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Zusammenfassung

Zusammenfassung
Die Arktis ist starker von den aktuellen Klima- und Umweltveranderungen
betroffen als andere Regionen der Erde. Fur das nachste Jahrhundert wird eine
Verstarkung dieser Anderungen erwartet. Nur wenige arktische meteorologische
Zeitreihen reichen bis ins 19. Jahrhundert zurtck. Deshalb sind Klimaarchive von
besonderer Bedeutung, um vergangene Klimaanderungen und deren Ursachen zu
rekonstruieren und zu bewerten. In dieser Arbeit wurde Gletscher- und Grundeis
aus der Russischen Arktis untersucht, genauer ein Eiskern von der Eiskappe
Akademii Nauk (Severnaya Zemlya) und syngenetische Eiskeile der Oyogos Yar
Region (Dmitrii-Laptev-Stralie). Beide Archive umfassen das Spatholozan und
wurden hauptsachlich mittels stabiler Isotope des Wassers untersucht.
Diese Arbeit zeigt das grofe Potential des Akademii Nauk Eiskerns fur eine hoch
aufgeloste Rekonstruktion der regionalen Klima- und Umweltgeschichte.
Insbesondere seine 5'°0 Daten kénnen als Proxy fiir Temperaturen in der
westlichen Eurasischen Arktis genutzt werden. Sie belegen deutliche
Veranderungen auf verschiedenen Zeitskalen. Das 20. Jahrhundert mit einem
zweigipfeligen Maximum zwischen 1920 und 1940 war demnach die warmste Zeit
der letzten 2000 Jahre. Von besonderem Interesse sind schnelle dekadische
Klimaanderungen sowohl im 15./16. Jahrhundert als auch um 1900, vermutlich
verursacht durch die interne Dynamik des Arktischen Klimasystems. Der
Deuterium excess d bietet Informationen zur Beteiligung von regionalen
Feuchtequellen am Niederschlag, der die Eiskappe speist, in Abhangigkeit von der
Meereisausdehnung. Das spatholozane Wachstum der Eiskappe wird durch
abnehmende Trends von 5'%0- und Meersalz-lonen-Daten belegt.
Ein neuer Ansatz zur Gewinnung von Paldao-Umwelt-Informationen aus
syngenetischen Eiskeilen der Oyogos Yar Region basiert auf hoch aufgeloster
Analyse und Radiokarbondatierungen. Auch wenn noch keine kontinuierlichen
Zeitreihen gewonnen werden konnten, wurden palaoklimatische Informationen
abgeleitet. 5'%0 Daten der Eiskeile zeigen, dass die Winter der letzten Jahrzehnte
die warmsten im Spatholozan waren. Diese Tatsache wurde begleitet von
Anderungen der Feuchtequellen, verbunden mit Anderungen in der
Atmospharischen Zirkulation und/oder der Meereisdynamik.
Die geplante weitere Forschung wird die Arbeit an beiden Archiven fortsetzen und

neue Einblicke in die Palaoumweltgeschichte der Eurasischen Arktis ermoglichen.



Abstract

Abstract
The Arctic has been affected by the ongoing climate and environmental change
more than other regions of the Earth. For the next century, increasing rates of
change have been predicted. Only a few Arctic meteorological records date back
to the 19th century. Hence paleoclimate archives are of particular importance for
the reconstruction and assessment of past climate variability and its causes. In this
thesis, glacier and ground ice from the Russian Arctic, more precisely an ice core
from Akademii Nauk ice cap (Severnaya Zemlya) and syngenetic ice wedges from
Oyogos Yar (Dmitrii Laptev Strait), both covering the Late Holocene, were studied
to contribute new paleoenvironmental information. Both archives were mainly
analyzed by using stable water isotopes.
This thesis demonstrates the great potential of Akademii Nauk ice core for the high
resolution reconstruction of regional climate and environmental variability. In
particular, its 3'®0 data can be used as proxy for temperature in the Western
Eurasian Arctic revealing significant changes on different timescales. The 20"
century was the warmest period of the last two millennia, with an absolute double-
peaked maximum around AD 1920-1940. Of particular interest are rapid decadal-
scale climate changes, which occurred in the 15th and 16th century as well as at
about AD 1900, most probably caused by internal dynamics of the Arctic climate
system. Deuterium excess d provides valuable information on the participation of
regional moisture in the precipitation feeding Akademii Nauk ice cap, which is
linked to the regional sea ice extent. Decreasing 5'20 and sea salt ion values due
to the increasing ice cap altitude prove the growth of Akademii Nauk ice cap in the
Late Holocene.
A new approach, comprising high resolution sampling and radiocarbon dating, was
used to gain paleoenvironmental information from the syngenetic Oyogos Yar ice
wedges. Even though no continuous records could be obtained due to still
inconsistent dating results, paleoclimatic information could be extracted. Ice
wedge 5'%0 data show evidence that winters in the last decades were the warmest
in the Late Holocene. These were accompanied by changes in the moisture
sources, related to changes in the atmospheric circulation patterns and/or sea ice
dynamics.
Envisaged follow-up research will continue the work on the studied objects and will

facilitate new insights into the paleoenvironmental history of the Eurasian Arctic.

Vi



Introduction Chapter 1

1 Introduction
1.1  Scientific background

1.1.1 Arctic climate change

The last two centuries have been characterized by a significant worldwide climate
warming. On the global scale, the mean surface temperature increased by 0.76°C
from 1850-1899 to 2001-2005 (Trenberth et al., 2007). In the Arctic, this general
warming has been amplified (e.g. Overpeck et al., 1997; Serreze et al., 2000;
Moritz et al., 2002). In particular, warming in the Arctic is more than double the
warming in the global mean from the 19™ century to the 21 century (Figure 1.1;
ACIA, 2005; Trenberth et al., 2007).

a2l i | ! ! |
1900 1920 1940 1960 1980 2000

Figure 1.1: Observed Arctic (here: 60-90°N) near surface air temperature changes from land
stations relative to the average of 1961-1990 (Source: ACIA 2005).

This Arctic warming has been accompanied by a significant decrease in sea ice
extent and thickness, a decrease of the snow-covered area as well as by a
warming of the terrestrial permafrost (e.g. Serreze et al., 2000; ACIA, 2005;
Osterkamp, 2005; Lemke et al.,, 2007; Romanovsky et al., 2007), revealing the
high sensitivity of Arctic regions to climate changes.

In turn, the Arctic environmental dynamics influence the global climate system by
changing river runoff as well as snow and ice cover, affecting the thermohaline
circulation and the surface albedo. They furthermore impact atmospheric
circulation patterns and the concentrations of the greenhouse gases carbon

dioxide and methane (e.g. Overpeck et al., 1997; ACIA, 2005). Consequently, the
1



Introduction Chapter 1

Arctic, in this thesis defined as the area northwards of the timberline
(corresponding roughly to the 10°C isotherm of the warmest month), is a key
region for global climate change and, thus, climate change research.

Projections of future climate changes indicate a stronger ongoing warming of the
Arctic relative to other regions (Figure 1.2). This warming will be accompanied by
positive feedback mechanisms such as an intense sea ice retreat, a further
decrease of the snow-covered areas, shrinking glaciers and an increased thawing
of permafrost (thermokarst), including increased release of greenhouse gases
(e.g. ACIA, 2005; Walter et al., 2006; Zimov et al., 2006; Christensen et al., 2007).
The Arctic climate change, however, will not only influence the global climate

system, but will also have substantial ecological, social and economic impacts.
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Figure 1.2: Projected surface air temperature change (change from the 1981-2000 average),
projected by the five ACIA climate models for the B2 emission scenario. The thick lines (bottom)
represent the projected global temperatures, the thin lines (top) the projected Arctic temperatures
(Source: ACIA, 2005).

A better understanding and assessment of the recent climate and environmental

changes in the Arctic require detailed information on past changes, their

interactions and their controlling factors. This information is also needed to

improve climate projections. The Arctic meteorological records are, however, both

temporally and spatially limited. In the Eurasian Arctic only a few meteorological

time series reach back to the 19" century, while instrumental observations at
2



Introduction Chapter 1

several stations started only in the course of the 2" International Polar Year in
1932/33. The longest Eurasian Arctic time series of surface air temperature (SAT)
from Vardg (Northern Norway) dates back to the first half of the 19" century;
whereas the longest continuous SAT record in the Russian Arctic did not start
before 1917 at Dikson. This lack of long meteorological time series emphasizes
the relevance of sub-recent high-resolution climate archives for the study of
regional Arctic climate and environmental changes (e.g. Overpeck et al., 1997)
and the assessment of the recent Arctic warming from a centennial to millennial
scale perspective. Of particular interest are climate changes in the Middle to Late
Holocene, which is characterized by relative stable boundary conditions of the
climate system as compared to Glacial-Interglacial cycles and by a negligible
anthropogenic influence in the preindustrial period before about AD 1750 (Wanner
et al., 2008). Studying these changes provides insight into the natural climate
variability. However, past climate variations and their causes are still contested,
such as in the case of the hockey-stick shaped Northern Hemisphere temperature
reconstruction for the last millennium by Mann et al. (1999) (for a short overview of
the debate see Jansen et al., 2007). For a better assessment it is therefore

important to gain new regional high-resolution paleoclimatic information.

1.1.2 Eurasian Arctic paleoclimate records

The most prominent Arctic climate archives are the Central Greenland ice cores
(e.g. GRIP, GISP2, NorthGRIP). They provide comprehensive information of
climate and environmental changes over more than 100 thousand years on Arctic
to global scales (e.g. Dansgaard et al., 1993; Grootes et al., 1993; NorthGRIP
members, 2004).

In the Eurasian Arctic, a lot of paleoclimatic studies have been conducted within
the scope of the QUEEN (Quaternary Environment of the Eurasian North)
program. Substantial results comprise the reconstruction of the Late Quaternary
ice-sheet extents (Svendsen et al., 2004) as well as the reconstruction of the Late
Pleistocene periglacial climate and environment (Hubberten et al., 2004),
particularly in the Russian Arctic.

Several joint German-Russian projects dealt with the Late Quaternary climate and
environmental history of the East and Central Siberian Arctic, applying multi-

disciplinary approaches to analyze ice-rich permafrost sequences and lake
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sediments predominantly along the coastal lowlands of the Laptev Sea and East
Siberian Seas (e.g. Meyer et al.,, 2002a, 2002b; Schirrmeister et al., 2002a;
Kienast et al., 2005; Andreev et al. 2009; Wetterich et al., 2009), but also on
Taimyr Peninsula (e.g. Siegert et al., 1999; Kienast et al., 2001; Andreev et al.,
2003) and on Severnaya Zemlya (e.g. Raab et al.,, 2003). Due to the specific
characteristics of the studied paleoclimate archives (including unconformities and
low sedimentation rates) as well as dating issues, the resulting records provide
valuable paleoclimatic information on long timescales (covering the Holocene and
parts of the Late Pleistocene), at a low resolution (maximum centennial to
millennial) but not at high resolution (annual to decadal scale).

Additional relatively low-resolution Holocene paleoenvironmental information
comes from dated glacier advances on Franz Josef Land (e.g. Lubinski et al.,
1999) and Novaya Zemlya (e.g. Murdmaa et al., 2004; Polyak et al., 2004) as well
as from marine sediment cores drilled in the Kara Sea (e.g. Stein et al., 2004) and
Laptev Sea (Bauch et al., 2001).

A comprehensive assessment of Arctic climate changes, their causes and
feedbacks requires temporally higher resolved data. This is particularly obvious in
the Eurasian Arctic, which has only a few of such Middle to Late Holocene records
as revealed e.g. by the overview study of Solomina et al. (2004). Compared to the
American Arctic (e.g. Overpeck et al.,, 1997; Kaufmann et al., 2004) the lack of
comparable records is evident.

High-resolution records in the Eurasian Arctic are sparse and restricted to tree-ring
chronologies as well as ice-core records. Tree-ring time series exist for single
suited study sites at the timberline, e.g. on Taimyr Peninsula (Naurzbaev et al.,
2002). They primarily reflect summer temperatures.

Ice-core records in the Eurasian Arctic are bound to the occurrence of glaciers or
ice caps and therefore limited to High Arctic archipelagos such as Svalbard, Franz
Josef Land and Severnaya Zemlya. These ice caps are characterized by
summertime melting. Ice core analysis and interpretation therefore require special
consideration of melt water infiltration processes (Koerner, 1997). Kotlyakov et al.
(2004) reviewed the records of Eurasian Arctic ice cores, mainly drilled by
Soviet/Russian teams, revealing that their age models are often significantly
overestimated and, thus, require re-evaluation. Recently drilled ice cores from

Svalbard (e.g. Isaksson et al., 2005a), Franz Josef Land (Henderson, 2002) and

4
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Severnaya Zemlya (Fritzsche et al., 2002) have revealed a high potential for
gaining regional high resolution climate records of at least the last centuries.

In the wide tundra areas of the Siberian Arctic, where tree ring and ice core
archives are not available, ground ice contained in the permafrost sequences
serves as additional climate archive. However, up to now, only low-resolution
information on Late Quaternary paleoclimate has been obtained from ice wedges
(e.g. Vaikmae, 1989; Vasil’chuk, 1991, 1992; Meyer et al., 2002a, 2002b).

1.1.3 Glacier and ground ice as paleoclimate archives

Ice is a natural paleoclimate archive as it preserves atmospheric precipitation and
air, which contain numerous physical and chemical parameters. These parameters
(proxies) are related to climate and environmental conditions on different scales
and allow the reconstruction of valuable information on past climate and
environmental changes.

Glaciers and ice caps are large ice bodies arising from the continuous
accumulation of snow and its transformation via firn to ice over long periods of up
to several hundred thousands of years. Consequently, ice cores have been drilled
since about 1950 predominantly in the polar regions and are recognized as one of
the best paleoclimate archives.

Generally, paleoclimatic information from ice cores can be obtained by four
approaches (Bradley, 1999): the analysis (1) of stable water isotopes, (2) of air
bubbles trapped in the ice, (3) of dissolved and particulate matter and (4) of the
physical characteristics of the ice core.

(1) The stable water isotope composition of precipitation depends mainly on the
condensation temperature (e.g. Dansgaard, 1964; Rozanski et al., 1993) and can
therefore be used as proxy for local to regional temperature conditions.
Furthermore, information on the primary evaporation conditions can be obtained
that way. (2) The air bubbles contained in ice represent samples of a former
atmospheric composition and allow direct analyses of the paleo-atmosphere. (3)
Dissolved ions and particulate matter, such as dust can be used for the
reconstruction of atmospheric aerosol content, of atmospheric circulation patterns
as well as of wind speed. (4) Physical characteristics of the ice core (e.g. density
and stratigraphic features) allow, for instance, the identification of melt layers,

which are a proxy for summer warmth on the glacier surface (Koerner, 1977).
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Ground ice, comprising all types of ice in freezing or frozen ground (van
Everdingen, 1998), is a major component of permafrost, which is defined by
ground temperatures below or at 0°C for two or more consecutive years. Most
ground ice types, ice wedges in particular, are fed by precipitation and can
therefore be used as climate archives (e.g. Vaikmae, 1989; Vasil'chuk, 1991,
1992; Meyer et al., 2002a, 2002b). Ice wedges arise from the periodically repeated
filling of frost cracks by snow melt water, which trickles down and refreezes quickly
(Lachenbruch, 1962; MacKay, 1974). Ice wedge growth can occur during the
freezing of previously deposited sediments (epigenetic ice wedges) or
approximately simultaneously to the accumulation and freezing of the enclosing
sediments (syngenetic ice wedges). Up to now, the paleoclimatic study of ice
wedges has primarily focused on the stable water isotope composition, which is

related to winter climate conditions.

1.2 Aims and approaches

Up to now, glacier and particularly ground ice in the vast areas of the Siberian
Arctic have not been used sufficiently for the reconstruction of Holocene
paleoenvironmental changes. The overarching aim of this thesis, therefore, is to
use these archives to gain new insights into the Late Holocene climate and
environmental history of the Eurasian Arctic. For this purpose, new paleoclimatic
data have been derived from both glacier and ground ice in the Russian Arctic
(Table 1.1). On the one hand, the recently drilled ice core from Akademii Nauk
(AN) ice cap (Severnaya Zemlya; Fritzsche et al., 2002) provides stable isotope
and major ion records for a regional reconstruction of paleoclimatic changes. On
the other hand, an innovative approach has been used to extract winter
temperature records from Holocene ice wedges at Oyogos Yar (Dmitrii Laptev
Strait, Northeast Siberia; Dereviagin and Opel, 2009) using stable water isotope
data.

More specifically, this thesis pursues the following objectives:

e The assessment of the proxy data contained in Akademii Nauk ice core
concerning their paleoclimatic significance under consideration of melt water

infiltration and with a strong focus on ice core stable water isotope data.

6
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e The establishment of a chronology for Akademii Nauk ice core and the creation
of proxy time series.

e The reconstruction of the Late Holocene climate and environmental conditions
from Akademii Nauk ice cap with respect to climate forcing and feedbacks as
well as rapid climate changes.

e The use of syngenetic ice wedges as climate archives and the reconstruction
of Holocene relative winter temperature changes based on the analysis of the
stable water isotope composition and AMS *C dating.

e The combination of the new information and integration into the regional

paleoenvironmental context.

Table 1.1: Comparison of the study objects and methods used in this thesis.

Akademii Nauk ice cap Syngenetic ice wedges
Severnaya Zemlya Oyogos Yar
Central Siberian Arctic East Siberian Arctic

Time range Late Holocene to present

Chronology Annual layer counting wusing Radiocarbon dating by Accelerator

stable water isotopes and Mass Spectrometry (AMS)

volcanic reference horizons

Temporal resolution Annual to decadal Centennial to millennial
Spatial resolution Local to supra-regional Local to regional
Sampling Vertical Horizontal

Information source Annual precipitation Winter precipitation
Stable water isotopes Mass spectrometry

5'%0, 8D, d excess

Maijor ions lon chromatography lon chromatography
Continuous flow analysis (CFA) Inductively Coupled Plasma Optical
Emission Spectrometry (ICP OES)

Electrical conductivity Dielectrical profiling Conductivity meter

pH - pH meter

Density y-absorption -

Melt-layer content Line-scan camera -

Reconstruction Annual temperatures Winter temperatures

potential of the Summer temperatures

derived proxies Moisture source Moisture source
Sea ice extent Sea ice extent
Atmospheric  aerosol  content

Atmospheric circulation patterns Atmospheric circulation patterns

7
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In order to extract the new paleoclimatic information, the relevant proxy data have
been derived mostly by standard laboratory methods (Table 1.1), such as mass
spectrometry (stable isotope composition of glacier and ground ice) and ion
chromatography (major ion concentration in glacier ice). Details are given in the

respective chapters.

1.3 Study Region

The paleoclimatic data presented here originate from two study sites in the Central
Russian and East Siberian Arctic (Figure 1.3). The Akademii Nauk ice core was
drilled on Severnaya Zemlya archipelago at 80.5°N, 94.8'E, while the Holocene ice
wedges were studied at Oyogos Yar (72.7°N, 143.5°E; Dmitrii Laptev Strait).
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Figure 1.3: Overview map of the Arctic, showing the permafrost distribution and the position of the
study areas in the Central and East Siberian Arctic: 1 — Severnaya Zemlya archipelago, 2 — Dmitrii

Laptev Strait with Oyogos Yar as its southern coast (source: IPA 1998, modified).
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1.3.1 Geological and geographical characteristics

Severnaya Zemlya is located on the northern shelf of the Eurasian continent
between the Kara and Laptev Seas. It belongs to the Taymyr-Severnaya-Zemlya
folded area (Koronovsky, 2002). The bedrock geology is dominated by
Neoprotereozoic to Palaeozoic sedimentary successions (Lorenz et al., 2008). The
low-lying parts of Severnaya Zemlya are covered by Quaternary marine sediments
(Bolshiyanov and Makeyev, 1995).

The Dmitrii Laptev Strait divides the Bol’'shoy Lyakhovsky Island from the Eurasian
mainland and connects the Laptev and East Siberian Seas. The bedrock of this
area belongs to the Verkhoyansk-Kolyma orogen and is dominated by Palaeozoic
and mainly Mesozoic folded shallow marine sediments (Koronovsky, 2002). It is
overlain by Cenozoic sediments.

Both study areas belong to the area of continuous permafrost (Figure 1.3), which
is characterized by deeply frozen ground. Only the upper part, comprising several
centimeters to decimeters thaws during the summer (active layer). Several
permafrost-related processes, such as frost cracking and subsequent ice wedge
growth, thermokarst, thermoerosion and geli-solifluction, form typical periglacial
land surfaces like patterned ground and polygonal ice wedge relief (French, 2007).
In contrast to the non-glaciated East Siberian coastal lowlands such as Oyogos
Yar, about 50 percent of Severnaya Zemlya is glaciated. Due to its location in the
High Arctic, Severnaya Zemlya exhibits typical polar desert vegetation, whereas

Oyogos Yar is characterized by tundra vegetation.

1.3.2 Climate characteristics

The climate of both study areas is mainly characterized by their position in the high
northern latitudes and by their continentality. The latter is caused by the huge
Eurasian landmass, but reduced by the adjacent Arctic Ocean (Endlicher, 2000;
Shahgedanova, 2002). This leads to high seasonal contrasts with large seasonal
temperature amplitudes as well as generally low precipitation amounts (Figure
1.4). Long, cold winters with monthly mean temperatures of about -30°C are
followed by short, cool summers. Monthly mean temperatures above 0°C appear
only in two to three months. Severnaya Zemlya is positioned in the transition zone
from the rather maritime West Siberian to the continental East Siberian Arctic

climate, which is characteristic for Oyogos Yar.

9
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The general atmospheric circulation patterns are dominated by temperature
induced pressure areas (Endlicher, 2000; Shahgedanova, 2002). In response to
the strong radiative cooling of the earth surface, a stable high pressure area
(Siberian High) develops in winter over Central Siberia, extended to the Northeast
Siberian lowlands, and accompanied by a lower pressure over the Arctic Ocean. In
summer, conversely, high temperatures and insulation result in low pressure areas
over Eastern Siberia, whereas a high pressure area develops over the cold Arctic
Ocean. Spring and autumn are characterized by transition states between winter
and summer circulation.

The mean annual precipitation is relatively low, reaching close to sea level about
250 mm at Oyogos Yar and 300 mm at Severnaya Zemlya (Figure 1.4). The
annual precipitation pattern in the study areas is related to the seasonal pattern of
cyclones and anticyclones. Therefore, the precipitation is particularly low in winter.
Precipitation maxima occur in summer and autumn. They are connected to the
higher moisture content of the air due to the higher temperatures, and to increased

cyclonic activity.
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Figure 1.4: Climate diagrams for the meteorological stations Mys Golomyanny (Severnaya Zemlya)
and Mys Shalaurova at Bol'shoy Lyakhovsky Island, the closest meteorological station to Oyogos
Yar (Dmitrii Laptev Strait). The data cover the period 1984-1994 and are from Rivas-Martinez and
Rivas-Saenz (1996-2009).
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1.4 Thesis outline

This thesis is divided into an introduction providing background information, three
main chapters, a synthesis and an appendix. The three main chapters and the
appendix, subdivided in three parts, consist of original research papers, which
have been designed for publication in international peer-reviewed journals. While
two papers have already been published, another two publications are currently
resubmitted and two manuscripts are presented here as final drafts for submission
(Table 1.2).

Table 1.2: Overview of publications presented within this thesis.

Chapters Publication

Chapter 2 Opel T, Fritzsche D, Meyer H, Schitt R, Weiler K, Ruth U, Wilhelms F, Fischer H.
2009b. 115 year ice-core data from Akademii Nauk ice cap, Severnaya Zemlya:
high-resolution record of Eurasian Arctic climate change. Journal of Glaciology
55(189), 21-31.

Chapter 3 Opel T, Fritzsche D, Meyer H, Schitt R, Ruth U, Wilhelms F, Fischer H. 2009.
Late Holocene climate change in the Central Russian Arctic — evidence from
Akademii Nauk ice core (Severnaya Zemlya). In preparation for submission to
Quaternary Science Reviews.

Chapter 4 Opel T, Dereviagin AYu, Meyer H, Schirrmeister L, Wetterich S. 2009a.
Paleoclimatic information from stable water isotopes of Holocene ice wedges at
the Dmitrii Laptev Strait (Northeast Siberia). Permafrost and Periglacial
Processes. Resubmitted after minor revisions.

Appendix | Fritzsche D, Schitt R, Meyer H, Miller H, Wilhelms F, Opel T, Savatyugin LM.
2005. A 275 year ice core record from Akademii Nauk ice cap, Severnaya
Zemlya, Russian Arctic. Annals of Glaciology 42, 361-366.

Appendix Il Meyer H, Schirrmeister L, Yoshikawa K, Opel T, Hubberten H-W, Brown J. 2009.
Permafrost evidence for a Younger Dryas cold event in northern Alaska. In
preparation for submission to Nature.

Appendix Il Blinov A, Alfimov V, Beer J, Gilichinsky D, Schirrmeister L, Kholodov A, Nikolskiy
P, Opel T, Tihomirov D, Wetterich S. 2009. **CI/CI ratio in ground ice of East
Siberia and its application for chronometry. Geochemistry, Geophysics,

Geosystems (G3). Resubmitted after revisions.

Chapter 2 examines the paleoclimatic significance of proxy data (covering 115
years) of the Akademii Nauk ice core based on comparisons with meteorological
and other paleoclimatic data from the Eurasian sub-Arctic and Arctic (Opel et al.,

2009b). The long-term paleoclimatic records of Akademii Nauk ice core in relation
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to other Arctic climate records are discussed in terms of Late Holocene climate
and environmental change in Chapter 3 (Opel et al., in preparation). Chapter 4
deals with high-resolution stable-isotope profiles from Late Holocene ice wedges
in Northeast Siberia and their use as paleoclimate archives (Opel et al. 20093,
resubmitted after minor revisions). Appendix | introduces the methods applied to
the analysis of the Akademii Nauk ice core and presents a first overview of
paleoclimatic results (Fritzsche et al., 2005). Appendix Il deals with the first ice-
wedge evidence of the Younger Dryas cold event, highlighting the potential of ice
wedges as paleoclimate archive (Meyer et al., in preparation c). First results of a
recently developed geochronological method for the age determination of ground
ice are discussed in Appendix III (Blinov et al., resubmitted after revisions). The
synthesis (Chapter 5) summarizes and discusses the main results and the
implications of the individual publications as well as provides an outlook on further
paleoclimatic research based on glacier and ground ice in the Russian Arctic.

Owing to the structure of the individual stand-alone articles, overlapping sections
and repetitive statements may occur within the three main chapters and the

appendix.

1.5 The author’s contribution to the individual papers

Paper 1 (Chapter 2)

| designed the study, reviewed the relevant literature, analyzed and interpreted the
data, and wrote the entire manuscript. The co-authors participated in the
laboratory work, contributed data and/or critically reviewed and discussed earlier

drafts of the manuscript. Diedrich Fritzsche advised me in the whole process.

Paper 2 (Chapter 3)

| reviewed the relevant literature, analyzed and interpreted the data, and wrote the
entire manuscript. Diedrich Fritzsche and | jointly developed the core chronology.
All co-authors were involved in the laboratory work and/or contributed data. All co-
authors critically reviewed and discussed interpretation and earlier versions of the

manuscript, and Diedrich Fritzsche supervised the whole process.
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Paper 3 (Chapter 4)

| did the entire fieldwork together with Alexander Dereviagin within the scope of
the joint Russian-German expedition “Lena — New Siberian Islands” 2007
(Dereviagin and Opel, 2009). | designed the study, prepared the relevant literature
review, analyzed and interpreted the data and drafted the manuscript. All authors
were involved in the field and/or laboratory work and critically reviewed and
discussed earlier versions of the manuscript. Hanno Meyer advised me in the

whole process.

Paper 4 (Appendix I)
This paper was coordinated and drafted by Diedrich Fritzsche. | contributed to
laboratory work, data interpretation, internal review and writing of the final

manuscript.

Paper 5 (Appendix Il)
This study was designed and coordinated by Hanno Meyer, who conducted the
laboratory work and drafted the manuscript. | was involved in data interpretation,

internal reviews and writing of the final manuscript.

Paper 6 (Appendix Ill)
Alexander Blinov led the overall effort and drafted the manuscript. As a member of
the German INTAS project team, | was involved in the fieldwork, the data

interpretation and in writing the manuscript.
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Abstract
From 1999 to 2001 a 724m deep ice core was drilled on Akademii Nauk ice cap,
Severnaya Zemlya, to gain high-resolution proxy data from the central Russian
Arctic. Despite strong summertime meltwater percolation, this ice core provides
valuable information on the regional climate and environmental history. We
present data of stable water isotopes, melt-layer content and major ions from the
uppermost 57m of this core, covering the period 1883-1998. Dating was achieved
by counting seasonal isotopic cycles and using reference horizons. Multi-annual
580 values reflect Eurasian sub-Arctic and Arctic surface air-temperature
variations. We found strong correlations to instrumental temperature data from
some stations (e.g. r = 0.62 for Vardg, northern Norway). The 5'®0 values show
pronounced 20th-century temperature changes, with a strong rise about 1920 and
the absolute temperature maximum in the 1930s. A recent decrease in the
deuterium-excess time series indicates an increasing role of the Kara Sea as a
regional moisture source. From the multi-annual ion variations we deduced

decreasing sea-salt aerosol trends in the 20" century, as reflected by sodium and
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chloride, whereas sulphate and nitrate are strongly affected by anthropogenic

pollution.

21 Introduction

Ice cores are well known as one of the best archives for providing information on
palaeoclimatic and palaeoenvironmental changes. These data are very valuable
for climate research, especially for regions or time periods with only few
meteorological observations. For the Arctic, ice cores from the dry snow zone of
the Greenland ice sheet contribute data of more than 100 000 years (e.g. North
Greenland Ice Core Project (NorthGRIP) members, 2004). However, for a more
comprehensive view on the climate changes on a more regional scale and over
shorter timescales, more data from Arctic regions outside Greenland are needed.
Therefore, in the Eurasian Arctic several ice cores from ice caps on Svalbard
(Isaksson et al., 2001; Watanabe et al., 2001) and on Franz Josef Land (FJL)
(Henderson, 2002) have been drilled and analysed recently. Ice caps in the
Eurasian Arctic are relatively small and have a relatively low altitude compared
with the Greenland ice sheet as well as with Canadian Arctic ice caps. Moreover,
they have higher accumulation rates. Thus, they mostly contain records of only
several hundred years. Additionally, they are characterized by summer surface
melting and infiltration processes, which alter these ice-core records further (e.g.
Koerner, 1997). Nevertheless, the small Arctic ice caps contain valuable
palaeoclimatic and palaeoenvironmental records (e.g. Henderson, 2002; Isaksson
et al., 2005b).

The easternmost considerable ice caps of the Arctic exist on the Severnaya
Zemlya (SZ) archipelago, located in the central Russian Arctic between the Kara
Sea in the west and the Laptev Sea in the east (Figure 2.1). SZ is vulnerable to
climatic and environmental changes due to its position in the high latitudes and in
the transition zone from the Atlantic-influenced western Siberian to continental
eastern Siberian Arctic climate. In the last few decades, several ice cores have
been drilled on SZ ice caps (see section 2.2). They were analysed only at a
relatively low resolution, resulting in an uncertain maximum time resolution and
questionable timescales. To improve the resolution of palaeoclimatic data, to
check the previous timescales and to evaluate the alteration of the original

atmospheric deposition by melting and infiltration, a new 724 m long surface-to-
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bedrock core was drilled on Akademii Nauk (AN) ice cap from 1999 to 2001 at
80831’ N, 94849’ E (Fritzsche et al., 2002).

