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Abstract

Lacustrine sediment sequences can provide valuable archives of past environmental and climatological
variability in terrestrial realms. In order to unravel the history of a lake and of a lake’s catchment,
a profound understanding of the sedimentary processes is required. This encompasses the supply of
allochthonous organic matter, nutrients and clastic material to the lake, the subsequent redistribution
within the lake as well as autochthonous organic matter and mineral deposition. These lake internal and
external processes are closely linked to the environmental and climatological settings in the specific area
and can be reconstructed by using geophysical and sedimentary data. Within the scope of this thesis,
modern and past sedimentary processes of selected lakes from the High Artic (Lake EI’gygytgyn, NE
Siberia) and the Mediterranean Realm (lakes Dojran and Ohrid, Balkan Peninsula) were analyzed by
using various datasets and analytical methods. The obtained information about variations in the lakes’
internal and external processes were subsequently used for paleoenvironmental and -climatological

reconstructions in the respective area.

At Lake EI’gygytgyn, modern sedimentary processes were investigated by using geochemical, grain-size
and mineralogical data from source rocks, inlet streams and surface sediments. The obtained informa-
tion about modern sedimentary processes improved the understanding of hydro-acoustic and downhole
logging data, as well as of variations in the granumoleric, geochemical and physical properties of core
5011-1 which covers the entire lacustrine succession of the 3.58 Ma year old Lake EI’gygytgyn. Surface
samples and downcore data were analyzed by using statistic methods such as Principal Component
Analysis (PCA), Redundancy Analysis (RDA), Time Series Analysis and Cluster Analysis. At Lake
Dojran, hydro-acoustic data and sediment properties (water content, OM, calcite (CaCOs3) content,
sulfur content, grain-size, XRF scanning, 80cubs 03Cearbs 5]3Corg) of a 7m long sequence were
used to untangle past sedimentary processes and environmental variations during the Late Glacial and
Holocene period. Sediment (lithostratigraphic description, XRF scanning, water content, OM content,
calcite content) and hydro-acoustic data were also used to characterize a 2 m thick Mass Wasting Deposit
(MWD) in Lake Ohrid.

As various analytical and statistical methods were used to investigate modern and past sedimentary
processes in the selected lakes, an evaluation of these methods is conducted within the scope of this
thesis. It could be shown that information about modern sedimentary processes derived from lacustrine
surface samples and from catchment samples can help to better understand past sedimentary processes
as it provides insights into spatial variations in the deposition processes. Spatial variations of past
sedimentary processes and the overall sediment architecture of lacustrine deposits can be analyzed using
hydro-acoustic data. However, the vertical resolution of hydro-acoustic data is limited and the data
commonly lacks a robust chronology. Chronostratigraphic well constrained and high resoluted informa-
tion about past sedimentary processes can be derived from sedimentary properties of a sediment core.
These properties include lithologic information such as sediment structure, grain-size, and inorganic
and organic geochemistry. These proxy data can be obtained by visual core descriptions and laboratory

analyses. However, certain proxies can commonly only be used to reconstruct a specific part of sedi-
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mentary processes, for example grain-size data yields information about the transport energy during the
deposition. Thus, a combination of multiple proxies is required to reconstruct the overall picture of sedi-
mentary processes. If huge data sets are used for the reconstruction, statistic methods such as PCA, RDA,
Time Series Analyses, and Cluster Analyses can help to simplify the data. However, it could be shown

that mathematic methods can provide results that might lead to misinterpretations in a geological context.

In order to interpret sediment sequences for paleoenvironmental and -climatological variations in a
temporal context, an age model is commonly established by using for example radiocarbon ages and
chronological tie points derived from tephrostratigraphic or paleomagnetic data. Cross correlation to
well dated sediment sequences or wiggle matching to orbital parameters can improve a chronostrati-
graphic modell. However, this involves the danger of misinterpretations or loss of information about the

timing of geologic or climatic events.
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Zusammenfassung

Seesedimente konnen als wertvolles Archiv der Klima- und Umweltgeschichte in terrestrischen
Gebieten dienen. Um die Entwicklung eines Sees und dessen Einzugsgebietes anhand von lakustrinen
Ablagerungen zu rekonstruieren bedarf es allerdings eines profunden Verstindnisses der vorherschenden
Sedimentationsprozesse. Diese Prozesse umfassen nicht nur den allochthonen Eintrag von organischem
und klastischem Material und Néhrstoffen, sondern auch die autochthone Ablagerung von Organik
und Mineralen aus der Wassersdule. Dabei stehen diese internen und externen Prozesse im engen
Zusammenhang zu den Umwelt- und Klimabedingungen in der Region und konnen mit Hilfe von
geophysikalischen und sedimentologischen Methoden rekonstruiert werden. Im Rahmen dieser Arbeit
wurden die Sedimentationsprozesse in ausgewihlten Seen aus der Arktis (El’gygytgynsee, NO Sibirien)
und dem Mittelmeerraum (Dojran- und Ohridsee, Balkanhalbinsel) mit Hilfe von verschiedenen
Datensitzen und Methoden analysiert. Die gewonnenen Daten iiber Verdnderungen der externen und

internen Prozesse wurden anschlieBend zur Umwelt- und Klimarekonstruktion genutzt.

Am El’gygytgynsee wurden zunichst die rezenten Sedimentationsprozesse anhand von geochemischen,
mineralogischen und granumolerischen Daten von anstehendem Gestein im Einzugsgebiet, sowie
von Sedimentproben aus Zufliissen und Oberflachenproben der lakustrinen Ablagerungen analysiert.
Die gewonnenen Daten konnten anschlieBend fiir ein besseres Verstdndnis von hydroakustischen
und “downhole logging™ Daten sowie von Verdnderungen der geochemischen, physikalischen und
granumolerischen Zusammensetzung des Sedimentkerns 5011-1 aus dem 3.58 Millionen Jahre alten
El’gygytgynsee genutzt werden. Die Auswertung der Oberflichenproben und Sedimentkerndaten
erfolgte dabei mit Hilfe der statistischen Methoden der Hauptkomponentenanalyse (HKA), Redun-
danzanalyse (RDA), Zeitreihenanalyse und Clusteranalyse. Am Dojransee konnte die spitglaziale
und holozéne Klima- und Umweltgeschichte anhand hydroakustischer Daten und den Sedimenteigen-
schaften (Wasser-, Kalzit-, Schwefel- und Organikgehalt, Korngroe, XRF-Daten, & 80carbs 03 Cearbs
) 13C0rg ) eines 7 m langen Kernes rekonstruiert werden. Ebenso wurde anhand von sedimentologischen
(Lithostratigraphie, XRF- Daten, Wasser-, Kalzit- und Organikgehalt) und hydroakustischen Daten ein

2 m michtiger Rutschungskorper im Ohridsee untersucht.

Im Rahmen der an den ausgewdhlten Seen durchgefiihrten Untersuchungen zur Rekonstruktion von
rezenten und vergangenen Sedimentationsprozessen wurden verschiedene analytische und statistische
Auswertmethoden angewandt, die im Anschlufl evaluiert und bewertet wurden. Es konnte gezeigt
werden, dass Untersuchungen iiber rezente Sedimentationsprozesse anhand von lakustrinen Ober-
flachenproben sowie von Gesteins- und Sedimentproben aus dem Einzugsgebiet wichtige Informationen
iiber rdumliche Unterschiede der Ablagerungsbedingungen liefern konnen, was zum besseren Verstiand-
nis bei der Rekonstruktion der Sedimentationsgeschichte beitragen kann. Informationen iiber raumliche
Veridnderungen bei den Sedimentationsprozessen in der Vergangenheit, sowie iiber Sedimentstrukturen
in lakustrinen Becken konnen auch anhand von hydroakustischen Daten gewonnen werden. Allerdings
ist die vertikale Auflésung von hydroakustischen Daten begrenzt und eine genaue chronologische

Einordnung ist oftmals nicht moglich. Hochauflosende und chronostratigraphisch eingrenzbare In-




formationen iiber frithere Sedimentationsprozesse konnen daher besser von den sedimentologischen
Eigenschaften eines Sedimentkerns abgeleitet werden. Diese so genannten Proxy Daten beinhalten
lithologische Informationen iiber Sedimentstruktur, Korngrdfle oder inorganische und organische Geo-
chemie und konnen anhand von visuellen Beschreibungen oder analytischen Methoden erhoben werden.
Da allerdings anhand bestimmter Proxys wie zum Beispiel der Korngré8enverteilung in der Regel nur
ein Teil der Sedimentationsprozesse rekonstruiert werden kann, in diesem Falle die Stromungsenergie
wihrend der Ablagerung, sollten zur Erstellung eines Gesamtbildes der vorherschenden Prozesse
mehrere Datensitze kombiniert werden. Dabei kann, wenn der gewihlte Datensatz sehr umfangreich
wird, die Anwendung von statistischen Methoden wie zum Beispiel der HKA, RDA, Zeitreihenanalyse
oder auch der Clusteranalyse, hilfreich sein. Allerdings konnte im Rahmen dieser Arbeit gezeigt werden,
dass die Ergebnisse solcher statistischer Methoden im geologischen Kontext schnell falsch interpretiert

werden konnen.

Zur Umwelt- und Klimarekonstruktion anhand von Sedimentabfolgen im zeitlichen Kontext ist es notig
ein Altersmodell zu erstellen. Solche Altersmodelle werden in der Regel anhand von Radiokarbon-
datierungen sowie von chronostratigraphischen Informationen aus der Tephrostratigraphie und Paldo-
magnetik erstellt. So genanntes "wiggle matching" zu Erdbahnparametern oder auch "cross correlation”
zu anderen, gut datierten Sedimentabfolgen kann die Qualitdt von Altersmodellen verbessern, birgt aber
auch die Gefahr von Fehlinterpretationen sowie dem Verlust von Informationen iiber das genaue Timing

von geologischen oder klimatischen Ereignissen.
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1. Introduction

1 Introduction

1.1 Lake sediments as paleoenvironmental archive

The composition of lacustrine deposits is influenced by a variety of external and internal environmental
factors. External influences, such as climate conditions, bedrock composition, vegetation cover, hydro-
geologic conditions, and tectonic and volcanic activity predominantly affect the allochthonous sediment
supply to a lake (Cohen, 2003). These external influences are highly interactive with lake internal factors
such as aquatic biota, productivity, lake-internal current systems and bathymetry, all of those influencing
the allochthonous and the autochthonous sedimentation (cf. Cohen, 2003). The dependency of the
sediment compositions to these internal and external influences is the basis of the paleoenvironmental
and paleoclimatological reconstruction using sedimentary, biogeochemical, geochemical and biological
proxy data from lake sediments. Thereby, the interpretation of the lacustrine sediment archives requires
a profound understanding of the sedimentary processes in the investigated lake system. Sedimentary
processes can modify the recorded paleoenvironmental or paleoclimatological signal (Cohen, 2003).
For example, intensive bioturbation can filter a climatic signal in terms of temporal resolution, or strong
lake-internal currents might influence the deposition of pollen, diatoms or other biologic indicators.
Moreover, event deposits, such as MWDs (mass wasting deposits), are deposited in a very short time
period. Their sedimentation can commonly not be explained by climatological variations. More likely,
they might be related to seismic activity or slope instability (e.g. Lindhorst et al., 2012; Sauerbrey et al.,
2013).

Basic sediment properties, such as sediment structure, texture, grain-size distribution, and the amount of
clastic and organic matter (OM) can give crucial information about sedimentary processes and catchment
dynamics. Moreover, basic sediment properties can also directly be used for paleoenvironmental and
paleoclimatological interpretations. For example, the grain-size distribution is linked to transport energy
which can be interpreted in terms of lake level fluctuations, wave activity or contourite drift variations
(e.g. Magny et al., 2007; Vogel et al., 2010a; Aufgebauer et al., 2012; Wagner et al., 2012). The
amount of clastic material in the sediment could be explained by dilution with OM or variations of
erosional processes in the catchment area. However, geological or geophysical data sets such as surface
sediment samples, catchment samples, hydro-acoustic data, and sediment cores as well as analytical and
statistical methods have their own potential and limits to unravel past sedimentary processes. Thus, a
crictical evaulation of widly used methods, such as conducted within the scope of this thesis, can help to
improve the use of sedimentary proxy data for paleoenvironmental and -climatological reconstruction. If
sedimentary processes in a lake are well understood, lacustrine sediments can provide long lasting, high
resoluted and continuous archives of paleoenvironmental and -climatological variability in terrestrial
realms. Naturally, the temporal resolution depends on the sedimentation rate in the lake, and a continuous
sediment sequence can be retrieved from lakes that did not experienced any extreme low stands of lake

levels or desiccation events.
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1. Introduction

Together with ice cores from Greenland or Antarctica, loess sequences and speleothem records, lake
sediments are the only terrestrial earth history records that provide such a combination of duration and
resolution (cf. Cohen, 2003). A distinct benefit of lacustrine deposits is that lakes are widely distributed
over terrestrial realms, which enables the selection of lakes in climatic sensitive areas. In the scope
of this thesis, three lakes from the High Artic (Lake El’gygytgyn) and Mediterranean Realm (Lake
Dojran and Lake Ohrid) have been investigated, as both regions are known to play an important role
in the global climate system. The High Arctic region balances the surplus of solar energy of the tropics
(Brigham-Grette et al., 2007), and global warming is predicted to be most pronounced in high latitude
areas (ACIA, 2004; Serreze and Francis, 2006). The Mediterranean Region is located at the boundary
of the atmospheric Hadley and Ferrel cells and is highly sensitive to variations in the mid-latitude and
tropical climate systems (Giorgi and Lionello, 2008).

1.2 Studied lakes

The following sections provide a first overview about the studied lakes as well as about previous studies
and available sediment cores at the respective sites. As this thesis is based on 6 individual publica-
tions, the reader is also referred to the according chapters for more detailed information about the lakes
and projects. As only a brief overview about Lake Ohrid is presented in the publication of chapter 7,

comprehensive information about Lake Ohrid are presented in chapter 1.2.3.

1.2.1 Lake El’gygytgyn

Lake EI’ gygytgyn is located in the central part of the Chukchi Peninsula in the Far East Russian Arctic,
(67°30° N, 172°05’ E, 492 m a.s.l. (above sea level), Fig. 1.1A). It has been formed within a meteorite
impact crater (Fig. 1.1B, e.g. Dietz and McHone, 1977; Gurov et al., 1979), which was dated to
about 3.58 Ma (Layer, 2000). The crater was filled with water a few thousand years after the impact
(Brigham-Grette et al., 2013), and a continuous lacustrine sediment succession has been deposited until
today (Melles et al., 2012; Brigham-Grette et al., 2013).

Lake El’gygytgyn is up to 175 m deep and it has a nearly circular shape with a diameter of about 12 km
(Nolan and Brigham-Grette, 2007). Today, the water column is fully mixed with almost complete oxygen
saturation during summer, but a thermal stratification occurs during winter (Cremer and Wagner, 2003).
The lake is oligotrophic to ultra-oligotrophic as demonstrated by a low bioproductivity (Cremer and
Wagner, 2003; Nolan and Brigham-Grette, 2007). Approximately 50 ephemeral inlet streams feed Lake
El’gygytgyn, (see also Fig. 1.1, Nolan and Brigham-Grette, 2007), and deliver sediment in the order of
about ca. 350 t/yr to the lake (Fedorov et al., 2013). The Envynman River drains the lake in southeastern

direction.
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1. Introduction

140°E  160° 180° 220° 240°

m | ake El'gygytgyn

Unit 1 (Quaternary)

Unit 2 (Pliocene)

B Lacustrine sediments M permafrost sediments B impact rock O  Coreloss/gap

Figure 1.1: A: Location of Lake EI’gygytgyn in the Far East Russian Artic, B: Bathymetric map of the lake and topographic
map of the catchment area, including the approximately 50 inlet streams and the Enmyvaam River outlet. (Fedorov and
Kupolov, 2005); red line: profile A to B. C: Schematic profile A to B with the locations of the pilot core Lz 1024 and the three
holes (A, B and C) at ICDP site 5011-1 with the Pliocene/Pleistocene boundary penetrated at approximately 123 m, and the
transition to the impact breccia at 318 m below lake floor (modified after Melles et al., 2011)

Lake EI’gygytgyn is surrounded by continuous permafrost whose onset can presumably be traced back
to the Late Pliocene (Glushkova and Smirnov, 2007) and which is assumed to have a thickness of about
330-360 m with an unfrozen talik underneath the lake (Mottaghy et al., 2013). The geomorphologic
shape of the catchment area, which is confined by the almost circular crater rim measuring about
18 km in diameter, is modified by permafrost processes such as solifluction and cryogenic weathering
(Glushkova and Smirnov, 2007).
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1. Introduction

Modern climate conditions at Lake EI’gygytgyn correspond to a High Arctic climate with a mean annual
air temperature of -10.4 °C and an annual precipitation between 70 and 200 mm measured between 2002
and 2008 (Nolan et al., 2013). Strong (up to 21 m/s) and very persistent winds (mean of 5.6 m/s in 2002)
of north-northwestern and south-southeastern directions are dominant (Nolan and Brigham-Grette,
2007).

