typically supposed. Lags between BSi and Si/Ti visible in other records, particularly
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during warming phases, are typically overlooked due to the strong overall correlation
between these proxies (e.g. Brown et al., 2007). Consequently, detailed information
regarding the timing of biological responses to climatic change may be lost through the
use of Si/Ti as a surrogate for BSi. The implications of this are particularly important
for high (sub millennial) resolution studies.5

4.2 Climatic interpretation

The results presented here indicate that the deepest section of the record reflects
glacial conditions during MIS 10. The intermediate values observed within the MS,
Mn/Fe and Si/Ti series at ∼336.5 ka is interpreted as increased input of relatively un-
weathered material from the catchment, possibly associated with changing wind con-10

ditions or snow cover. Such factors could, respectively, mediate the amount of material
deposited onto the lake surface and subsequent ablation into the lake. Fluvial depo-
sition below a permanent ice-cover could also explain these variations, as described
by Melles et al. (2012). Regardless of the transport mechanism, it is likely that the low
SAR magnifies even minor changes to sediment input or sources thus amplifying the15

apparent climatic variability. The TOC and MS records do not indicate an increase in
biological productivity at this time, suggesting persistent ice-cover. This period is there-
fore interpreted as a mild interstadial rather than the onset of MIS 9.

All proxies other than BSi exceed glacial levels (including the interstadial period)
at ∼335.6 ka. The climatic amelioration implied at this stage is probably magnified by20

the low SAR, however, the small increase seen in the TOC values indicates a biological
response to warming, unlike during the preceding interstadial period. The trend towards
milder climatic conditions continues until ∼333 ka. A large shift in the SAR observed at
∼334.5 ka suggests that a major threshold has been crossed, and may represent the
establishment of lake ice-free conditions during the summer periods. This is consistent25

with the BSi record from Lake Baikal which indicates MIS 9 commences at ∼334 ka
(Prokopenko et al., 2001).
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The dramatic increase in BSi at ∼333.8 ka probably reflects climate related in-
creases in temperature and light combined with additional stimulation of bioproductivity
by related changes in other environmental variables, such as vegetation, snow cover,
and precipitation. For example, a small increase in temperature would result in earlier
melt of snow-cover and ice cover on the lake, both of which would further increase5

primary productivity. It is predicted that a 3 degree increase in temperature could ex-
tend the length of ice-free conditions in European lakes by between 50 and 130 days
depending on the geographical location (Thompson et al., 2005). This would represent
a significant increase in the summer growth period given that, under current climatic
conditions, Lake El’gygytgyn is ice-free for approximately 12 weeks per year (Nolan10

and Brigham-Grette, 2007). A temperature increase could also reduce snow cover in
the surrounding catchment, and thereby affect the depth of permafrost and the active
layer thereof, thus influencing water and nutrient regimes within catchment soils and,
consequently, fluxes into the lake (Kawahigashi et al., 2004). Given such processes
are likely to have also influenced the BSi values, quantitative estimates of temperature15

cannot be determined from the BSi values.
The BSi values observed during MIS 9 are higher than those seen within the penul-

timate interglacial period (Cunningham et al., 2012) thereby suggesting that more
favourable climatic conditions existed during MIS 9. This is consistent with data from
Lake Baikal, where both BSi values and diatom abundances are higher during MIS 920

than in subsequent interglacials (Khursevich et al., 2001). Similarly total pollen abun-
dances at Lake Baikal were higher, further suggesting more favourable climatic condi-
tions during MIS 9 than at any time since (Shichi et al., 2007). Several other climatic
records also suggest temperatures were higher during MIS 9 than in current inter-
glacial, including ice core data from the Antarctic (Watanabe et al., 2003; Jouzel et al.,25

2007) and benthic foraminifera oxygen isotopes from the Eastern Equatorial Pacific
(Shackleton et al., 1990).