In this paper, we present high-resolution data of stable water isotopes, melt-layer
content as well as major ions from the uppermost 57 m of this core, covering the
time period 1883-1998. The uppermost 57 m section was chosen because this is
the only section with high-resolution ion data. We discuss the palaeoclimatic
significance of the ice-core proxies by comparing them with meteorological and
palaeoclimatic data from the Eurasian sub-Arctic and Arctic and the deduced

climatic features.

2.2 Previous Severnaya Zemlya ice cores

Between 1978 and 1988, scientists from the former Soviet Union drilled eight ice
cores on SZ (seven on Vavilov ice cap and one on AN ice cap) (Kotlyakov et al.,
2004). Six of these cores were sampled and analysed, but only at low resolution
(about 2 m and less). Some of these data are available, provided by the database
‘Deep Drilling of  Glaciers in Eurasian Arctic’ (DDGA) at
http://www.pangaea.de/search?q=ddga.

Dating of these cores was achieved by a combination of annual-layer counting
(based on variations of optical density, electrical conductivity and non-specified
stratigraphic features), ice-flow modelling and wiggle matching with icecore
records from Greenland and Antarctica. These methods led to different age
models for the SZ ice cores. For the near-bottom ice layers of AN ice cap as well
as of Vavilov ice cap, ages between 10 and 40 kyr were published, but due to
uncertainties in the applied dating methods, these ages seem to be distinctly
overestimated (Kotlyakov et al.,, 2004, and references therein). However,
according to Koerner and Fisher (2002), AN ice cap, as the thickest and coldest
ice cap on SZ, is the only one in the Eurasian Arctic with the potential for a Late
Pleistocene age.

Stable-isotope data (5'°0, dD) from the previous ice cores revealed a marked
warming trend for the last 150 years (Tarussov, 1992; Kotlyakov et al., 2004). The
older climatic implications, though, are questionable due to the aforementioned

inadequate dating methods.
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2.3 Study Area

2.3.1 Climate conditions on Severnaya Zemlya

In general, the climate of SZ is typical for the High Arctic. The large-scale
atmospheric circulation is dominated by the low-pressure area over the Barents
Sea and Kara Sea and by the high-pressure areas over Siberia and the Arctic
Ocean (Bolshiyanov and Makeev, 1995; Alexandrov et al., 2000). During
wintertime, anticyclone circulation connected with the Siberian and Arctic highs
dominates, but cyclones coming from the Kara Sea reach the archipelago. In
spring, the circulation shows winter characteristics, but with lower pressure
gradients and cyclone activity. The summer is characterized by continually
decreasing cyclone activity and the formation of a high-pressure area. In autumn,
wintertime pressure fields start to develop and the cyclone activity increases to its
annual maximum.

Meteorological measurements on SZ started only in 1930. Unfortunately, there are
some data gaps in the 1930s and 1940s. Golomyanny station (Figure 2.1; World
Meteorological Organization (WMO) number 20087), located on a small island at
the western tip of SZ (7 m a.s.l.), has an annual mean surface air temperature
(SAT) of -14.7°C for the period 1951-80 (Alexandrov et al., 2000). After a SAT
maximum in the 1950s, Golomyanny data show a cooler period until 1980 and a
warming trend since 1990, though without reaching the values of the 1950s (data
from Polyakov et al,, 2003b, http://www.frontier.iarc.uaf.edu/~igor/
research/data/airtemppres.php).

Annual mean precipitation is 186 mm at Golomyanny station (Alexandrov et al.,
2000), whereas the ice caps receive about 400 mm distributed throughout the
year, with maxima in summer and autumn (Bolshiyanov and Makeev, 1995).
According to the general circulation pattern, Bolshiyanov and Makeev (1995)
demonstrated that the main part of precipitation on Vavilov ice cap occurs in
connection with southerly and southwesterly winds, caused by northeastward
movement of moisture-bearing cyclones over the Kara Sea. The autumn
precipitation maximum is connected to the increase in cyclonic activity:
depressions causing much precipitation move from the North Atlantic. Cyclones,
formed over northern Europe and western Siberia, are responsible for the summer

precipitation maximum. An air-mass transport mainly from Asia, northern Eurasia,
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Europe and the Atlantic Ocean, as identified by trajectory analysis for spring
(Vinogradova and Egorov, 1996) and summer (Vinogradova and Ponomareva,
1999), confirms these findings. We assume a similar pattern and origin of

precipitation for the nearby AN ice cap, situated about 150 km north of Vavilov ice
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Figure 2.1: Map of the Arctic. Inset shows a detailed map of Severnaya Zemlya (SZ) archipelago.

All locations referred to in the text are labelled.

2.3.2 Drilling-site characterization and melting processes

Covering an area of 5575 km?, the dome-shaped AN ice cap is the largest in the
whole Russian Arctic, reaching a maximum elevation of about 750 m a.s.l.
(Dowdeswell et al., 2002). To avoid a disturbed core stratigraphy, the drilling site
was chosen in an area with flat subglacial topography and low horizontal ice-flow
velocity (Fritzsche et al., 2002). Although situated near the summit, the drilling site
is located in the percolation zone and therefore, like almost all Arctic ice caps
outside interior Greenland, is affected by infiltration of meltwater during summer.
We assume that melting and infiltration processes occur in almost every summer

due to temperatures above 0°C and/or high insolation.
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An automatic weather station (AWS) was run at the drilling site between May 1999
and May 2000, with a data gap of 2 months (during February and April 2000) due
to a breakdown in power supply (Kuhn, 2000). The AWS data give the opportunity
to characterize the temperature conditions near the drilling point for the 1999
summer season. Figure 2.2 illustrates daily mean values of air temperature (2.5 m
above snow cover at the start in May 1999), snow height (calculated from the
distance between sensor and snow cover, relative to the start) and snow
temperature (0.5 m below snow cover at the start). Clearly visible are
temperatures above 0°C in July and August, causing snowmelt and decrease of
snow height. Strong increases in snow temperature within a few days,
corresponding with decreasing snow height, indicate infiltration events. The
meltwater pulses connected with latent-heat flow reach depths of 1 m (height
difference between snow height and snow temperature logger) as a minimum, at
least in fresh snow. At the end of August, almost all the snow that had fallen since
May had sintered and melted, before new snow accumulation began. The
maximum percolation depth on AN ice cap is uncertain. However, percolation
deeper than two to three annual layers seems unlikely, since the ice layers,
formed by refrozen meltwater, should be barriers to further infiltration. For the
Lomonosovfonna ice core, extensive study by Pohjola et al. (2002b) showed that
the infiltrated meltwater typically refreezes within the recent annual layer.

The annual mean air temperature for May 1999 - April 2000 was calculated as -
15.7°C (Kuhn, 2000). Compared with the measured 10m depth temperature of -
10.2°C in April 2000, this indicates latent-heat flow of infiltrating meltwater, as
mentioned above. From a comparison of AWS and Golomyanny SAT data, we
calculated a mean temperature gradient of -0.5°C per 100 m altitude, with lowest
values in summer and highest values in autumn as a result of sea-level freezing

processes with release of latent heat.

24 Methods

The AN ice core was processed and sampled in the cold laboratory of the Alfred
Wegener Institute for Polar and Marine Research in Bremerhaven. At first,
electrical conductivity and density were determined in 5 mm resolution by using
dielectrical profiling and y-absorption techniques (Wilhelms, 2000). Thereafter, two

core-axis-parallel slices were cut. Samples for stable water-isotope measurements
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were taken from the first 11 mm thick slice at a very high resolution of 25 mm. To
determine 3'0 and 8D we used a Finnigan-MAT Delta S mass spectrometer with
an analytical precision of better than +0.1%o for 8'20 and +0.8%o for 8D (Meyer et
al., 2000). In total, we analysed 2248 samples for the 57 m considered here.

The second 30 mm thick slice was polished and scanned with a line-scan camera
(Svensson et al., 2005) for stratigraphical analysis and identification of melt layers.
Subsequently, these slices were used for glaciochemical studies. For the
uppermost 53 m, discrete samples were taken continuously under clean conditions
at a resolution of 60 mm (for details of sampling see Weiler et al., 2005). For the
remaining 4 m of the considered core section, we took discrete samples at a
resolution of about 30 mm by using a melting device for continuous flow analysis
(CFA) coupled with an autosampler system, which was also used for the analysis
of the ice cores from Greenland (NorthGRIP) and Antarctica (European Project for
Ice Coring in Antarctica (EPICA)) (for details see Ruth et al., 2004). A Dionex 1C20
ion chromatograph was used to analyse the melted samples for anions
(methanesulphonate (MSA"), CI', NOs’, SO4%) and cations (Na*, NH,*, Mg?*, Ca**)
(for details see Weiler et al., 2005).

2.5 Dating approach and age model

We dated the presented ice-core section and determined the annual layer
thickness by identifying different reference horizons as well as by counting
seasonal isotopic cycles. As reference horizon, we used the 1963 radioactivity
peak caused by the fallout from nuclear bomb tests, as determined by '*’Cs
measurements (Fritzsche et al., 2002; Pinglot et al., 2003). Additionally, we
interpreted two peaks in electrical conductivity as well as sulphate as deposits of
the volcanic eruptions of Bezymianny, Kamchatka, in 1956 (Weiler et al., 2005)
and of Katmai, Alaska, in 1912 (section 2.6.3). Seasonal signals of 5'°0, 5D and
deuterium excess d (d = 3D - 8 8'%0) are detectable in AN ice-core isotopic data,
even though altered from the originally deposited signal in the snowpack and
smoothed due to melting and infiltration processes. The counted annual marks
(5'®0 winter minima and corresponding d maxima) confirm the reference horizons
and yield an age of 116 years at annual resolution for the 57 m core section
studied. As a result of the high-resolution sampling, each year is represented by a

mean of 20 samples (min. 9, max. 44). However, the possibility of substantial
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runoff or strong modification of the original isotopic signature has to be taken into
account. This could lead to complete smoothing of annual cycles or creation of

additional peaks, which could possibly be counted as additional years.
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Figure 2.2: Data from an AWS near the drilling site for time period May-August 1999: air
temperature (2.5 m above snow cover at the start in May 1999), relative snow height (relative to
start in May 1999) and snow temperature (0.5 m below snow cover at start in May 1999). The
horizontal black lines indicate 0°C. Grey shaded areas indicate infiltration events with decreasing

snow height and increasing snow temperature.

The resulting depth-age relationship and annual layer thickness are displayed in
Figure 2.3. The annual layer thickness shows distinct variations on different
scales. The mean value for the period 1883-1998 is 0.41 m w.e. In general, the
mean annual layer thickness shows lower values (0.36 m w.e.) before and higher
values (0.44 m w.e.) after 1935. A similar increase of annual layer thickness in the
second half of the 20" century also occurred on Lomonossovfonna, Svalbard
(Pohjola et al., 2002a).

As another approach for dating the upper AN ice-core section, Weiler et al. (2005)
counted Na* peaks as assumed annual markers. They determined 94 years in the
0-53 m core section, 15 years less than by the abovementioned dating method for
the same depth interval. Deviations between the two dating approaches occur
over the whole core section, but mainly in the 1950s and 1920s, probably caused

by strong melting.
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Evidence for the reliability of our age model is given by the coincidence of a strong
rise at about 1920 in both the %0 and SAT data (as shown in Figure 2.5 below),
which could be used as additional reference horizon (Watanabe et al., 2001). This
leads to the conclusion that the chemical profile of the AN ice core is modified
more by infiltration processes than the isotopic record, as reported also for a
Svalbard ice core from Lomonosovfonna (Pohjola et al., 2002b). Therefore,
counting seasonal isotopic cycles and cross-checking with reference layers seem
to be more promising for dating the AN ice core than counting chemical signals. In
the following discussion, we use the dating shown in Figure 2.3 and estimate the
dating accuracy to be better than +3 years after 1920 and up to +5 years at the

end of the 19™ century.
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Figure 2.3: (a) Thickness of the thinned (not decompressed) annual layers (grey line: annual
values; thick black line: 5 year running mean (5yrm) values; horizontal line: long-term mean) and

(b) depth-age relationship as result of the age model.

Fritzsche et al. (2005) found that AN ice cap was not in dynamic steady state, but
had been growing until recent times. They calculated the age of the near-bottom

ice of the AN ice core at approximately 2500 years. Therefore, it is distinctly
22
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younger than assumed before drilling this ice core. Most likely, the AN ice cap had
disappeared almost completely during the Holocene thermal maximum and started

growing again to the present state thereafter.
2.6 Results, climatic implications and discussion

2.6.1 Stable water-isotope ratios 5'®0 and 5D

Due to their dependence on condensation temperatures, stable water-isotope
ratios 8'°0 and dD in precipitation are commonly accepted as valuable proxy for
local- to regional-scale temperatures in high polar latitudes. For the AN ice core,
the relationship between all 5'®0 and 3D values in the presented core section is
5D = 7.46 8'%0 - 0.11 (R? = 0.98, n = 2248; Figure 2.4). Considering only the
annual mean values, derived by averaging all isotope values between the defined
annual marks, the isotopic relationship is calculated as 8D = 7.55 5'%0 + 1.84 (R?
= 0.99, n = 116; Figure 2.4). Both relationships are close together and can be
interpreted as a local meteoric waterline (LMWL). Additionally, they differ only
slightly from the global meteoric waterline (GMWL), which is defined theoretically
as 8D = 8 5'%0 + 10 (Craig, 1961) and calculated on a global scale as 3D = 8.17
580 + 10.35 (Rozanski et al., 1993). From this, it follows that the mean isotopic
composition of the AN ice core is not affected by considerable changes owing to
evaporation. Therefore, the AN ice-core stable-isotope data seem to be suitable
for palaeoclimate studies. Statistical descriptions of the stable water-isotope data

(single values and annual mean values) are given in Table 2.1.
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Figure 2.4: 5'%0-3D diagram for single values (a) and annual values (b) of the AN ice core. Grey
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line represents the GMVWL.

Table 2.1: Statistical descriptions of AN ice-core stable water-isotope data

57°0 [%o] 5D [%o] d [%eo]

Single Annual Single Annual Single Annual

values mean values values mean values values mean values

n 2248 116 2248 116 2248 116
Max -13.8 -16.6 -104.0 -122.2 20.8 14.0
Min -27.4 -24.6 -206.5 -183.1 2.7 6.8

Range 13.6 7.9 102.5 60.9 18.1 7.2
Mean -20.1 -20.2 -150.0 -150.7 10.7 10.8
Median -20.0 -20.2 -149.1 -150.8 10.7 10.9
Variance 4.0 2.0 225.8 114.6 4.9 2.1
Standard 2.0 1.4 15.0 10.7 2.2 1.4
deviation
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For palaeoclimatic consideration of stable-isotope data, we focused on 6180,
which is more common in Arctic ice-core studies and therefore suitable for
comparisons. To evaluate the palaeoclimatic significance of AN &'®0 data, we
compared them with instrumental as well as composited SAT time series and
other ice-core data. For the calculation of correlation coefficients the time series
were detrended by removing the linear trends. We used annual mean values and
5 year running mean (5yrm) values of AN 5'®0 and SAT data, since the effects of
melting, infiltration and refreezing processes on the stable-isotope data should be
reduced oreven negligible when smoothing the dataset over 5 years.

We did not find any good agreement between AN 580 data and SAT time series
from the nearest meteorological station, Golomyanny (rsym = 0.27; data from
Polyakov et al., 2003b). Since Golomyanny is situated on a small island only 7 m
a.s.l., we assume that its SAT is controlled mainly by the local occurrence of sea
ice, especially in the summer and autumn seasons. It therefore represents a very
local climate. In contrast, temperature conditions at the AN ice-cap summit, as well
as at the precipitation condensation level, are relatively independent of the local
sea-ice occurrence at Golomyanny.

Since there are no Central Russian Arctic SAT time series reaching back to the
19™ century, we chose additional stations, mainly from the Atlantic and Eurasian
sub-Arctic, with respect to their spatial vicinity on the one hand and temporal
extension of the time series on the other. We present the correlations for some of
these SAT time series in Table 2.2. The best accordance between AN &'®0 and
instrumental SAT time series (1883-1998) was found for Vardg (rsym = 0.62) and
Arkhangelsk (rsym = 0.61) stations, located at the Barents Sea and White Sea
coasts, respectively (Figure 2.5; data from Climatic Research Unit (CRU),
Norwich, UK; Brohan et al., 2006). Compared with Golomyanny, their SATs are
not (or in the case of Arkhangelsk to a much lesser extent) influenced by the
occurrence of sea ice. The good correlations and similarities of the time series
reveal again the influence of the Atlantic Ocean via the Barents Sea and Kara Sea
on SZ region SAT conditions. Additionally, we found a strong correlation (rsym =
0.72; Figure 2.5) with the composite Arctic (north of 62° N) SAT anomalies time
series of Polyakov et al. (2003b). However, one should note that these strong

correlations are mainly due to common multi-annual variability (Table 2.2).
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The strong correlations to instrumental and composite SAT data show that AN
5'%0 data are representative for SAT changes, not only for the central Russian
Arctic, but also for the western and possibly whole Eurasian Arctic and sub-Arctic.
Since there are no meteorological data from the central Russian Arctic and only a
few time series in the Eurasian Arctic spanning more than 100 years, our high-
resolution AN 5'%0 data are very valuable for further palaeoclimatic studies in the

Eurasian Arctic.

Table 2.2: Correlation coefficients between the detrended time series of AN 5'°0 and of selected
sub-Arctic and Arctic SAT (r, for annual mean values, rs,m for 5 year running mean values) in the
given time periods. The reduced degrees of freedom due to autocorrelation were taken into
account for the calculation of the levels of significance. The WMO stations are sorted from east to

west (see Figure 2.1).

WMO station WMO number time period ry Fsyrm
Mys Shmidta' 25173 1933-1998  0.20" 0.66™"
Mys Chelyuskin' 20292 1933-1998  0.217 0.40
Mys Golomyanny' 20087 1946-1998"  0.02 0.27
Ostrov Dikson' 20674 1917-1998 0.16" 0.32
Ostrov Rudolfa’ 20049 1948-1995  0.10 042
Arkhangelsk? 22550 1883-1998  0.34™" 0.61™
Vardg?® 01098 1883-1998  0.35"" 0.62""
Svalbard Lufthavn? 01008 1912-1998  0.33""" 0.56"
Bjornoya’ 01028 1946-1998  0.12 0.43
Bodg® 01152 1883-1998  0.217" 0.53"
Jan Mayen2 01001 1921-1998  -0.04 0.27
Akureyri1 04063 1883-1998 0.27""  0.54"
Angmagssalik1 04360 1895-1998 0.14 0.43
Upernavik' 04210 1883-1998  0.13 0.36
Barrow' 70026 1893-1998 0.14 0.41"
Arctic’ - 1883-1998 0.44™ 0.72"

' Data source: Polyakov et al., 2003b.

% Data source: CRU Norwich.

" Time series were shortened due to data gaps.

* Correlation coefficient statistically significant at the level of p=0.1

** Correlation coefficient statistically significant at the level of p=0.05.

+++

Correlation coefficient statistically significant at the level of p=0.01.

The AN 3'0 time series shows a distinct increasing trend with pronounced

changes since 1883. Starting from a low level of about -22%., &'°0 values
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increased to values of -18%. at about 1920 and 1940. From 1950 to the 1980s
they oscillated about -20%0 and rose again afterwards. Besides the strong warming
in the first two decades of the 20" century the most prominent feature of the AN
5'%0 time series is the double-peaked SAT maximum between 1920 and 1940.
These values were not reached again until the end of our record in the 1990s. This
agrees with the instrumental sub-Arctic and Arctic SAT data (Figure 2.5). The
double-peak structure of this SAT maximum seems to be a specific feature of the
Eurasian Arctic, since the 1920 peak is not visible in other SAT time series (e.g.
Bodg or Akureyri). Based on instrumental data, Przybylak (2007) stated that for
the whole Arctic the decade 1936-45 and the year 1938 were the warmest in the
20™ century. Only the period 1995-2005 and the year 2005, respectively, reached
and exceeded these values. This SAT pattern shows the Arctic peculiarity
compared with the whole Northern Hemisphere (NH), where the SAT maximum
values at about 1940 have been exceeded since the end of the 1980s (Figure 2.5;
data: http://data.giss.nasa.gov/gistemp/tabledata/NH.Ts.txt).

AN 5'0 data show distinct similarities to the ice-core 8'®0 time series from
Austfonna ice cap, Svalbard, (Isaksson et al., 2005b) and Vetreniy ice cap, FJL,
(Henderson, 2002) whereas the accordance to Lomonosovfonna (Isaksson et al.,
2005b) is not as good. AN, Austfonna (750 m a.s.l.) and Vetreniy (500 m a.s.l.) ice
caps are locatedat relatively low altitudes and are therefore more sensitive to SAT
changes. In contrast, glaciers of higher elevation like Lomonosovfonna (1250 m
a.s.l.) seem to reflect primarily free atmospheric climate signals (Isaksson et al.,
2005b). The higher sensitivity of the lower-altitude ice caps is also visible in the
broader range of 5'%0 values (about 4%. for AN and Austfonna for 5yrm in the 20™
century) compared with Lomonosovfonna (about 2%o). The range differences may
also be influenced by different impacts of sea ice and of the dampening North
Atlantic, as well as by the more frequent temperature inversions at the lower
altitudes as reported for Austfonna compared with Lomonosovfonna (Isaksson et
al., 2005b).
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Figure 2.5: Time series of the AN melt-layer content, AN 5'%0, sub-Arctic and Arctic SAT and NH
SAT. The thin grey lines indicate annual mean values. The thick black lines represent 5yrm values
(for AN melt-layer content 1 and 3 m running mean values, respectively) except for Arctic2, where it
represents 5 year mean values. Arctic1 displays the Arctic SAT anomalies (relative to 1961-90)
dataset of Polyakov et al. (2003b), Arctic2 the reconstructed Arctic SAT anomalies (relative to
1901-60) of Overpeck et al. (1997).
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In contrast to these Eurasian Arctic ice-core data, the accordance between AN
5'80 data and the often used proxy-deduced SAT time series of Overpeck et al.
(1997) is less pronounced (Figure 2.5). This is probably caused by the
predominance of Canadian and Alaskan Arctic proxy sites in this composite

record, whereas just a few proxy records of the Eurasian Arctic are considered.

2.6.2 Deuterium excess

The second-order parameter deuterium excess d (Dansgaard, 1964) in
precipitation depends largely on the evaporation conditions in the moisture source
region, to a lesser degree on condensation temperatures but also on secondary
kinetic fractionation processes. The main controlling factors are the relative air
humidity and the sea-surface temperature (SST) and, to a lesser extent, wind
speed during evaporation (Rozanski et al.,, 1993). Assuming no significant
changes in the spatial distribution of the moisture source regions, variations of d
can be interpreted in terms of changing SST and relative humidity conditions (e.g.
Hoffmann et al., 2001).

The mean d values of the considered core section account for 10.7%. for all single
samples and 10.8%o0 for the annual mean values, respectively (Table 1). These
values are typical for precipitation in high-latitude coastal areas (Johnsen et al.,
1989). Therefore, we assume an oceanic main moisture source, whereas
substantial water recycling from the continents seems unlikely. However, the AN
mean d value is slightly higher than the 9.5%. for the period 1883-1990 in the
Lomonosovfonna ice core (Divine et al., 2008), the only Arctic ice core outside of
Greenland for which a study of d was performed so far. This points to different
moisture generation and transport regimes, probably due to the more remote
location of SZ compared with the much more Atlantic-influenced western Svalbard.
In general, high (low) d values are caused by high (low) SST as well as by low
(high) relative humidity during evaporation (Johnsen et al., 1989). However, on
seasonal timescales d seems to be controlled mainly by the relative humidity. In
the AN d record, high (low) d values in winter (summer) are connected with lower
(higher) relative humidity in the moisture source region, outbalancing lower
(higher) SSTs during that time. This pattern of opposite behaviour of 5'°0 and d

corresponds with the isotopic data of the Global Network of Isotopes in
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Precipitation (e.g. Rozanski et al., 1993) and model calculations (Fréhlich et al.,
2002).

Based on the assumption of nearly constant annual mean values of relative
humidity in the moisture source region, multi-annual variations of d should be
related mainly to SST changes (Hoffmann et al., 2001). The AN d time series
shows a distinct decreasing trend over the 115 years considered. This is a reverse
picture compared with 3'0 (Figure 2.6), corresponding with the findings in the
seasonal cycles of d and 3'0. Only the strong 50 peak about 1920 shows no
counterpart in d (see below). The highest d values (about 12%.) occurred about
1900 and the lowest (about 9%o) in the 1990s. A similar decreasing trend is visible
in the ice cores from central Greenland (Hoffmann et al., 2001), but not in the
Lomonosovfonna ice core (Divine et al., 2008), where an increasing d trend is
visible for the period considered here.

The main feature of the AN d time series is the strong decrease since 1970, also
detectable in the ice-core records from central Greenland (Hoffmann et al., 2001),
but not in the Lomonosovfonna ice core, which shows an increase (Divine et al.,
2008). Assuming the positive d-SST relationship both the general decreasing trend
and the strong d decrease after 1970 in the AN d record would indicate
corresponding SST decreases in the main moisture source region. However, no
comparable cooling trends are visible in the SST time series of the North Atlantic
(0-70° N) (Gray et al., 2004; data: ftp://ftp.ncdc.noaa.gov/pub/data/paleo/
treering/reconstructions/amo-gray2004.txt), which is the supposed main moisture
source for precipitation reaching AN ice cap (Figure 2.6), as well as in the NH SAT
record (Figure 2.5). Opposed to the AN d record, the North Atlantic SST has
increased strongly since 1970. Such an opposite behaviour is also detectable
about 1940, where a distinct d minimum was accompanied by high SST values.
This pattern indicates that in hemispherical warmer periods (e.g. about 1940 and
since 1970; Figure 2.5) AN ice cap receives more precipitation from moisture
evaporated at lower SSTs, for example due to a northward shift of the moisture
source or a significant moisture contribution of a secondary regional source
(Johnsen et al., 1989). Since most precipitation on SZ is caused by air masses
moving from the south and southwest, the Kara Sea could be a regional moisture
source (Figure 2.1) with its sea-ice cover as the main controlling factor for summer

and autumn evaporation. The time series of Kara Sea August sea-ice extent
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anomalies (Polyakov et al., 2003a; data: http://www.frontier.iarc.uaf.edu/~igor/
research/ice/icedata.php) shows a pattern similar to AN d data (rsym = 0.51 for
detrended data, p = 0.05; Figure 2.6). A low sea-ice extent in the Kara Sea allows
higher evaporation rates and leads to higher contribution of regional moisture to
AN ice-cap precipitation. This results in lower d values due to the lower SST of the
Kara Sea compared with the North Atlantic. In contrast, high sea-ice extent
prevents a considerable regional moisture contribution, preserving the initially
higher d values. The missing d counterpart of the 1920 5'®0 peak can also be
explained with this approach. The first part of the strong early 20" century
warming about 1920 occurred primarily in the winter season (Polyakov et al.,
2003b). This did not lead to a substantial decrease in sea-ice extent in the Kara
Sea and therefore not to a considerable regional moisture contribution and a
decrease of d values. Since 1930 a warming of the non-winter season is
perceptible, causing the absolute SAT maximum about 1938 (Polyakov et al.,
2003b). This resulted in a corresponding decrease of sea-ice extent, leading to an
amplified regional evaporation and, thus, a minimum in d.

Therefore, we assume the Kara Sea to be an important secondary moisture
source region for the air masses reaching SZ, as well as the AN deuterium excess
to be an indicator of temperature changes in the surrounding seas and the
connected sea-ice extent changes. However, this is not the case for the d record
of the Lomonosovfonna ice core, which can be interpreted as a proxy for the SST

variability of the mid-latitude western North Atlantic (Divine et al., 2008).
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2.6.3 Melt-layer content

The amount of melt layers in ice cores is a proxy for the summer warmth at the

ice-cap surface (Koerner, 1977). We calculated the melt-layer content by the

proportion of meltlayer ice per metre by weight. As melt layer we considered ice,

which consists of firn, infiltrated by a visible content of meltwater, independent of

the amount of meltwater. Summertime meltwater infiltration on AN ice cap is

irregular, as shown by Fritzsche et al.

(2005). Percolation deeper than the

corresponding annual layer leading to the formation of superimposed melt features

may occur, at least in the warmest summers (section 2.3.2). Consequently, as a
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nearly annual resolution is not possible, we identified the melt-layer content per
metre.

The melt-layer content in the AN ice core shows a strong increase at about the
beginning of the 20™ century, remains on a high level until about 1970, despite
distinct variations, and exhibits a strong decrease in the most recent decades
(Figure 2.5). The ice cores from Vetreniy ice cap (Henderson, 2002) and
Austfonna ice cap (Watanabe and other, 2001) show similar melt-layer records, in
contrast to the Lomonosovfonna melt-layer time series (Kekonen et al., 2005).
Whereas the first increase in the AN melt-layer record is also perceptible in a rise
in the 5'®0 time series, there are distinct differences between both proxies later
on. Around the 5'°0-derived SAT maxima at about 1920 and 1940, as well as in
the last decades, the melt-layer content shows sharp declines, whereas it exhibits
higher values in the cooler 1950s and 1960s, indicating different seasonal
temperature trends. For example, the strong warmings at about 1920 and 1940
occurred primarily in winter and autumn, which is supported by the studies of
Polyakov et al. (2003b; see above) and of Henderson (2002) for the Vetreniy ice
core. We did not find any correspondence between the melt-layer content and the
Golomyanny summer SAT record (not shown here), which is influenced mainly by
the cold Kara Sea due to melting sea ice. However, we assume that the melt-layer
content in the AN ice core reflects predominantly the local summer conditions at
the ice-cap surface, determined not only by the temperature, but also by the
energy balance. Hence the significance of the melt-layer content in terms of
regional SAT conditions is limited, at least on such short timescales as considered

here.

2.6.4 Major ions

The ion record of ice cores reflects the atmospheric aerosol concentrations (e.g.
Legrand and Mayewski, 1997). However, ions deposited in glaciers with
percolation are subject to post-depositional changes (Koerner, 1997). The initially
deposited AN chemical profile is superimposed by melting, infiltration and
refreezing processes. Weiler et al. (2005) found that the AN ion record does not
reflect seasonal atmospheric changes, but can be considered as an annually
varying melting/refreezing signal. Most years seem to be represented by a peak of

the more conservative ions such as sodium, which was used to achieve a depth-
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age scale (Weiler et al., 2005; see also section 2.5). However, using mean values
(here: 5yrm values) seems to be promising to detect lower-resolution changes in
ice-core chemistry. In this subsection, we focus on 20"-century trends in AN ion
data and two singular events, which are assumed to be of volcanic origin (see
below).

The sea-salt ions sodium and chloride increased from a relatively low level at
about 1900 to maximum values between 1910 and 1925 (Figure 2.7). From this
time the sea-salt ions show a decreasing trend. In the most recent years, values
comparable to those at about 1900 were reached. Nevertheless, until about 1970
they remained on a high level characterized by a high-frequency variability. The
period 1900-70 is characterized by the highest melt-layer content in the core
section shown here. Therefore, the high variability could be caused or
strengthened by meltwater percolation due to accumulation of leached ions in or
above a melt layer. This assumption is supported by similar variations of the other
ions of sea-salt origin: magnesium, calcium and (not shown here) potassium.
Similar records of sea-salt ions with a mid-20"-century maximum and a distinct
decrease thereafter are also found in the Vetreniy ice core (Henderson, 2002), in
the Austfonna ice core (Watanabe et al., 2001) with maximum values for 1920-63
and, less pronounced, in the Lomonosovfonna ice core (Isaksson et al., 2001;
Kekonen et al., 2005). Kekonen et al. (2005) attributed this decrease to a
substantial loss of ions due to increased melting and runoff, whereas Isaksson et

al. (2001) stated a decreasing deposition.
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The magnesium to sodium ratio, introduced as a sensitive indicator for meltwater
percolation in the Austfonna ice core by lizuka et al. (2002), shows no long-lasting
decrease (Figure 2.7). Only three short-term drops about 1920, 1930 and 1950 are
detectable, accompanied by increased values in the years before. This indicates
short phases of preferential elution of magnesium with respect to sodium and
accumulation in deeper layers. However, no decline of this ratio in the last few
decades is perceptible, corresponding to the decrease in sea-salt ion
concentration. Additionally, the melt-layer content shows the lowest values of the
20™ century for this period, indicating that an increased loss of ions owing to
increased melting and runoff seems unlikely. Hence the decreasing sea-salt ion
trend favours a decreasing deposition due to lower wind speed, a change of
dominating air masses or storm tracks. Since the Svalbard and FJL ice cores
show similar patterns, the reasons for this decrease seem not to be only regional,
but on a larger scale, covering at least parts of the Eurasian Arctic. However, a
possible further growth of AN ice cap with a subsequent rise in altitude due to
higher values of mean annual layer thickness since 1935 (see section 2.5) could
also have contributed.