The long sediment core 5011-1 retrieved from central parts of the lake within the scope of an ICDP
(International Continental Drilling Project) deep drilling campaign in 2009 covers the entire lacustrine
succession and the upper about 200 m of the impact related bedrock (Fig. 1.1C). The core is the first
continuous Pliocene/Pleistocene sediment record in the terrestrial Artic (Melles et al., 2012). Previously,
paleoenvironmental and paleoclimatic records from the High Arctic were only available from ice cores
from Greenland (NGRIP-members, 2004) which are limited to the last Glacial/Interglacial cycle, or from
often discontinuously or temporally restricted archives from the marine realm and Arctic borderland
(Thiede et al., 1998; Backman et al., 2005; Moran et al., 2006; Axford et al., 2009; Pienitz et al., 2009;
Zech et al., 2011). Within the scope of several pre-site surveys for the deep drilling campaign, hydro-
acoustic surveys were conducted and a set of lacustrine surface sampes, catchment samples, and sediment

cores were recovered between 1998 and 2003.

1.2.2 Lake Dojran

Lake Dojran is located at the border of the Former Yugoslav Republic of Macedonia (FYROM) and
Greece (Fig. 1.2A, 41°12’ N, 22°44’ E). It is considered to be a relict of the Plio-Pleistocene Peonic
Lake, which was formed by volcanic and tectonic activities (Cvijic, 1911; Stojanov and Micevski, 1989).

J
15° Croatia

Figure 1.2: A: Location of Lake Dojran in the northeastern Mediterranean region at the border of the Former Yugoslav Republic
of Macedonia (FYROM) and Greece. Marked are also lakes Ohrid and Prespa. B: Satellite image of Lake Dojran with the
coring location Co1260 (red square) and the hydro-acoustic profiles. The black arrow indicates the position of the former outlet
River Doiranitis, and the yellow line shows the border between FYROM and Greece.
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1. Introduction

Lake Dojran is located at 144 m a.s.l. in a carstic depression. Due to the carstic bedrock, the lake is
bicarbonate- and chloride-rich, alkaline and productive (Stankovic, 1931; Griffiths et al., 2002). Thermal
stratification of the water column occurs during the summer months (Zacharias et al., 2002), and it is
presumed that lake water mixing occurs during winter, similar to Lake Prespa (Matzinger et al., 2006).
Small rivers, creeks and probably an aquifer are feeding Lake Dojran in particular during winter and
spring (Griffiths et al., 2002; Sotiria and Petkovski, 2004; Manley et al., 2008), and seasonal lake-level
fluctuations resulted in floodings of littoral areas in the past (Manley et al., 2008). Today, the maximum
lake level is controlled by the regulation of the channelized outlet River Doiranitis (Fig. 1.2B). Water
supply to Lake Dojran also includes snowmelt from the Belisca Mountain range that is up to 1 870 m
a.s.l. high. This high alpine terrain only covers about 18% of the catchment area (275km?) of Lake
Dojran. Apart from that, the remaining catchment area does not exceed an elevation of 500 m a.s.l.
(Sotiria and Petkovski, 2004).

The climate at Lake Dojran is influenced by typical Mediterranean conditions with monthly average
summer and winter temperatures of +26.1 and +3.7 °C, respectively. The highest proportion of the
annual precipitation (612 mm) falls during mild winters.

The sensitivity of sediments from Lake Dorjan to environmental variability was demonstrated by studies
of surface sediments which recorded a lowering of the lake-level by about 6 m and an eutrophication in
the past decades in chemical, biological and stable isotope data (Griffiths et al., 2002). Hence, Lake Doj-
ran seems to provide a valuable record of environmental variability in the central eastern Mediterranean
realm. Furthermore, Lake Dojran is relatively shallow (maximum water depth < 7 m) for a medium sized
lake (Fig. 1.2B, surface area: 40km?). As shown by a comparison of records from lakes Prespa and
Ohrid (location see Fig. 1.2), comparatively shallower lakes react often more sensitive to environmental
change (Leng et al., 2010; Wagner et al., 2010). During a field campaign in 2011, a hydro-acoustic
survey was conducted at the Macedonian part of the lake and a 7m long sediment sequence (Co1260)

was recovered from southern parts of the lake (Fig. 1.2).

1.2.3 Lake Ohrid

Lake Ohrid is located at the border of FYROM (Macedonia) and Albania (Fig. 1.2A, 40°70’ N, 20°42’ E)
in a tectonic active, N-S trending graben. Chronostratigraphic interpretation of prominent cyclic patterns
of hydro-acoustic data imply that the lake is about 2 Ma years old (Lindhorst et al., in press), which
coincides with the minimum age derived from molecular clock analyses of DNA data from ancient lake

species (summarized by Wagner and Wilke, 2011).

Lake Ohrid, comprising of about 358 km?, is approximately 30 km long and 15 km wide (cf. Fig. 1.3).
The lake is situated at 693 m a.s.l. and is surrounded by mountains up to 2300 m a.s.l.. The maximum
water depth is about 289 m with a relative simple tube-shape bathymetry and a mean water depth of
151 m (see Fig. 1.3, and summerized e.g. by Wagner et al., 2009; Vogel et al., 2010b). The main amount
(55%) of the hydrologic input to Lake Ohrid originates from nutrient depleted carstic springs (Matzinger
et al., 2006). 50% of this water originates from Lake Prespa, which is located about 150 m higher as
Lake Ohrid (Fig. 1.3). Both lakes are connected via carst aquifers but they are topographically separated

14



1. Introduction

by the Galicica Mountain Range (Fig. 1.3). River and surface inflow and direct precipitation cover the
remaining 45% of the hydrologic input to Lake Ohrid (Matzinger et al., 2006). Including Lake Prespa,
Lake Ohrid comprises a catchment area of 2393 km?. The only outflow of Lake Ohrid, the Crni Drim
in northern parts of the lake, accounts for about 63% of the water loss of the lake. The remaining 37%
are evaporated from the lake surface (Watzin et al., 2002; Matzinger et al., 2006). Due to the large
water volume and to a low nutrient availability, Lake Ohrid is highly oligotrophic today (Stankovic,
1960; Matzinger et al., 2007; summarized by Vogel et al., 2010b). Enhanced productivity in the past is
associated with more nutrient supply via the carst system during lake-level low-stands at Lake Prespa
(Matzinger et al., 2006). Additionally, increased productivity is associated with a complete overturn of
the entire water column. This mixing transfers dissolved phosphorous to the epilimnion (Wagner et al.,
2009) and occurs approximately every 7 years (Matzinger et al., 2007). An overturn of the upper 200 m
of the water column persists annually during wintertime and thermal stratification during the summer
months (Matzinger et al., 2007).

Albania y & 58 Greece

Figure 1.3: Lakes Ohrid and Prespa located at the borders of the Former Yugoslav Republic of Macedonia (FYROM), Albania
and Greece, including a bathymetric map of Lake Ohrid (Lindhorst et al., 2012). Marked are the ICDP sites DEEP, CERAVA,
GRADISTE, and PESTANI which were drilled in spring 2013. At LINI, a 10 m long sediment sequence was allready recovered
in 2011. (map: google earth: (© 2014 DigitalGlobe, (©) 2013 Google, Image Landsat).
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The tectonic graben system of the Lake Ohrid valley is part of the Western Macedonian geotectonic zone
of the Dinaric Alps (Hoffmann et al., 2010). Paleozoic metamorphic and magmatic rocks to the north
and northeast, Triassic limestones and clastic sedimentary rocks to the northwest, east and southeast, and
Jurassic to Cretaceous ultramafic rocks to the southwest and west form the bedrock in the surroundings
of Lake Ohrid (Vogel et al., 2010b). In the plains to the north and to the south of the lake, the bedrock is

overlain by Quaternary lacustrine and fluvial sediments (cf. Vogel et al., 2010b).

The climate at Lake Ohrid is influenced by both, continental and Mediterranean conditions, with
maximum air temperatures below 31.5°C, minimal temperatures above -5.7°C, a mean annual air
temperature of 11.1 °C, and an average annual precipitation of 800 to 900 mm between 1961 and 1990

(summarized by Vogel et al., 2010b). The prevailing wind directions are north and south.

A 568 m long sediment core (DEEP site) was retrieved from central parts of Lake Ohrid within the
scope of the ICDP SCOPSCO project (Scientific Collaboration on Past Speciation Conditions in Lake
Ohrid) in spring 2013 (Fig. 1.3). Preliminary data imply that the sequence covers the entire lacustrine
sediment succession of the lake, promising to provide a valuable record of environmental variability and
tephrostratigraphy in the Mediterranean Region. During the deep drilling campaign, long sediment cores
were also recovered at CERAVA, GRADISTE, and PESTANI-site (Fig. 1.3). Previous studies on surface
sediments (Vogel et al., 2010a) and sediment cores that cover the last glacial-interglacial cycle (Wagner
et al., 2009; Vogel et al., 2010b) have already demonstrated the potential of Lake Ohrid deposits to
record crucial information about modern and past sedimentary processes in the lake. These sedimentary
processes could be linked to variations in the environmental settings and to the climatic conditions in the
area (e.g. Wagner et al., 2009; Leng et al., 2010; Vogel et al., 2010b; Wagner et al., 2010), as well as to
the deposition of tephralayers and cryptothephralayers (Wagner et al., 2008a; Caron et al., 2010; Sulpizio
etal., 2010; Vogel et al., 2010c). In addition, multiple mass wasting deposits have been observed in Lake
Ohrid (Wagner et al., 2008b; Lindhorst et al., 2010). In order to obtain more information about past
sedimentary processes in Lake Ohrid, a 10 m long sediment sequence was recovered from western parts
of Lake Ohrid close to the Lini Peninsula (LINI-site, Fig. 1.3), which is analyzed within the scope of
this thesis.
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1.3 Objectives

The main objective of this study is to improve the knowledge of sedimentary processes in lakes
El’gygytgyn, Dojran and Ohrid as a basis for subsequent paleoenvironmental and -climatological re-
constructions. The investigations are part of international research projects. The obtained sedimentary,

geochemical and biogeochemical data were used to:

e provide information about external and internal sedimentary processes in the respective lake and
lake’s area, and to provide a basic sedimentary datasets for the studies of international research

collaborators

e obtain information about paleoenvironmental and -climatoligical variability in the respective lake

history

o discuss the potential and limits of the used proxy data, chronology, and statistic methods that were

used in the individual publications.

Chapters 2 to 5 present the research at Lake El’gygytgyn which was conducted within the scope of the
“Lake EI’gygytgyn Drilling Project”. In order to improve the knowledge about the deposition of clastic
material in Lake El’gygytgyn as a basis for interpretations of the long sediment succession, modern
sedimentary processes are investigated in chapter 2. For this purpose, multivariate statistic methods are
applied to granumoleric, geochemical, biogeochemical and mineralogical data from lacustrine surface

sediments, inlet streams and bedrock samples.

Chapter 3 presents the granumoleric data of the Quaternary sediment sequence of core 5011-1.
Variations in the downcore grain-size data are interpreted in terms of variations in past sedimentary
processes. A Principal Component Analysis (PCA) combined with time series analysis yield crucial
information about the frequency in the data and the relative dominance of the oscillations during the
Quaternary. These oscillations in the grain-size distribution can be explained by climate variability on

glacial/interglacial time scales and by Northern Hemisphere insolation variations.

In chapter 4, the link of grain-size data and other parameters (color, magnetic susceptibility, biogenic
silica, organic content, X-ray fluorescence (XRF) scanning data, pollen) to global climate variability
is used to establish the chronology of core 5011-1. Paleomagnetic data indicating major reversals in
the Earth’s magnetic field provid initial tie points for the age model. The sediment parameters are
subsequently tuned synchronously to Northern Hemisphere insolation variations and to the marine
isotope stack LR04 (Lisiecki and Raymo, 2005).

Chapter 5 focuses on the petrophysical characterization of the Lake El’gygytgyn sediment sequence by
using geophysical and chemical data. Seismic and downhole logging data are used to identify stratified
and discontinuous parts in the sediment succession in order to detect mass movement deposits, and to
characterize the transition from the bedrock to the lacustrine deposits. Physical and chemical parameters
measured on the cores are used to divide the lacustrine sediment sequence into five different statistical

clusters.
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1. Introduction

In Chapter 6, the sedimentary, environmental, and climatological history of Lake Dojran (Macedonia,
Greece) during the Late Glacial and Holocene is investigated using hydro-acoustic data and sedimentary
properties (water content, OM, calcite (CaCOs3) content, sulfur content, grain-size, XRF scanning,
580carbs 03Cearb, 0 13C(,rg) of a 7m long sediment core (Fig. 1.2B). The research of this study is incor-
porated into the CRC “Our way to Europe*, which aims to capture the complex nature of chronology,
regional structure, climatic, environmental and socio-cultural contexts of the dispersal of Modern Man

from Africa to Western Eurasia, and particularly to Europe.

Chapter 7 focuses on probable triggers of the sedimentation of a MWD in Lake Ohrid (Macedonia,
Albania), which is characterized using sediment (lithostratigraphic description, XRF scanning, water
content, OM content, calcite content) and hydro-acoustic data. The MWD is temporally constrained by
tephrostratigraphic tie points, radiocarbon dating, and cross correlation to existing cores. The research
of this study contributes to the ICDP SCOPSCO project. The aims of this project are to (I) obtain
more precise information about the age and origin of the lake, (II) unravel the seismotectonic history
of the lake area including effects of major earthquakes and associated mass wasting events, (III) obtain
a continuous record containing information on volcanic activities and climate changes in the central
northern Mediterranean region, and (IV) better understand the impact of major geological/environmental
events on general evolutionary patterns and shaping an extraordinary degree of endemic biodiversity as

a matter of global significance.