Insolation alone does not explain these results, as insolation at 65◦ N was not at its
highest level of the past 350 ka. Instead, modelling results suggest increased warming
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occurred during MIS 9 because greenhouse gas concentrations reinforced the insola-
tion changes (Yin and Berger, 2012). The CO2 and methane records from Vostok show
a similar pattern to the BSi values presented here, with the lowest levels recorded
early in MIS 10 rather than immediately preceding the rapid increase to MIS 9 inter-
glacial conditions (Barnola et al., 2003). In contrast, the temperature record from Vostok5

follows the more typical saw tooth pattern with warming lagging behind the CO2 in-
crease (Petit et al., 1999). This provides further support for the hypothesis that climatic
changes during this transition were initiated in the tropics or Northern Hemisphere,
causing increasing global CO2 levels, which later resulted in increased temperatures
within the Antarctic (Kawamura et al., 2007).10

5 Conclusions

The sediment record from Lake El’gygytgn clearly provides valuable information about
past climates within the understudied Arctic region. The first high-resolution records of
Transition IV from a terrestrial Arctic setting suggest the occurrence of a short intersta-
dial period prior to deglaciation. BSi records lag behind other proxies suggesting that15

the biological response to warming may have been mediated through other processes
such as nutrient input. Given the amplitude of change in the BSi record, it seems likely
that local or regional feedback mechanisms are also influencing bioproductivity at this
time possibly indicating a non-linear response of Arctic climate to external forcing. Fi-
nally, the disparities observed between the BSi and Si/Ti records caution against using20

Si/Ti as a surrogate for traditional BSi analyses.
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provided salary to Laura Cunningham and Peter Rosén. The authors thank their colleagues
for continuing support and discussion around the coffee breaks. The editor thanks X. Y. Furore
and another referee for assisting in evaluating this paper.5

References

ACIA: Impacts of a Warming Arctic, Cambridge University Press, Cambridge, 140 pp., 2004.
Alley, R. B.: The Younger Dryas cold interval as viewed from Central Greenland, Quaternary

Sci. Rev., 19, 213–226, 2000.
Barnola, J. M., Raynaud, D., Lorius, C., and Barkov, N. I.: Historical CO2 record from the Vostok10

ice core, in: Trends: a Compendium of Data on Global Change, Carbon Dioxide Information
Analysis Center, Oak Ridge National Laboratory, US Department of Energy, Oak Ridge,
Tennessee, USA, 2003.

Brigham-Grette, J., Melles, M., Minyuk, P., and Party, S.: Overview and significance of a 250
ka paleoclimate record from El’gygytgyn Crater Lake, NE Russia, J. Paleolimnol., 37, 1–16,15

2007.
Brown, E. T., Johnson, T. C., Scholz, C., Cohen, A. S., and King, J. W.: Abrupt change in tropical

African climate linked to the bipolar seesaw over the past 55,000 years, Geophys. Res. Lett.,
34, L20702, doi:10.1029/2007GL031240, 2007.

Cherapanova, M. V., Snyder, J. A., and Brigham-Grette, J.: Diatom stratigraphy of the last 25020

ka at Lake El’gygytgyn, Northeast Siberia, J. Paleolimnol., 37, 155–162, 2007.
Cremer, H. and Wagner, B.: The diatom flora in the ultra-oligotrophic Lake EI’gygytgyn,

Chukotka, Polar Biol., 26, 105–114, 2003.
Croudace, I. W., Rindby, A., and Rothwell, R. G.: ITRAX: description and evaluation of a new

multi-function X-ray core scanner, in: New Techniques in Sediment Core Analysis, edited by:25

Rothwell, R. G., Geological Society, Special Publications, London, 267, 51–63, 2006.
Cunningham, L., Vogel, H., Nowaczyk, N. R., Wennrich, V., Juschus, O., Persson, P., and

Rosen, P.: Climatic variability during the last interglacial inferred from geochemical proxies in
the Lake El’gygytgyn sediment record, Palaeogeogr. Palaeocl., under review, 2012.