Short-term peaks in ice-core ion time series are often caused by major volcanic
eruptions. During these eruptions large amounts of aerosols are injected into the
atmosphere, leading to increased ion concentrations, particularly of sulphate (e.g.
Legrand and Mayewski, 1997). In the AN sulphate record, two outstanding sharp
peaks are visible, ascribed to the years 1956 and 1912 by &'0 cycle counting
(Figure 2.7). These values represent the highest values of sulphate concentrations
for at least the last 1500 years, and of electrical conductivity in the whole AN ice
core. The peaks were interpreted as imprints of the large volcanic eruptions of
Bezymianny in 1956 and Katmai in 1912 and were therefore used as reference
horizons for our age model. It is notable that for both events not only sulphate
increased significantly, but all ions show enlarged values (Figure 2.7). In both
cases the magnesium to sodium ratio shows smaller declines in the layers directly
above the peaks (Figure 2.7), indicating leaching of ions. Therefore, it is likely that
these peaks were amplified by infiltration processes and accumulation of ions.
However, the peak linked to the Bezymianny eruption was identified clearly as of
volcanic origin by Weiler et al. (2005), whereas this was not necessarily the case

for the 1912 peak. The Bezymianny eruption was also detected in the
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Lomonosovfonna ice-core sulphate record, whereas there was no hint for the
Katmai-related peak (Isaksson et al., 2001; Kekonen et al., 2005). However, there
are spikes in the Austfonna sulphate profile (Figure 6 in lizuka et al., 2002) which
could be related to the two peaks in the AN ice core. Also, in the ice core from
Vetreniy ice cap, a strong peak in sulphate is perceptible about 1956 (Henderson
2002), even though not attributed to the Bezymianny eruption.

The concentrations of nitrate and sulphate in the AN ice core show a distinct
anthropogenic imprint with a strong increase in the 1960s, maximum values about
1970 and decreasing values thereafter. This pattern corresponds to the records of
the Svalbard and FJL ice cores (Isaksson et al., 2001; Watanabe et al., 2001;
Henderson, 2002; Kekonen et al., 2005) and was attributed to regional industrial
sources by Weiler et al. (2005), who discussed these records in detail, even

though with the slightly different age model mentioned above.

2.7 Conclusions

This study deals with the uppermost 57 m of the recently drilled ice core of AN ice
cap, covering the time period 1883-1998. To evaluate the palaeoclimatic
significance of the ice-core data, we compared them to meteorological and other
proxy data. We show that the AN ice core reflects Eurasian Arctic climate and
environmental changes, although the ice cap is affected by summertime melting

and infiltration processes. The main conclusions are:

1. Despite overprinting by summertime melting and infiltration processes, seasonal
stable water-isotope cycles can be recognized over most of the section of the AN
ice core considered here. In combination with the use of reference horizons, they

enable a high-resolution dating of the AN ice core.

2. The multi-annual AN 5'0 time series shows strong similarities and correlations
to instrumental SAT data from a couple of meteorological stations from the sub-
Arctic and Arctic. Hence AN 3'0 data are a valuable proxy for mean Eurasian
Arctic SAT, providing unique information for this poorly investigated region,

particularly beyond the instrumental records.
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3. In the warmest periods of this record, low d values connected with minima in the
Kara Sea sea-ice extent indicate an increasing role of the Kara Sea as an

important regional moisture source for the precipitation feeding AN ice cap.

4. The melt-layer content has no large-scale significance as proxy for SAT, since it

reflects predominantly summer conditions at the ice-cap surface.

5. The AN ion record is more affected by meltwater percolation than the stable-
isotope record. Nevertheless, long-term trends in atmospheric aerosol content as
well as short-term events like the volcanic eruptions of Bezymianny in 1956 and

Katmai in 1912 can be deduced.
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Abstract

A 724 m deep ice core was drilled recently on the relatively low-altitude Akademii
Nauk (AN) ice cap (Severnaya Zemlya) to gain high resolution proxy data from the
Central Russian Arctic. The AN ice core provides significant climate and
environmental proxy data; although the ice cap is affected by strong summertime
melt water infiltration. We present data of stable water isotopes (3'20, deuterium
excess) and major ions of the upper 535 m, covering about 1700 years. The core
chronology is based on volcanic reference layers and stable-isotope annual layer
counting. The AN 8'®0 data are highly correlated with instrumental temperature
data from the Western Eurasian Arctic and can therefore be used as valuable
near-surface temperature proxy for this region. AN 5'®0 data reveal major
changes in the last centuries, e.g. the absolute minimum around AD 1800 and the
exceptional double-peaked early 20" century maximum. No pronounced Medieval
Warm Period or Little lce Age occurred, but several rapid warming and cooling

events are detected, indicating considerable shifts in atmospheric circulation,
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accompanied by sea ice extent changes. The long-term decrease of AN &'®0 and
sea salt ions reflects the growth of AN ice cap over large parts of the Late
Holocene. Warmer periods show evidence of higher sea-salt ion concentrations
due to smaller sea-ice extent. The 20" century ion records indicate major shifts in

atmospheric circulation and significant anthropogenic pollution.

3.1 Introduction

The Arctic has been influenced more than other regions by the ongoing climate
change (e.g. ACIA, 2005; Trenberth et al., 2007). Temperature increase has been
amplified compared to the global or Northern Hemispheric (NH) scale (Trenberth
et al., 2007) during the rapid Arctic warming events 1920-1940 (Bengtsson et al.,
2004) and in the last two decades (Przybylak, 2007). Accompanying processes
like the decrease of sea ice extent and thickness (Lemke et al., 2007), as well as
the warming of permafrost (Osterkamp, 2005; Romanovsky et al., 2007) clearly
demonstrate the high climate-sensitivity of the Arctic ecosystems. Moreover, due
to its impact on the global surface albedo and ocean currents as well as due to the
large amounts of carbon stored in permafrost, the Arctic is a key region to study
climate changes, particularly as for the future a strong temperature increase, a
strong retreat of sea ice and increased thawing of permafrost are predicted (e.g.
ACIA, 2005; Christensen et al., 2007). This raises the question, whether the Arctic
warming since the 19" century and the amplification of global temperature
variations are exceptional with regard to their magnitude and rate in the last
millennia.

In the European Arctic, meteorological records are relatively short (Polyakov et al.,
2003b). The longest surface air temperature (SAT) time series dates back to the
first half of the 19™ century only (Varde; Figure 3.1), whereas in the Central
Russian Arctic the longest SAT time series started in 1917 only (Dikson, Figure
3.1). Even greater is the relevance of high-resolution climate archives for
reconstructing and understanding temporal and spatial patterns of climate
variability and its causes (e.g. Overpeck et al., 1997).

Among climate archives available for the Arctic, glaciers and ice caps are most
prominent. They provide unique records of physical and chemical properties of the
atmosphere in past times. Greenland ice core records date back to the last
Interglacial and play a major role in understanding NH climate history (e.g.

NorthGRIP members, 2004). In the Eurasian Arctic, glaciers and ice caps are
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limited to archipelagos and islands (Figure 3.1) such as Svalbard, Franz Josef
Land (FJL) and Severnaya Zemlya (SZ). Koerner and Fisher (2002) assumed a
Late Holocene origin for most of them. Even though these glaciers and ice caps
are characterized by summertime surface melting and hence require special
consideration of percolation processes (Koerner, 1997), due to their position at
relatively low altitude and their high accumulation rates they provide high-
resolution records of climate and environmental changes on a regional scale.
Consequently, ice cores from such glaciers and ice caps at Svalbard (Isaksson et
al., 2001; Watanabe et al., 2001) and FJL (Henderson, 2002) were drilled in the
last decades. The ice core records of Svalbard and FJL span only several hundred
years (Isaksson et al., 2005a, 2005b; Henderson, 2002), whereas the ice caps of
SZ are considered to be older. For the near-bottom layers of Akademii Nauk (AN)
ice cap as well as of Vavilov ice cap (Figure 3.1), maximum ages between 10 000
and 40 000 years were suggested (Klementyev et al., 1988, 1991; Kotlyakov et al.,
1990), but due to low data resolution and uncertainties in the applied dating
methods, these ages seem to be distinctly overestimated (Kotlyakov et al., 2004).
However, Koerner and Fisher (2002) stated that AN ice cap, as the thickest and
coldest ice cap on SZ, is the only one in the Eurasian Arctic with the potential of a

Late Pleistocene age.

41



Late Holocene climate change in the Central Russian Arctic Chapter 3

In preparation for submission to Quaternary Science Reviews
‘Sevérnaya Zemlya (SZ)
.-:f L4
ademii Nauk ice cap (AN)

Bl -, Ty
.‘\F'-'< PENIE S (j w
: LB § * 2
< &
%ﬁ' i
I -;h\'..;a W Hans Tausen Iskappe
e Tl
A b

Svalbard

f -m;f‘?iAustfonna ice cap

o Franz Josef Land (FJL)

T
Vetreniy ice cap |

s

("Kara Sea i
L o i

- &

Figure 3.1: Map of the Eurasian Arctic. Inset: detailed map of Severnaya Zemlya (SZ) archipelago.

All locations referred to in the text are labelled.

To verify the suggested timescales and extend high-resolution paleoclimate
information from Eurasian Arctic ice cores eastwards, a joint German-Russian
team drilled a new 724 m long surface-to-bedrock ice core on AN ice cap from
1999 to 2001 (Fritzsche et al., 2002). Hitherto existing results indicate that the AN
ice core is a key archive for the reconstruction of the Late Holocene climate and
environmental history of the Central Russian Arctic (Fritzsche et al., 2005; Weiler
et al., 2005; Opel et al., 2009b). Despite melt water infiltration, AN 5'°0 data of the
last 115 years are highly correlated with SAT data of several meteorological
stations from the Eurasian Arctic and Subarctic and can therefore be used as
proxy for regional SAT (Opel et al., 2009b).

In this paper, we present a continuous record of stable water isotopes and major
ions from the upper 535 m (487 m water equivalent (w.e.)) of the AN ice core
based on overview datasets as well as high resolution data for selected core
sections. We focus on the establishment of a core chronology and the detection of

climate and environmental variations on different timescales.
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3.2 Regional Setting

3.2.1 Severnaya Zemlya (SZ)

SZ is located north of the Taimyr Peninsula on the continental shelf in the Central
Russian High Arctic, between the Kara Sea in the West and the Laptev Sea in the
East. It represents the easternmost archipelago with considerable ice caps in the
Eurasian Arctic (Figure 3.1). Due to its geographical position in the transition zone
from the Atlantic-influenced western Siberian Arctic to the continental dominated
eastern Siberian Arctic SZ is a key area for paleoclimate research. Consequently,
several studies focused on SZ, mainly on the extent of Middle to Late Quaternary
ice sheets and the corresponding paleoenvironments (e.g. Raab et al., 2003;
Moller et al., 2007), Holocene pollen records (Andreev et al., 2008), but also on ice
cores from AN and Vavilov ice caps (for a review of Soviet/Russian ice core
activities see Kotlyakov et al., 2004).

The present-day climate conditions on SZ are harsh, according to its position in
the High Arctic. The low-pressure area over the Barents Sea and Kara Sea and
high-pressure areas over Siberia and the Arctic Ocean dominate the general
atmospheric circulation. Meteorological observations on SZ started in AD 1930.
The mean annual air temperature at Golomyanny station (Figure 3.1, WMO
number 20087, 7 m a.s.l.) on a small island at the western tip of SZ was -14.7°C in
the period AD 1951-1980 (Alexandrov et al., 2000). Mean monthly temperatures
reach their maximum values around 0°C from June to August and their minimum
values about -28°C from January to March. Annual precipitation increases from
186 mm at Golomyanny station (Alexandrov et al., 2000) to about 400 mm on the
ice caps, with most of precipitation falling as snow. Even though precipitation takes
place throughout the year, maxima in summer and autumn, connected with
cyclonic activity are evident (Bolshiyanov and Makeev, 1995). This pattern is
primarily caused by moisture-bearing cyclones from the North Atlantic as well as
from Northern Europe and Western Siberia, which move in north-easterly direction

over the Kara Sea towards SZ.

3.2.2 Akademii Nauk (AN) ice cap
Among the ice caps of SZ, AN is the largest one covering 5 575 km? with a volume

of 2 184 km® (Dowdeswell et al., 2002). The dome-shaped ice cap reaches a
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maximum elevation of about 750 m a.s.l. With a bottom temperature of -7.5°C
(Kotlyakov et al., 2004) AN ice cap is a cold glacier without basal melting. A mean
air temperature of -15.7°C for May 1999 to April 2000 was calculated from data of
an automatic weather station near the 1999-2001 drilling site. However, air
temperatures near ice cap summit reached values above 0°C in July and August,
leading to snowmelt (Opel et al., 2009b). The melt water irregularly infiltrates into
deeper snow and firn layers, where it refreezes and forms ice layers by filling the
pore volume of the firn. Consequently, the ice cap stratigraphy is characterised by
an alternation of layers of bubble-rich firn, partly saturated firn and clear bubble-
free ice. The infiltration of “warm” melt water and its subsequent refreezing leads
to an input of latent heat into the ice cap. This is visible in the measured 10 m
depth temperature of -10.2°C in April 2000, which is significantly higher than the
annual mean air temperature of -15.7°C. The maximum percolation depth on AN
ice cap remains unclear, but an infiltration of more than two to three annual layers
seems unlikely, as ice layers, formed by the refrozen melt water, should act as
barriers and prevent a deeper percolation. Even though the percolation of melt
water and occasionally rain modified the originally deposited isotopic and chemical
records, significant high-resolution data can be obtained from AN ice core (Opel et
al., 2009b).

3.3 Materials and Methods

3.3.1 Ice core drilling

The AN ice core was drilled at 80.52°N, 94.82°E in German-Russian cooperation
of Alfred Wegener Institute for Polar and Marine Research (AWI)
Bremerhaven/Potsdam, and the Arctic and Antarctic Research Institute (AARI) and
the Mining Institute, both St. Petersburg. Due to logistical issues, the drilling took
place during three field campaigns from 1999 to 2001. The bedrock was reached
in a depth of 724 m. For drilling, a KEMS electromechanical ice-core drill was
used, the same type as at Vostok, Antarctica (Fritzsche et al., 2002). For technical
details of the drilling see Savatyugin et al. (2001). The drilling site was selected
close to the ice cap summit, considering geophysical studies of ice cap form and

flow (Dowdeswell et al., 2002). Although situated near the summit, the drilling site
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is located in the percolation zone and therefore, affected by infiltration of melt

water during summer (see section 3.2.2).

3.3.2 Ice core processing and sampling

The processing of the AN ice core took place in the cold laboratory of the AWI in
Bremerhaven and comprised the following steps (see Table 3.1 for an overview;
see also Fritzsche et al., 2005):

1. The electrical conductivity and density of the ice core were non-destructively
measured in a resolution of 5 mm using dielectrical profiling and y-absorption
techniques (Wilhelms, 2000).

2. A two-step-strategy was applied for the sampling for measurements of the
stable water isotope composition (5'0 and &D) of the ice core: First, we carried
out a screening by taking a mean sample from each core segment (bag, about 0.3
to 1.0 m). Second, we took samples in a very high (sub-annual) depth resolution of
2.5 cm. These data are available for the core parts 0-163 m, 204-251 m and some
shorter sections (about 5 m each) distributed every about 25 to 40 m down to 535
m depth.

3. For analysing the ice core stratigraphy and the identification of melt layers, we
scanned ice-core slices with a line-scan camera (Svensson et al., 2005). We
calculated the melt-layer content for the upper 244 m using the proportion of melt-
layers per meter ice core. As melt layer we considered ice, consisting of firn,
infiltrated by a visible content of melt water, independent of the amount of melt
water.

4. For glacio-chemical studies, the uppermost 53 m were sampled continuously
with a subannual resolution of about 6 cm (for details, see Weiler et al., 2005). For
the core section 53-535 m, we used a melting device for a continuous flow
analysis (CFA), coupled with an auto-sampler-system (for details, see Ruth et al.,
2004) to take screening samples (bag means) for the whole core section and high

resolution (about 5 cm) samples for selected core sections.
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3.3.3 Laboratory analytics

The oxygen (3'°0) and hydrogen (3D) stable isotope ratios of the melted ice core
samples were analysed at the stable isotope laboratory of AWI Potsdam, using a
Finnigan MAT Delta-S mass spectrometer. Both isotope ratios were determined
for the same water aliquot, using equilibration techniques. The values are
expressed in delta per mil notation (8, %o) relative to the Vienna Standard Mean
Ocean Water (V-SMOW). The analytical precision is better than +0.1%o for 5'%0
and +0.8%. for 8D (Meyer et al., 2000).

The major ion concentrations were analysed at the glaciochemistry laboratory of
AWI Bremerhaven. To analyse the melted ice core samples for anions
(methanesulphonate (MSA™), CI5, NOs~, SO4*) and cations (Na*, NH,*, Mg*,
Ca?*), a Dionex IC20 ion chromatograph was used (for details see Weiler et al.,
2005).

3.4 Results

3.4.1 Ice core chronology

We dated the core section 0-535 m presented in this paper by using reference
horizons and annual-layer counting. Besides the AD 1963 radioactivity peak
caused by the fallout of nuclear bomb tests (Fritzsche et al., 2002; Pinglot et al.,
2003), we used some extraordinary peaks in non-sea-salt (nss) sulphate as
reference horizons, which we interpreted as deposited ions following major
volcanic eruptions. Due to the high amount of sea-salt ions (see section 3.4.3) as
well as the altering effects of infiltration and refreezing, peaks in electrical
conductivity are not necessarily connected with volcanic events (Weiler et al.,
2005). They are therefore less relevant for the detection of volcanic signals. The
volcanic reference horizons used for the chronology of the AN ice core and the
derived mean annual layer thicknesses are displayed in Table 3.2. For the
volcanic horizons of Bezymianny (Kamchatka) in AD 1956, Katmai (Alaska) in AD
1912 and Laki (Iceland) in AD 1783 (Fritzsche et al., 2005; Weiler et al., 2005;
Opel et al., 2009b) high resolution stable isotope and major ion data are shown in
Figure 3.2. Extraordinarily elevated signals in all major ion concentrations and
consequently in electrical conductivity for both the Bezymianny AD 1956 and

Katmai AD 1912 horizons indicate an amplification of the originally deposited
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signal due to infiltration processes and additional accumulation of ions as
discussed by Weiler et al. (2005) and Opel et al. (2009b). In contrast, the AD 1783
horizon exhibits elevated values only for nss-sulphate and is clearly caused by the
Laki eruption. Additionally, from screening data we newly interpreted an
outstanding nss-sulphate peak in a depth of 303.75 m (274.35 m water equivalent
(w.e.)) as the deposited volcanic aerosols of the 1259 eruption. This eruption of an
up to now unknown volcano is, however, one of the largest Holocene volcanic
signals evident in the Greenland (e.g. Zielinski et al., 1994) as well as Antarctic ice
cores, too (e.g. Traufetter et al.,, 2004; Castellano et al., 2005). It was also
detected and similarly interpreted in the Vetreniy (FJL; Henderson, 2002) and

Lomonosovfonna (Svalbard; Moore et al., 2006) ice cores.

Table 3.2: Volcanic reference horizons used for ice core chronology and derived mean annual layer

thickness.
Reference horizon  Year Depth Mean annual layer thickness between
AD (m) (m reference horizons reference horizon and
w.e.) (mw.e.) 1999 (m w.e.)

Bezymianny eruption 1956 25.85 19.65 0.457 (1956-1999)  0.457
Katmai eruption 1912 44.30 36.20 0.376 (1912-1956) 0.416
Laki eruption 1783 10493 91.32 0.427 (1783-1912)  0.423
Unknown eruption 1259 303.75 274.36 0.349 (1259-1783) 0.371

Seasonal signals of 50, 8D, and deuterium excess d (d=3D-8*3'°0) are
detectable in the high-resolution sampled sections of the entire ice core part
presented here. An alteration of the isotope signal originally deposited in the
snowpack due to melting and infiltration of melt water is obvious in several
sections, resulting in a smoothing of the isotope records or a shifting of signals.
However, also in core sections which suffered intense melting and infiltration, the
combination of 3'®0 and 3D minima and d excess maxima as winter signals
enables us to count annual layers continuously in the long highly resolved core
sections (0-163 m and 204-251 m). In the ice core parts with high resolution stable
isotope data available only in several shorter sections, we determined the mean
annual layer thickness for these sections by counting seasonal isotope cycles. To
fill the gaps between the high-resolution sections, we calculated the missing years

based on the mean annual layer thickness of these sections. Using this approach,
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the mentioned volcanic reference horizons were cross-checked and their age

estimate could be confirmed.
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Figure 3.2: High resolution (0.5 to 5 cm) records of stable isotope (black, top), anions (red), cations
(blue) and electrical conductivity (black, bottom) data for the core sections 104-106 m (left), 43-45
m (middle), 25-27 m (right), containing the volcanic horizons of Laki AD 1783, Katmai AD 1912 and
Bezymianny AD 1956. The units are (%) for stable isotopes, (ng g™') for major ions and (uS m™) for
electrical conductivity. Coloured lines for ions indicate the nss-fraction, grey lines the total ion

concentration.

The applied dating approach resulted in an ice core chronology (AN 2009/04)

spanning about 1 700 years for the core section 0-535 m presented here (Figure

3.3). We estimated the dating accuracy as better than + 3 years after AD 1783, £ 5

years between AD 1650 and 1783, + 20 years between AD 1259 and 1650, and +
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50 years before AD 1259. This chronology is distinctly younger as compared to the
published age models of the first AN ice core drilled in 1986/87 (Kotlyakov et al.,
1990), which propose ages of about 4 200 years for the corresponding depth.
These overestimated ages seem to be caused by a considerable underestimation
of annual layer thickness over the entire core length. However, comparing the
1986/87 and 1999-2001 AN &'°0 records on a depth scale reveal a striking
similarity (Figure 3.4), if different core lengths (1986/87: 761 m, 1999-2001: 724 m)
due to slightly different coring locations are taken into account. This similarity
demonstrates that both ice cores contain the same climate record and are directly

comparable.

Annual layer thickness (m w.e.)
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Figure 3.3: Annual layer thickness (top) and depth-age-relationship (bottom) for core chronology
AN 2009/04. Red dots represent the stable isotope based annual layer thickness (top) and the
corresponding ages considering the volcanic reference horizons (bottom). The green and blue lines
show Nye and Dansgaard-Johnsen models (Paterson, 1994), respectively, applied to AN ice core.

The black line displays a polynomial fit for the core chronology.
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Figure 3.4: Comparison of 1986/87 (sparse data available only) and 1999-2001 (bag mean values)
AN ice core 8'°0 records. The 1986/87 record is adjusted to the depth scale of the 1999-2001 core
by a) adding 11 m (representing the accumulation between 1986 and 1999) and b) fitting of two
reference points and interpolating in between. The grey shaded area marks the ice core section
presented in this paper. The vertical line at a depth of 695 m indicates the potential discontinuity

(see section 3.5.1).

The stable isotope based annual layer thickness does not decrease significantly to
a depth of about 140 m (about 0.40 m w.e.; Figure 3.3). From that depth it
decreases nearly linearly to a mean value of 0.17 m w.e. at a depth of 518-523 m.
The core section 530-535 m exhibits a slightly increased mean annual layer
thickness of 0.20 m w.e. Simple ice-flow models (i.e. the Nye and Dansgaard-
Johnson models; Paterson, 1994) underestimate the real annual layer thickness
and therefore tend to overestimate the corresponding ages (Figure 3.3). This is
supported by an annual layer thickness of 8-10 cm w.e. in the lowest core section
(below 700 m), where these ice flow models predict annual layer thickness
converging to zero caused by layer thinning due to increasing load and horizontal
ice flow. Consequently, AN ice cap was not in dynamic steady state in the time
span discussed here and therefore did not fulfil the assumption for the application
of the mentioned ice flow models. We assume that AN ice cap has been growing

until recent times.

3.4.2 High resolution record of the last three centuries
This section focuses on high resolution (2.5 cm) stable water isotope data (5'°0

and d excess) and melt-layer content of the last three centuries (AD 1700-1998;
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represented by the uppermost 140 m ice core) while high resolution ion
concentrations (continuously available only for the last 115 years) were already
presented and discussed by Weiler et al. (2005) and Opel et al. (2009b).

3.4.2.1 Stable water-isotopes ratios 5'20 and 5D

Stable water isotope ratios (50 and 3D) in precipitation mainly depend on
condensation temperatures. Therefore, they are generally accepted as proxies for
temperature conditions in high polar latitudes on a local to regional scale. We
calculated annual mean values of AN stable water isotope data by averaging all
isotope values between the defined annual marks. The co-isotopic relationships

for AN ice core are

(1) 8D = 7.6261 5'%0 + 3.0513 (R? = 0.99, n = 5549, single values)

and

(2) 8D = 7.6957 5'0 + 4.5729 (R? = 0.9933, n = 298, annual mean values).

This slope is typical for the Siberian Arctic and is close to the Global Meteoric
Water Line (GMWL) which has been defined theoretically as 3D = 8 5'%0 + 10
(Craig, 1961) and calculated for precipitation on a global scale as 8D = 8.17 8'°0
+ 10.35 (Rozanski et al., 1993). Therefore, we assume only minor influence of
kinetic fractionation effects. Consequently, AN ice core stable isotope relationships
can be considered as a Local Meteoric Water Line (LMWL) for SZ and reliable
information from a paleoclimatic point of view can be obtained. In the following, we
focus on 8'®0 as this isotopic ratio is commonly used in Arctic paleoclimate
studies. Smoothing the dataset over 5 years results in strongly reduced or even
negligible effects of melting, infiltration and refreezing on the stable-isotope data
as well dating uncertainties.

Annual mean AN 30 and corresponding 5 year running means (5yrm) are
displayed in Figure 3.5 together with other SAT time series for the last three
centuries. Generally, the AN 3'®0 curve clearly exhibits an increasing trend
between AD 1700 and 1998, superimposed by a marked variability. Highly variable

5'%0 values from AD 1700 to 1750 are followed by a strong decrease to the
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absolute minimum (around -24%.) between AD 1780 and 1820. Thereafter, the
5'%0 values increased gradually until the beginning of the 20™ century, and
strongly until the double-peaked absolute maximum (-18%o) between AD 1920 and
1940. After a decrease to about -20%o in the mid-20" century, '°0 values again
started to increase from the AD 1980s. However, the maximum values between

AD 1920 and 1940 were not yet reached until AD 1998.
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Figure 3.5: AN stable isotope and melt-layer content records together with the SAT records of
Vardg and Arkhangelsk, the reconstructed Arctic SAT anomalies and the reconstructed North
Atlantic (0-70°N) SST for AD 1700 to 2000. The thin grey lines indicate annual and the thick lines

5yrm values (for AN melt-layer content 1 m and 5 m running mean values, respectively).
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The similarity between the AN 5'%0 data and the instrumental SAT time series of
Vardg (WMO station 01098, AD 1840-1999) is striking (Figure 3.5). Vardg, about
2000 km west of AN ice cap, is situated at the year-round ice-free Northern
Norway Barents Sea coast (Figure 3.1). The linear correlation coefficient is rsym =
0.76 (data from CRU Norwich; Brohan et al., 2006). Even though the correlation
between Vardg SAT and AN 5'®0 is lower for annual values (r = 0.37), many
maxima and minima in annual mean SAT correspond to those of the AN &'0
curve, also underlining the validity of our core chronology. The lower correlation
was expected considering infiltration of summer melt into the layers of previous
years, and dating uncertainties. Additionally, the instrumental SAT time series of
Arkhangelsk (White Sea Coast, WMO station 22550, Figure 3.1; AD 1814-1998
with small gaps), the longest of the Russian Subarctic, exhibits distinct similarities
to the AN 3'°0 time series, even though somewhat less than that of Vardg,
particularly before 1850 (Figure 3.5). Consequently, the correlation coefficients are
slightly lower compared to those of Vardg, but still strong (AD 1814-1998: rsym =
0.57, AD 1840-1998: rsym = 0.68).

In contrast, the SAT time series from the nearest meteorological station
Golomyanny (WMO station 20087, AD 1931-1998 with gaps) on a small island at
the western tip of SZ about 150 km southwest of AN ice cap (Figure 3.1) exhibit
only minor similarities with the AN 3'°0 curve (AD 1946-1998, rs;m = 0.14; Opel et
al., 2009b). Due to its location on a small island only 7 m a.s.l., SAT at
Golomyanny is mainly controlled by the local occurrence of sea ice, predominantly
in the summer and autumn seasons. It therefore is valid only on a local scale, in
contrast to the regional climate signals recorded in AN ice cap.

Other SAT time series of the Eurasian Arctic and Subarctic, which do not date
back to the 19" century, were compared to AN &80 for shorter time periods in a
former study (Opel et al., 2009b). They reveal some good accordance as well.
Consequently, we regard AN 5'0 as a suitable proxy for SAT on a regional to (at

least) Western Eurasian Arctic scale.

3.4.2.2 Deuterium excess d
Deuterium excess d (Dansgaard, 1964), a second-order parameter calculated
from 8'0 and 3D (see section 3.4.1), is largely influenced by the evaporation

conditions in the moisture source region. It is mainly determined by relative air
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humidity and the surface temperature (SST) and, to a lesser extent, by wind speed
(Rozanski et al., 1993). The mean annual AN d excess of 11.1%o is a typical value
for precipitation in high-latitude coastal areas and indicates an oceanic main
moisture source. Therefore, substantial continental water recycling contributing to
precipitation at AN ice cap is unlikely. Considering the general atmospheric
circulation patterns, we assume the Northern Atlantic to be the main moisture
source for precipitation feeding the AN ice cap.

The last three centuries of the AN ice core d excess record are characterised by a
marked variability (Figure 3.5). A slightly increasing trend from AD 1700 to 1900 is
superimposed by short-term oscillations between 9.5%. and 12.5%. until AD 1800
and more stable values (about 11.5%0) until AD 1900. The 20™ century shows a
strongly decreasing trend, also with high fluctuations. It is remarkable that the
opposite behaviour of d excess and 520 on a seasonal scale (Opel et al., 2009b)
is also evident on a longer time scale. Maxima (minima) in d excess are often

connected to minima (maxima) in 8'°0.

3.4.2.3 Melt-layer content

The amount of melt layers in ice cores is generally accepted as a proxy for the
summer warmth at the ice cap surface (Koerner, 1977). As summertime melt
water infiltration at AN ice cap is irregular and percolation may exceed the
corresponding annual layer (Opel et al., 2009b), the temporal resolution of that
proxy is lower as compared to 8'®0. The AN melt-layer content varies between
less than 10% and 100% per core meter (Figure 3.5). Slight maxima are detected
around AD 1740 and AD1875 whereas a strong maximum occurred around AD
1850. From AD 1900 to 1970, the melt-layer content is generally high representing
the warmest summers of the last 300 years, interrupted only by two slight minima
at about AD 1920 and AD 1940. From AD 1970, the melt-layer content decreased
strongly. AN melt-layer content differs considerably from AN &80 record (Figure
3.5). Moreover, it seems that 3'°0 maxima coincide with minima in melt-layer

content, whereas melt-layer peaks are located immediately before that of 5'20.