In chapter 8, the potentials and the limits of the data and methods used in the previous chapters are dis-
cussed. In chapter 8.1, granumoleric and geochemistry data from lacustrine surface sediments and from
catchment samples from inlet streams and source rocks are assessed for their potential to unravel modern
sedimentary processes. Information about spatial variations of past to modern sedimentary processes can
be investigated by using hydro-acoustic data, which is discussed in chapter 8.2. More detailed informa-
tion about past sedimentary processes in a lake system can be obtained from sediment cores by analyzing
their lithological properties, grain-size variability, and inorganic and organic geochemistry composition.
The potential and limits of these data including systematical and analytical errors are assessed in chapter
8.3. Chapter 8.4 focuses on the age modeling of lacustrine sediment sequences and the consequences
of different methods for the interpretations of sedimentary, paleoenvironmental and -climatologic vari-
ations in a temporal context. Finally, the utility of multivariate statistic methods such as the Principal

Component Analyses (PCA) and the Redundancy Analyses (RDA) is evaluated in chapter 8.5.
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Abstract. Lake El’gygytgyn/NE Russia holds a continuous 1 Introduction

3.58 Ma sediment record, which is regarded as the most long-

lasting climate archive of the terrestrial Arctic. Based on

multi-proxy geochemical, mineralogical, and granulometric In spring 2009, the ICDP El'gygytgyn Drilling Project re-

analyses of surface sediment, inlet stream and bedrock sam- covered the 318-m long lacustrine sediment record of Lake
ples, supplemented by statistical methods, major processes ~ El'gygytgyn in Chukotka, NE Russia (Melles et al., 2011,
influencing the modern sedimentation in the lake were inves- 2012; Fig. 1). Long high-resolution lake sediment records
tigated. Grain-size parameters and chemical elements linked ~ ar¢ known to well document regional hydrologic and cli-
to the input of feldspars from acidic bedrock indicate a wind- ~ Matic responses to atmospheric changes (Brigham-Grette et
induced two-cell current system as major driver of sediment al.,2007a), and therefore are valuable archives of climate and
transport and accumulation processes in Lake EI’gygytgyn. environmental changes (e.g. Allen et al., 1999; Gasse et al.,
The distribution of mafic rock related elements in the sed- 20115 Cohen, 2012). Given their often continuous sediment
iment on the lake floor can be traced back to the input of ~ Sequences, large and old lake basins play an important role
weathering products of basaltic rocks in the catchment. Ob- in collecting sedimentological information providing a conti-
vious similarities in the spatial variability of manganese and ~ Dental signature to couple with the marine realm. Thus, these
heavy metals indicate sorption or co-precipitation of these el- lakes help to close gaps in the knowledge on land—ocean in-
ements with Fe and Mn hydroxides and oxides. But the sim- teractions through time. Nevertheless, the profound interpre-
ilar distribution of organic matter and clay contents might tation of proxy data derived from lake sediment records re-
also point to a fixation to organic components and clay min-  quires an in-depth knowledge of the lake-specific modern bi-
erals. An enrichment of mercury in the inlet streams might ological and sedimentological processes and their controlling
be indicative of neotectonic activity around the lake. The factors (e.g. Vogel et al., 2010; Viehberg et al., 2012).

results of this study add to the fundamental knowledge of Lake El'gygytgyn represents a unique site, because it
the modern lake processes of Lake EI’gygytgyn and its lake- holds the most long-lasting climate archive of the terres-
catchment interactions, and thus, yield crucial insights for the ~ trial Arctic (Melles et al., 2011, 2012), reaching back to the
interpretation of paleo-data from this unique archive. time of meteorite impact event 3.58 Ma ago (Layer, 2000).

Furthermore, the basin was never overcome by large Ceno-
zoic continental ice-masses (Glushkova, 2001; Glushkova

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. (a) Map showing the location of Lake EI’gygytgyn in the
western Beringian Arctic, (b) geological map of the El’gygytgyn
impact impact crater illustrating the major stratigraphic units (mod-
ified after Nowaczyk et al., 2002) and major fault systems (compiled
after Belyi and Belaya, 1998; Belyi and Raikevich, 1994) in the lake
catchment, bathymetric contour lines in the lake (modified after Be-
lyi, 2001), and locations of lake floor and bedrock samples used in
this study as well as of ICDP site 5011-1.; (1) Koekvun’ Formation
(basalt, andesite-basalt, tuff, tuff-breccia, sandstone, tuft-siltstone),
(2) Ergyvaam Formation (ignimbrite, tuff), (3) Pykarvaam Forma-
tion (ignimbrite, tuff), (4) Voron’in Formation (ignimbrite, tuff), (5)
dykes, stocks, and sills of subvolcanic rocks, (6) flood plain de-
posits, (7) terrace deposits, (8) boundary between the outer and in-
ner OCVB zones, (9) major faults, (10) lake sediment surface sam-
ples, (11) bedrock samples (with squares referring to data from this
study and triangles to data taken from Belyi and Belaya, 1998), (12)
ICDP site 5011-1.

and Smirnov, 2007), resulting in widely time-continuous sed-
imentation. The lake is located in a region influenced by
both Siberian and North Pacific oceanic air-masses (Barr
and Clark, 2011; Yanase and Abe-Ouchi, 2007; Mock et
al., 1998), making it very sensitive to regional atmospheric
change. The high potential of Lake EI’gygytgyn as a globally
significant paleoclimate and environmental archive is con-
firmed by numerous studies on the lake sediments formed
during the past three glacial/interglacial cycles (Brigham-
Grette et al., 2007b; Lozhkin et al., 2007; Melles et al., 2007;
Minyuk et al., 2007; Nowaczyk et al., 2007; Swann et al.,
2010; Asikainen et al., 2007).

Within the framework of the pre-site survey research,
modern climatological and hydrological processes in the lake
surrounding and in the water column were intensively inves-
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tigated (e.g. Cremer and Wagner, 2003; Cremer et al., 2005;
Nolan and Brigham-Grette, 2007; Nolan et al., 2002; Fe-
dorov et al., 2012), and a variety of modern to sub-recent
sample sets were taken for study (Melles et al., 2005).

Here, we present the combined results of a multi-proxy
and statistical approach to enhance the understanding of the
modern sedimentation of Lake El’gygytgyn by analyzing a
set of surface sediment and inlet streams samples, as well
as hand samples from the surrounding bedrock. The major
goal of this study is to provide information concerning the
dominant sedimentation patterns in the lake controlled by
climate-driven transport processes, bedrock geology, post-
depositional processes, but possibly also influenced by tec-
tonic activity. In combination with recent climatologic and
hydrologic data (Nolan, 2012; Fedorov et al., 2012), these
findings will enhance our understanding of fundamental in-
lake processes, and thus, form an important basis for the in-
terpretation of the Lake El’gygytgyn paleo-record extending
to 3.58 Ma.

2 Study site

Lake El’gygytgyn (67°30'N, 172°05'E, 492 ma.s.l; Fig. 1)
is located within the Anadyr Mountain Range in central
Chukotka/ Far East Russian Arctic. Today, the roughly cir-
cular lake has a diameter of ~ 12km and a maximum wa-
ter depth of 175 m (Nolan and Brigham-Grette, 2007; Melles
et al., 2007), filling the deepest part of the ~ 18-km wide
El’gygytgyn impact crater (Gurov et al., 2007). With a sur-
face area of ~ 110km?, the lake is fed by 50 ephemeral
streams draining a watershed area of 293 km? defined by the
crater rim (Nolan et al., 2002; Fig. 2a). The outlet stream,
the Enmyvaam River at the south-eastern edge of the lake,
flows into the Anadyr River, which eventually drains into the
Bering Sea (Nolan and Brigham-Grette, 2007).

The climate in Chukotka is characterized by low mean
winter and summer temperatures between —32°C and
—36°C (January) and between +4° and +8 °C (July, Au-
gust), respectively (Treshnikov, 1985), and a mean annual
precipitation of ~ 250 mm (Glotov and Zuev, 1995).In 2002,
winter and summer temperature extremes of —40°C and
426 °C, respectively, were recorded at Lake El’gygytgyn
(Nolan and Brigham-Grette, 2007). Strong winds either from
the north or south with a mean hourly wind speed of 5.6 ms ™!
were punctuated by maximum values up to 21.0 ms~! (Nolan
and Brigham-Grette, 2007).

Lake El’gygytgyn is an oligotrophic to ultra-oligotrophic
and cold-monomictic lake (Cremer and Wagner, 2003), with
a yearly ice-cover lasting from mid-October until early to
mid-July (Nolan et al., 2002). While thermal stratification of
the water column is today established during the ice-covered
season (Cremer et al., 2005), the lake becomes fully mixed
by late summer after snowmelt and the initial ice break-up,
triggered by the lateral movement of warmer shore-waters

www.clim-past.net/9/135/2013/
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Fig. 2. Spatial distribution of volume percentages of (a) sand, (b) silt and (c) clay, (d) mean grain size, and proportions of (e) feldspars and
(f) quartz in modern surface sediments (brown dots = sample location), inlet streams (coloured streams) and bedrock samples (coloured cir-
cles) of Lake El’gygytgyn. Numbers near the stream mouths in (a) refer to the creek numbering system of Nolan and Brigham-Grette (2007).
Arrows in (d) indicate the near-surface circulation pattern, created by prevailing northern and southern wind directions (modified after Nolan
and Brigham-Grette, 2007). Note that data of inlet stream and bedrock samples are only available for (e) and (f).

and enhanced by strong winds (Nolan and Brigham-Grette,
2007). The residence time of the lake water was calculated to
be ~ 100 yr (Fedorov et al., 2012).

Geomorphological studies in the lake catchment have
identified prominent lake terraces at 35-40m, 9-11m and
3-5m above the modern lake level as remains of lake-level
high-stands during the lake history (Glushkova and Smirnov,
2007; Schwamborn et al., 2008a, 2006). In addition, an an-

www.clim-past.net/9/135/2013/

cient terrace 10 m below the modern water level points to
a significant lake-level lowering, most likely during MIS 2
(Juschus et al., 2011). Although the existence of higher ter-
races 60 and 80 m above the recent lake level has been sug-
gested (Gurov et al., 2007; Nekrasov, 1963), their lacustrine
origin has not yet been finally confirmed (Glushkova and
Smirnov, 2005; Juschus et al., 2011).

Clim. Past, 9, 135-148, 2013
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The El’gygytgyn impact crater was formed in Upper Cre-
taceous volcanic rocks of the Okhotsk—Chukchi Volcanic
Belt (OCVB) (Gurov et al., 2007; Gurov and Gurova, 1979).
The bedrock in the vicinity of the lake predominantly con-
sists of ignimbrites, tuffs and andesite-basalts associated
with the Pykarvaam, Voron’in, Koekvun’ and Ergyvaam
Formations (Belyi and Raikevich, 1994; Nowaczyk et al.,
2002; Fig. 1b) dated to about 67-90 Ma (Kelley et al., 1999;
Stone et al., 2009). The region of Lake El’gygytgyn is af-
fected by continuous permafrost, presumably since the Late
Pliocene (Glushkova and Smirnov, 2007). Erosion and detri-
tal sediment transport of bedrock material into the lake basin
are mainly triggered by permafrost related cryogenic weath-
ering, as well as slope dynamics, and fluvial outwash in the
lake surrounding (Schwamborn et al., 2008b, 2012; Fedorov
et al., 2012). Thus, climate-driven variations in permafrost
stability are believed to have a major influence on the lake
sedimentation.

3 Material and methods
3.1 Field work

During a field campaign in summer 2003, a set of 55 sur-
face sediment samples was collected from the floor of Lake
El’gygytgyn (Fig. 1b). The samples were recovered from a
floating platform using a gravity corer (UWITEC Corp., Aus-
tria) with plastic liners of 6 cm in diameter. Sample locations
were determined according to a regular map grid, except for
the shallowest parts of the lake, which were sampled along
a transect at the southern shelf and at three sites along the
southeastern shelf. This study is based on the uppermost 2 cm
of the gravity cores, which represents roughly the past 150
years based on Holocene sedimentation rates (Fig. 3).

To investigate the influence of both fluvial sediment sup-
ply and bedrock geology on the modern sediments of Lake
El’gygytgyn, an additional 30 sediment samples were taken
from the major inlet streams entering the lake, and another
11 bedrock samples were collected from the lake catchment
(Fig. 1b). The bedrock samples were supplemented by addi-
tional XRF data of bedrock samples taken from the literature
(Belyi and Belaya, 1998).

3.2 Analytical work

Sediment samples from both the lake floor and inlet streams
were freeze-dried in the lab and subsequently split into sam-
ple aliquots. Aliquots for geochemical and biogeochemical
analyzes were ground to < 63 um and homogenized. To-
tal nitrogen (TN) was measured with an elemental analyzer
(vario EL III, elementar Corp.). The total organic carbon con-
tent (TOC) was measured using a METALYT CS 1000S an-
alyzer (ELTRA Corp.), after pretreating the sediment with
10 % HCl to remove carbonates.
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Fig. 3. Photograph of a gravity core taken near the northern shore of
Lake EI’gygytgyn from a water depth of 127.4 m. Surface samples
used in this study comprise the uppermost 2cm of the sediments
(above the dotted line) representing roughly the past 150 yr based
on Holocene sedimentation rates.

Major and trace elements were measured by ICP-OES
(iCAP 6300 DUO, Thermo Scientific) after HCIO4/HF total
digestions. Acid digestion was performed in closed Teflon
vessels (PDS-6) heated for 6 h at 180 °C by treating 100 mg
sample with 3mL HF + 1 mL HCIO4. After digestion, acids
were evaporated using a heated metal block (180 °C) and
were re-dissolved and evaporated three times with 3 mL half-
concentrated HCI, followed by re-dissolution with 2 vol%
HNOj3 and dilution to 25 mL. Precision (1o) and accuracy
were checked by parallel analysis of international and in-
house reference materials, leading to < 2.8 to <2.6 % for
major elements and < 1.7 to < 12.1 % for trace metals. Mer-
cury was directly determined using 30—50 mg of dry homog-
enized sediment using a DMA-80 Direct Mercury Analyzer
(MLS instruments). The analysis is based on combustion of
the sample and pre-concentration of Hg at a gold trap (amal-
gam), re-heating and determination of Hg gas by atomic-
absorption spectrometry (AAS). The detection limit of the
analysis is very low (< 1 ugkg™") and the reproducibility
(precision) is ~ 5 % relative to the standard deviation from
the average value.

The major and trace element composition of the bedrock
samples was determined by wavelength-dispersive X-ray flu-
orescence (XRF) analysis using a sequential X-ray spectrom-
eter (Phillips PW2400) calibrated with natural and synthetic
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standards. Prior to analysis, powdered samples were heated
for four hours at 105 °C before fusion with Li;B4O7.

Bulk mineral contents of selected surface sediment (n =
22), stream (n = 23) and bedrock samples (n = 7) were de-
termined by X-ray diffraction (XRD). XRD analyses were
run on pressed powder pellets using a Philips PW 1820
diffractometer with CoKa radiation (40kV, 40 mA), auto-
matic divergence slit (ADS), graphite monochromator, and
automatic sample changer. Scanning was performed from
3° to 100° 2theta with a step size of 0.02° 2theta and 1
seconds time per step. Mineral identifications were done
by means of the Philips software X’Pert HighScore™ and
sheet silicates were identified and quantified with the X-ray
diffraction interpretation software MacDiff 4.25 (Petschick
et al., 1996). Full quantification of the bulk mineral assem-
blage was carried out using the QUAX software package
(Emmermann and Lauterjung, 1990) following the QUAX
full pattern method (Vogt et al., 2002). The standard de-
viation for bulk mineral determination is £2 % for quartz
(Vogt, 1997) and +5-10 % for feldspars and clay minerals
(Vogt et al., 2002).

Grain-size analyses were performed on 1g freeze-dried
sediment. Prior to the measurement, samples were pre-
treated according to Francke et al. (2013) to remove organic
matter (30 % HyO;, 50°C, 18h), vivianite nodules (0.5M
HNOs3, 50 °C, 5h, 30 min shaking in between) and biogenic
silica (0.5M NaOH leaching, 90 °C, 2 x 30 min.). The re-
sults of the treatment steps were validated by biogeochemical
analyses, Fourier Transform Infrared Spectroscopy (FTIRS),
XRD, scanning electron microscopy (SEM) and optical mi-
croscopic investigations (Francke et al.,2013). Subsequently,
the samples were mixed with NagP,O7 solution (0.05 % w/v)
as a dispersant agent and finally measured by a Laser Par-
ticle Size Analyzer (DigiSizer 5200, Micromeritics Instru-
ment Corp.). The laser-diffractometer uses a 1IMB CCD-
sensor and calculates 160 grain-size classes between 0.1 and
1000 ym with average values of three runs. One minute of ul-
trasonic treatment and flow rates of 10 L min~! re-suspended
the sediments prior to the analysis.

3.3 Statistics and interpolation

Calculations of grain-size parameters and statistics were per-
formed using the program GRADISTAT (Blott and Pye,
2001). The statistical grain-size parameters were calculated
according to the arithmetic method of moments.

To handle and simplify the element data of the surface
sediments, and to visualize grain-size dependencies, both
principal component analysis (PCA) and redundancy analy-
sis (RDA) were carried out. Analyses were conducted using
the Microsoft Excel add-in XLSTAT (Addinsoft SARL) with
chemical element data as dependent response variables and
various grain-size parameters (mean, mode, median, percent-
ages of sand, mud, silt, clay, medium sand, fine sand, very
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fine sand, very coarse silt, coarse silt, medium silt, fine silt,
very fine silt) as explanatory variables, respectively.