5352

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-print.pdf
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007GL031240


CPD
8, 5341–5358, 2012

Amplified
bioproductivity at
Lake El’gygytgyn

during Transition IV

L. Cunningham et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Frank, U., Nowaczyk, N. R., Minyuk, P., Vogel, H., Rosén, P., and Melles, M.: A 350 kyr record of
climate change from Lake El’gygytgyn, Far East Russian Arctic: refining the pattern of climate
modes by means of cluster analysis, Clim. Past Discuss., 8, 5109–5132, doi:10.5194/cpd-8-
5109-2012, 2012.

Holland, M. M. and Bitz, C. M.: Polar amplification of climate change in coupled models, Clim.5

Dynam., 21, 221–232, 2003.
IPCC: Climate Change 2007: The Physical Science Basis, Contribution of Working Group I to

the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, edited
by: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and
Miller, H. L., Cambridge University Press, Cambridge, UK and New York, NY, USA, 996 pp.,10

2007.
Jouzel, J., Masson-Delmotte, V., Cattani, O., Dreyfus, G., Falourd, S., Hoffmann, G., Minster, B.,

Nouet, J., Barnola, J. M., Chappellaz, J., Fischer, H., Gallet, J. C., Johnsen, S., Leuen-
berger, M., Loulergue, L., Luethi, D., Oerter, H., Parrenin, F., Raisbeck, G., Raynaud, D.,
Schilt, A., Schwander, J., Selmo, E., Souchez, R., Spahni, R., Stauffer, B., Steffensen, J. P.,15

Stenni, B., Stocker, T. F., Tison, J. L., Werner, M., and Wolff, E.: Orbital and millennial Antarc-
tic climate variability over the past 800,000 years, Science, 317, 793–796, 2007.

Kawahigashi, M., Kaiser, K., Kalbitz, K., Rodionov, A., and Guggenberger, G.: Dissolved organic
matter in small streams along a gradient from discontinuous to continuous permafrost, Glob.
Change Biol., 10, 1576–1586, 2004.20

Kawamura, K., Parrenin, F., Lisiecki, L., Uemura, R., Vimeux, F., Severinghaus, J. P., Hut-
terli, M. A., Nakazawa, T., Aoki, S., Jouzel, J., Raymo, M. E., Matsumoto, K., Nakata, H.,
Motoyama, H., Fujita, S., Goto-Azuma, K., Fujii, Y., Watanabe, O., and Layer, P.: Argon-
40/argon-39 age of the El’gygytgyn impact event, Chukotka, Russia, Meteor. Planet. Sci.,
35, 591–599, 2000.25

Khursevich, G. K., Karabanov, E. B., Prokopenko, A. A., Williams, D. F., Kuzmin, M. I., Fe-
denya, S. A., and Gvozdkov, A. A.: Insolationregime in Siveria as a major factor controlling
diatom production in Lake Baikal during the last 800,000 years, Quaternary Int., 80, 47–58,
2001.

Layer, P. W.: Argon-40/argon-39 age of the El’gygytgyn impact event, Chukotka, Russia, Me-30

teor. Planet. Sci., 35, 591–599, 2000.
Lisiecki, L. E. and Raymo, M. E.: A Pliocene-Pleistocene stack of 57 globally distributed benthic

D18O records, Paleoceanography, 20, PA1003, doi:10.1029/2004PA001071, 2005.

5353

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-print.pdf
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/cpd-8-5109-2012
http://dx.doi.org/10.5194/cpd-8-5109-2012
http://dx.doi.org/10.5194/cpd-8-5109-2012
http://dx.doi.org/10.1029/2004PA001071


CPD
8, 5341–5358, 2012

Amplified
bioproductivity at
Lake El’gygytgyn

during Transition IV

L. Cunningham et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Loizeau, J., Span, D., Coppee, V., and Dominik, J.: Evolution of the trophic state of Lake Annecy
(Eastern France) since the last glaciation as indicated by iron, manganese and phosphorus
speciation, J. Paleolimnol., 25, 205–214, 2001.