3.4.3 The Late Holocene record
The screening data (bag mean values) of stable isotopes and major ions were

resampled to annual values using a polynomial fit function based on the ice core
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chronology AN 2009/04. For the period AD 1650-1998, continuous high-resolution
stable isotope data are available and replace therefore the resampled data. The
AN stable isotope (5'%0, d excess) and major ion records are displayed in Figure
3.6 and are discussed in the following chapters as running means over 15 years,

which is appropriate for long-term climate information.

3.4.3.1 Stable oxygen-isotope ratio 5'20

The 3'®0 record shows a continuous decreasing trend from -20%o in the 4™ and 5"
century to around -21.5%0 at about AD 1750, characterised by a considerable
variability. Around AD 1750, a strong drop to the absolute minimum around AD
1800 (5'0 = -23%0) occurred, followed by the increase to the absolute maximum
(19%o) in the early 20™ century. This 520 rise reflects a strong warming, which is
unprecedented in this record. The corresponding 5'®0 maximum represents the
warmest time period of the whole AN record (see also Figure 3.4). In the centuries
before, no pronounced century-lasting warmer or cooler periods such as the
Medieval Warm Period (MWP) or the Little Ice Age (LIA) are recorded at AN ice
cap. Long periods of the AN 5'®0 record exhibit a persistent but relatively low
variability of 1 to 1.5%0 for 15yrm values. However, there are some periods, e.g.
around AD 900 and particularly in the 15" and 16™ century, which are
characterised by rapid warming and cooling events up to 3%. for 15yrm values.
These events culminate in sharp short-term §'°0 maxima and minima, indicating

drastic SAT changes within a few decades in the Western Eurasian Arctic.

3.4.3.2 Deuterium excess d

The AN d excess curve does not show a general trend, but displays a marked
irregular variability with d excess values mainly fluctuating between 10.5%. and
12%0.. Several but not all short-term maxima (minima) in d excess are
accompanied by 3'®0 minima (maxima) as counterparts, underlining the
connection between both proxies. The AN record reveals some longer periods with
generally slightly higher d excess values (e.g. AD 470-660, AD 720-870, AD 940-
1070 and AD 1480-1650) as well as slightly lower (AD 1220-1480) d excess
values (Figure 3.6), possibly indicating shifts of the moisture source region. A
similar pattern is not detectable in the §'®0 record. Several rapid changes in d

excess by up to 2%. for 15yrm values within one to two decades are visible in the
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AN record. Distinct short-term minima around AD 450, AD 600 and AD 700, as
results of rapid changes reach, the minimum d excess values of the late 20™

century.
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Figure 3.6: Long-term records of AN stable isotope (black), anion (red) and cation (blue) data. The
thin grey lines indicate Syrm and the thick lines 15yrm values. The dashed lines represent nss-

values. Volcanic eruptions used for the core chronology are marked in the sulphate record.
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3.4.3.3 Major ions

The ion concentration in ice cores reflects the atmospheric aerosol content (e.g.
Legrand and Mayewski, 1997). In ice cores from the percolation zones of glaciers,
the ion record is altered by post-depositional processes (Koerner, 1997), i.e.
melting, infiltration and refreezing. Even though seasonal atmospheric effects are
often blurred, conclusions on multi-annual and long-term changes can be drawn
from the AN ice core (Opel et al., 2009b; Weiler et al., 2005). The AN major ion
concentrations are displayed in Figure 3.6. Assuming that all sodium comes from
sea water, sea-salt (ss) and non sea-salt (nss) fraction of other ion species with a
sea-salt proportion are calculated based on the corresponding ion ratios to
sodium.

The sea-salt ions chloride and sodium are the dominating ions in the AN ice core.
The mean chloride to sodium ratio of 1.98 in AN ice core is close to that of sea
water (1.8), indicating that essentially all of the sodium originates from marine sea-
salt sources, whereas chloride seems to have additional sources. The
concentrations of chloride and sodium exhibit a similar pattern along the whole
record presented here (Figure 3.6). Both show a marked decline from the
beginning of the record until a common minimum around AD 1820, only a few
years after the absolute SAT minimum. Whereas the decrease is rather strong
until about AD 1200, characterised by a considerable variability and some rapid
changes (i.e. about AD 500 and about AD 1000), the ion concentration remained
on a relatively constant level until about AD 1450, when the variability increased
strongly similar to the 8'®0 record. From about AD 1650 to about AD 1820, the
sea salt ion concentrations again decreased to the absolute minimum.
Subsequently, they started to increase gradually until about AD 1900, when they
rose sharply to a maximum from AD 1910 to 1940 and declined strongly thereafter
to values comparable to the long-term mean from about AD 1200 to 1600. The
early 20™ century increase in sea-salt ion concentrations is exceptional regarding
magnitude and rate. However, it started and reached its maximum some 10 to 20
years before the corresponding 8'®0 maximum around AD 1930, which was, in
turn, of shorter duration. The subsequent sea-salt ion decrease was longer-lasting
and more pronounced as compared with 5'80.

About 75% of the magnesium in AN ice core is of sea-salt origin. Consequently,

the AN magnesium record reveals a general similarity to that of chloride and
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sodium (Figure 3.6). However, the decrease is interrupted by an about 200 years
lasting period of comparatively low magnesium values from about AD 800 to 1000.
Thereafter, magnesium concentrations decreased further to the absolute minimum
at about AD 1820, interrupted by a period of a high variability in the 16" century.
The nss-magnesium level remains on a relatively constant level throughout the
record. However, the period AD 800 to 1000 is characterised by slightly negative
nss-magnesium values. Consequently, the magnesium to sodium ratio (not
shown), as sensitive indicator for melt-water percolation introduced in the
Austfonna ice core on Svalbard (lizuka et al., 2002), exhibits a distinct minimum
and dropped partly below that of sea water (0.12), pointing to a preferential elution
of magnesium with respect to sodium in this period, probably due to enhanced
melting.

The most prominent feature of the AN sulphate record is the marked rise in the
20™ century followed by a strong decrease (Figure 3.6). The long-term sulphate
record reveals a pattern similar as compared to chloride and sodium, due to a
substantial proportion of sea-salt sulphate. Due to the relatively low altitude, about
50% of the sulphate comes from sea salt, viewing only the time period before the
anthropogenic influenced 20™ century. Consequently, only about 50% of the
sulphate originates from marine biogenic, terrestrial or volcanic sources.
Therefore, volcanic sulphate peaks are masked. So far, only four remarkable
peaks in nss-sulphate could be certainly attributed to distinct volcanic eruptions
(unknown eruption in AD 1259, Laki in AD 1783, Katmai in AD 1912 and
Bezymianny in AD 1956) and thus used as reference horizons for ice core dating
(see also section 3.4.1). The large peak around AD 720 in total sulphate as well as
nss-sulphate could not be attributed to a volcanic eruption. This peak is detectable
in all ion concentrations, pointing to another than volcanic origin.

About 60% of the calcium ions in AN ice core are of non sea-salt origin. The nss-
calcium fraction remains relatively constant, whereas the sea-salt fraction and
therefore also the total calcium concentration exhibit distinctly higher values before
about AD 800 than thereafter (Figure 3.6). From about AD 800 the total calcium
concentrations decrease slightly until the 18" century. After AD 1800 the calcium
values increase to distinctly higher values in the 20" century with a higher
proportion of the sea-salt fraction. Generally, the AN calcium record exhibits

several striking peaks in nss- and total calcium, indicative of short-term inputs, e.g.
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dust storms or rapid shifts in wind regimes. Two of the peaks are accompanied by
peaks in nss-sulphate and are therefore interpreted as being related to the
explosive volcanic eruptions of AD 1259 (unknown volcano) and AD 1912
(Katmai), possibly associated with volcanic ash or continental crust particles. Two
considerable nss-calcium peaks occurred in the 16™ century, corresponding with
the highly variable records of 5'20 and sea salt ions in this period.

The nitrate concentration in AN ice core reveals a relatively constant level with
minor fluctuations throughout the record until about AD 1900 (Figure 3.6). In the
20™ century, the nitrate values first increased dramatically and then declined
steeply in the last two to three decades. We assume that the nitrate variations in
the centuries before represent the natural variability (soil exhalation) of
preindustrial times with some short-term peaks, possibly due to singular events
such as biomass burning.

Generally, the ammonium concentrations in AN ice core show a slightly increasing
trend, overprinted by several short term spikes (Figure 3.6). These may be caused
by large forest fires in the Siberian Taiga, whereas the long-term record might

reflect a slight increase in microbial soil activity.
3.5 Discussion

3.5.1 Holocene AN ice cap history

Even though SZ was not covered by the Kara Sea ice sheet during the Last
Glacial Maximum (LGM; Moaller et al., 2007) the occurrence of local glaciers on SZ
is likely, probably comparable to the present situation. These glaciers had only a
relatively small extent and/or were relatively thin due to drier climate conditions
during the LGM (Raab et al., 2003; Stiévenard et al., 1996). Recent pollen studies
of Andreev et al. (2008) revealed optimum conditions for local biota warmer than
today and peat accumulation in the transition from Late Glacial to Holocene at
11 500 to 9 500 cal. years BP. At 9 400 cal. years BP the environmental conditions
changed significantly and the vegetation became similar to today due to colder
and dryer climate conditions. Most likely, AN ice cap disappeared or at least
extremely shrunk during that thermal maximum covering the Late Glacial and
Early Holocene, as supposed for all other Eurasian Arctic ice caps as well

(Koerner and Fisher, 2002). Accordingly, induced by the following cooling trend
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and/or change in moisture supply due to changed atmospheric and oceanic
circulation, AN ice cap started growing again in Middle to Late Holocene times (at
least 2 000 to 2 500 years ago) and probably did not reach steady state conditions
until recent times. As similarly suggested also for Hans Tausen Iskappe, North
Greenland (Hammer et al., 2001), the possibility of Late Holocene growth has to
be taken into account when interpreting ice core records from smaller Arctic ice
caps.

However, a discontinuity in the AN ice core record, possibly separating an older
part from the more recent one, cannot be excluded so far. A change in ice core
consistency in the range of the first 8’0 maximum at a depth of about 695 m
(marked in Figure 3.4) is evident and gives hints to changing physical conditions,
even though no peculiar changes in the stable isotope composition or electrical
conductivity are detectable. Moreover, the lowermost core section (below 696 m)
is characterised by CO, and CH4 concentrations of one to two orders of magnitude
higher than the atmospheric values for Interglacials (Samyn et al., 2008). This
indicates biogenic activity during the formation of these ice layers and/or melting-
refreezing processes. The latter did, however, not change the stable water isotope

composition, which forms a slope close to the GMWL.

3.5.2 Paleoclimatic implications of AN ice core records

The long-term decrease of AN &'20 until about AD 1750 does not solely reflect a
climate cooling, as also the growth of AN ice cap influences the 520 record (see
sections 3.4.1 and 3.5.1). An increasing ice-cap altitude and therefore a higher
condensation level, with lower temperatures leading to more depleted 5'80 values
is likely responsible for at least parts of this decline. This interpretation is
supported by similar decreasing trends of the sea salt ions (Figure 3.6). We
conclude that sea salt aerosol concentration decreases due to a less efficient sea-
salt aerosol deposition with increasing ice cap altitude. However, the long-term
records of nitrate and ammonium seem to be not affected by the growing ice caps
altitude. Furthermore, maxima (minima) of &'®0 are often, but not always
accompanied by maxima (minima) of sea-salt ion concentrations (Figure 3.6). That
points to higher sea-salt ion deposition in warmer periods, possibly because of a

smaller sea ice extent in periods of higher temperatures. Vice versa, lower
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temperatures, combined with an assumed larger sea ice cover, could have caused

lower sea salt ion deposition.
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Figure 3.7: AN 5'®0 and d records together with the Austfonna, Lomonosovfonna (Isaksson et al.,
2005a) and NorthGrip (NorthGRIP members, 2004) 3'°0 records, the annual Taimyr SAT
(reconstructed from tree rings; Naurzbaev et a., 2002), the NH SAT reconstruction of Mann &
Jones (2003), the reconstructed sun spot number record (Solanki et al., 2004) and the GISP2
volcanic SO, record (Zielinski et al., 1994). All records are displayed as 15yrm values, except
NorthGrip (20 year mean values), Taimyr (50 year smoothes), reconstructed sun spot numbers (10
year mean values) and GISP2 volcanic SO, (about bi-annual values). For a better comparison, AN

5'80 curve is added to each of the other curves on the same vertical scale as above.
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The AN &'®0 record reveals striking similarities to that of Austfonna ice cap
(Svalbard; Isaksson et al., 2005a) for the last 600 years including the rapid shifts in
the 15™ and 16™ century (Figure 3.7) and to that of Vetreniy ice cap (FJL;
Henderson, 2002; not shown) for the last 300 years. This includes decreasing
temperatures from about AD 1750 to the common minimum at about AD 1800
followed by strongly increasing temperatures until the AD 1930s and lower
temperatures thereafter. It is noteworthy that all three ice core locations are of a
relatively low altitude (AN 750 m a.s.l, Austfonna 750 m a.s.l, Vetreniy 500 m
a.s.l). Therefore, we conclude that they record climate signals which are more
representative for SAT changes on sea level in contrast to higher elevated ice-
core sites. Although some general features are similar to the AN 5'0 curve, the
50 record from Lomonosovfonna (Svalbard, 1250 m a.s.l.; Figure 3.7)
accordingly displays a distinctly different picture and appears to reflect free
atmospheric climate signals (Isaksson et al., 2005b). Moreover, the range of 5'20
values is particularly broader for AN and Austfonna ice caps than for
Lomonosovfonna (Figure 3.7), even though the Austfonna 8'°0 record shows
generally shifted values (about 3%.) compared to AN data, indicating the more
maritime and warmer climate of Svalbard. The similarities of AN 5'%0 values to the
Austfonna and Vetreniy data and the good accordance with the Vardg and
Arkhangelsk SAT time series indicate the common distinct climatic influence of the
North Atlantic on this Eurasian Arctic region. Furthermore, it can be concluded that
AN 5'80 data are a significant proxy for SAT changes in this region.

Due to the high altitude of the relatively isolated Central Greenland ice core sites,
their 580 records, e.g. from NorthGRIP (NorthGRIP members, 2004), reflect
atmospheric signals from higher atmospheric layers compared to AN ice cap.
Consequently, the recorded temperature signals differ between both ice cores, i.e.
the AD 1800 minimum and the AD 1930s maximum are not visible in the
NorthGRIP record (Figure 3.7).

The AN 30 curve differs considerably from the multi-proxy derived SAT
reconstruction for the Arctic (Overpeck et al., 1997; Figure 3.5). Even though both
time series show similar general trends, distinct differences are detectable
regarding the timing of major SAT minima and maxima. The Arctic time series
exhibits a pronounced minimum at about AD 1840, some 40 years later than in AN

data. Additionally, the double-peaked early 20" century maximum in AN &'%0 is
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exceptional, whereas the Arctic reconstruction exhibits its maximum only in the AD
1950s. This indicates different climatic trends in the Central Russian and Western
Eurasian Arctic as compared to the American Arctic, from which much more proxy
records are available and included in the Overpeck time series. That lack of
Eurasian Arctic proxy data in this Arctic SAT reconstruction as well as the
pronounced differences compared to the Central Greenland ice cores emphasize
the relevance of our AN &'0 record for a regionalisation of paleoclimate
information in the Arctic as well as in the whole Northern Hemisphere. This is
underlined by the considerable discrepancies between the High Arctic AN &'°0
record and SAT reconstruction from nearby Taimyr Peninsula (Naurzbaev et al.,
2002; Figure 3.7). Their tree-ring based time series represents a more continental
climate owing to its more southern location and is dominated by summer
temperatures which determine the vegetation period. Despite some minor
similarities, the AN &'®0 time series furthermore differs significantly from the often
used NH SAT reconstruction of Mann and Jones (2003; Figure 3.7), which is
based only on a few proxy records that cover more than some centuries.

In contrast to several NH climate records (compiled e.g. in Jones and Mann, 2004;
Wanner et al., 2008), the Russian Arctic SAT as deduced from AN 5'®0 data, does
not show evidence of pronounced long-lasting warmer (MWP) or colder (LIA)
periods. In the AN &'®0 record, only the AD 1800 minimum and the subsequent
warming could be interpreted as the termination of the LIA, whereas Northern
Greenland ice core data indicate distinct climate cooling in the 17" and the first
half of the 19" century (Fischer et al., 1998). The period AD 1700 to 1900 was the
coldest of the last two millennia at the Hans Tausen Iskappe in Northern
Greenland (Hammer et al., 2001). However, the period AD 1600 to 1750 in the AN
5'%0 is characterised by a marked low variability, while the preceding 15" and 16"
centuries show evidence of strong SAT changes (up to 3%. within two to three
decades for 15yrm values), visible also in the AN d excess and sea salt ion data
(Figure 3.6) and the Austfonna 8'°0 record (Figure 3.7). The rapid warming
(cooling) events are accompanied by increasing (decreasing) sea salt aerosol
deposition (see above), indicating a sea-ice response on the SAT changes or vice
versa. These rapid SAT changes affected at least the Western Eurasian Arctic
from Svalbard to SZ.
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Similar rapid changes occurred e.g. around AD 1750 and AD 1920 (up to 4%o
within a few years for S5yrm values; Figure 3.5). This indicates drastic changes in
Eurasian Arctic SAT, which could have been caused by short-term variations of
the forcing factors or by internal climate variability. A few AN §'0 minima coincide
with major volcanic eruptions, e.g. the absolute minimum 50 AD 1784/85 with
the Laki eruption AD 1783 and a minimum at about AD 1815 with the Tambora
eruption AD 1815 (Figures 3.5 and 3.7), possibly indicating the importance of
volcanic forcing for Eurasian Arctic SAT, at least in terms of short-term variability.
However, other major volcanic eruptions, e.g. AD 1259, are not accompanied by
rapid cooling events in AN &80 (Figure 3.7). Since prominent maxima and minima
in the solar forcing (expressed as sun spot number) also does not coincide with
major SAT changes (Figure 3.7), internal climate variability seems to be
responsible for the rapid changes in the AN 5'®0 record. This assumption is
supported by climate modelling results for the late 15" century (Crespin et al.,
2009) and early 20™ century warming events (Bengtsson et al., 2004). These
studies indicate that changes in the atmospheric circulation may have led to these
warming events, probably caused by stronger Icelandic Low and Siberian High as
proposed e.g. for the 15™ and 16™ century (Mayewski et al., 2004; Maasch et al.,
2005).

The melt-layer content in the AN ice core is not useable as regional SAT proxy as
it predominantly reflects the local snowmelt and infiltration conditions at the ice
caps surface, which are determined not only by the temperature but by the energy
balance in general. Most likely, the discrepancies between melt-layer content and
5'80 (Figure 3.5) are caused by different seasonal temperature trends, as evident
for the early 20" century warming events (Opel et al., 2009b). However, the AN ice
core exhibits a distinctly higher melt-layer content in the 20™ century compared to
the preceding centuries (Figure 3.5). This is similarly evident in the melt-layer
records of Austfonna ice cap (Watanabe et al., 2001) and Vetreniy ice cap
(Henderson, 2002). Considerable differences between these records in contrast to
similar 3'®0 records underline the limited spatial significance of the melt-layer
contents.

Generally, high (low) d excess values are caused by high (low) SST and/or by low
(high) relative humidity during evaporation (Johnsen et al., 1989). Provided that

the moisture source region does not underdo substantial spatial changes in the
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considered time period, variations of d excess can be interpreted in terms of
changing SST and relative humidity conditions (Hoffmann et al., 2001). If we
assume additionally nearly constant annual mean values of relative humidity in the
moisture source region, variations of d excess may be mainly related to SST
variations (Hoffmann et al., 2001). We consider the North Atlantic to be the main
moisture source for AN ice cap. However, the North Atlantic (0-70°N) SST time
series (Gray et al., 2004) shows only minor similarities with the AN d excess
record, e.g. between AD 1780 and 1850 (Figure 3.5). This indicates that changes
in the AN d excess record cannot primarily be related to the mean North Atlantic
SST. Consequently, other factors such as changes of the main moisture source
region, of moisture transport pathways, of relative humidity conditions during
primary evaporation or of changing contributions of different moisture sources (e.g.
regional moisture) have to be taken into account.

The evident opposite characteristics of 5'20 as regional SAT proxy and d excess
for large sections of the record (Figures 3.5 and 3.7) indicate that in warmer
periods the precipitation-forming moisture was generated at lower SST than in
colder periods. This indicates that the mean AN d excess values are significantly
influenced by the contribution of regional moisture, evaporated at distinctly lower
SSTs compared to the North Atlantic, on. For the 20™ century such a relation
between a decline in the sea ice extent of the Kara Sea and an increasing
contribution of regional moisture to the precipitation at AN leading to lower
d excess values has already been proposed (Opel et al., 2009b). However, it must
be stated that the most prominent minima in AN d record, which would indicate the
highest proportion of regional moisture, did not occur in the warmest periods
(Figures 3.6 and 3.7).

A comparison of AN d excess data with that of Central Greenland (Hoffmann et al.,
2001) and of Lomonosovfonna (the only Arctic d excess record outside of
Greenland; Divine at al., 2008) reveals significant differences. Only the 20™
century decrease is also detectable in the Central Greenland record. This
indicates considerable differences in moisture generation and transport patterns,
probably also influenced by the different ice caps altitude and therefore different
dominating atmospheric layers. Divine et al. (2008) relates the d excess variation
in the Lomonosovfonna ice core to SST variability of a distinct North Atlantic

region, whereas the contribution of regional moisture is of minor significance.
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All studied major ions show evidence for distinctly elevated values in the 20™
century. Sulphate and nitrate reflect primarily the anthropogenic pollution of the
Eurasian Arctic with rising values after about AD 1950 and a strong decline after
AD 1980 (WEeiler et al., 2005, Opel et al., 2009b), also prominent in the Svalbard
(e.g. Kekonen et al., 2005) and FJL (Henderson, 2002) ice cores. However, the
sea-salt ions had started to increase already at about AD 1910, some years before
the strong warming recorded in AN 5'®0 record, and decreased again since about
AD 1950. This pattern of sea-salt ions does not fit to the record of sea-ice extent
anomalies in the Kara and Laptev Seas (Polyakov et al., 2003a, see also Opel et
al., 2009b), indicating that the regional sea-ice extent changes do not play a major
role concerning these sea-salt ion changes, even though the sea-ice record may
be biased due to a lower data density in the early 20" century. A loss of ions by
melting and runoff as cause for the 20" century decrease is unlikely, as this
decrease is accompanied by a strong decrease in melt-layer content (see Figure
3.5). As similar sea-salt ion patterns have also been detected in the Austfonna
(Watanabe et al., 2001) as well as Vetreniy ice cores (Henderson, 2002),
considerable large-scale changes of dominating air masses or storm tracks may
have caused this sea-salt ion pattern. These atmospheric circulation changes, in
turn, may have been caused by internal climate variability, i.e. a changing
Icelandic Low (Kekonen et al., 2005) and a stronger Siberian High (Maasch et al.,
2005) and related to the early 20" century warming event (Bengtsson et al., 2004),

which has started some years after the strong rise in sea-salt ion concentrations.

3.6 Conclusions

This study has presented new paleoclimatic records from the upper 535 m of a
recently drilled ice core from AN ice cap on SZ, covering about 1 700 years. It has
been shown that even though AN ice cap is characterised by melt water infiltration,
high resolution records can be obtained.

AN ice cap is much younger than assumed before the start of the Severnaya
Zemlya ice-core project and it has been growing at least over large parts of the
Late Holocene as reflected by long-term decreasing 5'0 and sea-salt ion data.
Consequently, the combination of volcanic reference horizons and stable-isotope

annual layer counting is more suitable for dating than simple ice-flow models.

67



Late Holocene climate change in the Central Russian Arctic Chapter 3
In preparation for submission to Quaternary Science Reviews

The AN 3'%0 curve reveals striking similarities with instrumental SAT (Vardg) and
580 ice core (Austfonna, Svalbard) records. These similarities underline the
significance of 3'%0 data from the relatively-low altitude AN ice cap as a sensitive
regional SAT proxy for the Western Eurasian Arctic. This is particularly important
as the climate history of this region differs considerably from that of other Arctic
and NH records. AN 5'®0 data show no evidence for pronounced warmer (MWP)
or colder (LIA) time periods. The absolute SAT minimum around AD 1800 is
followed by an unprecedented increase to the double-peaked early 20™ century
maximum, which represents the warmest period in the entire ice core record.

The ion contents are dominated by ions of sea-salt origin. Generally, warmer
periods are characterised by higher sea-salt ion concentrations, indicating a more
efficient deposition, possibly due to less sea-ice extent.

The variations in d excess can not primarily be related to SST variations of the
North Atlantic, but seem to reflect the varying moisture contribution of the
surrounding seas as regional sources.

Rapid changes, e.g. in the 15"/16™ and early 20™ centuries, detected in stable
isotope and sea-salt ion data, indicate major shifts in atmospheric circulation as

well as sea ice patterns, possibly caused by internal climate variability.
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Abstract
To gain paleoclimatic signals, we studied ice wedges at the Dmitrii Laptev Strait
(Oyogos Yar Coast, 72.7°N, 143.5°E). In this paper, we present data on the stable
isotope composition (5'20, 8D, d) of actively growing Holocene ice wedges in a
vast thermokarst depression. Three 2.5 to 3.5 m wide ice wedges were sampled in
high resolution (100 to 200 samples each). AMS 'C ages prove the Late
Holocene age of the studied horizontal ice wedge profiles, indicating a growth
syngenetically to sediment accumulation. We assume that the initial ice wedge
growth started in the Early Holocene (ca. 8-9 ka BP) after drainage of a
thermokarst lake. The ice wedges’ co-isotopic relationships close to the GMWL
point to a good suitability for paleoclimate studies. All three profiles show similar
isotopic features. 5'%0 data reflect a Late Holocene winter warming trend from
about -26%o to values of -23%o to -21%0, superimposed by a marked variability.
This trend is accompanied by a shift in the d excess from 8%o-11%o t0 5%0-8%o,
probably caused by varying proportions of different moisture sources to the
precipitation. The highest winter temperatures and an increased influence of

regional moisture in the last decades may reflect ongoing Arctic climate change.
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41 Introduction

The Arctic is a key region of climate change as it has experienced one of the
greatest temperature rises in the 20" and 21%! centuries (ACIA, 2005, Trenberth et
al., 2007). For the future, a strong temperature increase and a strong retreat of
sea ice as well as permafrost warming are predicted (e.g. ACIA, 2005,
Christensen et al., 2007, Lemke et al., 2007). The Arctic itself influences the global
climate system by changes in surface albedo and ocean currents as well as
carbon release from thawing permafrost. Understanding the ongoing climate
change and improving climate predictions requires detailed information about past
changes. But direct meteorological observations started mostly in the 20™ century,
only a few records reach back into the 19™ century (e.g. Polyakov et al., 2003b).
Therefore, the use of paleoclimatic archives is valuable for the reconstruction of
past climate variations.

As compared to the better studied Central Russian Arctic, where several records
from ice cores (Severnaya Zemlya, e.g. Opel et al., 2009b; Franz Josef Land,
Henderson, 2002), lake sediments (Severnaya Zemlya, Raab et al., 2003; Taimyr
peninsula, e.g. Andreev et al., 2003) as well as tree rings (Taimyr peninsula, e.g.
Naurzbaev et al., 2002) provide paleoclimatic information for the last centuries to
millennia, such archives are not present (ice cores, tree rings) or less available
(lake sediments) in the vicinity of Dmitrii Laptev Strait (Northeast Siberia). Thus,
we use ice wedges in order to obtain paleoclimatic information.

Northeast Siberia is characterised by ice-rich permafrost deposits that provide a
paleoclimate archive, including paleoecological proxies such as pollen (e.g.
Andreev et al., 2009), ostracods (e.g. Wetterich et al., 2009), chironomids (e.g.
llyashuk et al., 2006) and plant macro fossils (e.g. Kienast et al., 2008). The frozen
ground contains different types of ice that are summarised as ground ice (van
Everdingen 1998, revised 2005). Since ground ice is mostly fed by precipitation,
the stable water isotope composition can be used for paleoclimatic reconstructions
(Vaikmae, 1989). Ice wedges are the most abundant type of ground ice in the ice-
rich permafrost deposits of Northeast Siberia and the most suitable ground ice
type for such stable-isotope based paleoclimatic studies (e.g. Vaikmae, 1989;
Vasil'’chuk, 1991, 1992).

In the last decade, ice wedges in the Laptev Sea region in Northeast Siberia have

been used in a variety of Russian-German cooperative paleoclimate studies.
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These stable-isotope based studies focused on modern ice wedge growth
(Dereviagin et al., 2002) as well as on the classification and interpretation of
different ice wedge generations, resulting in overview winter temperature trends
for the last 60 ka (Meyer et al., 2002a; 2002b; in preparation a).

Following a pilot study in 2002 (Schirrmeister et al., 2003a), a variety of
paleoclimatological, paleoecological and sedimentological investigations was
carried out at the Oyogos Yar Coast of the Dmitrii Laptev Strait within the scope of
the joint Russian-German expedition “Lena — New Siberian Islands” in August
2007 (Schirrmeister et al., 2008a). As one approach to gain paleoclimatic
information, we studied ice wedges of different sedimentological and
geochronological units. In this paper, we present stable isotope data of Holocene
and recent ice wedges, whereas the Pleistocene ice wedges of different
stratigraphical units will be subject of an upcoming study. Here, we focus on the
detection and interpretation of isotopic variability, the comparison with other

regional ice wedge data and the paleoclimatic implications.

4.2 Ice wedges and stable isotopes

Polygonal ice wedge formation is based on a combination of frost cracking and
freezing processes. In winter time, frost cracking occurs in the upper permafrost
layers due to thermal contraction caused by rapid cooling at very low temperatures
(Lachenbruch, 1962), mostly between mid-January and mid-March (Mackay,
1974). In spring, elementary ice veinlets form, when snow-melt water trickles down
into the frost cracks and refreezes there. Periodic repetitions of these cracking-
freezing-cycles lead to a gradual horizontal ice wedge growth, even though the
crack frequency may vary considerably (Mackay, 1974; 1992). Thereby, ice
wedges crack preferentially near the centre and often year by year at the same
location (Mackay, 1974).

The stable water isotope composition of precipitation is determined by several
fractionation processes. However, due to their dependence on condensation
temperatures, the stable isotope ratios 5'®0 and 3D are commonly accepted as
suitable proxies for local to regional scale temperatures in polar latitudes (e.g.
Rozanski et al., 1993). The deuterium excess d (d = 3D — 8 * 5'%0), introduced by
Dansgaard (1964), reflects the evaporation conditions in the moisture source

region. Stable water isotope ratios, such as that from ice cores (e.g. North
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Greenland Ice Core Project (NorthGRIP) Members, 2004), are widely used for
paleoclimate reconstructions. It is generally accepted that melting of snow is the
main source for ice wedge ice (Mackay, 1983; Vaikmae, 1989; Vasil'chuk, 1991,
1992). Consequently, the stable water isotope composition of ice wedges can be
interpreted as proxy for past winter temperatures and can be used for the
reconstruction of paleotemperature trends as well as of moisture generation and
transport patterns (Meyer at al., 2002a, 2002b). According to Michel (1992), melt
water in a frost crack refreezes rapidly enough to prevent fractionation. An
elementary ice vein represents the refrozen precipitation of a discrete winter and
preserves therefore its specific isotope signal. Assuming regular frost cracking and
subsequent formation of an elementary ice vein, ice wedges should contain a
continuous stable isotope time series. Studies of Vasil'’chuk (1992) and Nikolayev
and Mikhalev (1995) reveal that stable isotope ratios of ice wedges can be

correlated with mean annual winter and January temperatures.