Interpolation and mapping of the surface sediment datasets
were performed with the software Surfer 9 (Golden Software
Inc.) using the Kriging method (Cressie, 1991; Oliver and
Webster, 1990).

4 Results
4.1 Grain-size distribution

The surface sediments of Lake El’gygytgyn are silt domi-
nated (Fig.2b) with a mean grain-size ranging between 7.3
and 69.6 ym (Fig.2d). The spatial distribution of the mean
grain-size shows fine-grained sediments in the northern, east-
ern and western central lake basin, whereas coarser mate-
rial is found at the southern, northwestern and northeast-
ern edges of the lake (Fig. 2d). Coarse-grained areas with
high sand content (> 63 ym) up to 73.8 % are located in the
northwestern and northeastern corners of the lake and along
the southern shore (Fig. 2a). Highest silt contents (2—63 ym)
with maximum values up to 82.3 % (Fig. 2b) are observed at
the southeastern edge of the basin near the mouth of creeks
49 and 50 (creek numbers according to Nolan et al., 2002;
Fig. 2a). The clay content varies between 8.4 % at the south-
ern shore and 33.6 % in the central lake basin (Fig. 2c).

Surprisingly, the center of the lake exhibits a tongue of
sediments with higher mean grain sizes around 15-25 ym,
extending from the southern shore towards the lake center
(Fig. 2d). This feature is mainly due to a slight shift of the
mean caused by an increase in very coarse silt (31-63 ym) of
upto 17 %.

4.2 Bulk mineralogy

The bulk mineral composition of the surface sediments is
dominated by a mixture of quartz, feldspars (plagioclase and
K-feldspars), clay minerals and accessory minerals (Table 1).
Although bedrock samples of the catchment contain fairly
scattered amounts of quartz ranging from 2.9-27.7 %, the
surface sediment and inlet stream samples show a rather het-
erogeneous quartz distribution with a clear enrichment (up to
34.3 %) at the southern and southeastern shore (Fig. 2f). Con-
versely, the northwestern shore is characterized by lowest
quartz content.

Feldspars also exhibit high concentrations in the sur-
face sediments at the southern and northeastern shores
(max. 42.5 %) but differ from quartz due to the high con-
centration also found at the northwestern shore and a pro-
nounced low in the central and eastern part of the lake
(max. 22.8 %; Fig. 2e). These values fit within the con-
centration range of the inlet stream samples (25.4—40.0 %)
and of the bedrock material (15.1-51.4%; Fig. 2e). In
the latter, feldspars occur as phenocrysts of orthoclase
(KAISi30g) and plagioclase, mainly of oligoclase and
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Table 1. Averaged bulk mineralogy composition of surface sediments, inlet stream and bedrock samples of Lake El’gygytgyn. For creek

numbering see Fig. 2a.
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andesine ((Na,Ca)[Al(Si,Al)Si»Og]), in both the acid and an-
desitic volcanic rocks (Gurov et al., 2005; Belyi, 2010).

The clay mineral assemblage is composed of illite, smec-
tite, chlorite, mixed layer clay minerals, and to a minor
amount, kaolinite (Table 1), which concurs with earlier
downcore clay mineral analyses from Lake El’gygytgyn
(Asikainen et al., 2007). Furthermore, zeolites (up to 4.7 %),
pyroxenes (up to 4.3 %) and Fe-oxides and -hydroxides (up
to 4.4 %) occur in considerable amounts (Table 1), whereas
carbonate phases, such as calcite (CaCO3), Mg-rich calcite,
siderite (FeCO3) and rhodochrosite (MnCO3), play only a
minor role in surface sediments with contents < 3 % (Ta-
ble 1). The accessory mineral assemblage resembles the
composition of the inlet streams and bedrock samples.

4.3 Element composition

Based on the PCA results of the elemental concentrations
in Lake El’gygytgyn surface sediments, three dominant el-
ement clusters can be defined. Group I, with high loadings
on principle component (PC) 2 and low loadings on PC 1,
includes Al,03, NayO, CaO, K;,O, Ba and Sr (Fig. 4a). As
illustrated in K> O concentrations as high as 6.65 % (Fig. 5a),
these elements are typically enriched close to the southern
and northern shores but are rather depleted in the central
lake basin. Lower K>O concentrations are also indicated at
the southeastern shore, but are represented only by a single
value (Fig. 5a). Bedrock samples show a clear differentia-
tion of group I elements in the different formations, with low
K5O concentrations of 1.2-2.2 % in the basaltic to andesitic
rocks of the Koekvun’ Formation, but distinctly higher values
in the rhyolithic source rocks of the Pykarvaam (3.3—4.4 %)
and Ergyvaam Formations (4.7 %; Fig. 5a). In contrast, the
inlet stream samples show a rather homogeneous distribution
of group I elements, with high K,O concentrations ranging
between 4.5 and 8.5 %.
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Another cluster in the PCA results comprises the elements
of group II, including Cr, Cu, Zr, TiO;, Zn, V, Ni, Fe; 03, Co
and Cd, showing high loadings of PC 1 and only low nega-
tive loadings of PC 2 (Fig. 4a). As shown for instance in the
distribution plot of Cr (Fig. 5b), these elements are highly
enriched in the southeastern part of Lake El’gygytgyn (up to
703 mgkg~! Cr) and along the eastern shore, whereas the
other parts of the basin show relatively low concentrations
(6.3-30.5mgkg~! Cr). A similar heterogeneity in the dis-
tribution of group II elements is also valid for the bedrock
and stream samples, with rather low values in most of the
lake catchment but a clear enrichment in bedrock samples
from the southeastern crater rim (up to 104 mgkg~!Cr) and
sediments from streams 48 to 50 (30.1-154.0mgkg~" Cr;
Fig. 5b).

A third group of elements, characterized by medium neg-
ative loadings of PC1 and high negative loadings of PC2 in
the PCA, contain typical heavy metals, such as Pb, Mo, MnO,
As, but also P,Os, SO, and Hg (Fig. 4a). With the exception
of arsenic, group III elements are typically elevated in the
deepest part of the lake basin (e.g. MnO: 0.06-0.11 %), and
are depleted in sediments along the coarse-grained northern
and southern shores (e.g. MnO: 0.03-0.05 %; Fig. 5c). This
spatial distribution significantly differs from bedrock and
creek samples, showing a clear group III enrichment in the
basaltic to andesitic rocks (MnO: 0.15-0.16 %) and stream
samples (MnO: 0.07-0.09 %) of the southeastern crater rim.

Mercury is heterogeneously distributed in the recent sed-
iments of Lake El’gygytgyn, in contrast to other group III
elements. For major parts of the lake basin, Hg concen-
trations in the surface elements do not exceed 150 ugkg™!
(Fig. 5d). In the northern central lake basin, in contrast, mer-
cury exhibits a pronounced local maximum, with two sam-
ple locations yielding 4-5 times higher Hg contents (476 and
576 ugkg™") compared to all other lake sediment samples.
Sediments from creeks 46 and 50 in the southeastern corner
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Fig. 4. Result of the (a) principal component analysis (PCA) of the inorganic geochemistry and (b) redundancy analysis (RDA) of the
inorganic geochemistry and grain-size parameters (explanatory variables) in surface sediments of Lake EI’gygytgyn.

of the basin yield Hg concentrations ranging between 182—
1142 ugkg ™!, whereas mercury does not exceed 110 ygkg ™!
at most of the other inlet streams (Fig. 5d).

5 Discussion

Lake El’gygytgyn surface sediments show a variety of distri-
bution patterns based on grain-size parameters, element con-
centrations, bulk mineralogy, and organic parameters, which
are controlled by transport processes, bedrock geology, early
diagenetic processes and potential tectonic activity. Thus,
these data have a direct impact on the interpretation of the
paleoclimate record derived from sediment cores of Lake

El'gygytgyn.

5.1 Sediment transport mechanisms within the water
body

The grain-size distribution in the surface sediments of Lake
El’gygytgyn and especially the mean grain size traces the
general path of a two-cell wind induced current system in
Lake EI’gygytgyn (Fig. 2d), which appears to be triggered by
strong winds from the north or south, as postulated by Nolan
and Brigham-Grette (2007). Similar wind-driven two-cell
current circulation systems are common features in Arctic
lakes (e.g. Coté and Burn, 2002), often resulting in oriented
lake bodies with an elliptical shape perpendicular to the main
wind direction. Consistent with the occurrence of coarse-
grained sediments found in the northwestern and northeast-
ern corners of the lake and along the southern shore (Fig. 2a
and d), maximum littoral drift at the edges of the lake, co-
incident with the highest erosional forces obviously prevents

www.clim-past.net/9/135/2013/

the deposition of fine-grained material (Nolan and Brigham-
Grette, 2007).

The coarse-grained tongue extending from the southern
shore towards the lake center cannot be of fluvial origin be-
cause large inlet streams as possible source do not exist along
the southern shore. Furthermore, due to the low sand con-
tent within the area of the tongue (Fig. 2a) sediment transport
from the southern, very sandy shelf by ice-rafting is also un-
likely. Turbidity currents, whose deposits are typically char-
acterized by graded bedding of the sediments with a coarse
base and a fine silt/clay cap, are rather abundant in older sed-
iments of Lake El’gygytgyn but have not been observed for
the last 3200 uncal. '4C years (Juschus et al., 2009; Sauer-
brey et al.,2013). The lack of the typical structure in the mod-
ern sediments along the coarse tongue also rules out an origin
from turbidity currents. Thus, the coarser sediment tongue
is most likely the result of wave-induced re-suspension pro-
cesses (Bloesch, 1995) with an erosion of fine-grained mate-
rial from the shallow southern shelf (water depth < 10 m)
during heavy storms with northerly wind directions and a
subsequent northward transport by sub-surface currents. This
suggestion is supported by the very coarse grain-size charac-
teristically found on the southern shelf (Fig. 2a and d). The
occurrence of such re-suspension processes was observed
during a heavy storm from the north in August 2003. Wind
velocities up to 16.8 ms™! (Nolan, personal communication,
2012) and wave heights up to 1 m created a distinct north-
ward reaching suspension cloud of ~ 1 km in length in front
of the Enmyvaam river (Fig. 6), accompanied by a nearly
shut off of the outlet by coarse sediment drift. The visi-
ble suspension cloud ended just at the shelf edge, implying
a further transport and dispersion of the material into the
deeper lake basin presumably via vertical lake currents or
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hyperpycnal near bottom flows as described for Lake Michi-
gan (Hawley and Lee, 1999) or Lake Malawi (Halfman and
Scholz, 1993). Between 2001 and 2005, similar heavy storms
with wind speeds exceeding 10 ms~! and a duration of more
than four hours were recorded at Lake El’gygytgyn between
9 (2001, 2004) and 26 (2002) times during the ice-free sea-
son (mid- July—mid-October; Nolan et al., 2002). The for-
mation of a major suspension fan is likely amplified by the
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, 1998) of Lake El’gygytgyn. Note that no inlet stream and bedrock

slightly triangular morphology of the southern shore line
(Fig. 1b), focusing the wave activity at the southeastern edge
just in front of the Enmyvaam outlet. Furthermore, similar-
ities in the spatial pattern of the coarser-grained sediment
tongue and a NE-SW oriented ridge structure indicated in
the bathymetry (Fig. 1b) may imply a higher sedimentation
rates along the suspension fan.
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Fig. 6. Suspension cloud at the southern shelf of Lake EI’gygytgyn,
observed during a heavy storm with northerly winds in Au-
gust 2003. View from the southeastern shore, also showing the
Enmyvaam outlet stream exiting the lake to the left (distance
ca. 1.5km).

The bulk mineralogy clearly follows the general grain-size
distribution with quartz showing some similarity with the
pattern of silt content (Fig. 2b and e), and feldspar exhibiting
a distinct similarity with the pattern of the sand content
(Figs. 2a and f). The obvious enrichments of quartz in the
silt and feldspar in the coarse fraction of the surface sed-
iment can be directly traced back to cryogenic weathering
processes within the active layer of the permafrost in the lake
surrounding, which promote this grain-size dependent frac-
tionation and accumulation (Konishchev, 1982; Schwamborn
et al., 2008b).

The general patterns in mineralogy are also mirrored in
the elemental composition, with group I elements exhibiting
a distinct similarity to the distribution pattern of feldspars.
Thus, group I elements can most likely be linked to the
amount of plagioclase and K-feldspars (Fig. 2e) originat-
ing from the surrounding acidic volcanic rocks. The domi-
nance of acidic volcanic rocks is also indicated by the rela-
tively homogeneous distribution of group I elements in the
sediments of the inlet streams and the source rocks sur-
rounding the lake. Since carbonate rocks are very rare in the
catchment of Lake El’gygytgyn, mostly occurring as vein
fillings in the suevite below the lake sediments (Melles et
al., 2011), the main sources for strontium can be attributed
to Na-Ca-feldspars, replacing sodium or calcium (Cherniak
and Watson, 1994), and to K-feldspars, with strontium and
barium known to substitute potassium (El Bouseily and
El Sokkary, 1975).

The apparent K, O increase in the inlets and at the shelves
of the northern and southern shore with respect to the respec-
tive source rocks implies an enrichment of potassium during
cryogenic weathering and/or transport processes. This gen-
erally contradicts a higher grade of chemical weathering of
the inlet stream deposits and surface sediments usually caus-
ing a depletion especially of Na, but also K and Ca (Nesbitt
and Young, 1984). Furthermore, the RDA results of the ele-
ment concentrations with grain-size parameters as explana-
tory variables show a clear correlation of the group I ele-
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ments with the sand fraction (Fig. 4b). Consequently, ele-
ments of group I (e.g. K, Na, or Sr) might be used in sed-
iment cores of Lake El’gygytgyn as indicators for coarser
grain sizes (e.g. Wennrich et al., 2013).

5.2 Indications for sediment sources

The distinct clustering of group II elements in the east and
southeast of the lake in combination with high concentra-
tions of group II elements in the bedrock and inlet streams
of the southeastern crater rim (Fig. 5b) suggest a bedrock
source in the southeastern lake catchment. Especially Cr, Ni,
Cu and Co, but also Fe;O3, were reported to have maximum
values in the basaltic rocks (basalts, andesite-basalts) of the
Koekvun’ Formation (Belyi and Belaya, 1998) that perva-
sively outcrops along the southeastern section of the crater
(Nowaczyk et al., 2002).

Simultaneously, the southeastern edge of the lake basin ex-
hibits a pronounced silt maximum (Fig. 2b) that most likely
can be traced back to the high flux of fluvial suspension from
creek 49 (informally called “Lagerny Creek™) as major in-
let of Lake El’gygytgyn. During snow melt, Lagerny Creek
produces the highest water and sediment discharge of all inlet
streams in the range of 6.1 m> s~! and 24.0 gs !, respectively
(Fedorov et al., 2012).

A correspondence of group II elements and coarse silt
(16-31 pm) and, to some degree, the medium silt (7—16 pm)
and total silt fraction is not only supported by similarities
in the spatial distribution patterns but also by the results of
the RDA (Fig. 4b). Consequently, fluvial input of weather-
ing products from the basaltic bedrock material via Lagerny
Creek to the lake can be assumed as major source of group
II elements. Nevertheless, group II elements exhibit a much
more pronounced concentration gradient between the south-
eastern corner and the remaining lake basin compared to
the silt content. This discrepancy most likely results from a
very local source of group II elements, whereas the silt sig-
nal mirrors the general high input of silt-sized weathering
products from the catchment into the lake that is further in-
creased in the southeast by the high fluvial sediment input of
Lagerny Creek.

The prevailing northward dispersion of this fluvial mate-
rial along western lake shore (Figs. 2b and 5b) implies an
anti-clockwise circulation pattern at the western lake shore,
and thus, suggests northerly winds may be slightly dominant
during the ice-free period as drivers of the current circulation
system. But due to the poor sample resolution in this region
this pattern may also be the result of interpolation artifacts.

According to down-core investigations on ICDP Site
5011-1 (Fig. 1) and pilot core PG1351 in the central part of
Lake El’gygytgyn, Ti, Fe; O3, but also Cr and Ni typically are
enriched during cold stages (Minyuk et al.,2007,2011,2013;
Wennrich et al., 2013). Such sediments are usually character-
ized by low coarse silt to fine sand but higher clay and fine silt
contents (Francke et al., 2013). This discrepancy implies a
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fundamental change in the weathering and/or sedimentation
settings in Lake El’gygytgyn under a perennial ice cover
during glacial periods.