Lozhkin, A. V., Anderson, P. M., Matrosova, T. V., and Minyuk, P. S.: The pollen record from
El’gygytgyn Lake: implications for vegetation and climate histories of Northern Chukotka5

since the late middle Pleistocene, J. Paleolimnol., 37, 135–153, 2007.
Melles, M., Minyuk, P., Brigham-Grette, J., and Juschus, O.: The Expedition El’gygytgyn Lake

2003 (Siberian Arctic), Reports of the Polar and Marine Institute 509, Alfred Wegner Istitute,
Bremerhaven, 139 pp., 2005.

Melles, M., Brigham-Grette, J., Glushkova, O. Y., Minyuk, P. S., Nowaczyk, N. R., and Hub-10

berten, H. W.: Sedimentary geochemistry of core PG1351 from Lake El’gygytgyn – a sen-
sitive record of climate variability in the East Siberian Arctic during the past three glacial-
interglacial cycles, J. Paleolimnol., 37, 89–104, 2007.

Melles, M., Brigham-Grette, J., Minyuk, P., Koeberl, C., Andreev, A., Cook, T., Fedorov, G., Geb-
hardt, C., Haltia-Hovi, E., Kukkonen, M., Nowaczyk, N., Schwamborn, G., Wennrich, V., and15

El’gygytgyn Scientific Party: The El’gygytgyn Scientific Drilling Project – conquering Arctic
challenges through continental drilling, Scientific Drilling, 11, 29–40, 2011.

Melles, M., Brigham-Grette, J., Minyuk, P. S., Nowaczyk, N. R., Wennrich, V., DeConto, R. M.,
Anderson, P. M., Andreev, A. A., Coletti, A., Cook, T. L., Haltia-Hovi, E., Kukkonen, M.,
Lozhkin A. V., Rosén, P., Tarasov, P., Vogel, H., and Wagner, B.: 2.8 million years of arc-20

tic climate change from Lake El’gygytgyn, NE Russia, Science, 337, 315–320, 2012.
Niessen, F., Gebhardt, A. C., Kopsch, C., and Wagner, B.: Seismic investigation of the

El’gygytgyn impact crater lake (Central Chukotka, NE Siberia): preliminary results, J. Pa-
leolimnol., 37, 49–63, 2007.

Nolan, M. and Brigham-Grette, J.: Basic hydrology, limnology, and meteorology of modern Lake25

El’gygytgyn, Siberia, J. Paleolimnol., 37, 17–35, 2007.
Nowaczyk, N. R., Minyuk, P., Melles, M., Brigham-Grette, J., Glushkova, O., Nolan, M.,

Lozhkin, A. V., Stetsenko, T. V., Andersen, P. M., and Forman, S. L.: Magnetostratigraphic
results from impact crater Lake El’gygytgyn, Northeastern Siberia: a 300 kyr long high-
resolution terrestrial palaeoclimatic record from the Arctic, Geophys. J. Int., 150, 109–126,30

2002.

5354

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-print.pdf
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 5341–5358, 2012

Amplified
bioproductivity at
Lake El’gygytgyn

during Transition IV

L. Cunningham et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Nowaczyk, N. R., Melles, M., and Minyuk, P.: A revised age model for core PG1351 from Lake
El’gygytgyn, Chukotka, based on magnetic susceptibility variations tuned to Northern Hemi-
sphere insolation variations, J. Paleolimnol., 37, 65–76, 2007.

Nowaczyk, N. R., Haltia-Hovi, E. M., Ulbrich, D., Wennrich, V., Kukkonen, M., Rosen, P., Vo-
gel, H., Francke, A., Meyer-Jacob, C., Adreev, A. A., Lozhkin, A. V., and Elgygytgyn Scientific5

Party: Chronology of Lake El’gygytgyn sediments, Clim. Past, in preparation, 2012.
Oppo, D. W., McManus, J. F., and Cullen, J. L.: Evolution and demise of the Last Interglacial

warmth in the subpolar North Atlantic, Quaternary Sci. Rev., 25, 3268–3277, 2006.
Petit, J. R., Jouzel, J., Raynaud, D., Barkov, N. I., Barnola, J. M., Basile, I., Bender, M., Chappel-

laz, J., Davis, M., Delaygue, G., Delmotte, M., Kotlyakov, V. M., Legrand, M., Lipenkov, V. Y.,10

Lorius, C., Pepin, L., Ritz, C., Saltzman, E., and Stievenard, M.: Climate and atmospheric his-
tory of the past 420,000 years from the Vostok ice core, Antarctica, Nature, 399, 429–436,
1999.