4.3 Study region

Oyogos Yar is the southern coast of the Dmitrii Laptev Strait, which connects the
Laptev and the East Siberian Seas, and divides the Bol'shoy Lyakhovsky Island
from the Eurasian mainland (Figure 4.1). Since the 19" century, the coasts of the
Dmitrii Laptev Strait have been of geographical and geological interest (e.g.
Bunge, 1887; von Toll, 1895). However, detailed geocryological and
paleoenvironmental studies at the Oyogos Yar Coast started much later, not
before the second half of the 20" century (e.g. Gravis, 1978; Konishchev and
Kolesnikov, 1981).

This region builds the northern part of the Yana-Indigirka lowland and belongs to
the zone of continuous permafrost with a thickness of 400 to 600 m. The mean
annual ground temperature is about -12 to -14°C (Yershov, 1989), the mean
thickness of the active layer accounts for about 40 cm. Along the coasts of the
Dmitrii Laptev Strait, frozen sediments of different ages and accumulation types
are exposed in steep bluffs, which have been subject of paleoclimatological and
paleoecological investigations (e.g. Andreev et al., 2009; Wetterich et al., 2009).
Long severe winters and short cold and rainy summers characterise the climate of
the Oyogos Yar Coast. From data of the nearest meteorological stations Cape

Shalaurova, Cape Kigilyakh (both at Bol'shoy Lyakhovsky lIsland) and Cape
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Svyatoy Nos (west of Oyogos Yar) we conclude for Oyogos Yar a mean annual air
temperature of about -15°C, with mean winter and summer temperatures of about
-21.5°C and 1.5°C. The mean annual precipitation is about 150-200 mm with more
than 60% in the summer season. Snow accumulation starts in September-October

and reaches its mean maximum of about 20-25 cm in spring.
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Figure 4.1: Overview map of the study site at the Oyogos Yar coast of the Dmitrii Laptev Strait.

The modern relief of the Oyogos Yar Coast region is characterised by an
alternation of wide thermokarst depressions (Alases) and hills of Ice Complex
remains (Yedoma). Thermokarst depressions reach about 5-10 km in diameter
and have a flat bottom surface with numerous ponds and small thermo-erosional
valleys with creeks and brooks. The Alas surface is characterised by nets of ice
wedge polygon systems with a size of 10 to 20 m. Whereas the Alas bottoms
reach altitudes of about 8-12 m a.s.l., the maximum elevation of the adjacent Ice
Complex hills is about 40 m a.s.l. A typical sediment sequence of the studied Alas

exposures at the Oyogos Yar Coast (72.7°N, 143.5°E; Figure 4.1) shows a
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subdivision in three parts (Wetterich et al., 2009). Taberal (thawed and refrozen)
Weichselian Ice Complex deposits are overlain by sediments of the Late Glacial
and Holocene Alas stage: Lacustrine sediments with ice wedge casts are covered
by a characteristic peat horizon and further upward boggy deposits, all consisting

dominantly of poorly-sorted silt with peat inclusions and plant detritus (Figure 4.2).

Slope
Yedoma-Alas Central Alas
13 —
12 —
1 Oy7-11 IW1 Oy7-11 IW7
Z 10 —
=)
9
E
£ 8 —
<
"f —
6 o e ...-_. A e
T B R A
N 522 5 i S
7] Weichselian Weichselian oo Holocene 74 Holocene
— ice complex taberite Ea== lake deposits —=z boggy deposits
Peat horizon / Ice wedge / Active layer Vegetation
Peat inclusion Ice band zone YN cover

Figure 4.2: General stratigraphic situation of the Oyogos Yar study site with the Alas depression
and the slope to the Yedoma hill. Included are the approximate locations of the studied ice wedges.

4.4 Material and Methods

4.41 Sampling and field measurements

After an overview survey along the coastal bluff which cuts the thermokarst
depression, we selected the studied ice wedges according to the best
perpendicular cut. Steep walls of permafrost outcrops and extensive mudflows
limited the accessibility of the ice wedges and complicated the fieldwork. Before
sampling, we described, photographed and sketched the selected ice wedges. In
total, we studied eight Holocene ice wedges, from three of them also the most
recent part separately, and from six additional ice wedges only the recent parts
(recent ice veins, indicating modern growth).

The ice wedges were sampled using a chain saw, a special ice screw (diameter 15
mm, length 150 mm) or an axe, depending on the ice wedge size and the

sampling strategy. We sampled two horizontal high-resolution profiles by chain
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saw, cutting thin ice slices (about 2-3 cm). After cutting, the samples were cleaned
to prevent contamination. The ice wedge samples (N=292) were melted on site.
For stable water isotope analyses melt water was stored in 30 ml PE bottles,
which were completely filled and tightly closed to avoid evaporation. We collected
organic material contained in the melted samples (plant remains, lemming
coprolites) for age determination (**C AMS). From selected samples melt water
was taken for hydrochemical characterisation of the ice wedges. A part was
filtered and collected in 8 ml and 15 ml HDPE flasks for measurements of anion
and cation concentrations, respectively. We determined pH and electrical
conductivity (EC) with a handheld multi-parameter instrument (WTW 340i)
equipped with appropriate sensors (pH: SenTix 41; EC: Tetracon 325) in the field
camp.

For a third high resolution profile, we cut blocks (length ca. 20-25 cm) from the ice
wedge, which were transported in frozen state to the Alfred Wegener Institute
(AWI) Potsdam and sampled there in the cold lab.

Additionally, fresh precipitation samples (N=33) as well as samples of snow
patches from the last winter (N=2) were collected for measurements of stable

water isotopes and stored in the same way as ice wedge samples.

4.4.2 Laboratory methods

For all samples, the oxygen (3'0) and hydrogen (5D) stable isotope ratios were
analysed at the stable isotope lab of AWI Potsdam, using a Finnigan MAT Delta-S
mass spectrometer. Both isotope ratios were determined for the same water
sample, using equilibration techniques. The values are expressed in delta per mil
notation (8, %o) relative to the Vienna Standard Mean Ocean Water (V-SMOW).
The analytical precision is better than +0.1%. for 3'0 and +0.8%. for 5D (Meyer et
al., 2000).

Plant remains of selected ice wedge samples were radiocarbon-dated using the
Accelerator Mass Spectrometry (AMS) facilities at the Leibniz Laboratory for
Radiometric Dating and Stable Isotope Research (Kiel University, Germany).
Details on the AMS facility in Kiel were published by Nadeau et al. (1997, 1998).
Conventional "C ages were calculated according to Stuiver and Polach (1977).
For the determination of calibrated ages, the IntCal04 data set (Reimer et al.,
2004) was used.
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For a hydrochemical characterisation, we analysed selected ice wedge samples
for ion concentrations in the hydrochemistry lab of AWI Potsdam. The anion
concentrations were determined by means of an lon Chromatography (IC, Dionex-
320), whereas cation concentrations were analysed using Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES, Perkin-Elmer Optima 3000 XL).

4.5 Isotopic composition of recent precipitation

To characterize the modern stable water isotope environment of the study region,
we used samples from all precipitation events as well as from snow patches. Due
to the late summer field season, only two snow patch samples could be taken in
deep cracks along the coastal cliff, whereas a lot of rain samples were collected in
the four weeks of field work. Statistical features on the stable isotope composition
of these samples can be drawn from Table 4.1. The scatter of these data is
displayed in a 5'®0-8D diagram (Figure 4.3). It exhibits a wide range, representing

extreme values of the seasonal isotope and temperature variation.
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Figure 4.3: 5'%0-5D diagram for samples of snow patches, recent ice wedges and rain water.
GMWL is the Global Meteoric Water Line.

The isotope data of the rain samples (N=33) vary between -20.2%. and -11.7%. for
5'°0 and -147.5%0 and -85.4% for 8D, with mean values of -15.8%o and -119.0%o,
respectively. The d excess varies between -0.2%. and 15.1%. with a mean of
7.3%0. The co-isotopic relationship as displayed in the 5'®0-8D-diagram (Figure
4.3) accounts for 3D = 7.16 5'°0 - 6.0 (R?=0.96), which is deviated from the Global
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Meteoric Water Line (GMWL), theoretically defined as 8D = 8 5'°0 + 10 (Craig,
1961) and calculated on a global scale as 5D = 8.17 5'®0 + 10.35 (Rozanski et al.,
1993). However, Meyer et al. (2002b) found a similar slope of 6.8 for Bol'shoy
Lyakhovsky Island summer precipitation. The deviation from the GMWL as well as
the highly variable d excess point to the occurrence of kinetic fractionation
processes for summer precipitation. These processes may be connected with a
mixing of air masses bearing moisture from sources that differ isotopically from the
North Atlantic Ocean, the assumed main moisture source (Kuznetsova, 1998).
Presumably, such moisture originates from recycled water, i.e. from the
continental tundra ponds and lakes as well as from the active layer. As shown by
Kurita et al. (2004), the isotopic composition of precipitation in Siberia is largely
influenced by such recycling of continental water. Evaporation from the ice free
Laptev and East Siberian Seas could increase the proportion of regional moisture.
Generated at relatively cold temperature conditions, this moisture proportion might
lead to lower d excess values as similarly deduced for the Akademii Nauk ice core
(Severnaya Zemlya; Opel et al., 2009b). Due to its position relatively close to the
Pacific Ocean, Pacific moisture might contribute to the precipitation reaching the
study region as well.

The snow-patch samples as reference of the winter precipitation show very low
isotope values of -37.6%o and -34.1%o for 820 (-292.3%. and -262.0%o for 3D), with
d excess values of 8.1%o0 and 10.6%o (Table 1). The co-isotopic relationship of dD =
8.72 5'%0 + 35.26 (R%*=1) is not significant due to the limited sample number
(N=2). However, the d excess values plot close to the GMWL, thus indicate no
considerable participation of kinetic fractionation. This is most probably caused by
the isolated location of these snow patches, preventing substantial sublimation.
The very light isotope values point to extreme precipitation events, since they
exceed the lower end of the range of snow patch samples known from Bol’'shoy
Lyakhovsky Island (3'®0: -31.4%0 to -16.1%0, mean: -26.3%o; dD: -239.0% to -
125.6%0, mean: -198.7%0) on the northern shore of the Dmitrii Laptev Strait about
100 km NW of our study site (Meyer et al., 2002b). However, East Siberian Arctic
winter precipitation exhibits a wide scatter of stable isotope composition as shown
by Kurita et al. (2005) and Kloss (2008). For the site Tiksi southeast of the Lena
Delta at the central Laptev Sea coast (about 500 km west of Oyogos Yar), isotope

data of snow samples on a daily basis range from -46.1%o to -9.7%0 (mean: -
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28.7%o) for 5'%0 and -359.4%o to -94.3%. (mean: -225.6%o) for 3D (Kloss, 2008).
Therefore, the presented snow patch stable isotope data fit well into the regional
winter isotopic pattern, even though they seem to represent single precipitation

events at very low temperatures.

4.6 Isotopic composition of recent ice wedges

For an isotopic characterisation of the modern ice wedge growth, we sampled the
most recent parts from nine ice wedges, i.e. a collection of elementary ice veins
penetrating from the permafrost table into the ice wedge due to modern frost
cracking. We took samples from the parts overtopping the ice wedge as well as
from corresponding parts located in the actual ice wedge body (Figure 4.4). The
occurrence of such recent ice-vein assemblages points to extensive thawing in
recent times (the last decades). This thawing led to a considerably increased
thickness of the active layer whose lower part refroze afterwards. Due to the field
work period in late summer we were not able to sample the elementary ice vein of
the last winter/spring, but the mentioned collection of ice veins, formed after the
last extensive thawing event. These recent ice veins may also be interpreted as a
new ice wedge generation. The assemblages of recent ice veins were between 2
and 8 cm wide (Figure 4.4), overtopping the ice wedge by about 10 to 15 cm and
containing 6 to 30 elementary ice veins; in so far as single veins were
distinguishable. Elementary ice veins reached a thickness of up to 3 mm, mostly
varying between 0.5 and 2 mm. These recent veins consisted mostly of white,
milky ice, characterised by a lot of small air bubbles and some mineral inclusions,
but also clear ice veins were visible. In total, we took 38 samples of such recent
ice wedges.

The isotopic composition of the recent ice wedges ranges from -25.3%o to -18.2%o
(mean: -22.0%o) for 5'®0 and from -193.5%. to -137.3%o (mean: 168.1%.) for D
(Table 1). As expected, the d values are located between the extreme winter and
summer precipitation data (Figure 4.3), but relatively near to the summer samples.
Probably, recent frost cracks were fed by melt water from later stages of snow
melt, characterised by a heavier isotopic composition compared to the initial snow
(Lauriol et al., 1995; Meyer et al., 2002b). Due to the sparse and extreme light
winter samples it is not possible to connect their stable isotope composition

directly to that of recent ice wedges. However, the isotope values of recent ice
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wedges coincide well with isotope data of recent ice veins at Bol'shoy Lyakhovsky
Island (5'%0: -22.5%o to -19.2%0, mean: -20.4%o; 5D: -175.5%o to -149.2%0, mean: -
158.9%0), which exhibit a connection to winter precipitation (Meyer et al., 2002b,

Dereviagin et al., 2002).

“Assemblage of
recent ice veins

Most recent
~ice wedge part

Holocene ice wedge

Figure 4.4: Example of recent ice wedge growth in ice wedge Oy7-11 IW7 as considered in this
study: assemblage of recent ice veins overtopping the ice wedge and corresponding parts located

in the actual ice wedge body. Circles and ellipse mark sample points.

In the 3'®0-8D diagram (Figure 4.3), recent ice wedge data of Oyogos Yar display
a slope of 7.98 and an intercept of 7.1, parallel to the GMWL. This indicates that
the mean isotopic composition of recent ice wedges was not considerably affected
by kinetic fractionation during sublimation of snow, melt water percolation through
the snowpack, or refreezing of melt water in the frost crack. From that and the
similarity of our data to the nearby study site at Bol'shoy Lyakhovsky Island, we
conclude that the stable isotope composition of Oyogos Yar recent ice wedges is
mainly determined by the mean isotopic composition of the winter precipitation.

However, d excess values, varying between 4.7%. and 9.5%. (mean: 7.6%o), are
slightly shifted below the GMWL. This shift points to the possibility that additional
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moisture sources besides the North Atlantic Ocean, presumably the main moisture
source, have contributed to the precipitation at Oyogos Yar. Following Kuznetsova
(1998), the boundary between prevailing western and eastern flows in Northern
Eurasia, transporting Atlantic and Pacific moisture respectively, is located between
130° and 150°E in winter. Therefore also Pacific moisture could have contributed
to the ice wedge feeding winter precipitation at Oyogos Yar Coast (Kurita et al.,
2005) as could have polynyas (areas of open water) in the generally ice covered

Laptev or East Siberian Seas.

4.7 Holocene ice wedges

4.7.1 Description

The following results are mainly based on high resolution profiles of three ice
wedges but consider also samples taken from other Holocene ice wedges. The ice
wedge Oy7-04 IW2 was located in the transition zone from the Yedoma-Alas-slope
to the Alas bottom, whereas the ice wedges OY7-11 IW1 and Oy7-11 IW7 were
located in the central Alas depression (Figure 4.2). All ice wedges were sampled
at the coastal bluff at an altitude of about 10 m a.s.l. At the altitude level of the
sampling profile the studied ice wedges were enclosed by the typical boggy Alas
deposits: dominating grey silts with varying amounts of clay and sand with some
peat inclusions. At the contact zone with the ice wedges, brownish layers were
observed. These sediments were characterised by a banded as well as a regular
to non-regular reticulate cryostructure. The vertical distances between single
horizontal ice belts (2-5 cm thick) were about 10-20 cm. Close to the ice wedges
the ice belts were bent upwards indicating an ice wedge formation syngenetic to
the accumulation of the surrounding sediment layers. In general, the ice wedges
were overlain by 35-70 cm of sediment, mainly grey-brownish silty loams, covered
by a layer of peaty soil. Whereas the uppermost 20-40 cm of sediments were
attributed to the active layer, the frozen transition zone between ice wedge and

active layer accounted for 10-30 cm.
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Oy7-11 IW7

Oy7-11 TW1

Oy7-04 TW2

Figure 4.5: Photographs
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and high resolution 5'®0 as well as d excess profiles of Holocene ice

wedges Oy7-04 IW2 (a), Oy7-11 IW1 (b), Oy7-11 IW7 (c). The ice wedges and boundary layers
between frozen ground and thawed active layer are marked by white dashed lines. Sub-vertical

white dashed lines indicate the most recent ice wedge part as deduced from field observation.

Black dots show single values, connected by thin lines to better illustrate the variations. Grey bars

indicate dated samples with corresponding AMS ages in ka BP. The first and last samples of each

profile are indicated in the diagram.
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Ice wedge Oy7-04 IW2

The ice wedge Oy7-04 IW2 was about 3.2 m wide and the visible height was about
1.5 m (Figure 4.5a). The lower ice wedge part was buried under muddy debris.
However, from similar well exposed ice wedges nearby we concluded a mean
vertical extension of about 5-6 m. A well pronounced collection of recent ice veins
overtopped the ice wedge in its central part. The ice wedge consisted of white to
transparent ice with a lot of vertically-oriented air bubbles up to a length of 1 cm,
especially in the central part. Mineral inclusions and organic matter were found in
the generally clean ice as well. Vertically to subvertically oriented ice veins were
evident for the ice wedge. Elementary ice veins had a thickness of 1 to 3 mm. In
total, we took 107 samples in a resolution of about 2.5 cm by chainsaw in a
horizontal profile at about 1.60 m below the surface. This profile represents a cut
perpendicular to the frost cracking of this ice wedge. The mean values of electrical

conductivity and pH are 44uS/cm and 6.5, respectively.

Ice wedge Oy7-11 IW1

The ice wedge Oy7-11 IW1 was about 3.5 m wide. Its bottom part was buried
under debris, so the visible height was about 2 m (Figure 4.5b). The ice wedge
was obviously not symmetrically structured, because the most recent ice veins
were not located in the central part of the ice wedge but 70 to 80 cm away from
the western edge. This might point to an imbalanced growth with different ice
wedge generations, interrupted by inactive phases, and/or to a change in the
orientation of the polygonal system. The ice wedge consisted mostly of greyish
dirty ice and was rich in organic and mineral inclusions as well as small vertically-
oriented gas bubbles. The high resolution sampling transect was located about 1.5
m below the surface, omitting the ice-sediment interface. In total, we took 123
samples in a resolution of about 2.5 cm. Electrical conductivity and pH exhibit

mean values of 58uS/cm and 6.2, respectively.

Ice wedge Oy7-11 IW7

The perpendicularly cut ice wedge Oy7-11 IW7 had a width of about 2.5 m and a
visible height of 1.2 m with a buried bottom part (Figure 4.5c). This ice wedge
exhibited a central, very well pronounced recent ice veins assemblage of about 3

cm width (Figure 4.4). These recent ice veins and the central part of the ice wedge
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were more milky-white due to more air bubbles than the other parts. Subvertically
oriented ice veins were common in the whole ice wedge, single ice veins showed
a width of up to 1 cm. We sampled a horizontal profile 1 m below the surface and
took 12 blocks (20-25 cm, including the ice-sediment interface at both rims), which
were sampled later under cold laboratory conditions in Potsdam in a resolution of
1 cm (210 stable isotope samples) and 4-5 cm (45 hydrochemistry samples). The
mean values of electrical conductivity and pH are 40uS/cm and 6.0, respectively.
No significant differences regarding the major ion content exist between the three

high-resolution profiles.

Other ice wedges

We also took samples from five other Holocene ice wedges which were similar to
the ones mentioned above. These samples were taken by ice screw. Except for
one, all samples were taken from the middle to lower parts of the ice wedges in

altitudes of 5to 7 m a.s.l.

4.7.2 Chronology

The dating of ice wedges is crucial for a paleoclimatic interpretation of the derived
proxy records. Even though a direct dating method for ground ice was recently
developed (Gilichinsky et al. 2007) and successfully applied to different
Pleistocene ice wedge generations (Blinov et al. in preparation), ice wedges have
commonly been dated indirectly by age determination of enclosing sediments
(Meyer et al., 2002a, 2002b) or by direct *C dating of organic remains within ice
wedges (e.g. Vasilchuk et al.,, 2000). The latter method is based on the
incorporation of organic material of herbal (blades of grass, leaves, roots) or
animal origin (e.g. lemming coprolithes) fallen or moved by melt water into the
open frost crack. This material marks the age of one discrete frost crack filling
event, if contamination or reworking of the organic material can be excluded. As
recently shown by Meyer et al. (in preparation b, c), '*C dating of organic remains
in ice wedges entails the possibility to generate even high resolution stable isotope
time series from ice wedges.

In this study, plant remains of nine samples of ice wedges Oy7-04 IW2 and Oy7-
11 IW1 were AMS ™C dated (samples are marked in Figure 4.5a and 4.5b). We

present the corresponding ages in Table 4.2. The '*C ages reveal the Holocene
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age of the studied ice wedges. These results are in accordance with Wetterich et
al. (2009) who found Late Glacial ages of 14.8 to 10.7 ka BP for lacustrine Alas
deposits with age reversals, most probably due to cryoturbation (Table 2). After
the thermokarst lake fell dry, first ice wedges might have formed epigenetically.
Wetterich et al. (2009) dated the overlying boggy sediments, which contain the
studied syngenetically formed parts of the ice wedges, to 10.0 to 3.3 ka BP with an
unconformity between the Early (10 to 8.3 ka BP) and Late Holocene (3.3 ka BP),

possibly caused by a phase of erosion or without sedimentation.

In general, the C ages of Holocene ice wedges from Oyogos Yar can be
classified into two groups: Early Holocene (8 to 9 ka BP) and Late Holocene (0.25
to 1.5 ka BP). We did not get any Middle Holocene ages (about 5 to 6 ka BP) for
our ice wedge samples. This is in line with the fact that mid-Holocene Alas
deposits could not be verified in recent investigations at Oyogos Yar Coast
(Wetterich et al., 2009) as well as on Bol'shoy Lyakhovsky Island (Andreev et al.,
2009; Wetterich et al., 2009), whereas a previous study of Gravis (1978) reported
such deposits at Oyogos Yar Coast.

Only organic material from one sample (Oy7-04-247, dated to 3.5 ka BP, Table
4.2) was characterised by a low carbon content and derived most probably from
reworked plant detritus (Grootes, pers. comm.). Therefore, it was excluded from

further interpretation.

Ice wedge Oy7-04 IW2

All significant dated samples of ice wedge Oy7-04 IW2 were of Late Holocene age
(Table 4.2, Figure 4.5a). The youngest samples (0.25 to 0.5 ka BP) were from the
central part of the ice wedge, whereas the sample dated to 1.5 ka BP was located
more to the ice wedge rim. This corresponds to the general ice wedge scheme
with higher ages at the rim and the youngest ice in the central part. However, a
continuous relation between age and distance from the central ice wedge part
towards the rim was not detectable, most probably due to irregular frost cracking,
resulting in different frost-crack positions (see below). Additionally, the plant
material used for dating could have been relocated at the earth surface or within

the active layer before filled in the frost cracks.

85



Paleoclimatic information from Holocene ice wedges at the Dmitrii Laptev Strait (Northeast Siberia) Chapter 4
Permafrost and Periglacial Processes Resubmitted after minor revisions

Table 4.2: Radiocarbon AMS ages of plant remains in ice wedge samples as well as in sediment
samples of the studied Oyogos Yar Alas. The ice wedge samples are numbered as follows: Oy7
represents Oyogos Yar 2007, the numbers 04 and 11 mark different outcrops. The three-digit
numbers are labelled continuously from left to right (see Figures 4.5a-c). The sediment samples

were taken from bottom to top (for details see Wetterich et al., 2009).

Sample Lab no uncal. AMS age [a BP] cal. age (20) [a]
Ice wedge samples (this study)

Oy7-04-242 KIA 35630 525 +45 AD 1385-1449
Oy7-04-247 KIA 35631 3520 +30 BC 1925-1750
Oy7-04-263 KIA 35632 410 +30 AD 1430-1520
Oy7-04-267 KIA 35633 260 +50 AD 1481-1684
Oy7-04-274 KIA 35634 490 +60/-55 AD 1384-1516
Oy7-04-290 KIA 35635 1480 +110/-100 AD 340-729
Oy7-11-138 KIA 35636 8960 +45 BC 8278-8166
Oy7-11-162 KIA 35637 8300 +43 BC 7486-7246
Oy7-11-189 KIA 35638 855 +45 AD 1118-1264
Sediment samples (Wetterich et al., 2009)

Oy7-11-14 KIA 35234 3325 + 35 BC 1685-1527
Oy7-11-12 KIA 35233 8335 +45 BC 7522-7297
Oy7-11-10 KIA 35232 8260 +40 BC 7458-7142
Oy7-11-09 KIA 36687 9985 + 35 BC 9666-9321
Oy7-11-08 KIA 36686 11145 +40 BC 11191-10993
Oy7-11-07 KIA 35231 14830 +70/-60 BC 16550-15781
Oy7-11-06 KIA 36688 10720 +40/-35 BC 10889-10750
Oy7-11-04 KIA 35230 11995 +50 BC 12034-11798

Ice wedge Oy7-11 IW1

In contrast, ice wedge Oy7-11 IW1 contains organic matter of Late Holocene as
well as of Early Holocene age (Table 4.2, Figure 4.5b). A Late Holocene growth
corresponding to ice wedge Oy7-04 IW2 is proved by the 0.85 ka BP age of the
sample Oy7-11-189. The organic material (peat) of the ice wedge samples Oy7-
11-138 and Oy7-11-162 (dated to 9 and 8.3 ka BP, respectively) corresponds well
to the characteristic Early Holocene peat horizon dated to 8.3 ka BP (sample Oy7-
11-10, Table 4.2) in the transition zone from lacustrine to boggy deposits
(Wetterich et al., 2009). However, this peat horizon was located much below the
ice wedge top and also about 1-1.5 m below the position of the dated organic
material in the ice wedge. The samples Oy7-11-138 and Oy7-11-162 were taken

from the upper ice wedge part (about 1.5 m below surface, Figure 4.5b), which
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was growing syngenetically to the enclosing sediments as revealed by the upward
bent ice belts. These were clearly of Late Holocene origin as proved by a 3.3 ka
BP age (sample Oy7-11-14, Table 4.2) and typical Pollen spectra (Wetterich et al.
2009). As the peat in the samples Oy7-11-138 and Oy7-11-162 was incorporated
into the ice wedge by frost crack filling events, it must be relocated material of the
Early Holocene peat layer. A redistribution of parts of this horizon, e.g. due to
cryoturbatic processes, is revealed by sample Oy7-11-12 (Table 2) located about
1 m above the peat layer and dated to 8.3 ka BP (Wetterich et al., 2009).
Consequently, we consider these Early Holocene ages as relocated and exclude

them from paleoclimatic interpretation.

Ice wedge Oy7-11 IW7

No AMS 'C ages for organic remains of this ice wedge have been available so
far. However, since this ice wedge is in a similar stratigraphical situation but less
wide than the ice wedges Oy7-04 IW2 and Oy7-11 IW1, we assume a Late
Holocene age for the sampled profile of this ice wedge, too. But it may be even

younger.

Assuming a temporal mean frost cracking frequency of 50% (Mackay 1992) and a
mean elementary ice vein thickness of 2 mm, 2.5 to 3.5 m wide ice wedges may
grow in about 2,500 to 3,500 years. Consequently, we assume only Late Holocene
ice wedge growth at the altitude level of the studied ice wedge profiles at the
Oyogos Yar Alas. However, an initial stage of epigenetic ice wedge growth in
deeper layers even in the Early Holocene directly after the drainage of the
thermokarst lake seems possible.

Late Holocene ice wedge growth in thermokarst depressions, thermo-erosional
valleys and fluvial terraces, though, is evident from the study sites of Bol’'shoy
Lyakhovsky Island (Meyer et al., 2002b), Bykovsky Peninsula (Meyer et al.,
2002a), Cape Mamontov Klyk (Meyer et al., in preparation a) and different sites in

the Lena Delta (Meyer, unpublished data), mainly for the last millennium.

4.7.3 lIsotopic composition and paleoclimatic implications
To gain a pure ice wedge signal, we excluded some of the outermost samples that

reach out beyond the ice-sediment interface (containing sediment and texture ice)
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as well as samples exhibiting a clearly modified isotopic composition due to water
migration between ice wedge and enclosing sediments (Meyer et al. 2002a). Such
samples were observed only in the outermost 2 to 3 cm of the ice wedge. They
have distinctly increased 3'°0 values (about 2%o to 7%o higher) and extremely low
d excess values (-7%o to 5%o0) compared to the adjacent, presumably unaffected
ice wedge samples. Assuming an exchange rate between ice wedge and
surrounding sediments of about 10-15 cm per 10,000 years (Meyer et al., in
preparation b), the small number of affected samples indicates a relatively young
age of the studied ice wedges, confirming the expected Late Holocene age.
Accordingly, we used 104 out of 107 samples from ice wedge profile Oy7-04 IW2,
119 out of 123 from Oy7-11 IW1, 193 out of 210 from Oy7-11 IW7 and 20 out of
24 from other Holocene ice wedge samples.

We present statistical features of the stable isotope composition of the three high-
resolution ice wedge profiles in Table 4.1. The scatter of these data is displayed in
5'80-8D diagrams (Figure 4.6a-c). Obviously, the minimum, maximum and mean
values for 820, 8D and d excess as well as slopes (7.58 to 7.72) and intercepts (-
2.19 to 0.76) in the 5'%0-8D diagrams are very similar to each other, and relatively
close to the GMWL as well as to recent ice wedge data, pointing to only low
influence of kinetic fractionation processes. The d excess values (about 8%o.) are
close to the GMWL, too. The co-isotopic relationships of the high-resolution
profiles can therefore be regarded as reliable Late Holocene LMWL (Local
Meteoric Water Line) for winter precipitation at Oyogos Yar Coast. Thus, climate-
relevant data are obtained from these ice wedges.

Other Holocene ice wedge samples, not taken from profiles in the upper parts but
predominantly from lower ice wedge parts around the characteristic peat layer (3
to 5 m below the surface), differ slightly. Whereas the mean values of 5'°0, 8D
and d excess are close to that of the high resolution profiles, the slope (7.26) as
well as the intercept (-10.59) are somewhat lower (Figure 4.6d, Table 4.1). Most
probably, these samples represent an earlier stage of ice wedge formation.
Climate conditions were slightly different, but kinetic fractionation processes were
involved (such as mixing of air masses and moisture from different sources or
evaporation/sublimation of snow). However, their isotopic composition
corresponds well with data from generally comparable Alas ice wedges from

nearby Bol'shoy Lyakhovsky Island (Meyer et al., 2002b), which also include
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samples from lower and therefore older ice wedge parts. In the following, we focus

on 5'0, since this isotopic ratio is common in Arctic and Siberian paleoclimate

studies.
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Figure 4.6: 5'°0-8D diagrams for the ice wedges Oy7-04 IW2 (a), Oy7-11 IW1 (b), Oy7-11 IW7 (c)
and other Holocene ice wedges (d).