5.3 Indicators of post-depositional processes

The RDA results (Fig. 4b) as well as similarities in the distri-
bution patterns of heavy metals, e.g. MnO, with those of clay,
TOC and TN (Figs. 2c, 5c, e and f) strongly indicate group
III elements in Lake El’gygytgyn surface sediments to follow
the organic matter enriched fine fraction. The first suggests
that group III elements are mainly bound to organic matter.
Phosphorous and sulfur are typical components of lacustrine
organic matter (Wetzel, 2001). Molybdenum as a catalyst for
nitrogen fixation in living plants is generally accumulated in
plant material (Bortels, 1930), but can also be fixed to the or-
ganic matter by early diagenetic processes (Robinson et al.,
1993). But due to the high accordance of group III to clay,
an incorporation of the heavy metals into crystal lattices of
clay minerals (Lin and Puls, 2000; Tessier, 1992) has to be
considered.

On the other hand, enhanced concentrations of heavy met-
als (Pb, As, Mo), but also P»Os, in the central basin of a
fully-mixed Lake El’gygtygyn (Cremer et al., 2005) might
partly be linked to the enhanced occurrence of Fe-oxides and
-hydroxides (Table 1). In recent sediments from Lake Baikal
and the San Francisco Bay, iron and manganese oxides have
been shown to be a significant sink for P, Mo, Pb, As and
other heavy metals by adsorption and co-precipitation (Lion
et al., 1982; Miiller et al., 2002).

Nevertheless, the occurrence of Fe-oxides and -hydroxides
highlight the iron mineralogy at the sediment/water interface
to clearly differ from those of Lake El’gygytgyn down-core
sediments deposited during glacial periods, where higher
Fe concentrations are linked to the diagenetic formation of
vivianite ((Fe);(PO4)2 - 8 H20) under reducing pore-water
conditions (Minyuk et al., 2007, 2013), with manganese in-
corporated as an impurity into the vivianite structure (Fagel
et al., 2005).

5.4 Indicators of tectonic activity

In major parts of the Lake El’gygytgyn basin, mercury be-
haves like other group III elements and is positively corre-
lated with the TOC content (2 = 0.61; Fig. 7). A similar
coincidence of Hg and TOC was also observed in surficial
sediments from Lake Baikal, with mercury as Hg® mainly
absorbed onto organic matter (Gelety et al., 2005, 2007).
This TOC-Hg analogy generally supports a scavenging of
mercury by algae and/or suspended algal material as men-
tioned by Outridge et al. (2007) for lakes in the Canadian
High Arctic.

An atmospheric source of mercury has been described for
many remote lakes (e.g. Lorey and Driscoll, 1999; Cannon
et al., 2003; Bindler et al., 2001) and might also contribute
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Fig. 7. Regression diagram of TOC [% wt/wt] vs. Hg [ug kgfl]
for surface sediment samples of Lake El’gygytgyn (n =55). Lin-
ear regression line and coefficient of determination were calculated
excluding the values of the local Hg maximum (> 450ug kg_1 ).

to the Hg budget of Lake El’gygytgyn. But the heteroge-
neous distribution of Hg in both the surface sediments and
the tributaries with a very pronounced maximum in one re-
gion of the lake floor implies a local Hg source. The most
likely source of the elevated mercury contents are volcanic
formations especially of the outer zone of the OCVB out-
cropping around the lake, which are known not only for its
gold and silver resources, but also for rich mercury ore de-
posits (Sidorov et al., 2011). Interestingly, the peak concen-
trations in the inlet streams of the southeastern catchment
fit the result of a gas mercury survey in the lake catchment
in 2003 yielding elevated Hg values in the soil air just in
this region of the EI’gygytgyn crater (Fedorov and Kupolov,
2005). These were initially interpreted as tracers of tectonic
activity along a NW-SE striking major boundary within the
OCVB and a fault system associated with the Malyi-Chaun
graben zone along the southern shore. Similar fault-related
mercury anomalies in soils have also been reported from the
Baikal Rift Zone (Koval et al., 2006, 1999), and can pre-
sumably be traced back to tectonically-driven mercury mo-
bilization as described for Hg deposits in Spain (e.g. Jébrak
and Hernandez, 1995).

Although recent seismic activity is reportedly low for the
El’gygytgyn region (Fujita et al., 2002), minor faults mapped
within the lake sediment stratigraphy during seismic surveys
(Niessen et al., 2007) indicate ongoing neotectonic activity.
Such fault re-activation explains well the elevated Hg val-
ues in the inlet stream sediments. As no obvious transport
process exists to explain the Hg maximum at two sites in
the lake surface sediments, a tectonic origin of the mercury
anomaly in the lake center cannot be excluded, even though
the seismic surveys did not yield any active faults in the re-
spective lake area. Thus, further research is necessary to re-
veal the mercury sources and its cycle in Lake El’gygytgyn
and to validate the theory of tectonically triggered Hg mobi-
lization. Nevertheless, detailed Hg downcore analyses of the
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3.6 Ma record from the lake may have the potential to get
new insights into the seismic history of this region, and/or
the mechanisms that trigger mass movements.

6 Conclusions

A multi-proxy approach combining sedimentological, geo-
chemical and mineralogical analyses with statistical meth-
ods was performed on a set of 55 surface sediment samples
from Lake EI’gygytgyn, NE Russia. The results of this study
provide a detailed understanding of the major physical and
chemical processes controlling modern sedimentation in this
remote Arctic crater lake.

1. The spatial distribution of mean grain-size, sand and
feldspar contents, and the concentration of group I el-
ements (Ba, Sr, Al;03, NaO, Ca0, and K,O) confirms
the existence of a wind-induced two-cell current system
triggering the surface-water circulation in the lake. Fur-
thermore, mean grain-size strongly suggests transport of
relatively coarse sediment from the southern shore to-
wards the lake center as a result of the re-suspension of
clay and silt-sized material during heavy storm events.
High correlation of group I elements with the coarse
fraction suggests that elements like sodium, calcium or
strontium can be used as grain-size indicators in down-
core samples of Lake EI’gygytgyn.

. Mafic rock related elements, such as Cr, Cu, Zn, V, Ni,
and Co, can be directly linked to basaltic volcanic rocks
in the southeastern quadrant of the crater, implying a
significant source-rock effect controlling the spatial dis-
tribution of these elements. The largely northward dis-
persion of the silt-sized basaltic weathering products
confirms the suggestion of a two-cell surface current
system with a dominating anti-clock wise circulation at
the southeastern shore.

. The distribution of MnO and heavy elements like Pb,
Mo, As and Hg, but also POs and SOy, correlates with
the organic matter and clay contents, which are gen-
erally enriched in the deepest parts of the lake basin.
This correlation might be indicative of the sorption
or co-precipitation of these elements with Fe and Mn
hydroxides and oxides, and an additional fixation to
organic matter or clay minerals in the oxic surface
sediment layer.

. Ongoing tectonic activity along a NW-SE striking fault
zone in the lake catchment is indicated by variable mer-
cury concentrations in the inlet stream deposits, be-
ing distinctly elevated in the southeastern corner of the
lake catchment. A local Hg maximum in the lake cen-
ter is not yet understood, but might point to ongoing
neotectonic activity within the lake area as well.
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These results are of essential importance for deciphering
the climatic and environmental history of the area since 3.6
Ma from the composition of the sediments drilled on ICDP
Site 5011-1 within the scope of the international EI’gygytgyn
Drilling Project.
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Abstract. Lake El’gygytgyn, located in the Far East Rus-
sian Arctic, was formed by a meteorite impact about 3.58 Ma
ago. In 2009, the International Continental Scientific Drilling
Program (ICDP) at Lake El’gygytgyn obtained a continu-
ous sediment sequence of the lacustrine deposits and the up-
per part of the impact breccia. Here, we present grain-size
data of the past 2.6 Ma. General downcore grain-size varia-
tions yield coarser sediments during warm periods and finer
ones during cold periods. According to principal component
analysis (PCA), the climate-dependent variations in grain-
size distributions mainly occur in the coarse silt and very
fine silt fraction. During interglacial periods, accumulation
of coarser material in the lake center is caused by redistri-
bution of clastic material by a wind-induced current pattern
during the ice-free period. Sediment supply to the lake is
triggered by the thickness of the active layer in the catch-
ment and the availability of water as a transport medium.
During glacial periods, sedimentation at Lake El’gygytgyn
is hampered by the occurrence of a perennial ice cover,
with sedimentation being restricted to seasonal moats and
vertical conduits through the ice. Thus, the summer tem-
perature predominantly triggers transport of coarse material
into the lake center. Time series analysis that was carried
out to gain insight into the frequency of the grain-size data
showed variations predominately on 98.5, 40.6, and 22.9 kyr
oscillations, which correspond to Milankovitch’s eccentric-
ity, obliquity and precession bands. Variations in the relative
power of these three oscillation bands during the Quaternary
suggest that sedimentation processes at Lake El’gygytgyn
are dominated by environmental variations caused by global

glacial-interglacial variations (eccentricity, obliquity), and
local insolation forcing and/or latitudinal teleconnections
(precession), respectively.

1 Introduction

The polar regions are known to play a crucial but not
yet well understood role within the global climate system
(Washington and Meehl, 1996; Johannessen et al., 2004), in-
fluencing both the oceanic and the atmospheric circulation.
The recent global warming trend has been, and is predicted to
be, most pronounced in the Arctic (ACIA, 2004; Serreze and
Francis, 2006). However, rather little is known about the nat-
ural and environmental variability on geological timescales.
Our current knowledge on the Cenozoic climate evolution of
the Arctic has long been based on sparse, often discontinuous
marine and terrestrial paleorecords of the Arctic Ocean and
adjacent landmasses (Thiede et al., 1998; Moran et al., 2006;
Axford et al., 2009; Pienitz et al., 2009; Zech et al., 2011).
The first continuous Pliocene—Pleistocene sediment record
in the terrestrial Arctic was recovered in 2009 during a deep
drilling campaign of the International Continental Scien-
tific Drilling Program (ICDP) at Lake El’gygytgyn in the
Far East Russian Artic (Fig. 1; Melles et al., 2011). Pi-
lot studies on Lake El’gygytgyn sediments covering the
last 2-3 glacial-interglacial cycles had already demonstrated
the usability of this archive for paleoclimate reconstruc-
tions (e.g. Brigham-Grette et al., 2007; Melles et al., 2007;
Niessen et al., 2007). Initial results from the upper part
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of the 318 m-long sediment record in central parts of the
lake (ICDP site 5011-1) provided first details of Quaternary
history, focusing on interglacial variability during the past
2.8 Myr (Melles et al., 2012).

Here, we present new results of granulometric analyses on
ICDP core 5011-1 throughout the past 2.6 Myr. Grain-size
data have extensively been used before as a paleoenviron-
mental and -climatological proxy on long terrestrial and la-
custrine sedimentary records, including those from the Chi-
nese Loess Plateau (e.g. An et al., 1991; Sun and Huang,
2006; Sun et al., 2006) and from lakes Baikal (Kashiwaya
et al., 1998, 2001) and Biwa (Kashiwaya et al., 1987). At
Lake El’gygytgyn, previous studies of grain-size variations
are widely restricted to the sediments formed during the past
65ka (Asikainen et al., 2007). During this period, particle-
size variations were predominantly controlled by the regional
climatic settings and their impacts on the physical properties
in the lake and its catchment. Our grain-size investigations on
ICDP core 5011-1 extend the results from this early research
to the entire Quaternary. Furthermore, we incorporated more
recent findings on the modern climatological, hydrological,
and sedimentological settings (Fedorov et al., 2013; Nolan et
al., 2013; Wennrich et al., 2013a). To better understand the
sedimentological processes operating in Lake El’gygytgyn,
we used principal component analysis (PCA) to detect dom-
inating variations in the grain-size distributions, and we em-
ployed time series analysis to reveal oscillations in the gran-
ulometric data and their relative dominance over time.

2 Site information

Lake El’gygytgyn is located in the Far East Russian Arc-
tic, in the central part of the Chukchi Peninsula (67°30'N,
172°05'E, 492ma.s.l.; Fig. 1). It is formed within a mete-
orite impact crater (e.g. Dietz and McHone, 1977; Gurov et
al., 1979) dated to about 3.58 Ma (Layer, 2000). The lake has
a nearly circular shape with a diameter of about 12km and
a depth of about 175 m (Nolan and Brigham-Grette, 2007),
whereas the catchment confined by the crater rim measures
about 18 km in diameter (corresponding to 293 km?). Today,
the lake is not located in the center of the crater but slightly
displaced to the southeast, resulting in an asymmetric catch-
ment area (Fig. 1).

The El'gygytgyn crater region is part of the central
Chukchi sector of the Okhotsk—Chukchi volcanic belt (Gurov
and Gurova, 1979; Gurov et al., 2007). It is dominated
by acid volcanic rocks, ignimbrites and tuffaceous clastic
rocks of the late Cretaceous (e.g. Gurov et al., 2007; Stone
et al., 2009). The lake is surrounded by continuous per-
mafrost, whose onset can presumably be traced back to the
late Pliocene (Glushkova and Smirnov, 2007), and which
is assumed to have a thickness of about 330-360 m with
an unfrozen talik underneath the lake today (Mottaghy et
al., 2013). The recent geomorphologic shape of the lake
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Fig. 1. (A) Location of Lake El’gygytgyn in the Far East Russian
Artic; (B) bathymetric map of the lake and topographic map of the
catchment area, including the approximately 50 inlet streams and
the Enmyvaam River outlet (Fedorov and Kupolov, 2005); red line:
profile A to B. (C) Schematic profile A to B with the locations of
the pilot core Lz 1024 and the three holes (A, B and C) at ICDP site
5011-1 with the Pliocene—Pleistocene boundary penetrated at ap-
proximately 123 m, and the transition to the impact breccia at 318 m
below lake floor (modified after Melles et al., 2011).

catchment is predominantly affected by permafrost processes
such as solifluction and cryogenic weathering (Glushkova
and Smirnov, 2007). In addition, distinct lake-level varia-
tions during the Middle Pleistocene to Holocene modified
the geomorphic shape of the area and resulted in various
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accumulative and erosional terraces at 35-40,9-11 and 2.5—
3.0m above as well as 10 m below the modern lake level
(Glushkova and Smirnov, 2007; Juschus et al., 2011).

The catchment of Lake El’gygytgyn is dissected by ap-
proximately 50 ephemeral inlet streams (see Fig. 1; Nolan
and Brigham-Grette, 2007), which deliver sediment in the
order of ca. 350ty1r_1 into the lake (Fedorov et al., 2013).
In 2003, main sediment discharge occurred during snowmelt
in spring and early summer, with highest values of 24 gs™!
in June and 0.33gs™! in August measured in creek 49
(cf. Fig. 1; Fedorov et al., 2013). Much of the sediment is
trapped in coastal lagoons at the mouths of several inlet-
streams, which are dammed by gravelly shore bars generated
by ice floe pressure or storms (Glushkova and Smirnov, 2007;
Nolan and Brigham-Grette, 2007; Fedorov et al., 2013). The
lake is drained by the Enmyvaan River towards the south-
east (Fig. 1), which was likely the only discharge during
the lake’s history (Glushkova and Smirnov, 2007; Nolan and
Brigham-Grette, 2007).

The regional climate at Lake EI’gygytgyn is cold, dry, and
windy (Nolan and Brigham-Grette, 2007), with a mean an-
nual air temperature of —10.4°C and an annual precipita-
tion between 70 and 200 mm measured between 2002 and
2008 (Nolan, 2013). Strong (up to 21 ms~ ') and very persis-
tent winds (mean of 5.6 ms™! in 2002) of north-northwestern
and south-southeastern directions are dominant (Nolan and
Brigham-Grette, 2007).

Lake El’gygytgyn is characterized as monomictic and
oligotrophic to ultra-oligotrophic, with a low bioproductiv-
ity demonstrated by low diatom accumulation (Cremer and
Wagner, 2003; Nolan and Brigham-Grette, 2007). Today, the
water column is fully mixed with almost complete oxygen
saturation during summer, but a thermal stratification occur-
ring during winter (Cremer and Wagner, 2003). During peak
glacial periods, in contrast, anoxic bottom water conditions
prevailed, resulting from a perennial ice cover (Melles et al.,
2007).