Prokopenko, A. A., Karabanov, E. B., Williams, D. F., Kuzmin, M. I., Shackleton, N. J.,
Crowhurst, S. J., Peck, J. A., Gvozdkov, A. N., and King, J. W.: Biogenic silica record of the15

Lake Baikal response to climatic forcing during the Brunhes, Quaternary Res., 55, 123–132,
2001.

Rosén, P., Vogel, H., Cunningham, L., Hahn, A., Hausman, S., Pientiz, R., Wagner, B., and
Persson, P.: A globally applicable model for quantitative determination of lake sediment prop-
erties using Fourier transform infrared spectroscopy, Environ. Sci. Technol., 45, 8858–8865,20

2011.
Serreze, M. C. and Francis, J. A.: The Arctic amplification debate, Climatic Change, 76, 241–

264, 2006.
Shackleton, N. J., Berger, A., and Peltier, W. R.: An alternative astronomical calibration of the

lower Pleistocene timescale based on ODP Site 677, Trans. Roy. Soc. Edinburgh: Earth Sci.,25

81, 251–261, 1990.
Shichi, K., Kawamuro, K., Takahara, H., Hase, Y., Maki, T., and Miyoshi, N.: Climate and veg-

etation changes around Lake Baikal during the last 350,000 years, Palaeogeogr. Palaeocl.,
248, 357–375, 2007.

Siddall, M., Stocker, T. F., Blunier, T., Spahni, R., McManus, J. F., and Bard, E.: Using a maxi-30

mum simplicity paleoclimate model to simulate millennial variability during the last four glacial
periods, Quaternary Sci. Rev., 25, 3185–3197, 2006.

5355

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-print.pdf
http://www.clim-past-discuss.net/8/5341/2012/cpd-8-5341-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 5341–5358, 2012

Amplified
bioproductivity at
Lake El’gygytgyn

during Transition IV

L. Cunningham et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Snowball, I. F.: Geochemical control of magnetite dissolution in subarctic lakes sediments and
the implications for environmental magnetism, J. Quaternary Sci., 8, 339–346, 2003.

Thompson, R., Price, D., Cameron, N., Jones, V., Bigler, C., Rosen, P., Hall, R I., Catalan, J.,
Garcia, J., Weckstrom, J., and Korhola, A.: Quantitative calibration of remote mountain-lake
sediments as climatic recorders of air temperature and ice-cover duration, Arct. Antarct. Alp.5

Res., 37, 626–635, 2005.
Watanabe, O., Jouzel, J., Johnsen, S., Parrenin, F., Shoji, H., and Yoshida, N.: Homogenous

climate variability across East Antarctica over the past three glacial cycles, Nature, 422,
509–512, 2003.
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Fig. 1. Map of the Arctic region showing the location of Lake El’gygytgyn. Details of the catch-
ment and coring site are shown in the inset (modified from Nolan and Brigham-Grette, 2007).
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Fig. 2. Sediment accumulation rates (SAR) and high-resolution reconstructions of the geo-
chemical proxies: biogenic silica (BSi), silica/titanium (Si/Ti), manganese/iron (Mn/Fe), mag-
netic susceptibility (MS) and total organic carbon (TOC) from Lake El’gygytgyn during Termi-
nation IV. The black lines indicate the initial proxy data; the grey lines illustrate the proxy series
divided by the time period that it took each sample to accumulate. The vertical dashed line
indicates the timing of TIV suggested by Lisiecki and Raymo (2005).
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