The three sampled profiles have a similar size and the same composition
regarding maximum, mean and minimum stable isotope data. However, a
classification of stable isotope data by means of 5'®0 classes reveals different
distributions of 3'®0 values, especially pronounced in the medial classes (Figure
4.7). For all isotope profiles the 8'°0 class -25%o to -25.99%. contains the highest
proportion (41-50%) of 5'®0 values. The 5'0 class -26%o to -26.99%o represents
24% of Oy7-04 IW2 data, but only 14% and 6% of Oy7-11 IW1 and Oy7-11 IW?7,
respectively. In turn, the 3'®0 class -24.00%o to -24.99%o contains only 11% of
Oy7-04 IW2 data, but 24% and 34% of Oy7-11 IW1 and Oy7-11 IW7, respectively.
This pattern may be caused by the timing of frost cracking and ice wedge growth
as well as by the location of the studied ice wedges in the thermokarst depression
(Figure 4.2): Oy7-04 IW2 was located close to the slope to the Yedoma hill,
whereas Oy7-11 IW1 and Oy7-11 IW7 were situated in the central part. However,
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viewing the 5'0 class -23%o to -23.99%o, the ice wedges Oy7-04 IW2 and Oy7-11
IW1 exhibit a double proportion of corresponding data (about 13.5%) compared to
the ice wedge Oy7-11 IW7 (7%). This suggests the width as one determining
factor, as the ice wedges Oy7-04 IW2 and Oy7-11 IW1 were about 3.5 m wide
whereas the ice wedge Oy7-11 IW7 was only 2.5 m wide and, therefore, probably
younger. In the 5'®0 class -22%o to -22.99%., Oy7-04 IW2 shows an elevated
amount (8%) compared to Oy7-11 IW1 and Oy7-11 IW7 with 2.5% and 1%,
respectively. The remaining classes can be neglected since they contain too little
data.

60
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Figure 4.7: Frequency of 5'®0 values in classes for the ice wedges Oy7-04 IW2, Oy7-11 IW1, Oy7-
11 IW7 and the other studied Holocene ice wedges.

These variations clearly demonstrate that ice wedges are not uniform bodies but
differ regarding frost cracking and ice wedge growth. The incorporation of the
precipitation isotope signal into an ice wedge has to be taken into account as well.
From monitoring, Mackay (1992) revealed that ice wedge cracking is a temporally
random process, depending on different factors of which the snow cover thickness
plays an important role. Beside the climate-derived year-to-year differences in
winter precipitation amount, seasonality, isotopic composition and frost intensity,
local effects like non-uniform snow accumulation due to surface irregularities
within the ice wedge polygon or wind drift could have resulted in different frost
cracking frequencies for the studied ice wedges at different time slices. Another

possible cause for the different isotopic distributions leads to the question, which
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part of winter precipitation the ice veins contain. Melt water from different stages of
snow melt exhibits different isotope signatures due to isotopic fractionation during
snow melt; first melt water will show more negative 5'®0 and higher d excess
values than the last (Lauriol et al., 1995). Beside that, snow directly fallen into the
frost crack or hoar frost may contribute to ice vein formation. Additionally, one has
to keep in mind the issue of sampling resolution. One elementary ice vein
integrates different precipitation events of one winter. In turn, one ice wedge
sample comprises some 5 to 20 ice veins and represents therefore again a mixed
signal of different cracking events in an about decadal resolution.

Even though such local factors may have an influence, similar general isotope
characteristics (minima, mean, maxima, slope; Table 4.1) and similar features in
the ice wedge isotope profiles (maxima, minima) lead to the conclusion that
climate signals are visible in the variations of 5'0 and d excess data. We present
the high-resolution stable isotope profiles (5'°0 and d excess) from ice wedges
Oy7-04 IW2, Oy7-11 IW1, and Oy7-11 IW7 in Figures 4.5a-c. The profiles are
characterised by a high variability, indicating that isotopic diffusion, which would
smooth the record, probably did not take place in the studied ice wedges.

The 8'®0 profiles generally reflect the ice wedge structure: The highest values
(about -23%0 to -21%0) are found in the youngest ice wedge parts below the
assemblages of recent ice veins with similar 3'20 values, confirming recent growth
of ice wedges at the altitude level of the studied profiles. The lowest values (about
-27%o0 to -25 %o) are evident in the outer ice wedge parts. In contrast to Oy7-11
IW1, ice wedges Oy7-04 IW2 and Oy7-11 IW7 generally exhibit symmetric 5'0
profiles (Figure 4.5a-c). In these profiles, especially in the case of Oy7-11 IW7,
probably corresponding 5'°0 maxima are detectable at both sides of the central
part, indicating a more or less continuous and symmetric growth with regular frost
cracking at nearly the same position (Figures 4.5a and c).

The range of 5'®0 variation in the profiles is about 4 to 6%o. This corresponds to
similar values observed in Holocene Alas ice wedges on Bol'shoy Lyakhovsky
Island (Meyer et al., 2002b) and Bykovsky Peninsula, the latter with overall more
negative values (Meyer et al., 2002a); whereas at Cape Mamontov Klyk a variation
of only about 3%, was observed (Meyer at el., in preparation a). Drawing on the
attempts of Vasil’chuk (1992) and Nikolayev and Mikhalev (1995) to relate the

5'%0 range to absolute temperatures, which, however, were based only on sparse
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data, our data would result in Late Holocene temperature ranges of 9°C to 12°C
and 6°C to 7°C for mean January and mean winter temperatures, respectively.

The most negative 3'20 values (-27%o to -25%0) in the outer part of the profiles
correspond well to the samples from lower and therefore older ice wedge parts
(other Holocene samples, Table 4.1). This indicates similar winter temperature
conditions in the Late Holocene around 3,500 a BP to 2,500 a BP and in the initial
phase of ice wedge growth, probably in the Early Holocene after the drainage of
the thermokarst lake. The heaviest 5'%0 values (-23%o to -21%o) of the profiles
correspond well to that of recent ice wedges (mean: -22%.). Therefore, we
consider these highest values as recent end point of the examined time period.
Consequently, the 5'0 data reflect a marked Late Holocene winter warming trend
with several shorter temperature maxima and minima towards a generally warmer
last millennium. This is in contradiction to other Northern Hemisphere high-latitude
paleo-records, which show decreasing temperature trends during the last 6,000
years (e.g. Wanner et al., 2008). However, Andreev et al. (2001) reconstructed a
general warming trend since 1.5 to 1.7 ka BP from pollen data in the nearby Yana
lowland, interrupted by a temperature maximum about 1 ka BP and a subsequent
minimum about 500 a BP. These temperature patterns might correspond to the
Medieval Warm Period (MWP; about AD 900-1200) and the Little Ice Age (LIA;
about AD 1300-1850), in the Northern Hemisphere commonly attributed to warmer
and colder temperatures, respectively (e.g. Wanner et al., 2008). Similar features
are also detectable in the ice wedge profile 5'°0 data: The warm isotope signal of
sample Oy7-11-189 (-23%o) dated to 855 a BP (cal. AD 1118-1264) may be related
to MWP. Three samples with low 5'0 values (-26%o to -25%o), dated to 525 a BP
(cal. AD 1385-1449 AD; Oy7-04-242), 490 a BP (cal. AD 1384-1516; Oy7-04-267)
and 260 a BP (cal. AD 1481-1684; Oy7-04-274), may be related to LIA. However,
the warm signal of sample Oy7-04-263 (6180 -22.7%0) dated to 410 a BP (cal. AD
1430-1520) would also fit into the time period of LIA. Up to now, only little is known
about the climate characteristics of these time periods in Northeast Siberia.
Therefore, the ice wedge data from Oyogos Yar provide valuable information on
climate variability, i.e. winter temperatures, during the last millennia. However, to
verify these preliminary interpretations and to develop a continuous time series of
Late Holocene winter temperatures, more absolute dating of ice wedge samples

would be needed.
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The most recent parts of the high resolution §'®0 profiles, particularly that of ice
wedge Oy7-11 IW7, reveal a pronounced maximum of -22%o to -20.5%o. for the last
decades (approximately the last 30 to 50 years). The related rapid warming
(increase of 4% to 5%0) might have taken place during the last 100 to 200 years,
as it comprises only a few samples (Figures 4.5a-c). A similar strong warming in
the Russian Arctic was recorded in the Akademii Nauk ice core (Severnaya
Zemlya) from about AD 1800 to the AD 1930s (Fritzsche et al., 2005). Using the
attempts of Vasilchuk (1992) and Nikolayev and Mikhalev (1995), this §'°0
increase of about 4%, to 5%, would be equivalent to a warming of 4°C to 6°C
(winter temperature) and 6°C to 10°C (January temperature). However, modern
winter temperatures at the Oyogos Yar coast have clearly been the warmest of the
Late Holocene and most probably also the warmest since Early Holocene
optimum.

The d excess values of the ice wedge profiles vary considerably and range
between 5% and 11%.. They resemble the range observed in Holocene Alas ice
wedges on Bol’'shoy Lyakhovsky Island (Meyer et al., 2002b), whereas Holocene
Alas ice wedges on Bykovsky Peninsula (Meyer et al., 2002a) and at Cape
Mamontov Klyk (Meyer et al., in preparation a) show distinctly higher values (about
8%o to 18%).

Low (high) d excess values are generally linked to high (low) &0 values.
Accordingly, d excess and 3'®0 are anticorrelated (Oy7-04 IW2: r = -0.49, Oy7-11
IW1: r =-0.48, Oy7-11 IW7: r = -0.33). The relatively weak correlations reflect the
different d excess courses on both sides of the youngest ice wedge parts (Figures
4.5a-c), which exhibit the lowermost d excess values (about 5-6%o.), comparable to
that of the recent ice wedges (Table 1). These low d excess values probably point
to a significant contribution of regional moisture to the winter precipitation at the
Oyogos Yar Coast in modern times. A recharge of continental surface water can
be excluded due to its frozen state in winter. As mentioned above, possible
sources for moisture generation at colder temperature conditions than in the North
Atlantic Ocean, leading to lower d excess values, could be the North Pacific
Ocean as well as the Laptev or East-Siberian Seas (see also Meyer et al., 2002b).
Mainly two factors are assumed to control the contribution of regional moisture to
the winter precipitation: the sea ice extent and atmospheric circulation patterns. In

winter, the Laptev and East-Siberian Seas are still completely covered with sea
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ice, except for polynyas. Therefore, substantial changes in the sea ice cover could
not have caused the higher proportion of regional moisture. However, larger
polynyas or a later freeze up of the Laptev and East-Siberian Seas may have
provided more regional moisture in modern times. Another possibility is a change
in the atmospheric circulation patterns, in particular the dynamics between the
Siberian High and the Aleutian Low. A strengthened Aleutian Low could have led
to increased precipitation of regional moisture, possibly due to a higher frequency
of cyclones.

Together with the warmest 8'°0 data of the studied ice wedges, this higher
proportion of regional moisture is interpreted as feature of the recent Arctic
warming. However, also kinetic fractionation due to sublimation/evaporation
effects before and during melting and percolation of melt water through the
snowpack might have contributed to the d excess shift to relatively low values.

On both sides of the youngest parts, shifts from higher to lower d excess values
and vice versa are clearly detectable in the ice wedge profiles (Figures 4.5a-c).
They comprise short-term changes (based on 1 to 2 samples only) as well as
more stable conditions represented by 5 to 10 samples. At least the latter should
be regarded as climate-related changes, whereas short-term variations are more
likely influenced by the secondary fractionation processes mentioned above.
These changes in d excess records point to varying proportions of different
moisture sources throughout the last millennia (see above). This contradicts Meyer
(2003) who supposed the North Pacific as constant moisture source for the nearby
Bol'shoy Lyakhovsky lIsland to explain the observed low d excess values.
However, we assume that lower d excess values represent a higher contribution of
regional moisture (i.e. from North Pacific or polynyas), whereas higher d excess

data point to a greater influence of Atlantic moisture.

4.8 Conclusions

The study of ice wedges in an Alas at the Dmitrii Laptev Strait (Oyogos Yar Coast)
reveal a Late Holocene (since about 3,500 years BP) ice wedge growth
syngenetically to the enclosing sediments. The initial stage of ice wedge growth
(epigenetically in the enclosing sediments) probably took place in the Early
Holocene after the drainage of a thermokarst lake. Recent ice wedge growth

exhibits an isotopic composition close to the GMWL. Consequently, climate
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signals are obtained from the ice wedges. Even though isotope values are
differently distributed, high resolution sampled Late Holocene ice wedge profiles
show similar isotopic composition (maximum, mean and minimum values as well
as slope and intercept) leading to a significant LMWL for winter precipitation, only
slightly deviated from the GMWL.

This study is the first attempt to interpret high-resolution (1-3 cm) isotopic signals
from Holocene ice wedges in terms of a climate record, using AMS '*C dating of
organic matter enclosed in the ice wedges. Different effects in ice wedge formation
make a climate interpretation difficult. However, 8'®0 data reveal considerable
changes in winter temperatures in the Late Holocene with a warming trend
towards recent times. This trend is superimposed by a marked variability that may
reflect well-known climate epochs like the Medieval Warm Period or the Little Ice
Age. The youngest ice wedge parts reflect an enormous warming in the last
decades to centuries and exhibit the highest temperatures of the whole record,
which may be related to recent Arctic climate change. The d excess record
exhibits a pronounced variability, probably caused by changing proportions of
Atlantic, Pacific and polynya moisture in the precipitation feeding the studied ice

wedges at the Oyogos Yar Coast.

Acknowledgements
This study is part of the Russian-German cooperative scientific project “System
Laptev Sea” and the International Polar Year project “Past Permafrost” (IPY
project 15). It was partly funded by the state of Berlin (NaF6G PhD scholarship
and travel costs for T. Opel). We thank all Russian and German colleagues of the
expedition ,Lena — New Siberian Islands 2007” for support during fieldwork.
Sampling and analytical work in the AWI Potsdam laboratories was greatly
supported by Bernhard Chapligin, Antje Eulenburg and Lutz Schonicke. We thank
Rossana Raffi and an anonymous reviewer for helpful comments which helped to

improve the quality of the manuscript.

95



Synthesis Chapter 5

5 Synthesis

The overarching goal of this thesis was to gain new insights into the Late
Holocene Eurasian Arctic climate and environmental history. In order to contribute
to the understanding and assessment of past and recent Arctic climate changes,
glacier ice and ground ice from the Russian Arctic were studied. On the one hand,
new paleoclimatic information was derived from the Akademii Nauk (AN) ice core
drilled on Severnaya Zemlya (SZ, Central Siberian Arctic). On the other hand, a
new approach was used to study syngenetic ice wedges from the Oyogos Yar
coast of the Dmitrii Laptev Strait (East Siberian Arctic) as paleoenvironmental
archive.

While both archives cover the same Late Holocene time interval, the deduced
proxy data exhibit different temporal resolution; annual to decadal for the AN ice
core and centennial to millennial for the Oyogos Yar ice wedges. Owing to a year-
round precipitation, the AN ice core data represent mostly annual information. In
contrast, the ice wedges provide winter signals, given that winter snow melt is the
predominant source for frost-crack filling.

As both studied archives are composed of ice from precipitation, similar analytical
methods (e.g. mass spectrometry) were applied to derive paleoclimatic proxy data

(e.g. stable water isotope composition) (Table 1.1).

5.1 Main paleoclimatic results and implications for the Late Holocene
climate history of the Eurasian Arctic

Using 5'®0 as proxy for surface air temperatures and d excess as proxy for

evaporation conditions (e.g. Dansgaard, 1964; Rozanski et al., 1993; Jouzel et al.,

1997), paleoclimatic information was extracted from both studied archives,

complemented mainly by major ion concentration data from the Akademii Nauk ice

core. The following essential paleoclimatic information was extracted.

e The AN &'0 record reflects the variations of the Eurasian sub-Arctic and
Arctic surface air temperature (SAT) as shown by comparisons with
meteorological data (Figures 2.5 and 3.5). This is particularly evident for the
SAT time series of Vardg in Northern Norway, indicating a strong climatic

connection, probably the influence of the North Atlantic. Viewing the AN
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5'%0 record of the 20" century, two features are particularly important. First,
in the early 20™-century maximum the temperature was higher than in the
1990s, which, in contrast, were warmer on a hemispheric scale. Second,
the early 20™-century maximum exhibits a double-peak structure, which is
evident only in a few meteorological records of the Western Eurasian Arctic
and sub-Arctic in contrast to other Arctic regions (Figure 2.5).

e In the 20™ century, variations in AN d excess are connected with sea ice
extent changes in the Kara Sea, which serves as regional moisture source
(Figure 2.6). Low sea-ice extent allows a higher contribution of regional
moisture, leading to lower d excess due to colder evaporation conditions. In
turn, a high sea-ice extent prevents a considerable regional moisture
contribution to the precipitation on Akademii Nauk ice cap, which is
therefore characterized by higher d excess values. This pattern indicates
that d excess can provide information on the proportion of regional moisture
in the precipitation and therefore on regional sea ice extent changes.

e Major ions concentrations in the AN ice core reflect the atmospheric aerosol
content. Sulphate and nitrate reveal the anthropogenic pollution of the
Eurasian Arctic (Figure 2.7). Outstanding peaks in sulphate represent major

volcanic eruptions, which are used for dating the ice core.

Selected paleoclimatic characteristics and main isotopic features of both studied
archives are presented in Table 5.1. Owing to its generation from winter
precipitation, the mean stable isotope composition of the Oyogos Yar ice wedges
is lighter than that of the AN ice core, which represents annual precipitation. In
turn, the AN ice core exhibits higher d excess values. The ice wedges stable
isotope composition is in line with that of the nearby Bol'shoy Lyakhovsky Island
(Meyer et al., 2002b) and can therefore be regarded as representative for this
region of the East Siberian Arctic.

Due to age reversals in dated ice wedge samples (Figure 4.5) only preliminary
isotope curves, based on the AMS C-dated samples from two Late Holocene ice
wedges (Table 4.2) and on the recent ice wedge samples, were created in order to
compare them with the AN ice core stable isotope data. Viewing the long-term
5'80 records of the AN ice core and of the Oyogos Yar ice wedges, a distinct

unprecedented maximum is obvious during the last century (Figure 5.1), clearly
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representing the warmest time period recorded in both archives. In the d excess
records, the lowest values occurred in the most recent samples (Figure 5.2),
indicating a higher proportion of regional moisture from the nearby Kara, Laptev

and East Siberian Seas connected to a lower sea ice extent (see above).

Table 5.1: Overview of general paleoclimatic characteristics and stable water isotope composition

of Akademii Nauk ice core (upper 535 m) and Oyogos Yar syngenetic ice wedges (for AN ice core,

annual mean values from high-resolution stable isotope samples are used).

Akademii Nauk ice core
Severnaya Zemlya

Central Siberian Arctic

Syngenetic ice wedges
Oyogos Yar

East Siberian Arctic

Dated time range

Ca. AD 300-2000

Ca. AD 500-2000

Spatial significance

Local to Western Eurasian

Arctic

Local to Laptev / East Siberian

Sea region

Temporal resolution

Annual to decadal

Centennial to millennial

Type of signals

Temperature
Moisture source / Atmospheric
circulation / Sea ice extent

Atmospheric aerosol content

Temperature
Moisture source / Atmospheric

circulation / Sea ice extent

Resolution of signals

Annual and summer signals

Winter signals

Moisture source

North Atlantic / Regional Seas

North Atlantic / Regional Seas /
North Pacific?

50 min / mean / max
(%o vs. V-SMOW)

-26.5/-21.6/-16.5

-27.1/-25.0/-20.7

OD min / mean / max
(%o vs. V-SMOW)

-200.4/-161.3/-124.1

-207.8/-192.1/-159.9

d excess min/mean/max 6.8/11.2/15.1 48/8.0/11.3
(%o vs. V-SMOW)
Slope / intercept 7.7/46 76/-1.6

The AN 5'0 record exhibits a decreasing trend until about AD 1750 (Figure 5.1).
This coincides with several other paleo-temperature records from the Northern
High Latitudes, which show a general cooling in the Middle and Late Holocene
(Wanner et al., 2008). However, the AN 5'0 trend is at least partly caused by the
growth of Akademii Nauk ice cap, as proven by decreasing sea-salt ion
concentrations (Figure 3.6). In contrast, the ice wedge 5'®0 data indicate a
warming trend in the Late Holocene. This trend, however, is attributed to the winter

season only (Figures 4.5 and 5.1). A review by Solomina and Alverson (2004) has
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already pointed out the peculiar fact that different temperature trends have been
recorded across the Russian Arctic and Subarctic, probably caused by the
different nature of the used archives, e.g. tree rings, lake sediments, marine

sediments and ice cores (see also Figure 3.7).
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Figure 5.1: 8'°0 data of the studied archives. Top: AN 5'®0 data as running mean over 15 years
based on the core chronology AN 2009/04. Bottom: Preliminary overview 5'®0 record based on the
AMS "C dated ice wedge samples from Oyogos Yar (Table 4.2). Black dots show the mean
calibrated radiocarbon ages calculated from the minimum and maximum values (20 range),
indicated by the error bars. The modern value represents mean values of recent ice wedges and

the most recent parts of the Holocene ice wedges and is assumed to represent the last decades.
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Figure 5.2: Deuterium excess (d excess) data of the studied archives. Top: AN d excess data as
running mean over 15 years based on the core chronology AN 2009/04. Bottom: Preliminary
overview d excess record based on the AMS "C dated ice wedge samples from Oyogos Yar
(Table 4.2). See caption of Figure 5.1 for further details.
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The general 50 trends are superimposed by a marked variability. This
particularly applies to the AN 580 record due to its high resolution compared to
the ice wedge record. However, no general coincidence of solar or volcanic forcing
and AN 5'®0 was found (Figure 3.7). Obviously, in the AN 5'%0 record, neither a
pronounced Medieval Warm Period (MWP; ca. AD 900-1200) nor a distinct Little
Ice Age (LIA; ca. AD 1400-1900) are recorded. Only the absolute minimum around
AD 1800 and the subsequent increase could be interpreted as termination of the
LIA. In contrast, the preliminary ice wedge 820 record exhibits a maximum around
AD 1200, which might be attributed to the MWP as well as a minimum in the 15th
century, possibly corresponding to the onset of the LIA. However, a maximum is
also recorded in the 15th century, discarding the hypothesis a long lasting cold
phase.

An important feature of the AN 3'°0 as well as d excess records are rapid
changes, for instance in 5'®0 at about AD 900, in the 15" and 16" centuries, at
about AD 1750 and in the early 20™ century (Figure 5.1), and in d excess around
AD 600, at about AD 700 and in the 20™ century (Figure 5.2). Comparable rapid
changes in the 15" and 16" centuries can also be detected in the Oyogos Yar ice
wedge records as well as in the Austfonna (Svalbard) 5'®0 record (Figure 3.7). As
these rapid changes are not directly connected to major changes of solar or
volcanic forcing (Figure 3.7), they are probably caused by the internal dynamics of
the climate system, including shifts in atmospheric and oceanic circulation
patterns. In the case of the rapid climate changes in the 15" and 16™ centuries this
is supported by generally increased Icelandic Low and Siberian High intensities,
resulting in strengthened westerlies with a very fast and strong onset (Mayewski et
al., 2004). Substantial glacier advances at Franz Josef Land (Lubinski et al., 1999)
and Novaya Zemlya (Polyak et al. 2004) between AD 1400 and 1600 are probably
related to these changes. Accordingly, increased westerly to south-westerly winds
leading to enhanced atmospheric and ocean heat transport to the Barents Sea as
well as enhanced cyclonic circulation over the Barents Sea presumably caused
the late 15" century and the early 20" century Arctic warming events (Bengtsson
et al., 2004; Crespin et al., 2009), evident in the AN and Austfonna (Svalbard)
5'80 records (Figure 3.7).

The difference in mean d excess values between the AN ice core and the Oyogos

Yar ice wedges indicates different moisture generation and transport patterns. The
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relative low mean d excess values (~8%o) in Holocene ice wedges from the Dmitrii
Laptev Strait are typical for this Eastern Siberian Arctic region (“eastern province”)
in contrast to study sites in the western and central parts of the Laptev Sea coast
(Meyer, 2003). The higher mean d excess values (~11%0) of the AN ice core fit
well into this “western province”. Most probably, moisture from the North Pacific
Ocean contributes to the precipitation at the Dmitrii Laptev Strait, whereas this can
be excluded for the “western province” including Severnaya Zemlya. Nevertheless,
the highly variable d excess in both records indicates no constant moisture source
region but a mixture of North Atlantic moisture, moisture from the regional seas

and, in the case of the Oyogos Yar ice wedges, potentially Pacific moisture.

5.2 Potentials and limitations of the studied paleoclimate archives

As shown above, both studied archives provide relevant data with a high potential
for future paleoenvironmental applications. However, they are still fundamentally
limited regarding their usability as paleoclimate archives and, therefore, regarding
the significance of the derived data. These limitations are both archive- and site-

specific peculiarities and are primarily related to dating issues.

5.2.1 Akademii Nauk ice core

Despite its position in the High Arctic, AN ice cap (SZ) is characterized by
summertime surface melting due to its relatively low altitude (about 750 m NN).
The subsequent melt water infiltration leads to an alteration of the originally
deposited atmospheric signals (Koerner, 1997). Glaciers and ice caps with melting
have been attracted less attention in ice core studies than e.g. the Greenland and
Antarctic ice sheets. They have gained in importance in the last 20 years.
Nevertheless, this study shows that valuable high-resolution paleoclimatic
information can be obtained from ice cores drilled at ice caps with moderate
melting, even though the seasonal signals are altered by melt water infiltration.
Moreover, the annual to multi-annual stable water isotope and major ion signals
derived from the AN ice core provide some highly significant paleoclimatic
information for this poorly investigated region (Chapter 2).

The dating of the AN ice core is based on a combination of stable-isotope based
annual layer counting and the detection of volcanic reference horizons. However,

this approach proved to be problematic in the lower core part. Up to now, only a

101



Synthesis Chapter 5

few reference horizons could be identified at all and none before AD 1259
(Chapter 3). Due to the high sea salt ion concentrations and the altering affects of
melting and infiltration, peaks in electrical conductivity are not necessarily linked to
volcanic eruptions (Weiler et al., 2005). Moreover, sulphate, commonly used to
identify volcanic horizons in ice cores, is more susceptible to melting and
infiltration than other ions. Therefore, imprints of smaller volcanic eruptions, whose
atmospheric sulphur load is often unknown, are more easily blurred. Furthermore,
smaller volcanic eruptions, particularly from remote regions such as the
Kamchatka Peninsula which is relatively close to Severnaya Zemlya, are not well-
dated.

Standard ice-flow models underestimate the real annual layer thickness in the
lower core sections. Therefore, they overestimate the age of the corresponding
layers and are only of limited use for dating the AN ice core. This is most probably
caused by the non-existence of dynamic steady-state ice-cap conditions due to the
Late Holocene ice cap growth (Chapter 3). Hence, high-resolution sampling and
the analysis of stable water isotope composition is necessary to date the ice core
by counting annual layers as long as no additional reference horizons will be
detected or independent age determinations will be available (Chapter 5.3).

In summary, it can be concluded that the relative small and low-altitude Akademii
Nauk ice cap is highly sensitive to regional near-surface climate and
environmental dynamics and has therefore a high potential for the reconstruction
of the corresponding regional parameters, despite the above-mentioned
limitations. As recently shown, the same is true for ice cores from comparable ice
caps on Svalbard (Austfonna; Isaksson et al., 2005a, 2005b) and Franz Josef
Land (Vetreniy; Henderson, 2002), whereas ice cores from higher elevated sites
such as Greenland or Lomonosovfonna (Svalbard; Isaksson et al., 2005a, 2005b)
contain signals of higher atmospheric layers.

In order to gain new ice-core based regional information on climate variability and
forcing as proposed for instance within the framework of the IPICS 2000 year
array (IPICS, 2009), ice core drilling should be conducted at such relative low-

altitude ice caps in the Eurasian Arctic.
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5.2.2 Syngenetic ice wedges (Oyogos Yar)

In a Holocene thermokarst depression (Alas) at the Dmitrii Laptev Strait three
syngenetic ice wedges were studied. In contrast to previous studies in the Siberian
Arctic (e.g. Meyer et al., 2002a; 2002b), a new approach, comprising horizontal
high-resolution sampling and "C AMS radiocarbon dating, was used in order to
derive continuous records from singular ice wedges. The stable-water isotope
compositions of the studied ice wedges are close to the Global Meteoric Water
Line (GMWL), proving the paleoclimatic significance of the isotope data. Despite
some differences, all three stable-isotope profiles exhibit similar general
characteristics. This indicates that the ice wedges recorded the same climate
signals, such as the sub-recent strong warming accompanied by changes in
moisture supply (Chapter 4).

Even though the ice wedges were dated to the Late Holocene, the derivation of
continuous time series proved to be problematic because inconsistent AMS dating
results (age reversals) appeared in the profiles (Figure 4.5). This contradicts the
assumption of regular frost cracking and ice-wedge growth and poses the main
issue regarding the extraction of time series from ice wedges. Most probably,
temporal irregular frost cracking (Mackay, 1991) as well as changing positions of
the frost cracks within the ice wedges are responsible and may also be related to
local effects. Moreover, a careful selection of organic material is necessary to
avoid dating of e.g. reworked material.

However, under favorable conditions and based on continuous “C AMS age
sequences ice wedges can be studied with an about centennial resolution as
recently demonstrated for ice wedges from Barrow/Alaska (Appendix II).

A second constraint is linked to the issue of which part of the winter snow cover
provides the melt water that fills the frost crack during snow melt in spring.
According to the annual temperature pattern, early winter snow is assumed to
contain “warmer” isotopic signatures than late winter snow; a mixture of both
would result in a mean signal. Additionally, the initial isotopic signal may be altered
by fractionation during several processes such as snow metamorphism, snow
melting and refreezing. Moreover, melt water from different stages of snow melt
will exhibit different isotopic signatures with respect to the original snow cover

(Lauriol et al., 1995). These processes and isotopic implications are hard to
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determine and assess without a detailed monitoring and sampling at all stages of
snow cover, ice vein formation and ice wedge growth.

Up to now, syngenetic ice wedges have been used predominantly to characterize
climate and environmental conditions of different stratigraphic units during the Late
Pleistocene and the Holocene, and to derive overview temperature trends (e.g.
Meyer et al., 2002a; 2002b; Schirrmeister et al., 2003b; Wetterich et al., 2008b).
Despite the mentioned limitations, they have the potential to serve as an important
climate archive as impressively proven by the stable-isotope records of the
Younger Dryas cold period in Barrow/Alaska (Appendix Il). Therefore, further
efforts should strive for using syngenetic ice wedges as climate archive and stable
water isotopes as temperature and moisture proxies. Particularly as ice wedges
are a widely distributed feature of permafrost regions, they allow for creating a
network of stable-isotope based climate information in regions without other ice

archives such as glaciers and ice caps.

5.3 Outlook and ideas for future research

This thesis contributes to a better understanding of Late Holocene climate and
environmental change in the Eurasian Arctic by providing new substantial findings.
Future research should continue the work on the studied archives and seek to

transfer the findings and experiences to new study objects.

5.3.1 Akademii Nauk ice core

To overcome the dating issue and to develop a robust age model of the AN ice
core, not only annual layer counting and the detection of additional volcanic
reference layers using high resolution data should be continued, but independent
physical dating approaches should be pursued as well. Such a project is
envisaged within an cooperation with the working group of Dr. Wagenbach
(Heidelberg University, Institute of Environmental Physics) and could include
measurements of '°Be for matching with the tree-ring based radiocarbon record of
solar activity, as successfully applied to the Franz Josef Land ice core
(Henderson, 2002; Kotlyakov et al., 2004). Also direct radiocarbon dating on the
particulate organic carbon (POC), on dissolved organic carbon (DOC) in ice or on
carbon in air bubbles could help to enhance the core chronology. A

comprehensive effort to include all these age information could help to adjust a
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standard ice-flow model to the AN ice core that would take into account the growth
of AN ice cap. Putting reasonable age constraints on the lowermost core section
would allow for detecting important paleoclimatic implications regarding the onset
of a sustainable growth of the ice cap.

Based on robust information on age and growth of the AN ice cap, the correction
of the ice core time series for the ice cap growth would facilitate the separation of
surface elevation change from climate signals.