According to initial results from ICDP core 5011-1,
the Quaternary sediments in the central basin of Lake
El’gygytgyn can clearly be differentiated into three pelagic
facies (Melles et al., 2012). Dark gray to black, finely lam-
inated silt and clay with sporadic clasts are linked to peak
glacial periods (facies A). In contrast, warm and peak warm
(“super interglacial”) interglacial conditions are reflected
by olive gray to brownish, massive to faintly bedded silt
(facies B) and laminated brownish silt (facies C), respec-
tively. Beside these pelagic sediments, eight volcanic ash
beds (cf. van den Bogaard et al., 2013) as well as numer-
ous mass movement deposits (MMDs) of different type (turb-
dites, slumps, slides, grain flows, debrites) have been identi-
fied (Juschus et al., 2009; Sauerbrey et al., 2013).

www.clim-past.net/9/2459/2013/
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3 Material and methods

Within the scope of this study, 1019 samples of Lake
El’gygytgyn sediments originating from pelagic sediments
in core composite of ICDP site 5011-1 (862 samples) and
the pilot core Lz1024 (157 samples, locations see Fig. 1)
have been analyzed for their grain-size distribution with a
sampling resolution of 8 cm. Detailed descriptions about the
lithostratigraphy, MMD’s, and the creation of the compos-
ite profile are given by Melles et al. (2012), Sauerbrey et
al. (2013), and by Nowaczyk et al. (2013) and Wennrich
et al. (2013b), respectively. The age model of the Lake
El’gygytgyn sediment sequence is primarily based on mag-
netostratigraphic data (Haltia and Nowaczyk, 2013). It is
further improved by tuning of sediment proxies (including
grain-size data) to the global marine benthic isotope stack of
Lisiecki and Raymo (2005, LR04) and to local insolation pat-
terns inferred from orbital parameters according to Laskar et
al. (2004), Melles et al. (2012) and Nowaczyk et al. (2013).

Prior to the grain-size analyses, a multi-step chemical
treatment procedure was developed to remove autochthonous
sediment components without altering the clastic material.
The results of each treatment step were subsequently val-
idated by elemental analyses, Fourier-transformed infrared
spectroscopy (FTIRS), X-ray diffraction (XRD), scanning
electron microscopy (SEM) and optical microscopy. In a
first step, approximately 0.75 g of dry sediment was treated
with 15mL H;O, (30% v/v, 50°C, 18h) to remove or-
ganic remains. Subsequently, authigenic precipitated vi-
vianite ((Fe)3(PO4);-8H>0) was dissolved according to
Asikainen et al. (2007) by treating the sediment with 15 mL
HNO3 (0.5M, 50°C, 5h, 30 min shaking in between). Fi-
nally, biogenic silica (opal), whose content can exceed 50 %
in Lake El’gygytgyn sediments (Vogel et al., 2013), was
removed by adding 2 x 15mL NaOH (1M, 85°C, 30 min)
with manual shaking during the reaction. Between the single
pre-treatment steps, the samples were centrifuged and neu-
tralized with deionized (DI) water. The remaining sediment
fraction was dispersed in 60 mL of demineralized and de-
gassed water, mixed with NagP2O7 (m/v,0.05 %) and shaken
for 12h. Prior to the analysis, samples were ultrasonified
for one minute to remove air bubbles and to achieve re-
dispersing. In a last step the sediment was sieved to 600 pm,
as previous studies have shown that coarse sand- and gravel-
sized particles only sporadically occur in Lake El’gygytgyn
sediments (Asikainen et al., 2007). Single, coarse grains in
the sediment produced big errors during grain-size analyses
with the particle analyzer.

Grain-size analyses were performed using a Saturn Digi-
Sizer 5200 laser particle analyzer, equipped with a Master
Tech 52 autosampler (Micromeritics Co., USA). The ana-
lyzer is able to detect particle diameters between 0.1 and
1000 ym. For the measurement, the flow rate was set to
10Lmin~! and the obscuration was adjusted to 20 %. The
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Fig. 2. Selected grain-size parameters (mean, sand, silt, clay) and sample scores of PC1 and PC2 in the Quaternary sediments of the core
composite at ICDP site 5011-1 in central Lake EI’gygytgyn. The timing of the Middle Pleistocene transition (MPT) from the 41 kyr world,
including the Pliocene—early Pleistocene 100 kyr problem after Nie et al. (2008), to the 100 kyr world is derived from the time series analysis
(cf. Fig. 6). Facies bar was modified from Melles et al. (2012); marine isotope stages of “super interglacial” facies C (after Melles et al.,

2012) are labeled below.

grain-size distribution of three measurements was finally
averaged.

Grain-size statistics were calculated with the software
GRADISTAT version 8.0 (Blott and Pye, 2001), and are
given according to the method by Folk and Ward (1957). Fur-
thermore, a PCA was calculated with the software XLSTAT
(Addinsoft Corp.). After an initial linear correlation test of
the variables and standardization of the data, the PCA was
carried out on the volume frequency of each grain diameter
measured by the laser particle analyzer. The grain-size frac-
tions as well as the mean, median and mode values were cho-
sen as additional variables to simplify the visualization of the
results.

Clim. Past, 9, 2459-2470, 2013

For time series analysis of the PCA results, the bulk spec-
trum of the temporally unevenly spaced samples was cal-
culated using the Fortran 90 program REDFIT by Schulz
and Mudelsee (2002). Evolutionary spectra of the grain-size
data and the benthic marine isotope stack LR04 (Lisiecki
and Raymo, 2005) were plotted with the software package
ESALAB (Weber et al., 2010).

4 Results
4.1 Grain-size data

Variations in the grain-size distributions are rather small,
but still distinct (Fig. 2). The sand content does not exceed
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Fig. 3. Grain-size distributions of all analyzed samples from ICDP
core 5011-1: blue: samples from glacial periods (facies A); green:
samples from interglacial-to-glacial transitions; red: samples from
interglacial periods (facies B); yellow: samples from super inter-
glacial conditions (facies C).

15.5 %, with medium sand being the coarsest grain-size frac-
tion that occurs. The average silt and clay contents are about
69.2 and 27.7 %, respectively, showing minor fluctuations of
not more than 15 % within both fractions. The mean values
range between 2.5 and 9.3 ym (after Folk and Ward, 1957)
and, thus, are classified as very fine (2—4 ym) to medium silt
(8-16 um). In general, this corresponds to earlier investiga-
tions on the grain-size distributions of the past 65 kyr in Lake
El’gygytgyn (Asikainen et al., 2007).

Characteristic grain-size distribution patterns that describe
the pelagic sediments of Lake El’gygytgyn at ICDP site
5011-1 are shown in Fig. 3. Samples from peak glacial pe-
riods (facies A) are fine-grained, do not contain any sand
and mostly show a trimodal distribution, eventually includ-
ing a double peak around 10 ym (Fig. 3, blue). Their grain-
size distributions are commonly slightly asymmetric, which
is caused by the lack of a normal tailing to coarse sediments
and a coarse-skewed shoulder. Samples from interglacial (fa-
cies B) and super interglacial (facies C) periods are compa-
rable (Fig. 3, red and yellow). Both sediment types comprise
sand, are coarser than deposits from facies A, and are poorly
sorted as indicated by the polymodal pattern of the grain-
size distribution. A common feature of grain-size distribu-
tions from warm time periods is the lack of normal tailing
but the occurrence of a peak or coarse-skewed shoulder at ap-
proximately 100 gm (Fig. 3). Sediments from climatic tran-
sitions (Fig. 3, green) are commonly finer than interglacial
period deposits and coarser than glacial period deposits. The
grain-size distributions can be comparable to typical patterns
of glacial or interglacial sediments, but most transitional de-
posits appear polymodal and exhibit a peak or coarse-skewed
shoulder at around 100 ym.
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Fig. 4. Results of the PCA of the raw grain-size data (PC1 and PC2).
Red dots (active variables) represent specific grain diameters mea-
sured by the laser particle analyzer. Selected grain-size fractions
and parameters were chosen as additional variables (blue dots) for
visualization of the results and are not directly included into the
PCA calculations. PC1 (42.8 %) and PC2 (20.4 %) together com-
prise about 63.2 % of the total variance in the data set. The active
variables clearly show a horseshoe pattern (for further explanations
see text).

42 PCA

The PCA of the pelagic sediment yield 3 major principal
components (PCs) explaining 75.4 % of the total variance in
the grain-size data, with PC1, PC2 and PC3 covering vari-
ances of 42.8, 204, and 12.2 %, respectively. The plot of
the active variables (PC1 vs. PC2; variance: 63.2 %; Fig. 4)
clearly shows an arch spanning from clay to very coarse silt
(Fig. 4), with highest negative factor loadings of PC1 reveal-
ing a grain diameter of 23.6 ym (coarse silt) and highest posi-
tives of 1.9 ym (clay to very fine silt). Grain diameters coarser
than 44.5 ym (very coarse silt to medium sand) and finer than
0.6 um (clay) focus to the origin of the diagram, which results
in a horseshoe pattern (Fig. 4). The sample scores of PC1
(Fig. 2) show a high correlation to the mean (R?=0.93) and
the median values (R2=0.91), whereas only a weaker cor-
respondence to the mode values (R?=0.56) is noticeable. In
contrast, PC2 is highly correlated to medium silt (R?=0.83)
and PC3 is not correlated to any grain-size fraction.

4.3 Time series analysis
To gain insight into the frequency of the grain-size data,

time series analyses of PC1 samples scores have been per-
formed. The bulk spectrum yields three important peaks with
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dominant oscillations at 98.5, 40.6, and 22.9 kyr, which ex-
ceed the significance level of 99 % x2 (Fig.5).

As evolutionary power spectrum of PC1 sample scores
(Fig. 6a) was carried with a window width of 240 ka and
overlapping window segments were used for the calcula-
tions, the reported time period is between 2478 and 120ka.
During this period, the evolutionary power spectrum yields
distinct variations in the relative power of the three domi-
nate cycles (98.5, 40.6, and 22.9 kyr). The 98.5 kyr period is
highly variable throughout the analyzed time period, with a
strong relative power prior to 2300 and from 2100 to 1800 ka,
from 1250 to 1000ka, and after 800 ka, but a weak domi-
nance in the periods 2200 to 2100 ka, 1800 to 1600 ka and
1000 to 800 ka. The 40.6 kyr cycle is more consistent with a
strong relative power from 2400 to 1250 ka and from 950 to
670ka, whereas a low signal occurs around 1750 ka and af-
ter 670 ka. The 22.9 kyr cycle occurs from 1900 to 1300 ka,
from 1100 to 900 ka, and during two short time periods at
2250 and 130ka.

5 Discussion
5.1 Sedimentation processes at Lake EI’gygytgyn

The Quaternary grain-size variability of core 5011-1 from
Lake El’gygytgyn is strongly connected to climate varia-
tion, with coarse-grained, polymodal distributed sediments
occurring during warm periods and fine-grained, trimodal
distributed deposits during cold periods (Fig. 3). Grain-size
distributions from samples deposited during a transition from
interglacial to glacial periods appear mostly polymodal but
are less coarse than samples from warm conditions (Fig. 3).
The climate dependency of the grain-size distributions is also
confirmed by a comparison of the mean grain size to other
climate-dependent proxies of the Lake El’gygytgyn record
(cf. Fig. 7). The Si/Ti ratio is a measure of the biogenic sil-
ica content (BSi) in the sediment and, thus, of the primary
production by diatoms if grain-size effects by XRF scan-
ning can be excluded (Melles et al., 2007, 2012; Vogel et
al., 2013; Wennrich et al., 2013b). High Si/Ti ratios reflect a
high content of BSi in the sediments, which is related to high
primary production in the lake under warm climate condi-
tions (Melles et al., 2007, 2012; Vogel et al., 2013; Wennrich
et al., 2013b). For the analyzed data, the grain-size distri-
bution is independent from the content of BSi in the sedi-
ment as diatoms were removed during sample pre-treatment
for grain-size analyses. As both proxies show very similar
variations, this supports the assumption of climate-dependent
clastic sedimentation processes at Lake El’gygytgyn (Fig. 7).

As shown for modern conditions, the supply of clastic ma-
terial to Lake El’gygytgyn is mainly restricted to spring and
early summer, when snowmelt and warm temperatures re-
sult in the availability of fluvial discharge (cf. Fedorov et
al., 2013). Additionally, the thickness of the active layer of
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Fig. 5. Bias-corrected spectrum of sample scores of PC1 using the
software REDFIT38, applying the Lomb-Scargle periodogram for
unevenly spaced time series in combination with the Welch’s over-
lapped segment averaging procedure (Mudelsee et al., 2009). Num-
ber of segments n5g = 14; window type: boxcar; red line: red noise
level; green line: 99 % false-alarm level ( x2). Significant cycles
at 98.5, 40.6 and 22.9 kyr exceed both the red noise and the con-
fidence level.

the local permafrost should be linked to the availability of
clastic material. During snowmelt, even pebble- to cobble-
sized rocks as well as clumps of tundra are transported to the
beach and close to the shoreline in the lake (cf. Asikainen et
al.,2007; Nolan and Brigham-Grette, 2007). Coarse material
may be filtered by the shore bars, explaining the lack of a
normal tailing to coarse sediments in Lake El’gygytgyn de-
posits. Subsequently, sand-sized and finer sediments are re-
distributed by a wind-induced current pattern in the lake. The
geochemical, mineralogical and sedimentological analyses
of surface sediments from Lake El’gygytgyn, inlet streams,
and source rocks have shown that clastic material that is
transported to the lake is re-distributed by lake-internal cur-
rents (Wennrich et al., 2013a). These current systems are
induced by strong wind conditions of predominantly north-
ern or southern directions and result in the occurrence of a
suspension cloud focused to the lake center (Wennrich et
al., 2013a). In relation to the suspension cloud, a tongue
of coarse-grained and poorly sorted sediments focused to
the lake center can be observed in the surface sediments
of Lake El’gygytgyn (cf. Wennrich et al., 2013a). Wind
speed, current speed of the water body and transport en-
ergy for transportation of clastic material are very closely
connected within this sedimentation system. Surface sedi-
ments from central parts of Lake EI’gygytgyn exhibit com-
parable grain-size diameters and distribution patterns to sedi-
ments from interglacial periods. This implies that sedimenta-
tion processes described for the modern conditions persisted
during interglacial periods throughout the entire Quaternary.
In addition, no remarkable differences in the grain-size dis-
tributions from interglacial facies B and super interglacial
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Fig. 6. (A) Evolutionary power spectrum of sample scores of PC1 from 120 to 2478 ka, resulting from the chosen window width of 240 ka
(window type: boxcar). The used software ESALAB (Weber et al., 2010) is based on the same algorithms as REDFIT38. (B) Plot of
the temporal resolution of the grain-size data versus time. The length of each bar represents the time period to the next sample below.
(C) Evolutionary power spectrum of LR04 (Lisiecki and Raymo, 2005) applying the same settings as in (A).
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Fig. 7. Comparison of the mean values (after Folk and Ward,
1957) and the Si/Ti ratio as a proxy for bioproductivity in Lake
El’gygytgyn between marine isotope stages 17 and 9. This short
time period was exemplarily chosen to visualize grain-size and
Si/Ti variability during several glacial-interglacial cycles includ-
ing the super interglacial MIS11. The relationship is consistent over
the entire record. Variations on a glacial-interglacial timescale but
also of higher frequency are well reflected by the grain-size data.
Grain-size distributions during MIS11 do not differ compared to
other interglacials.
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facies C could be observed (cf. Figs. 2, 3 and 7). Thus, the
maximum transport energy during both interglacial periods
was likely comparable. Variable transport energies during
both types of interglacials could be indicated by the typ-
ical polymodal pattern of the grain-size distributions and
the occurrence of the coarse-skewed shoulder or indepen-
dent peak at ~ 100 pum (cf. Fig. 3a). However, polymodal
grain-size distributions could also be triggered by additional
sedimentation processes, such as eolian or ice floe trans-
portation. For modern conditions, eolian sediment input to
Lake El’gygytgyn was estimated by measuring the particle
concentration of the snow on the lake ice prior to the ice
breakup. The amount of the eolian supply is calculated as
2 to 5% of the total sediment deposition (Fedorov et al.,
2013). After ice breakup, random ice floe transport of sed-
iments of fluvial origin could have significantly contributed
to the sediment supply of ICDP site 5011-1. Modern obser-
vations recorded sediment supply by inlet streams onto the
ice cover during snowmelt, wherefrom the sediment is peri-
odically flushed out when the temperatures are high enough
(Fedorov et al., 2013). Sediment supply onto the ice cover
and subsequent redistribution by ice floe transportation is
also described for other seasonally ice-covered lakes, e.g. for
Lake Baikal (Vologina et al., 2005).
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Varying transport energies in the lake-water body, eolian
supply and ice floe transportation can explain the coarse-
grained, poorly sorted occurrence of interglacial grain-size
distributions. The finer, better-sorted sediments from glacial
periods, in contrast, suggest low transport energies and prob-
ably reduced eolian supply or ice floe transportation. Re-
duced eolian supply and ice floe transportation can be ex-
plained by a very short ice-free summer season or a perennial
ice cover. An enhanced deposition of eolian deposits at the
end of along period with a perennial ice cover is not observed
in the data, likely because of the low sample resolution. How-
ever, eolian sediment can be deposited despite a perennial ice
cover during cold and dry periods (Asikainen et al., 2007;
Melles et al., 2007). Material of eolian origin is able to move
through the ice along grain boundaries and vertical conduits,
whereby it might be compacted to 1-2mm clasts (Nolan,
2013). These clasts are not observed in the grain-size data,
likely because they are destroyed during the sample pre-
treatment. A perennial lake ice cover also excludes the redis-
tribution of clastic material by a wind-induced current pat-
tern. In general, sediment supply to Lake El’gygytgyn under
such conditions is widely restricted to seasonal moats around
the perennial lake ice, formed in late summer (Asikainen et
al., 2007; Melles et al., 2007). The transportation of clas-
tic material to the lake center likely depends on relatively
weak lake-internal currents triggered by temperature differ-
ences between the seasonal moats with warmer water tem-
peratures and deeper parts of Lake EI’gygytgyn. The forma-
tion of a perennial lake-ice cover and the occurrence of sea-
sonal moats predominantly depends on the summer temper-
ature (Nolan, 2013). Summer temperature also triggers the
thickness of the active layer of the permafrost and restricts
the availability of water as a major transport medium for clas-
tic material. A thin active layer and limited water availability
hamper the supply of coarse material to the lake. Overall, the
deposition of clastic material at ICDP site 5011-1 seems to
be very sensitive to variations of the local summer tempera-
ture at Lake EI’gygytgyn. Gradual transitions from warm to
cold conditions on an interglacial-glacial timescale are well
reflected by the mean grain size, and even higher amplitude
variations (e.g. between MIS 11 and 10, Fig. 7) are present
in the data. This implies gradual rather than abrupt changes
of the sedimentation processes at Lake El’gygytgyn during
such transitions.

52 PCA

Factor loadings of PC1 yield the most important grain di-
ameter (fractions) contributing to the grain-size distribution
(Fig. 4). High positive or negative factor loadings imply a
high importance of the coarse silt or the very fine silt fraction,
respectively. As variations in the grain-size data are primar-
ily attributed to climate variability, sample scores of PC1 can
be interpreted to represent climate variations. High negative
PC1 scores are associated with warmer climate conditions
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with ice-free conditions during summer and enhanced sedi-
mentation of coarse silt. In contrast, high positive PC1 scores
are linked to glacial climate conditions and the enrichment of
very fine silt. Silt, in particular medium silt, shows the weak-
est correlation to PC1 but high factor loading on PC2. The
high correlation of medium silt to PC2 is apparently mainly
triggered by the occurrence of the horseshoe pattern (Fig. 4).
The horseshoe pattern is a mathematic artifact in PCA re-
sults (cf. Kendall, 1971; Gauch et al., 1977), which occurs if
the analyzed data set is only influenced by one long gradient
and each variable (inhere: grain diameter) is successively re-
placed by the next one, resulting in a unimodal response to
the gradient (Swan, 1970; Gauch et al., 1977). Thus, PCA re-
sults substantiate the interpretation that grain-size variations
of Lake El’gygytgyn sediments predominantly reflect varia-
tions in the sedimentary processes controlled by climate in-
fluences. Additional processes, such as lake-level variations
or changes in the geomorphic shape of the catchment, have
only limited influence on the grain-size distribution. In line
with this result, a direct connection between the grain-size
data and lake-level fluctuations recorded by the occurrence
of lacustrine terraces in the area and in sediment cores from
marginal parts of the lake (cf. Juschus et al., 2011) is not
present.

5.3 Time series analysis

To distinguish between time periods, which are dominated by
global glacial-interglacial or shorter-term variations, a time
series analysis on PC1 sample scores was carried out. As the
age model of core 5011-1 was derived by tuning sediment
proxies with local insolation and the global marine isotope
stack LRO4 (Melles et al., 2012; Nowaczyk et al., 2013), the
bulk spectrum (Fig. 5) yields dominant oscillations above
the 99% x2 confidence level at Milankovitch’s eccentric-
ity (98.5 kyr), obliquity (40.6 kyr) and precession oscillations
(22.9kyr). Despite the tuned age model of core 5011-1, the
relative dominance of these three oscillations clearly differs
from these of LR0O4 during the Quaternary (Fig. 6). Oscil-
lations of higher frequency that exceed the red noise level
(cf. Fig. 5) were not included in further analyses, as the
temporal resolution of the grain-size data ranges between
0.02 and 19.79ka (average: 2.56ka, cf. Fig. 6b). Cycles of
98.5 and 40.6ka are interpreted to be a result of global cli-
mate variability and variations of the global ice volume, as
reflected by marine isotope stack LR04 (Lisiecki and Raymo,
2005; cf. Fig. 6¢). In contrast, the 22.9ka band is closely
connected to local orbital precession forcing at the latitude
of Lake El’gygytgyn, with coarser grain-size distributions
associated with high insolation values. Consequently, ice-
free summertime is extended during high insolation forcing,
which is consistent with results of previous studies on the
sedimentation pattern of Lake El’gygytgyns, e.g. magnetic
susceptibility and TOC data (Melles et al., 2007; Nowaczyk
et al., 2007). On the other hand, the strong precession cycle
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in the Lake ElI’gygytgyn grain-size data could be a latitudi-
nal teleconnection, as the precession cycle is rather weak in
polar but stronger in equatorial regions (Berger and Loutre,
1991). Tropical to subtropical climate oscillations that are as-
sociated with variations on a precession cycle are the East
Asian Monsoon (Sun et al., 2006) and the El Nifio—Southern
Oscillation (Tudhope et al., 2001). In transect from Lake
El’gygytgyn to southern direction, winter monsoon variabil-
ity on a precession cycle is recorded from the Chinese Loess
Plateau (Sun et al., 2006).

During the early Pleistocene (2600 to 780ka; see also
Fig. 2), when global climate conditions were dominated by
the 41kyr band (e.g. Clark et al., 2006), similarities and
dissimilarities between 5011-1 and LRO4 occur (Fig. 6).
The strong oscillation of the 41.7kyr cycle in the grain-
size data of 5011-1 well reflect global climate variability
on the obliquity oscillation band. In contrast, the 98.5 kyr
cycle in the grain-size data is more variable, with a strong
response to climate forcing between 2450 and 2300 ka and
between 2100 and 1800ka, and a reduced power between
1800 and 1600ka (Fig. 6). These findings partly agree
with descriptions of Nie et al. (2008) about the 100ka
band during the early Pleistocene. Following their descrip-
tion of the “late Pliocene—early Pleistocene 100 kyr prob-
lem”, there is a strong response of climate proxies be-
tween 3000 and 1800 ka, although forcing is strong between
2300 and 1300 ka. However, Lake El’gygytgyn grain-size
data indicate only a weak 98.5 kyr cycle between 2300 and
2100 ka.

During the early Pleistocene, the 22.9 kyr precession band
is strong around 2250 ka and between 1900 and 1300ka
when relative eccentricity or obliquity powers are low. Thus,
the precession band at Lake El’gygytgyn mostly interplays
with the eccentricity band and is therefore closely connected
with the late Pliocene—early Pleistocene 100 kyr problem.
The absence of the 23 ka band between 3000 and 1000 ka
in global benthic isotope records (cf. Fig. 6) despite a strong
precession cycle at all latitudes has been explained with an
out-of-phase ice sheet growth and melt at each pole (Raymo
et al., 2006). Grain-size data at Lake El’gygytgyn is not
directly coupled to global ice-volume variability and, thus,
shows the 23 ka precession band to be important for the cli-
mate conditions during specific time intervals. Variations on
a 23 ka oscillation band during the early Pleistocene are also
reported from the Chinese Loess Plateau (Sun et al., 2006)
and African dust records (deMenocal, 1995).

The time periods of the Middle Pleistocene transition
(MPT; see also Fig. 2) and the late Pleistocene are marked
by the transition of the climate variability from the domi-
nance of the obliquity oscillation to eccentricity oscillation
(e.g. Clark et al., 2006). In our data set this transition is rather
gradual with an initial onset of the 98.5 kyr cycle at 1250 ka,
low power from 1000 to 800 ka and strong power afterwards
until at least 130 ka. A weakening of the 100 ka eccentricity
band around 1000Kka is also present in LR04 (Fig. 6c). At
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Lake El’gygytgyn, this period until 800ka is characterized
by an initially strong 22.9kyr cycle and subsequent strong
40.6 kyr cycle. The decreasing relative power of the oblig-
uity oscillation during the late Pleistocene implies that the
MPT at Lake EI’gygytgyn lasted from 1250 to 670 ka. Such
a gradual transition is also described for LR0O4 with an ini-
tial onset at 1250ka, a disturbance of the eccentricity cycle
for 100 kyr around 1000 ka, and a completion of the transi-
tion to the 100 kyr world at 700 ka (Clark et al., 2006). The
mechanism leading to the emergence of the 100 kyr band is
hypothesized to have been triggered by a long-term cool-
ing trend induced by decreasing pCO, (Berger et al., 1999;
Tziperman and Gildor, 2003) and/or increasing ice sheet
thickness due to exposure of high-friction crystalline bedrock
(Clark and Pollard, 1998), whereas orbital forcing can be ex-
cluded (Clark et al., 2006).

6 Conclusions

Variations in the grain-size distribution of Lake EI’gygytgyn
sediments during the past 2600 ka have shown to be mainly
influenced by summer temperature and thus, by global and
regional climate conditions. Main factors triggering the clas-
tic sedimentation in the lake are assumed to be the exis-
tence and duration of an annual lake-ice cover, the permafrost
stability around the lake and the intensity of fluvial trans-
port processes in the catchment. Studies on the modern sed-
imentation in the lake have shown that a wind-induced cur-
rent pattern of different strengths triggers the occurrence of
coarse-grained deposits at the center of the lake during ice-
free periods (Wennrich et al., 2013a). Our data suggest that
this process persisted throughout the entire Quaternary. Un-
der glacial climate conditions, sediment supply to the lake is
likely restricted to seasonal moats close to the shore and to
vertical conduits in the ice.

Principal Component Analysis allowed identifying most
important grain-size fractions attributed to variations in the
data set. Coarse silt and very fine silt could be emphasized
to be the major players in climate-dependent variations in
the grain-size data, whereas medium silt does not show this
climate dependency.

Time series analysis reveals major oscillation and their rel-
ative dominance in the grain-size data during the Quaternary.
It can be concluded that duration of annual lake-ice cover and
thickness of the active layer during summer are triggered by
global glacial-interglacial cycles (98.5, 40.6 kyr) and by lo-
cal insolation forcing and/or latitudinal teleconnections (pre-
cession band, 22.9kyr). Early Pleistocene variations on a
98.5 kyr oscillation band partly agree with descriptions of
the late Pliocene—early Pleistocene 100 kyr problem” by Nie
et al. (2008). Additionally, our data suggest an interplay of
the 98.5 and 22.9kyr cycles during the early Pleistocene.
Oscillations on the eccentricity band (98.5kyr) likely re-
flect global climate variability at Lake El’gygytgyn, whereas
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variations on the precession band (22.9kyr) are probably
connected with regional insolation variations or latitudinal
climatic teleconnections. The MPT is well reflected by our
data between 1250 and 670 ka.
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Abstract. A 318-metre-long sedimentary profile drilled by represent just the first 0.3 Ma after the impact, equivalent to
the International Continental Scientific Drilling Program sedimentation rates in the order of 45cmka™!. This study
(ICDP) at Site 5011-1 in Lake EI’gygytgyn, Far East Russian also provides orbitally tuned ages for a total of 8 tephras de-
Arctic, has been analysed for its sedimentologic response to posited in Lake ElI’gygytgyn.

global climate modes by chronostratigraphic methods. The
12 km wide lake is sited off-centre in an 18 km large crater
that was created by the impact of a meteorite 3.58 Ma ago.
Since then sediments have been continuously deposited. For 1 Introduction

establishing their chronology, major reversals of the earth’s

magnetic field provided initial tie points for the age model, Lake El’gygytgyn in the Far East Russian Arctic (67.5° N,

confirming that the impact occurred in the earliest geomag- 172° E) with a diameter of 12km is located off-centre in an
netic Gauss chron. Various stratigraphic parameters, reflect- 18 km wide impact crater formed 3.58 Ma ago (Layer, 2000).
ing redox conditions at the lake floor and climatic condi- The 170 m deep lake has a bowl-shaped morphology, a sur-
tions in the catchment were tuned synchronously to Northern ~ face area of 110km?, and a relatively small catchment of
Hemisphere insolation variations and the marine oxygen iso- 293km? (Nolan and Brigham-Grette, 2007). The bedrock
tope stack, respectively. Thus, a robust age model comprising ~ in the crater catchment consists mainly of igneous rocks,

more than 600 tie points could be defined. It could be shown lavas, tuffs, ignimbrites of rhyolites and dacites, rarely an-
that deposition of sediments in Lake El’gygytgyn occurred desites and andesitic tuffs (Gurov and Koeberl, 2004), some
in concert with global climatic cycles. The upper ~160m  of them with ages from 83.2 to 89.3Ma (Layer, 2000) and
of sediments represent the past 3.3 Ma, equivalent to sedi- 88 Ma (Kelley et al., 1999). Thus, they were emplaced dur-
mentation rates of 4 to 5cm ka~!, whereas the lower 160 m ing the Cretaceous normal polarity superchron (Ogg and

Smith, 2004). In early 2009, the International Continental

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Scientific Drilling Program (ICDP) drilled through the whole
318 m thick sedimentary infill and further 199 m into the im-
pact breccia of the EI’gygytgyn crater (Melles et al., 2011).
Three parallel sediment cores from ICDP Site 5011-1 (holes
1A, 1B, and 1C) from Lake El’gygytgyn were spliced to
make a composite core. For the palaeo-climatic investiga-
tion mass movement deposits, like turbidites, and tephra lay-
ers were not included, but they are represented by gaps in
the respective composite data records. In order to develop
a high-resolution age model for the whole sedimentary se-
quence from Lake El’gygytgyn we used a multi-parameter
approach. Major age constraints are provided from a com-
prehensive magnetostratigraphic investigation of the sedi-
ments recovered from holes 5011-1A, 1B, and 1C (Haltia
and Nowaczyk, 2013). For refining the initial age model
determined by the magnetostratigraphic results, nine addi-
tional stratigraphic parameters were synchronously tuned ei-
ther to the benthic foraminiferal oxygen isotope (8'%0) ref-
erence record for the last 5Ma provided by Lisiecki and
Raymo (2005), in general referred to as the LRO4 stack,
or to the Northern Hemisphere summer insolation accord-
ing to orbital solutions of Laskar et al. (2004). From the
data compilations of Nowaczyk et al. (2002), Nowaczyk et
al. (2007), Frank et al. (2013) and the rock magnetic pilot
study by Murdock et al. (2013) it became obvious that vari-
ations of total organic carbon (TOC) and magnetic suscep-
tibility (MS) mostly reflect the redox conditions at the lake
floor, with a predominant stratification (mixing) of the wa-
ter body and anoxic (oxic) conditions during glacials (inter-
glacials). These redox conditions are obviously controlled
by insolation variations, mainly influenced by the 18 and
23 kyr precessional cycles, and, to a lesser extent, the 41 kyr
obliquity cycle. Consequently, variations of TOC and MS,
together with the intensity of the natural remanent magneti-
sation (NRM, which in Lake EI’gygytgyn sediments, like the
MS, mainly reflects the concentration of magnetic particles),
were tuned to insolation variations. Since Lake EI’gygytgyn
is located within the Arctic permafrost region most sedimen-
tary transport and bioproductivity takes place during sum-
mer, characterized by superficial thawing of permafrost soils,
short vegetation periods in the catchment, and algal growth
(mostly diatoms, but also Botriococcus and sometimes snow
algae such as Chlamidomonas) in the water body. From mid-
autumn to mid-spring all these processes come to a standstill.
Thus, not only the intensity of insolation but also the length
of the summer appears to be important for the possibility of
sediment transport from the catchment into the lake. There-
fore, we used the cumulative summer insolation from May
to August for tuning. Variations in tree and shrub pollen per-
centage and biogenic silica (BSi) represent vegetation con-
ditions in the (wider) area around the lake and bioproductiv-
ity within its water body, respectively. Sediment grain size,
spectral colour, titanium (Ti) content, and Si/ Ti ratio, the lat-
ter two parameters obtained from X-ray fluorescence (XRF)
scanning, reflect mostly weathering and transport processes
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within and from the catchment, respectively, which in turn
depend on climatic conditions. After initial age assignments
using magnetic polarity stratigraphy, all these parameters to-
gether show striking similarities to global climate variability
as expressed by the LR04 stack (Lisiecki and Raymo, 2005),
which was therefore used as reference curve. The major en-
vironmental implications of the EI’gygytgyn palaeoclimate
record, occurrence of “super-interglacials” and the stepwise
cooling of the Northern Hemisphere are discussed in Melles
et al. (2012) and Brigham-Grette et al. (2013), respectively.