Another interesting issue would be the detailed influences of the North Atlantic
Ocean, which is a main driver of the Eurasian Arctic climate due to its northward
transport of heat and moisture. A west-to-east transect of ice-core based stable
isotope and major ion data from Svalbard via Franz Josef Land to Severnaya
Zemlya would help to assess the spatio-temporal variability of this North Atlantic
Ocean influence. Of particular interest are rapid climate changes and the
corresponding interactions of ocean, sea ice and atmosphere.

Additional attempts using AN ice core for paleoclimatic studies should include the
measurements of new proxies, such as black carbon, a product of incomplete
combustion, which absorbs heat in the atmosphere and reduces the surface
albedo (McConnell et al., 2007).

Due to the formation of melt layers, air in the firn layers of the AN ice cap is
trapped relatively fast as compared to the Greenland and Antarctic ice sheets,
where firn-atmosphere interactions take place over several decades, leading to
age offsets between the ice and the included air. Therefore, AN ice core could
provide valuable information on past atmospheric composition, enabling also

isotope studies on trapped air.

5.3.2 Syngenetic ice wedges

Follow-up research on the Late Holocene Oyogos Yar ice wedges should focus on
an improved dating, leading to a better temporal resolution. Most promising for
such a "“C AMS dating effort would be the ice wedge Oy7-11 IW 7, which was
sampled at high resolution (1 cm) under laboratory conditions. It exhibits the most
symmetric stable isotope profiles (Figure 4.5), indicating an almost continuous
growth, possibly without age reversals. Furthermore, several samples contained

appropriate amounts of organic material for *C AMS dating.
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Similar ice-wedge studies as the ones conducted within this thesis should be
performed at several sites in the wide tundra regions of the Siberian Arctic and
sub-Arctic to create comparable ground-ice based stable water isotope data sets.
This should be done preferentially along climatic gradients, e.g. from West to East
along the Eurasian North coast, considering also sites with existing ice core data,
e.g. Svalbard, Franz Josef Land and Severnaya Zemlya for a more detailed
archive inter-comparison. Older ice wedge generations should be studied in a
similar manner, i.e. the huge syngenetic ice wedges of the Late Weichselian Ice
Complex in Northeast Siberia, which also are in the age range for *C AMS dating.
These studies should also include the analysis of the *°CI/Cl ratio to extend the
available data set for this recently developed dating method (Appendix Ill). In
particular, the yet not understood shift in the **CI/Cl ratio between Late Pleistocene
and Holocene ice wedges should be addressed.

To better understand and assess the temporal and spatial variations of frost
cracking as well as the isotopic signals contained in the corresponding ice vein
with respect to the original snow cover, a monitoring program is suggested. This
monitoring of active syngenetic ice wedges should comprise repeated sampling of
winter precipitation, detection of the timing of frost cracking and frost crack filling
as well as sampling of the corresponding ice veins. Additionally, the monitoring
should include measurements of chloride to gain more insights into the chlorine
cycle, which would help to improve the dating approach for ground ice based on
the ®CI/CI ratio. In combination with automatic measurements of air temperature,
existing isotope-temperature relationships (Vasil’chuk, 1992 and Nikolayev and
Mikhalev, 1995) could be evaluated. This monitoring could be accompanied by

laboratory-based experiments on stable isotope fractionation.
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Abstract
Between 1999 and 2001, a 724 m long ice core was drilled on Akademii Nauk, the
largest glacier on Severnaya Zemlya, Russian Arctic. The drilling site is located
near the summit. The core is characterized by high melt-layer content. The melt
layers are caused by melting and even by rain during the summer. We present
high-resolution data of density, electrical conductivity (dielectrical profiling), stable
water isotopes and melt-layer content for the upper 136 m (120 m w.e.) of the ice
core. The dating by isotopic cycles and electrical conductivity peak identification
suggests that this core section covers approximately the past 275 years.
Singularities of volcanogenic and anthropogenic origin provide well-defined
additional time markers. Long-term temperatures inferred from 12 year running
mean averages of 5'%0 reach their lowest level in the entire record around 1790.
Thereafter the 5'°0 values indicate a continuously increasing mean temperature
on the Akademii Nauk ice cap until 1935, interrupted only by minor cooling

episodes. The 20" century is found to be the warmest period in this record.
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1.1 Introduction

In the Eurasian Arctic, Severnaya Zemlya is the easternmost archipelago, which is
covered by large ice caps. This allows regional climate signals to be accessed
from ice-core records. The Akademii Nauk ice cap, covering an area of 5575 km?,
is the largest in the Russian Arctic, with a maximum elevation of about 800 m a.s.I.
(Dowdeswell et al., 2002). The first 761 m long surface-to-bedrock core on this ice
cap was drilled in 1986/87 by a Russian team (Savatyugin and Zagorodnov, 1988;
Klement'yev et al., 1991). The core has been sampled in a relatively low
resolution. A chronology was published for that core indicating a Late Pleistocene
near-bottom age (Klement'yev et al., 1988, 1991; Kotlyakov et al., 1990).

Between 1999 and 2001 the new ice core discussed here was drilled to bedrock
on Akademii Nauk (Figure 1.1) to improve the data resolution and to revise the
previous timescale. For this new core, the drilling site was selected close to the
summit considering the form and flow of the ice cap (Dowdeswell et al., 2002).
Fritzsche et al. (2002) report details of the drilling site at 80°31’ N, 94°49’ E, as
well as recent accumulation rates. For technical details of the operation see
Savatyugin et al. (2001). The mean annual air temperature at the drilling site was -
15.7°C for the period May 1999-April 2000 (Kuhn, 2000). During summer, air
temperature can even be above 0°C. In April 2000 a temperature of -10.2°C was
measured at 10 m depth. Latent heat from percolating water affects the difference
between mean annual air temperature and temperature in firn. In 2000/01 the
borehole temperature was between -12.40°C at 100 m depth and -7.49°C at the
bottom, with a minimum of -14.35°C at 209 m depth (Kotlyakov et al., 2004).
Consequently Akademii Nauk is a cold glacier.

Reconstructing annual signals (e.g. 8'20) in ice cores from the percolation zone of
glaciers can be problematic owing to the effect of meltwater infiltration (Koerner,
1997). The variation of stable isotopes in ice (5D and 5'0) can be eroded, but, at
least in particular cases, seasonal cycles still persist (Pohjola et al., 2002a).
Sometimes the deuterium excess d (d = 3D — 8 5'%0) resolves the annual variation
better than the corresponding 8D or 5'°0 data, as shown for the Vernagtferner,
Oetztal Alps, Austria (Stichler et al., 1982).
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Figure 1.1: Location of Severnaya Zemlya and its glaciers.

We present density, 5'%0, 8D and d profiles as well as the melt-layer content from
the uppermost 136 m of the new Akademii Nauk ice core. These parameters are
compared to electrical conductivity obtained by dielectrical profiling (DEP) of the
same core sequence. A chronology is given based on the annual-layer thickness
determined from 3’0 and d and using the time markers from volcanic events
detected by DEP measurements. According to this depth-age model, the core

section under investigation covers approximately 275 years.

1.2 Analytical methods

The core was processed in the cold laboratory of the Alfred Wegener Institute in

Bremerhaven. Processing included the following steps:

1. Quasi-continuous density measurements (y-densimeter) and DEP (Moore
and Paren, 1987) were taken non-destructively at 5 mm resolution on a
combined bench, which was also used for analysis of ice cores from
Greenland (NorthGRIP) and Dronning Maud Land, Antarctica (EPICA). For
a detailed description refer to Wilhelms (2000).

2. Following the DEP measurements, two slices were cut with a horizontal
band-saw parallel to the core axis. The first 11 mm thick segment was

sampled for isotopes (5'°0, dD); the second, a 30 mm thick plate, was
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polished for optical scanning of the internal structure, and subsequently
sampled for chemical investigations (Weiler et al., 2005).

3. The stable isotopes were sampled from the segment in 25 mm long
increments. To obtain a first overview, samples for each 1 m segment of
core were collected by abrading 1-2 mm off the surface over the whole
segment length with a microtome knife. The frozen samples were melted for
the determination of 8D and &'®0 with a Finnigan-MAT Delta S mass
spectrometer. The analytical precision is better than +0.8%. for 6D and
+0.1%o for 5’0 (Meyer et al., 2000).

4. The melt layers were visually identified on scanned pictures of coplanar
slices. The scanning resolution is better than 0.1 mm, but because of
irregular boundaries between melt layers and firn the fixing of layers was
less precise. Accurate distinction between firn-ice and meltimpacted layers
was difficult in the deeper parts of the core, but less problematic in the
section discussed in this paper.

Following Madsen and Thorsteinsson (2001), we call glacial ice formed by firn only

firn-ice’. In the manner of Paterson (1994) we use the term ‘firn’ for aggregates of

several crystals with interconnecting air passages between the grains. Ice
consisting of firn infiltrated by a visible content of water we call, independent of the
amount of water, ‘melt-layer ice’ or ‘melt layer'. Most melt layers in this core are
formed by infiltration of water into the porous firn structure. Close to the surface,
the firn has a porosity of 50%, which can be filled with percolating water. The melt-
layer content is calculated by the proportion of melt-layer ice per metre by weight.

In general, the amounts of melt-layer ice are a proxy parameter for warm

summers, but superimposed sporadic melt features can make this interpretation

complicated (Koerner, 1977).

1.3 Results and discussion

A shallow core (SZ 99-2) was drilled about 200 m eastsoutheast of the main coring
site (SZ 99) in order to estimate the stratigraphic noise in the 5'°0 and melt-layer
records. The two datasets are in good agreement, with a 0.55 m depth offset
(Figure 1.2). This offset could be caused by a compression of the uppermost winter
snow during drill-tower assembly and/or by roughness of the snow surface. The

uppermost 0.43 m of the main core and 0.2 m of the shallow core were lost
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because of their poor consolidation. Discrete, massive melt layers are found in the
main core (e.g. at 2.9 or 7.8 m depth), and equivalent layers are found in the
shallow core at corresponding depths. Many more small ice layers are observed in
both cores. As expected, melt layers consisting of partially saturated firn are often
found at various depths. The firn is not a homogeneous medium, and internal
surfaces are undulated, so heterogeneous flow of vertical and horizontal
percolating meltwater is the rule. Nevertheless, the two 5'%0 profiles look similar,
but the differences in infiltration are clearly visible in detail. For example, at 8.5 m
depth of SZ 99 the deformed &'80 minimum indicates infiltration of less depleted
water. On the whole, the correlation of 520 between the two cores is good, with a
correlation coefficient of r = 0.67 (2.5 cm resolution, 906 samples each, 14 years).
An increase to more than r = 0.75 is possible with a visual piecewise adjustment

(cores shifted against each other, six breaks, none overlapping).
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Figure 1.2: Comparison of visible stratigraphy (a) and 'O (b) in the upper part of the main core SZ
99 and the shallow core SZ 99-2 drilled some 200 m apart. Stratigraphy index numbers in (a): 1.
firn not impacted by water; 2. partially saturated melt layers; 3. saturated melt layers. The abscissa
is mirrored for easier comparison. Arrows indicate melt layers occurring in both cores at the same

depth. Shading in (b) is for easy comparison.
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Figure 1.3 shows the ice-core density profile at 5 mm resolution. Melt layers are
obvious already in the uppermost metres of the core, with a density about 900
kgm'3. Between these layers, firn horizons appear with a typical density of 300-400
kgm™ near the surface, and increasing density with depth. From the density profile
it is apparent that the core originates from the percolation zone of the glacier. The
transition from firn to ice occurs at about 60 m depth. The density profile is used to
convert the depth scale into metres water equivalent (m w.e.).

Air bubbles are found throughout the core in varying size and concentration. Only
very few parts of the core are almost free of bubbles. The homogeneously
distributed bubbles suggest air entrapment between firn crystals. Hence, most of
the melt-impacted layers were not made entirely from refrozen (bubble-free)
meltwater. For the uppermost 30 m, where the density of ice and firn is sufficiently
different, the calculation of infiltration from the density log (Figure 1.3) agrees well

with the visual recording of the melt-layer content.
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Figure 1.3: Density-depth profile of the core (5 mm resolution).

The electrical conductivity record (Figure 1.4d) exhibits some of the volcanogenic
time markers which were used to establish the core chronology. The conductivity
peak at about 20 m w.e. depth was related by chemical analysis (Weiler et al.,
2005) to the 1956 eruption of Bezymianny, Kamchatka, with an attributed volcanic
explosivity index (VEI) of 5 (Siebert and Simkin,
http://www.volcano.si.edu/gvp/world). This is the largest conductivity peak
observed in the whole core. The other peaks in conductivity are assumed to be of
volcanogenic origin, and the assigned age is based on correlation with ice-core
records from Greenland (e.g. from Hans Tausen Iskappe (Clausen et al., 2001)).

The chronology of the core section discussed here is established by identifying
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peaks in the conductivity record. In between the peaks the timescale is refined by
counting seasonal signals in the stable-isotope records, mostly the d oscillations
together with the 5'®0 variations. As an example, Figure 1.5 presents the stable-
isotope variations between the Bezymianny event (1956) and the assumed Katmai
(Alaska, USA) eruption (1912). On the graph’s righthand side, our interpretation of
annual cycles is marked with tags. An annual mark is defined by a minimum in 6D
and 5'%0 and simultaneously a maximum in d. But four more years (arrows) could
possibly be counted as well (error +10%). When counting the peaks, one finds
probably more and not less years in this core, because of the appearance of

additional infiltration peaks.
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Figure 1.4: Profiles from the upper 120 m w.e. (136 m depth) of the main core from Akademii Nauk
ice cap. (a) Melt-layer content. Step function gives 1 m values, and black curve is 5 m running
mean. (b, ¢) D excess d (b) and 5'%0 (c). Grey indicates 25 mm data, and black curve is 5 m

running mean. (d) Electrical conductivity (DEP) (5 mm resolution).
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The melt-layer content (Figure |.4a) shows maxima at around 65, 50 and 40-10 m
w.e., corresponding to the 1840s, 1880s and 1900-70 respectively. Following
Koerner (1977), the amount of meltwater can be considered as a proxy for
summer warmth. The 5'%0 profile (Figure |.4c) shows a minimum at 90 m w.e. (AD
1790). An increasing trend of 820 is obvious between 90 and 27 m w.e. The d
record exhibits annual cycles (Figure 1.5), but the long-term trend is nearly
constant (Figure 1.4b): mean: d = 11.0%o (dotted line).
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Figure 1.5: Stable-isotope variations between the 1956 Bezymianny event and the layer with high
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electrical conductivity assumed to originate from the eruption of Katmai in 1912. Tags on righthand
side indicate our interpretation of annual cycles. Arrows mark peaks which can be interpreted as

additional years.

The derived annual-layer thickness for the top 120 m w.e. of the core,
corresponding to the period 1725-1999, is plotted in Figure 1.6. The annual-layer

thickness is presented as found in the core (none decompressed). The modern

114



A 275 year ice-core record from Akademii Nauk ice cap, Severnaya Zemlya, Russian Arctic Appendix |
Annals of Glaciology 42, 361-366

mean annual-layer thickness of about 0.46 m w.e. agrees with the recent mean
annual accumulation rate at the drill site as calculated earlier from ''Cs
measurements (Fritzsche et al., 2002; Pinglot et al., 2003) as well as with the
mean accumulation rate of 0.46 m w.e. a” in the period 1986/87 published by
Zagorodnov et al. (1990). In deeper parts of the core (not shown here) the annual-
layer thickness was determined over discrete 1 m intervals by high-resolution
analysis of seasonal 8'°0, 8D and d and variations of electrical conductivity
assumed to be seasonal. We found an annual-layer thickness of about 0.12 m
w.e. for the near-bottom layers. From a linear decrease in annual-layer thickness
with depth as observed in the DEP profile and assuming no discontinuity in the
record, we calculated a bottom age of roughly 2500 years. This is less than the
age computed by a Nye model (Paterson, 1994) with an accumulation rate of 0.46
m w.e. a”. Therefore our results imply that this ice cap was not in dynamic steady
state throughout its existence, but has been growing until modern times. Similar
conclusions have been drawn for Hans Tausen Iskappe, North Greenland
(Hammer et al., 2001).
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Figure 1.6: Annual-layer thickness, AD 1725-1999, derived from 5'°0 and d oscillations and from
interpolation between volcanic time markers. Dots show thickness of a single year, black curve the
5 year running mean and the step line the mean annual-layer thickness between presumed

volcanic eruptions.

The new 5'°0 record from Akademii Nauk (Figure 1.7) looks similar to the Varde
(Norway) temperature record (data: http://www.giss.nasa.gov/data/update/gistemp
/ITMPDIR/tmp.634010980003.1.1/634010980003.1.1.txt) and a composite of
surface air temperatures in the Arctic (Polyakov et al., 2003b) (data:

http://denali.frontier.iarc.uaf.edu:8080/~igor/research/data/airtemppres.php). The
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good agreement suggests that 50 from Akademii Nauk is a good proxy for mean
annual air temperature. Our 5'®0 record shows an absolute minimum at about
1790, following the eruption of more than ten volcanoes with a VEI = 4 since 1750,
including Laki, Iceland, in 1783. Thereafter the 5'°0 value increased until 1935,
interrupted by a 10-20 year long reverse trend following huge volcanic eruptions
during the 1850s. For the same period, Kotlyakov et al. (2004) present a long-term
warming trend, which was reconstructed from borehole temperature logging in the
Akademii Nauk 1986/87 borehole with a model considering the effects of vertical
heat transfer by meltwater and its refreezing. The warming trend until the late
1930s was recorded by many meteorological stations in different regions of the
Arctic (e.g. at Svalbard (Brazdil, 1988)). This trend is also a strong signal in
composite air-temperature datasets from the Arctic as well as in data for the
Northern Hemisphere at 64-90°N (http://www.giss.nasa.gov). The increasing
temperature in the 19™ and at the beginning of the 20™ century can also be found
in glaciers on Svalbard (Isaksson et al., 2003) and in Franz Josef Land
(Henderson, 2002) as well as North Greenland (Hans Tausen Iskappe (Hammer et
al., 2001)).
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Figure 1.7: Comparison of (1) dated 8'0 curve for the segment of ice core shown in Figure 1.4 (1 m
mean values and 5 m running means (approximately 2.3 and 12 years respectively); (2) air
temperature measured at Vardg, North Norway (5 and 10 year running mean values); and (3) trend
of composite surface air temperature in the Arctic (6 year running mean; deviation from mean
temperature 1961-2000) (data from Polyakov et al., 2003b).
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.4  Conclusions
Our investigations on the newly drilled ice core from Akademii Nauk revealed:

Annual layers could be identified in the upper 136 m of core presented in

this paper using a combination of high-resolution (2.5 cm) d and 320 data.

The core was dated by combining the annual-layer thickness
measurements from stable-isotope studies with volcanogenic signals in the

electrical conductivity record used as time markers.

The 3'%0 time series is very similar to trends in air temperature measured in
the Arctic. Thus the 5'°0 data are a good proxy for mean annual air

temperature.

The accumulation rate over the period 1956-99 is about 0.46 m w.e. a™
based on stable-isotope investigations. This finding agrees with the rates
we found earlier by "’Cs radioactivity measurements and the annual
accumulation rate published for 1986/87 (Zagorodnov et al., 1990). It is in
disagreement with a modern annual-layer thickness of 0.26-0.28 m
suggested by Klement'yev et al. (1988) and used by Kotlyakov et al. (1990)
for dating the Akademii Nauk ice core drilled in 1986/87.

Our preliminary chronology of the ice core dates the lowermost part to

roughly 2500 years BP.
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Abstract
The reaction of the North Pacific region to a ,shutdown® or reduction of the
thermohaline circulation in the North Atlantic during Younger Dryas has been a
matter of debate. We present a radiocarbon-dated stable water isotope record
from northern Alaskan permafrost (ice wedges) near Barrow, Alaska, to
demonstrate centennial-scale Late Glacial-Holocene winter climate variations. Our
results provide the first stable isotope evidence for a Younger Dryas cold event
recorded in permafrost and for a change in atmospheric moisture conditions
similar to the Greenland ice core records, but with a lag of about 500 years and

likely associated with the successive opening of the Bering Strait.

The debate on the susceptibility of permafrost to global warming has gained
interest in the last decade (Lemke et al., 2007), particularly with regard to positive
feedback mechanisms of a potential release of stored carbon (Zimov et al., 2006;
Walter et al., 2006). As permafrost in North America and Siberia warmed in the
late 20™ century (Osterkamp, 2005; Romanovsky et al., 2007), enhanced thawing
of frozen ground caused dramatic environmental consequences, particularly in
warmer discontinuous permafrost regions and along ice-rich Arctic coastlines.

Climatological records extending beyond the Late Glacial-Holocene transition are
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rather sparse within permafrost regions, often restricted to lake sediments and rely
mostly on summer indicators such as pollen, especially in the North Pacific sector
(Kokorowski et al., 2008). Ground ice, defined as all types of ice contained in
frozen ground (van Everdingen, 1998) including ice wedges provide paleoclimate
archives that can be studied by stable water isotope methods analogously to
glacier ice (Mackay, 1983; Meyer et al., 2002b). Ice wedges are widely distributed
in non-glaciated high northern latitudes, are diagnostic of permafrost and, in
general, indicative of periods of cold climate conditions. They are found in both
continuous and discontinuous permafrost zones and may also have formed during
and survived interglacials (Froese et al., 2008). Ice wedges are distinctive due to
their vertically-oriented foliations and air bubbles. They form as winter thermal
contraction cracks are periodically filled by surface water (mainly from snow melt),
which quickly (re)freezes at negative ground temperatures (Lachenbruch, 1962).
The seasonality of thermal contraction cracking and of the infill of frost cracks are
generally related to winter and spring, respectively. Ice wedges are, thus,

interpreted to be indicative of winter climate conditions.

We investigated a relict, buried ice-wedge system within the continuous
permafrost zone near Barrow, northern Alaska (Figure 11.1). The Barrow ice-wedge
system (BIWS) is buried under about 3 meters of Late Glacial/early Holocene ice-
rich sediments. Permafrost in this area is cold (about -9°C) and extends to over
300 meters in depth. The BIWS consists of two intersecting ice wedges, which
were sampled horizontally, i.e. perpendicular to its growth structure, covering the
complete time interval of ice wedge formation (Figure 11.3). Organic material such
as leaves, twigs or lemming pellets contained within the BIWS were selcted for
direct AMS 'C (accelerator mass spectrometry radiocarbon) dating. AMS '*C-
dates of organic matter enclosed in the BIWS suggest continuous ice-wedge
formation for about 3000 years duration between 14.4 and 11.3 kyr cal B.P.
(before present = before 1950; Table 11.1), comprising the Baglling-Allergd
Interstadial (BA), the Younger Dryas Stadial (YD) as well as the onset of the
Preboreal warming (PB).

We present the stable oxygen (50, %. V-SMOW) and d excess records (d
excess = 8D — 8* 5'°0; Dansgaard, 1964) from the BIWS (Figure 11.2). The 5'%0

values are interpreted as a proxy for air temperatures in the region of precipitation,
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whereas the d excess characterizes sea surface conditions (i.e. relative humidity,
temperature) in the moisture source region. The chronology of the BIWS stable
isotope record is based upon mean calibrated AMS 'C-ages. We interpolate
linearly between *C-dated samples to enhance the stable isotope record of the
BIWS, assuming regular ice-wedge growth, which is supported by the sequence of
AMS 'C-dates in the BIWS, as well as constant horizontal growth rates between
two '*C-dated samples. The BIWS stable isotope data is compared to the N-GRIP
(North Greenland Ice Core Project) 5'®0 and d excess records (Steffensen et al.,
2008; Figure 11.2) for the time interval between 15 and 10 kyr cal B.P. N-GRIP is
the most recently published Greenland ice-core record with highest resolution and

dating accuracy for the Late Glacial-Holocene transition.

W 160° 180° 160° 140° E

W 160° 180° 160° 140° E

Figure I1.1: Location of the Barrow ice-wedge system (BIWS) in northern Alaska (red dot). Red and
green contours indicate the -100 m and -50 m isobaths, respectively. The -100 m isobath
corresponds widely to the position of the shoreline at 18 kyr cal B.P. (PALE Beringian Working
Group, 2002). White-dotted lines give the approximate positions of the modern dominant

atmospheric pressure centers (Aleutian low and Siberian high; Mock et al., 1998).
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Appendix Il

Table I1.1: Radiocarbon dates of organic remains in ice wedges of the Barrow ice-wedge system

(BIWS)
N° Sample ID Radiocarbon age Calibrated age  Mean calibrated Lab ID
20 range age
[yr B.P.] [yr cal B.P.] [yr cal B.P.]

1 BAR-IW-"C-1 12370 +/-60 14770 - 14 082 14 426 KIA 25339
2 BAR-IW-"C-3 11700 +/-100 13761 - 13 338 13 550 KIA 33159
3 BAR-IW-"*C-5 11310 +/-45 13275-13 107 13 191 KIA 25656
4 BRO06-I1W-4.1 11250 +/-90 13 284 - 12 956 13120 KIA 33157
5 BAR-IW-"C-7 10 740 +/-60 12 861 - 12 681 12 771 KIA 25657
6 BRO06-1W-4.9 10730 +/-60 12 857 - 12 674 12 766 KIA 33158
7 BAR-IW-""C-11 10480 +/-65 12690 - 12 141 12 416 KIA 25658
8 BAR-IW-"C-22 10290 +/-45 12 367 - 11 830 12 099 KIA 25659
9 BRO06-IW-3.11 9990  +/-80 11811 -11 238 11 525 KIA 33156
10 BRO06-IW-3.5 9850  +230/-220 12098 - 10 585 11 342 KIA 33155
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Figure 11.2: Stable isotope record (top: d excess; bottom: 6180) of the Barrow ice-wedge system
(BIWS, red dots) in comparison with the N-GRIP ice core in 20-yr resolution (Steffensen et al.,
2008; black line) for the time interval between 10 and 15 kyr cal B.P. Green circles indicate directly
AMS 'C-dated samples (mean calibrated ages), which are numbered as in Table I.1. Bottom: 20
error bars of each date are displayed. Main chronological units are given: LW= Late Wisconsin, BA

= Bglling-Allerad; YD = Younger Dryas; PB = Preboreal.

122



Permafrost evidence for a Younger Dryas cold event in northern Alaska Appendix I
In preparation for submission to Nature

The similarity between N-GRIP and BIWS 5'20 records is striking with a prominent
decrease in 3'%0 at 12.9 kyr cal B.P. and subsequent increase at around 11.5 kyr
cal B.P. bracketing the YD cold stadial. Although the absolute N-GRIP 5'°0 values
are lower reflecting colder mean annual air temperatures at the Greenland drill
site, both N-GRIP and BIWS records display 580 variations of the same order of
magnitude (6%o in BIWS; 7%. in N-GRIP ice core). The decrease in 5'°0 reflecting
colder temperatures at around 12.9 kyr cal B.P. occurs nearly contemporaneously
both in N-GRIP and BIWS records, whereas the increase in 5'®0 at 11.5 kyr cal
B.P. is interpreted as early PB warming pulse, which is recorded first in the N-
GRIP ice core, followed by a more gradual change in the BIWS 5'20 record with a
lag of 100 to 200 years. The coldest phase in both records is around 12.5 kyr cal
B.P. These observations contrast with re-evaluation of paleoclimate (mostly
palynological) data from Alaska and Northeast Siberia, which suggest that the YD
cold event has been absent or reduced in northern Alaska (Kokorowski et al.,
2008). Modern synoptic climatology studies provide further insight to the
interpretation of paleoclimate records. During the second half of the 20" century,
atmospheric circulation patterns were seasonally and spatially heterogeneous.
Changes in position and intensity of the Aleutian low as well as of the Siberian
high are responsible for large parts of the climate variability in this region (Mock et
al., 1998). Accordingly, the cold season during the YD was associated with a
stronger and more pronounced Aleutian low (Kokorowski et al., 2008). The
evidence of a YD cold event in the BIWS &'®0 record emphasizes that the YD in
northern Alaska was related to the winter season. This is supported by prominent
YD evidence in southern Alaskan coastal regions, which are characterized by
winter precipitation maxima (Kokorowski et al., 2008, Mock et al., 1998).

Both, N-GRIP ice core and BIWS data have a tendency for relatively low 3'0
values in their records at about 14.0 to 14.2 kyr cal B.P., but at higher temperature
level than in YD. A cold phase between Bglling and Allergd stages is known from
the Greenland ice cores as Older Dryas event and could also be detected in the
BIWS 8'%0 record. The major discrepancy between both records is a well-defined
maximum in the BIWS 5'®0 dataset during the BA period (at about 13.5 kyr cal
B.P.), later by about 800-1000 years than the N-GRIP ice core 5'0 maximum at
14.5 kyr cal B.P. The BIWS &'®0 maximum is contemporaneous to the initial

establishment of Betula shrub tundra in western Alaska (Hu et al., 2002) and
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suggests that in Alaska not only the ecological response but also the winter
climatic conditions differ from the Greenland BA temperature optimum.

It is generally agreed that oceanographic changes in the North Atlantic region (e.g.
of the meridional overturning circulation, MOC) are responsible for the sudden
Northern Hemispheric climate deterioration (McManus et al.,, 2004; Broecker,
2006). The YD cooling has been attributed to the release of meltwater from the
Laurentide Ice Sheet to the North Atlantic or Arctic oceans (Tarasov and Peltier,
2005), which stopped or weakened North Atlantic deep water (NADW) formation
and, thus, the thermohaline conveyor belt. The “shutdown” of the MOC and the
subsequent lack of heat transport to the Arctic lead to a rapid temperature drop in
the entire Northern Hemisphere. This was connected with altered atmospheric
circulation patterns and the southward extent of Arctic sea ice. Global circulation
model simulations suggest lower sea surface temperatures (SST) during the YD
(Mikolajewicz et al., 1997), both in the North Atlantic (about 4 K) and North Pacific
(about 2.5 K). Combining the 320 records from N-GRIP ice core and BIWS, we
assume that the YD cooling occurred nearly contemporaneously at both sites,
whereas warming pulses are lagged by centuries in northern Alaska. The warming
pulse, i.e. at about 11.5 kyr cal B.P., could have originated in the North Atlantic
likely due to the re-initiation of NADW formation.

The d excess records from both BIWS and N-GRIP ice core coincide in general
trends and absolute values (Figure 11.2). The BIWS varies from low d excess (of
about 6%o) during BA to higher d excess (of about 9%o) in YD. A similar, but more
abrupt shift in the N-GRIP d excess record from 6-7%. in BA to about 9-10%o in YD
has been observed between 13.5 and 12.8 kyr cal B.P. (Steffensen et al., 2008).
This shift has been interpreted as reorganization of the Arctic atmospheric
circulation and was accompanied by an increase of precipitation rates in
Greenland (Dansgaard et al., 1989; Alley, 2000). The shift in the BIWS d excess
record illustrates that Alaskan atmospheric circulation patterns were part of this
reorganization process, but more smoothly and, with a lag of about 500-600 years,
later than in Greenland. A rise in d excess is indicative of a different (e.g.
southward shifted) moisture source (or changing conditions within a stationary
moisture source) characterized by lower relative humidities and/or higher SSTs.
However, for both North Pacific and North Atlantic, lower SSTs were modeled

(Mikolajewicz et al., 1997). A similar counter-intuitive shift in d excess has been
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described for Greenland high elevation sites with low d excess in mild phases and
high d excess in cold phases (Johnsen et al., 1989). This has been explained by a
southward shift of the polar front as well as of a more southern sea-ice limit
leading to higher latitudinal temperature gradients and stronger zonal wind
patterns. Therefore, a shift to a different (warmer or less humid) moisture source
for winter precipitation in northern Alaska is likely. We suggest that the lag of this
shift behind the Greenland record and the gradual increase of BIWS d excess is
likely related to oceanographic changes such as the opening of the Bering Strait
between about 12 and 11 kyr '*C B.P. 23. Bradley and England (2008) refined this
estimate to about 13 kyr cal BP, when inflow of Pacific water through the Bering
Strait brought first Pacific bivalves to the Arctic Ocean. The breaching of the
Bering Strait initialized a northward flow of large amounts of low-saline Pacific
water to the Arctic Ocean. A local cold-SST moisture source for winter
precipitation in northern Alaska, however, can be ruled out as our d excess data
suggests. Additionally, the Bering Strait was frozen in winter and low temperatures
imply a low moisture-carrying capacity of air masses. Therefore, we hypothesize
that this general change of oceanographic circulation patterns in the North Pacific
region, especially of the sea surface water, might have caused this gradual
change of the BIWS moisture source region.

In summary, these findings highlight the potential of permafrost, especially ice
wedges, as centennial-scale paleoclimate archives to enable us to expand the
spatially-restricted glacier ice records to larger continental areas of the Northern
Hemisphere. The BIWS record represents the first isotope-based permafrost
climate record of the Late Glacial-Holocene transition including well-documented
evidence for the YD cold stadial. Since ice wedges are investigated by stable
isotope methods, this certainly accounts for temperatures of the winter season.
Similar d excess records from the Greenland ice sheet and its permafrost
“analogue” in Alaska underline the atmospheric-oceanographic teleconnection

between both regions.

Methods
The Barrow permafrost tunnel intercepts a buried ice-wedge system horizontally
about 10 m in E-W direction and 3 m in N-S direction. The section was excavated

and first described in the early 1960s (Brown, 1965). The Barrow ice-wedge

125



Permafrost evidence for a Younger Dryas cold event in northern Alaska Appendix I
In preparation for submission to Nature

system (BIWS) is covered by about 3 m of frozen ice-rich deposits. An access
shaft reaches the ice wedge level at 3.6 m depth below surface (m b.s.). The
BIWS was sampled for stable isotopes horizontally at a depth of 4.5 m b.s
(compare Figure 11.3). In total, 131 samples were taken from two intersecting ice
wedges in five sampling transsects, which were sampled with an electric chain
saw (1.5 cm slices in 10 cm intervals). All ice samples were transported frozen to
the cold laboratory at Alfred Wegener Institute for Polar and Marine Research

(Bremerhaven, Germany), where they were cut for stable isotope and radiocarbon

analyses.
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Figure 11.3: Schematic drawing of the Barrow ice wedge system (BIWS, side view). Grey sections

indicate the position of the ice-wedge sampling transsects.
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Ages of organic remains in the buried ice wedge system were determined by
Accelerator Mass Spectrometry (AMS) '*C-dating of plant remains (mainly
lemming pellets, small roots, leaves or twigs) picked under light microscope. The
measurements were carried out in the AMS facility of the Leibniz Laboratory in
Kiel, Germany (Nadeau et al., 1997; 1998). In order to eliminate contamination by
younger organic acids only the leached residues were used for dating. AMS "*C-
ages were calibrated using the CALIB rev. 5.02 Software, Calibration dataset:
intcal04.14c (Reimer et al., 2004). Mean calibrated ages were calculated from the
minimum and maximum values (20 range).

Stable water isotopes were measured with a Finnigan MAT Delta-S mass
spectrometer at the Alfred Wegener Institute, Research Unit Potsdam using
equilibration techniques. Hydrogen and oxygen isotope ratios are given as per mil
difference relative to V-SMOW (%o, Vienna Standard Mean Ocean Water), with
internal 1 o errors better than 0.8%. and 0.1%. for 8D and &'%0, respectively
(Meyer et al., 2000).
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Abstract
Abundance of the cosmogenic nuclide chlorine-36 (*°Cl) was measured together
with the chloride (CI") concentration in different horizons of Quaternary permafrost
samples collected from various types of ground ice in the northeastern part of
Siberia. The **CI/Cl in 32 samples ranged in value from 2.4x10™"* to 1.4x107"2.
Nonetheless, after a few extreme values were excluded these *°CI/CI ratios
provide a local permafrost chronometry. The general concordance of the modelled
ages with geological expectations and other chronological methods supports the
potential power of the proposed dating method. However, the large observed
change in ratios from higher to lower values during the transition from Last Glacial
Maximum (LGM) to Holocene climatic conditions remains unexplained. An attempt
to make use of the corresponding Beryllium-10 ('°Be) absolute concentrations in
the same samples failed because input of °Be attached to particulate matter into

permafrost is unknown. Further %°CI/CI serial measurements of modern
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precipitation and fossil ground ice are needed to refine this dating method into a

practical tool with a clear protocol.

.1  Introduction

Permafrost is a palaeo-environmental archive that contains several proxy records
such as fossil faunal, floral, and microbial communities and greenhouse gases that
existed before human environmental impact. In the Eurasian Arctic, ancient frozen
ground exists because of the persistent harsh, cold climatic conditions. Permafrost
underlies most of the Siberian territory; however, the question of whether it has
existed permanently since its first occurrence remains unresolved. The oldest
signs of permafrost conditions are related to frost-crack pseudomorphs in late
Pliocene deposits at the Krestovka River in the Kolyma lowlands (Sher, 1971,
1974) and in the Valkarai lowlands on the northern coast of Chukotka
(Arkhangelov et al., 1985). The palaeo-ecological data of Sher (1997) indicated
that most ancient permafrost records are about 3 million years old.

The potential of permafrost as a palaeo-environmental archive of geochemical,
cryolithological, and biological characteristics with ages that correspond to those of
permafrost makes the development of an accurate permafrost chronology an
essential objective of geological, climatological, and palaeoecological studies.
Permafrost chronology is important for outlining the stratigraphy and Quaternary
history of the permafrost region as well as for detecting the temporal vertical
dynamics of the permafrost.

Previous palaeo-environmental studies in Arctic permafrost have used different
chronological methods such as radiocarbon dating (e.g. Mackay et al., 1972;
Moorman et al., 1996; Murton et al., 1997; Sulerzhitsky and Romanenko, 1997,
Vasil’chuk and Vasil'chuk, 1998; Vasil'chuk et al., 2000; Schirrmeister et al.,
2002b; Grosse et al., 2007), luminescence dating (e.g. Krbetschek et al., 2000;
Andreev et al., 2004, 2009), and the 2*Th/U disequilibria method (e.g.
Schirrmeister et al., 2002a, 2003b; Wetterich et al., 2008b). Using these dating
methods, only the age of sedimentation and of organic remains within permafrost
were determined; the age of the permafrost aggradation, especially for early
Pleistocene to late Pleistocene deposits, could not be determined. Continuous
chronologies of permafrost do not extend beyond the limit of radiocarbon, and

there are but few reports with indirect dates of mid-Pleistocene permafrost (e.g.
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Froese et al., 2008). The recently proposed geochronology method using the long-
lived cosmogenic radionuclide **Cl (Gilichinsky et al., 2007) could potentially
extend the dating range beyond several hundred thousand years; in so doing, this
method would find a wide variety of applications in Quaternary palaeo-
environmental and palaeo-ecological reconstructions, e.g. estimating the time
scale for the long-term preservation of fossils, tracing the history of greenhouse
gases, and determining the age of inclusions of viable microorganisms adapted to
a permanently frozen environment.

Common ground-ice features within the permafrost are ice wedges formed by
annually repeated contraction cracking of upper frozen ground layers. The
precipitation that falls in winter enters the ice wedge frost crack as melt water
during melt season and refreezes there, forming a new vertical ice vein and
subsequently growing ice wedges. Two main types of ice wedges are
distinguished: syngenetic ice wedges form synchronously with accumulation and
freezing of the surrounding sediments; epigenetic ice wedges form during freezing
of already existing sediments (van Everdingen, 2005). Depending mainly on the
temperature regime, the water supply, and the substrate, other ground-ice types
such as segregation ice, pore ice, or buried ice bodies of various structure and
extent are also substantial parts of permafrost.

The global chlorine cycle has been intensively studied, mostly in connection with
atmospheric ozone depletion (Graedel and Keene, 1996). Most stable chlorine
enters the troposphere in sea spray. Volcanoes add not more than 15-20% to the
tropospheric chlorine injection in the form of HCI (Graedel and Keene, 1996); this
source is highly sporadic and unevenly distributed on the surface. The addition of
dust-borne chlorine from the surface is usually neglected in the contemporary
atmospheric budget. Under standard atmospheric conditions, the chlorine atoms
produced occur as CI" due to this element’s strongly hydrophilic nature and high
electron affinity. This is advantageous for many environmental and hydrological
applications because chloride acts as a conservative tracer and undergoes
minimal chemical interactions in the environment. In the course of its geochemical
cycle, chlorine is removed from the atmosphere by wet and, to a smaller extent, by
dry precipitation. The deposition flux depends on the distance from the oceans and

on wind direction and speed (Johnston and McDermott, 2008).

130



*%CI/Cl ratio in ground ice of East Siberia and its application for chronometry Appendix Il
Geochemistry, Geophysics, Geosystems (G3). Resubmitted after revision.

Under contemporary conditions, the Siberian regions west of 140°E receive most
of the moisture from the relatively warm northern Atlantic Ocean as indicated by
the west-to-east direction of the main moisture fluxes in northern Eurasia
(Kuznetsova, 1998). In contrast, moisture transport from the cold, predominantly
ice-covered Arctic Ocean to Siberia is considered to be negligible. Therefore, the
varying distance of northern Siberian regions from the Arctic Ocean is not
expected to influence the deposition flux of stable chlorine. During ice wedge
formation, the stable chlorine contained in the precipitation is incorporated into the
ice.

The cosmogenic radionuclide **Cl has a half-life of 301,000 years, and is produced
in the Earth's atmosphere by nuclear reactions of cosmic rays (CR) with atoms of
air. The primary CR penetrating the atmosphere generate secondary cascades
which develop in the downward direction, so the stratosphere yields about 55% of
the mean atmospheric production of *Cl and the troposphere contributes the
remaining 45% (Masarik and Beer, 1999). The dominant contribution comes from
Argon-40 (*°Ar) spallation, with a minor addition from neutron activation of **Ar and
%Cl. According to calculations, the mean global atmospheric production rate of
cosmogenic *°Cl is close to 20 atoms m™s™". The production rate has a strong
latitudinal dependence caused by the shielding effect of the Earth's dipole
magnetic field. However, most of this effect is eliminated by strong mixing of the
stratospheric air masses (Heikkila et al., 2008).

The production of *Cl, as well as other cosmogenic nuclides, is affected by
temporal changes in solar magnetic activity, which modulates the CR flux via the
solar wind. A stronger solar wind deflects more CR away from Earth decreasing
%Cl production, and vice versa. The eleven-year cycle and hundred-year-long
intervals of depressed solar activity are apparent in annually-resolved radionuclide
records (Muscheler et al., 2007); however, these cycles are negligible when
averaged on the geological time scale. Long-term variations of the **Cl production
rate on multi-millennial time scales is caused by slow changes of the geomagnetic
field intensity (Baumgartner et al., 1998).

%Cl that has been produced and circulated in the stratosphere is preferentially
transported to the troposphere at mid-latitudes, in the regions of the polar and sub-
polar jet-streams, causing maximum *°Cl fallout between 30° and 60° in both

hemispheres (Lal and Peters, 1967; Heikkila et al., 2008). After a residence time of
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about one week, **Cl is then removed from the troposphere by wet and dry
deposition (Bentley et al., 1986). Its local surface flux is strongly influenced by the
precipitation rate, and corrections should be applied to account for this effect
(Blinov et al., 2000). Obviously, the atmospheric air transport is influenced by
climatic, as well as meteorological conditions (Heikkila et al., 2008). Thus,
temporal and spatial variations seen in the *Cl local surface flux reflect a
combination of variations in production, transport, and depositional processes.
Recently, new surface precipitation measurements have estimated the mean
fallout rate of *°Cl in European mid-latitudes (30-70° N) as 43.7 atoms m™%s™
(Johnston and McDermott, 2008).

The mean lifetime of *°Cl is 136 = Ty/IN2 = 434,000 a. After the meteoric
component following the surface water flow is incorporated into the permafrost, the

ratio of 3°Cl to stable chlorine decreases with time by the process of exponential

36
q Cl

Cl ) dt
el Ty

Cl

It was assumed (Gilichinsky et al., 2007) that after an ice wedge system closed,

radioactive decay:

(1)

the time interval At since formation of its horizons could be calculated according to

(1) from the corresponding **Cl/Cl ratios:

36CI (t )
At=t2—t1=r36-ln36c:l/¢. )
()

For a surface base sample of zero age, equation (2) gives the absolute age of the
deeper sample. The precondition of the proposed method’s validity is the constant
surface *°CI/Cl over At.

Ground-water ages in the range of up to one million years established on the basis
of *CI concentration measurements have been reported (Bentley et al., 1986). It is
expected that syngenetic permafrost ice samples with ages up to 1-2 million years
can be dated with a similar procedure. The *CI/Cl method was tested on the late
and mid-Pleistocene syngenetic permafrost ice wedges from Cape Svyatoy Nos
and Bol’'shoy Lyakhovsky Island, resulting in an age range of 460 + 130 thousand
years for regional Pleistocene permafrost, a range that was supported by indirect
palaeontological and geochronological data (Gilichinsky et al., 2007). This work,
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which applied the **CI/Cl method to additional permafrost samples from various
stratigraphical units from the same region, mainly aimed to confirm the principles

and improve the database.

.2 Sampling of ground ice

Quaternary syngenetic permafrost deposits with two levels of large ice wedges
exist in the western part of the East Siberian Sea along the Dmitry Laptev Strait;
these deposits are located on both the west and north coasts of Cape Svyatoy
Nos and Oyogos Yar, and on the southern coast of Bol'shoy Lyakhovsky Island. A
special sampling campaign was organized in this region during the summer
seasons from 2004 to 2007 (Figure Ill.1). The samples of ice wedges (Figure 111.2)
were extracted either from the boreholes, or from outcrops with well-defined
horizon structure. A summary of the ice wedge data appears in Table Ill.1. The
majority of the samples come from several generations of ice wedges. A few

samples consist of segregation ice or buried ice lenses.

3\ Siberia

East
Siberian
Sea

72°

70°

Figure 1lI.1: Location of sampling sites in Northeast Siberia: (A) — Cape Svyatoy Nos, (B) -
Bol'shoy Lyakhovsky Island, (C) — Oyogos Yar coast, (D) — Cape Khaptashinsky Yar, (E) — Allaikha
River and (F) — Bol’'shoy Khomus Yuryakh River.
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Permafrost samples (Table Ill.1, Ne 1-4) from the cross section of Cape Svyatoy
Nos (A in Figures Ill.1 and 111.2) were delivered for dating in summer of 2004. This
section included two different systems of syngenetic ice wedges formed during the
mid-Pleistocene (Yukagir Suite) and late Pleistocene (Yedoma Suite). The sample
(Table 1ll.1, Ne 5) of a middle Pleistocene syngenetic ice wedge (Yukagir Suite)
from Bol'shoy Lyakhovsky Island was collected in order to confirm the dating result
from Cape Svyatoy Nos.

Sixteen ice wedge samples (Table Ill.1, Ne 6-21) were collected from cliff
exposures on both coasts of Dmitry Laptev Strait in 2007. Ten samples (Table
[11.1, Ne 6-15) were collected at the south coast of Bol'shoy Lyakhovsky Island (B
in Figures Il.1 and II.2). Six samples were taken at the coast of Oyogos Yar (C in
Figures IlIl.1 and 111.2). The studied sequences cover the Saalian Ice Complex
deposits of the Yukagir Suite (Table IIl.1, Ne 5, 6, 8), pre-Eemian epigenetic ice
wedges in fine-grained flood plain deposits of the Kuchchugui Suite (Table 111.1, Ne
7, 12), probable Early Weichselian syngenetic ice wedges of the Bychchaguy
Suite (Table I111.1, Ne 14, 18, 19), huge syngenetic ice wedges of the late
Pleistocene Yedoma Suite (Table Ill.1, Ne 10, 13, 15, 16, 21), and young
syngenetic ice wedges formed in Holocene thermokarst depressions (Table Ill.1,
Ne 9, 11, 17, 20). The exposed sequences were surveyed, described,
photographed, and sketched according to sediment structures and cryostructures
(Schirrmeister et al., 2008b; Opel et al., 2009a; Wetterich et al. 2009). Most ice
wedge samples were taken with an axe; one of them (Table Ill.1, Ne 8) was
obtained with a chain saw.

In 2006, five samples of ground ice (Table Ill.1, Ne 22-26) were collected at
Khaptashinsky Yar on the right bank of the Khroma Bay of the East Siberian Sea
(D in Figures 111.1 and 111.2). The first three samples (Ne 22-24) were taken near the
sea shore from different depths in the same borehole. They belong to a syngenetic
ice wedge of the Yedoma Suite. Sample Ne 25 was collected from another
borehole at the same location. It belongs to a syngenetic ice wedge of the middle
Pleistocene Ice Complex. Sample Ne 26 was taken from an ice lens of a nearby
river section. This exposure presumably corresponded to the same middle
Pleistocene Ice Complex as sample Ne 25, and the quality of the sample was

marked as poor.
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Figure I1.2: Generalized overview schemes of the studied exposures: (A) — Cape Svyatoy Nos, (B)
— Bol'shoy Lyakhovsky Island, (C) — Oyogos Yar coast, (D) — Cape Khaptashinsky Yar, (E) —
Allaikha River, (F) — Bol'shoy Khomus Yuryakh River.
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Two samples (Table I11.1, Ne 27, 28) were collected on the banks of Alliakha River,
the left tributary of the Indigirka River at a distance of about 100 km from the Arctic
Ocean (E in Figures IlIl.1 and 11l.2). Sample Ne 27 was taken from a borehole and
belonged to a syngenetic ice wedge of the late Pleistocene Ice Complex (Yedoma
Suite). Sample Ne 28 was cut from the middle Pleistocene Ice Complex (Achagy
Suite) exposure on the river bank section with an estimated age of more than 300
thousand years. This was the only sample of segregated ice-cement finally
obtained by melting out the frozen permafrost sample.

Four samples (Table Ill.1, Ne 29-32) were obtained in the Kolyma lowlands in
2005, in the upper reaches of the Bol'shoy Khomus Yuryakh River (F in Figures
[11.1 and II.2). They represent two middle Pleistocene horizons. The upper horizon
is represented by three samples. Two samples of segregated ice (Table 11l.1, Ne
29, 30) melted from a frozen deposit that may be 300-400 thousand years old,
according to palaeontological evidence. The third sample (Table Ill.1, Ne 31) was
cut out of a syngenetic ice wedge from the same horizon. The fourth sample
(Table 111.1, Ne 32) was collected from a nearby borehole and also consists of
melted, segregated ice from permafrost deposits of a lower horizon with an age of
about 500-600 thousand years.

In addition, three samples from modern precipitation and surface water were
collected from a nearby geographical region to serve as references (Table Ill.1, Ne
33-35). Two snow samples were collected in the vicinity of the Kolyma River's
lower reach at the beginning of springtime in 2004 and 2005. They represent the
contemporary concentration of chemical elements and cosmogenic nuclides in
winter precipitation, although they could not be attributed to a specific time interval
and could be subject to local conditions such as wind advection and mixing. One

water sample was collected from the Yana River in summer 2006.

.3 Methods

During the field stage a volume of ca. 2 litres of the initial sample was melted,
poured into a clean plastic bottle, marked, and shipped to a laboratory for follow-
up studies. The experimental procedure for samples Ne 1-4 was described in
Gilichinsky et al. (2007). Chloride concentrations were measured on filtered
aliquots using ion chromatography (IC, Dionex DX-320): samples Ne 6-21 were

measured at the Alfred Wegener Institute for Polar and Marine Research Potsdam
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(Germany), and samples Ne 5 and 22-35 were measured at the Swiss Federal
Institute of Aquatic Science and Technology (Eawag, Switzerland). Afterwards, the
samples for *Cl measurements were prepared at the Swiss Federal Institute of
Aquatic Science and Technology (Eawag, Switzerland) following the standard
method (Synal et al., 1994). One sample only (Table Ill.1, Ne 11) required the
addition of 3.8 mg CI carrier solution to increase the total chlorine content.
Measurements of *°CI/Cl ratios were carried out by Accelerator Mass
Spectrometry (AMS) at the Swiss Federal Institute of Technology facility (ETH

Zurich, Switzerland).

.4 Results

lll.4.1 Concentrations and Ratio

Measured chloride concentrations and *°CI/Cl for the ice samples are summarized
in Table Ill.1. The results for the first four samples were already presented in
Gilichinsky et al. (2007). The chloride concentrations range from 3 parts per million
(ppm), typical of continental rainwater, up to 84 ppm which exceeds even the
mean groundwater concentration. Note that Holocene ice wedges from Bol’shoy
Lyakhovsky Island and Oyogos Yar exhibit significantly higher CI" concentration
than those of the Late Pleistocene (Yedoma Suite), possibly related to sea spray
effects due to the Holocene transgression; uncertainties in the Cl- concentration
measurements were systematically less than 10%. The *°CI/CI ratios range from
2.4x10™" to 3.9x10™ for ice; uncertainties in *°CI/Cl ratios were dominated by an
average relative error of about 12% in counting the rare **Cl isotope. The chloride
concentration and ®CI/Cl ratios in permafrost both exceed the values measured
for modern snow and river water (Table 111.1, Ne 33-35). For comparison, values of
0.02—0.5x10""? were measured for **CI/Cl in modern rain water collected in Europe
(Johnston and McDermott, 2008).

%Cl concentrations do not show any clear dependence on chloride concentration,
but rather appear to depend on changing atmospheric transport and climatic
conditions. The scatter in the data presumably reflects complicated dynamics of
%8¢l fallout and local fixation conditions in ice. The main feature of the calculated
concentrations is their general excess, by a factor of about 20, over the values
known for the Holocene-related part of Greenland ice cores that directly reflect

atmospheric production by CR. Apparently these **Cl concentrations do not reflect
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direct freezing out of surface water containing a constant meteoritic value. At the
same time, any contamination of the deeper sediment horizons by recent bomb-
produced surface radioactivity could be excluded by the depth profile of the
results.

The expected geologic age of the permafrost samples (Table Ill.1, column 4)
corresponds to a wide time interval. The **CI/CI scattering demands an additional
explanation. Arctic ice cores could have provided further data on a comparable
time-scale, but due to the very low chlorine content, the **CI/ClI was not
systematically measured there The *Cl concentration in the GRIP ice core
(Wagner, 1999) decreased by a factor of 2 to 2.5 at the transition from the LGM to
the Holocene. However, this decrease was reasonably explained by the
corresponding increase in the precipitation rate which diluted the cosmogenic (o]
in the ice volume. In our analysis we have assumed that the *°CI/Cl ratio, naturally
averaged over a thousand-year interval of constant climatic conditions and fixed in
the permafrost ice, was insensitive to changes in the supply of surface water.
However, additional sources of chlorine, like eroded dust or sea-salt aerosol input,
may alter the local balance. Similar to the GRIP record, the transition from late
Pleistocene (Yedoma Suite) to Holocene is reflected in Siberian ground ice as a
change of **CI/CI from (2.5-3.5)x10™™ to (1.5-2.5)x10"*, except for samples from
Bol'shoy Lyakhovsky Island (Table Ill.1, column 7, Ne 9, 11). This discrepancy was
probably caused by local peculiarities of thermokarst-related processes at
Bol’'shoy Lyakhovsky Island.

The excess of **Cl in older samples could be a result of in situ production. Some in
situ *°CI produced in ice wedges after deposition is also stored in permafrost
together with meteoric *°Cl. However, according to our calculations (Tikhomirov
and Blinov, 2009) the build-up of in situ *Cl is negligible in late Pleistocene and
Holocene Siberian permafrost, and is unlikely to be important for any permafrost
horizons younger than one million years.

The '°Be concentrations were measured in sixteen of the studied samples. The
long-lived cosmogenic radionuclide °Be was initially considered a supplementary
source of information about the transport of surface water to the ice wedges. In
modern water samples (snow, river water) its concentration was measured at
about 10* at. g, close to the value for Greenland ice cores or for rain water

collections. In contrast, the concentration of °Be in permafrost samples showed
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values extending from 10° up to 107 at. g™ with a **CI/'°Be ratio as low as 0.001,
excluding an atmospheric origin. The excess may represent an influx of "Be to
permafrost ice with dust from eroded rock material. The fine particulate component
was present in all studied ice samples and the division of °Be between particles
and water is unknown. After this fact had become clear, measurements of '°Be

concentrations in the next samples were cancelled.

1.4.2 Age determination

The *%CI/CI ratios of the ice wedges were used for permafrost age determination.
Ground ice samples with a **Cl/Cl ratio below 5x10* belonging to the Holocene
period defined as < 11 ka were excluded from the following procedure because
their initial *°CI/ClI clearly differs from that of the older samples. For all study sites,
we assumed the age of the samples representing the youngest late Pleistocene
horizon (Yedoma Suite) according to stratigraphy classification and geological
interpretation (Table IIl.1, column 4). The resulting ages were used as the base
age for each local chronology. The ages of the middle Pleistocene samples were
calculated as the sum of the median base age and the time interval was
determined according to (1). The results are given in Table Ill.1, column 9 and are
illustrated by lines of local permafrost chronologies in Figure IlIl.3. The age
determination errors were calculated as a statistical sum which included
measurement errors of the **CI/Cl ratio and the stable Cl concentration. Geological
uncertainties for base samples were not included in the errors because of their
non-statistical nature. As noted above, the **CI/Cl ratios of Holocene samples do
not lay on the decay curves because of the change from higher to lower ratio
values during the transition from late Pleistocene to Holocene. Elucidating the
reasons for the changes in the °°Cl/CI ratio during the Holocene will require

additional research.

11.4.3 Discussion

Stratigraphic ages coincide with those calculated from *°CI/Cl for middle
Pleistocene (Late Saalian) ground ice at the Khomus Yuryakh River,
Khaptashinsky Yar, Bol'shoy Lyakhovsky Island, and Cape Svyatoy Nos study
sites as well as for late Pleistocene (Early Weichselian) ground ice on the Oyogos

Yar coast. These results confirm the general utility of ground ice dating with **CI/CI
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for Northeast Siberian permafrost. The age for middle Pleistocene ground ice at
the Allaikha River site was younger then expected, although close enough

considering the related uncertainties.
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Figure 111.3: Local permafrost chronologies: (A) — Cape Svyatoy Nos, (B) — Bol'shoy Lyakhovsky
Island, (C) — Oyogos Yar coast, (D) — Khaptashinsky Yar, (E) — Allaikha River, (F) — Bol'shoy
Khomus Yuryakh River.

Four samples from Bol'shoy Lyakhovsky Island (Table 11l.1, Ne 7, 12, 13, 14) are
omitted from the general interpretation since their stratigraphy (B in Figure 111.2)
strongly contradicts the calculated ages. According to the stratigraphy, samples Ne
13 and 14 are connected to adjacent younger post-Eemian horizons and could not
therefore have been formed some hundred thousand years ago. Corresponding
peat deposits from sample Ne 13 were independently dated by the radiocarbon
method to 42.61 +1.12/-0.98 ka BP. The ice wedge sample Ne 14 showed the
highest %CJ/CI ratio, more than twice the mean of the other middle Pleistocene
samples; it was also characterized by one of the highest absolute concentrations
of %*Cl. The *CI/CI ratio was practically identical in the remaining exceptional
samples (Ne 7, 12, 13). Two of these problematic age determinations were
obtained for small, epigenetic ice wedges only several decimeters wide that

belong to the Kuchchugui Suite (Table Ill.1, Ne 7, 12); these were probably
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contaminated by ion exchange between small ice wedges and the more
concentrated pore ice in the surrounding permafrost deposits. Electrical
conductivity transects through these ice wedges show clear and symmetric
increases towards the margins (Meyer et al., 2002a).

Extrapolating local chronologies to their base ages, as shown in Figure IlI.3,
provides an estimate of the range of the assumed **CI/Cl surface input. For all the
sites but one, this input falls within a factor of two of 0.3x1072. The single
exclusion is of the much higher values from the Bol'shoy Khomus Yuryakh River
site, though the two measurements made there are not enough for definite
conclusions.

No sizeable fractionation of the chlorine isotope ratio in the water phase during
transport from the surface to ice wedges could be caused either by physical
processes like evaporation/condensation or by simple chemical binding. Non-
constant input of sea-borne chloride could produce variations in *CI/Cl, but they
would be negatively correlated with the chloride concentration. From the
geological point of view such anomalous **CI/CI ages could result from lateral ion
exchange between ground ice and the surrounding frozen sediment as water
migrated along concentration gradients. Assuming an approximate exchange rate
of 10 cm per 10 ka, small ice wedges are more sensitive to such exchange than
are larger ones. Chemical analysis of pore ice from similar deposits showed
certain layers with very high chloride concentrations (100-3000 ppm) and high
electrical conductivity (1-10 mS cm™) (H. Meyer, AWI Potsdam, pers. comm.). A
possible explanation was the high aridity and evaporation in the previous period,
which resulted in increased ion concentrations in near-surface soils due to
repeated freezing-thawing cycles. Strong evaporation due to high continentality is
a rather common climate phenomenon in East Siberia today, with potential
evapotranspiration approximately twofold higher than real precipitation (Rivas-
Martinez, 2007; Wetterich et al., 2008a). In addition, there are several palaeo-
environmental records of stronger continentality in the study area during the
middle and late Pleistocene (Andreev et al., 2004, 2009; Kienast et al., 2005,
2008; Wetterich et al., 2009).

The enhanced ionic composition of surrounding ground water could be transmitted
to post-sedimentary epigenetic ice wedges, leading to the false dates. Another

process that could be important is thawing of ground ice during warming periods
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like the Eemian interglacial as described by Wetterich et al. (2009) for both coasts
of the Dmitry Laptev Strait. Such a thermokarst-related process could result in
remobilization of a highly-concentrated soil solution and its intrusion into older

ground ice bodies.

L5 Summary and Conclusions

%CI/Cl measured in ground ice provides valuable information about the timing of
permafrost formation. For the first time, previously unknown permafrost ages were
estimated for the vast territory of the eastern Arctic. Except for a few samples, the
age of all ice wedges and segregation ice syngenetically formed in cryochrones,
demonstrating a good correlation with expected ages as confirmed by other
geochronological methods and stratigraphic evidence. Several local chronologies
were constructed for syngenetic middle and late Pleistocene ground ice samples
from Northeast Siberia. Because the lifetime of *Cl is 434,000 years, the method
is more applicable to old (Saalian) ice wedges than to young (Weichselian) ice
wedges. More detailed cryolithological (i.e. ice texture) and chemical analyses,
such as major ion and trace element concentrations and stable isotope ratios, are
necessary to refine this method for determining ice wedge chronology as well as
contamination patterns. The results of this study suggest that the reliability of
dating permafrost using **CI/Cl ratios depends on the size and on the formation
type of the sampled ground ice. In this context synsedimetary- (syngenetically-)
formed large ice wedges are preferred over postsedimentary- (epigenetically-)
formed wedges, in order to avoid the influence of brines within surrounding
deposits on the initial (precipitation-controlled) 8CI/Cl ratio in the ice.

The main conclusion is that the chlorine level and *°CI/CI ratios in the Yedoma
Suite, which formed in Weichselian cryochrones (12-15 to 50 thousand years ago),
may serve as a zero point (or base) for dating lce Complex sequences formed in
middle and early Pleistocene cryochrones under more or less similar climatic
conditions, including precipitation.

The systematic changes of the Holocene samples require additional studies, and
the observed change in *°CI/Cl ratios during the late-Pleistocene-to-Holocene
transition requires additional explanation. Such studies should be connected with
comparable analyses of Northern Hemisphere glacier ice as well as of

precipitation in the catchment area.
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