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

2 Material and methods
2.1 Data acquisition

For magnetostratigraphic investigation the upper ~ 140 m of
sediments were continuously subsampled with U-channels,
whereas the remaining sequences were nearly exclusively
analysed by using discrete samples, due to increasing stift-
ness of the sediments. Determination of the inclination of
characteristic remanent magnetization (ChRM), which pro-
vides the polarity interpretation, is based on principle com-
ponent analysis (Kirschvink, 1980) of results from stepwise
and complete alternating field demagnetisation of all mate-
rial. More detailed information on sampling strategy, data ac-
quisition techniques, and methods of processing are given by
Haltia and Nowaczyk (2013).

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

The response function of the MS2E sensor with respect
to a thin magnetic layer is equivalent to a Gaussian curve
with a half-width of slightly less than 4mm (e.g. Fig. 4
in Nowaczyk, 2001). The amplitude resolution of the sen-
sor is 10 x 107® in combination with the MS2 unit and
2 x 1070 with the improved MS3 unit, both using an inte-
gration time of about a second. During data acquisition, after
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every 10 measurements, the sensor is lifted about 4 cm above
the sediment in order to take a blank reading in the air. This
is done in order to monitor the shift of the sensor’s back-
ground due to temperature drift. Subsequently, the air read-
ings were linearly interpolated and subtracted from the read-
ings on sediment.

A spectrophotometer (GretagMacbeth Spectrolino™ ) was
applied with the scl-2.3 logger for acquiring a full colour
spectrum from 380 nm to 720 nm at a physical resolution of
10 nm (i.e. providing 36 spectral lines for each measuring
spot from ICDP Site 5011-1 cores). For sediments recovered
within cores PG1351 and Lz1024 no colour information is
available. The spectrophotometer integrates over a circular
window of 4 mm in diameter (centre-weighted). In addition
to the visible spectrum further colour information, derived
from the spectral data, was transmitted by the instrument:
the tristimulus values (X, Y, Z), defined by the International
Commission on Illumination (CIE) in 1931, and vectors in
the 1976 CIE (L*, a*, b*) colour space. The tristimulus val-
ues of a colour are the amounts of the three colours the hu-
man eye can perceive (red, green, blue) in a three-component
additive colour model (Fig. 2a). However, in order to repro-
duce a measured colour represented by (X, Y, Z) (e.g. on a
TV or computer screen) a 3 x 3 matrix has to be applied to the
(X, Y, Z) vector in order to obtain the required (R, G, B) val-
ues for display, as it is implemented in the split-core logger’s
controlling computer program. The elements of the matrix
depend on type of illumination and observing angle, as well
as on the (R, G, B) properties of the used hardware and/or
computer operating system (or television system).

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

Since both the susceptibility and colour sensors need to be
in full contact to the sediment surface, the scl-2.3 logger is
additionally equipped with a third sensor, a high-precision
mechanical micro-switch to scan the surface morphology
first. This is achieved by moving the switch from a cer-
tain reference height downward onto the sediment where the
switch triggers the termination of its own movement. Trig-
gering force is in the range of 5g. The distance moved by
the switch is determined by the stepping motor control, thus
supplying the information needed for subsequently lowering
the susceptibility sensor and the spectrophotometer onto the
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Fig. 1. Location of Lake El’gygytgyn in the Far Eastern Russian
Arctic. The circle (not to scale) marks the site of the impact crater.

sediment for data acquisition. During data acquisition core
segments were covered by a thin and clear plastic foil in or-
der to prevent all three sensors from being stained by the
soft and moist sediments. Ideally, the foil is completely free
of air bubbles and clinging to the sediment surface due to
sediment moisture. However, the older the sediments are the
lower their moisture content is. Thus, downward from about
200 m on, the foil was not always completely attached to the
sediments and colour information got slightly biased with in-
creasing drilling depth due to scattered light.

2.2 Further data used for tuning

Biogenic silica (BSi) contents were estimated at a sampling
interval of 20 mm by using Fourier transform infrared spec-
troscopy (FTIRS). The method is described in detail by Vogel
et al. (2008) and Rosén et al. (2010, 2011). Biogenic silica is
mostly derived from diatoms, which are the major contribu-
tors to the intra-lake bioproduction (e.g. Cherapanova et al.,
2007). Post-sedimentary dissolution of diatom frustules is
negligible in sediments of Lake EI’gygytgyn. Thus, the per-
centage of biogenic silica is taken as a proxy for bioproduc-
tivity in Lake EI’gygytgyn. A detailed discussion on FTIRS
results from ICDP Site 5011-1 is provided by Meyer-Jacob
et al. (2013) and Vogel et al. (2013).

The content of total organic carbon (TOC) was deter-
mined every 20 mm using a Vario microCube elemental an-
alyzer (Elementar, Germany). Elemental scans of major el-
ements were performed with an ITRAX XRF (X-ray fluo-
rescence) core scanner (Cox Analytical, Sweden), equipped
with Cr- and Mo-tubes, respectively, which were set to 30 kV
and 30 mA. The abundance of elements was determined at
2mm resolution with an integration time of 10s per mea-
surement. The relative abundance of titanium (Ti) is taken as
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Fig. 2. Some basics in colour processing: (a) 2°-observer weighting functions for spectrum integration in order to obtain the tristimulus
values (X, Y, Z), (b) L*a*b* colour space and definition of the hue angle as also shown in (c), together with corresponding colours. Note

that colours are more schematic rather than realistic.

a proxy of clastic lithogenic input, whereas silica (Si) repre-
sents the sum of both lithogenic and biogenic Si. Thus, the
Si/Ti ratio reflects the variable contribution of biogenic sil-
ica against the clastic lithogenic background. For further de-
tails see Wennrich et al. (2013). Grain-size variability was es-
timated by principle component analysis (PCA) of granulo-
metric analyses using a laser particle analyzer (Francke et al.,
2013). For tuning of the ICDP-5011-1 composite record PC
1 (principle component 1) was used, with negative (positive)
values representing coarse (fine) grained sediments. Pollen
data is available every 8 cm, with lower resolution in the
Pliocene section (see also Andreev et al., 2013 and Lozhkin
and Andersen, 2013). Where available, the percentage of
tree and shrub pollen was used as an additional environmen-
tal indicator with high (low) percentages representing warm
(cold) conditions. Data from PG1351 are from Nowaczyk et
al. (2002), data from Lz1024 are from Lozhkin et al. (2007).

2.3 Creation of a composite

For analysis of the Lake EI’gygytgyn sedimentary succession
a composite was created using data from core Lz1024, recov-
ered in 2003, and from ICDP Site 5011-1, comprising only
partly overlapping holes 1A, 1B, and 1C, recovered in 2009.
From the 16.64-metre-long core L.z1024 data records of the
upper 5.67 m were used to supplement the uppermost sec-
tion of the composite that was not recovered with ICDP Site
5011-1 cores. According to initial data analyses, this depth
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interval is equivalent to marine oxygen isotope stages (MIS)
1 to 4 and most of MIS 5 (back to about 125ka). Below
5.67 m, and until about 104.8 m composite depth, alternating
sediment intervals from parallel holes 5011-1A and 1B were
spliced together. Between 104.8 m and 113.4m composite
depth additional information from core 5011-1C could be
used. Between 113.4 m and 145.7 m composite depth, cores
1A and 1C contributed to the composite. Below 145.7m
composite depth down to the sediment impact breccia inter-
face at 318 m, only core 5011-1C, which has a mean recovery
rate of only 50 % (Melles et al., 2011), could be used. How-
ever, at least the lowermost 38 m of the composite (280 to
318 m) is available with 90 to 99 % recovery.

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

2.4 Tuning

Fixed age tie points for the ICDP Site 5011-1 composite
record are provided by magnetostratigraphic investigation of
sediments from this site by Haltia and Nowaczyk (2013).
Ages for the documented major reversals were mainly
assigned according to Lisiecki and Raymo (2005) as
listed in Table 1. Between the tie points provided by
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Fig. 3. Example for quantitative colour data acquisition from core 5011-1A-5H-W in field depth across Termination IV (time interval from
344 to 333 ka): (a) original and (b) contrast-enhanced down-core variation of colours measured with a GretagMacbeth SpectrolinovrM spec-
trophotometer, together with hue angle (white curve), (¢) and (d) two individual spectra including tristimulus values (X, Y, Z), (L*, a*, b*)
values, hue angle (see Fig. 2), and logging depth. The positions of the two measuring points are marked by arrows below (b).

magnetostratigraphy, a synchronous tuning of nine addi-
tional data sets was performed using an interactive wiggle
matching software. The extended tool for correlation (xtc,
Linux-based) is capable of loading all necessary data sets
together into the memory of the computer (down-core data
sets, reference data sets, age models, positions of tephras,
scaling of axes). The (partly huge) sizes of the data sets used
for tuning are listed in Table 2. In all, 1 mm spot-readings of
magnetic susceptibility and TOC data, determined every 10
to 20 mm, were tuned to the Northern Hemisphere (67.5° N,
El’gygytgyn latitude) cumulative spring—summer insolation
(May to August) according to Laskar et al. (2004). Parallel to
this, Ti as well as Si/Ti ratios based on 2 mm readings of X-
ray fluorescence (XRF) counts, percentages of biogenic sil-
ica (BSi, opal) derived from Fourier transform infrared spec-
troscopy (FTIRS), determined every 20 mm, the hue angle
determined every 1 mm, grain size PCA data, and tree pollen
percentages (wWhere available) were tuned to the LRO4 marine
oxygen isotope stack of Lisiecki and Raymo (2005). Jointly
to the tuning of the ICDP Site 5011-1 data sets, age mod-
els for the Lake EI’gygytgyn pilot cores were also developed
(Lz1024) and refined (PG1351).

3 Results
The intention was to provide a sedimentary palaeoclimatic
proxy-record that is cleaned of tephra layers, turbidites,

slumps, and other disturbances, such as folded sediments.
Therefore, these intervals were discarded for the creation
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of the ICDP Site 5011-1 composite. However, these sedi-
ment intervals can still provide useful information at least
about the polarity of the geomagnetic field during their de-
position. The expected dipole inclination for the site of Lake
El’gygytgyn is 78.3°. Thus, folded layers with a tilt of, for
example, 45° will still yield positive (negative) inclination
during normal (reversed) polarity. It then depends on the
angle between magnetization direction and tilting direction
whether the disturbed direction is shallower or steeper than
the undisturbed one. Also turbidites, although representing
short depositional events on a geological timescale, should
record a polarity if not an accurate palacomagnetic direc-
tion at least in their upper fine-grained section. Therefore,
in intervals close to reversals, the directional data of rejected
intervals, such as the onset of the Olduvai subchron and re-
versals within the Gauss chron (see Haltia and Nowaczyk,
2013), were also taken into consideration when determining
the polarity and localization of the major reversals.

3.1 [Iterative tuning

The general strategy of tuning is demonstrated by data cover-
ing the time window from 740 ka to 1000 ka, comprising the
Brunhes Matuyama reversal as well as the termination of the
Jaramillo subchron (Fig. 4). Note that for reasons of clarity
not all resulting correlation tie points within this interval are
displayed. The major reversals of the earth’s magnetic field,
as incorporated in the official geomagnetic polarity timescale
(GPTS, Ogg and Smith, 2004; Table 1), provide twelve 1st
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Table 1. Ages of geomagnetic reversals from various authors, listed in the first row, and as inferred from multi-proxy tuning of ICDP
Site 5011-1 sediments from Lake EI’gygytgyn in this study, listed in the right column. Here, bold numbers indicate new/alternative ages,

otherwise ages were adopted from Lisiecki and Raymo (2005).

Cande and Kent  Lourens etal. Ogg and Smith Lisiecki and

Authors (1995) (1996) (2004) Raymo (2005)  This study
Reversal Age

subchron. =00 @—————— =
cryptochron/excursion Ma Ma Ma Ma Ma
Brunhes/Matuyama 0.780 0.781 0.780 0.780
Jaramillo (t) 0.990 0.988 0.991 0.991
intra-Jaramillo excursion (t) 1.0142
intra-Jaramillo excursion (o) 1.0192
Jaramillo (o) 1.070 1.072 1.075 1.075
Cobb-Mountain (t) 1.201 1.173 1.1858
Cobb-Mountain (0) 1.211 1.185 1.1938
Olduvai (t) 1.770 1.785 1.778 1.781 1.781
Olduvai (o) 1.950 1.942 1.945 1.968 1.968
Olduvai precursor (t) 1.9782
Olduvai precursor (0) 1.9815
La Réunion (t) 2.140 2.129 2.128 2.1216
La Réunion (o) 2.150 2.149 2.148 2.1384
Matuyama/Gauss 2.581 2.582 2.581 2.608 2.588
Kaena (t) 3.040 3.032 3.032 3.045 3.045
Kaena (o) 3.110 3.116 3.116 3.127 3.127
Mammoth (t) 3.220 3.207 3.207 3210 3210
Mammoth (o) 3.330 3.330 3.330 3319 3319
Gauss/Gilbert 3.580 3.596 3.596 3.588 3.588

Here: 0 — onset , t — termination.

order tie points (red dotted lines in Fig. 4) during the last
3.6 Ma for the age model, from which ten are very well de-
fined in the El’gygytgyn sedimentary sequence. Only the top
of the Kaena and the base of the Mammoth subchrons, both
within the Gauss chron, are somewhat ambiguous, when only
(cleaned) palaeomagnetic information are considered. Addi-
tional two 1st order tie points could be derived from the short
Cobb Mountain event (Mankinen et al., 1978) within the
Matuyama Chron, clearly linked to MIS 35 (Channell et al.,
2008). Figure 4 comprises the Brunhes Matuyama reversal
and the termination of the Jaramillo subchron as 1st order tie
points. For the base of the lacustrine sediment section from
Lake El’gygytgyn the age of the impact of 3.58 +0.04 Ma
was adopted from Layer (2000) as another 1st order tie point.

After adopting this approach to convert depths into ages it
became obvious that the morphology of the log(Si/Ti ratio)
curve obtained from XRF scanning resembles the LR04 oxy-
gen isotope reference curve from Lisiecki and Raymo (2005)
quite well (Fig. 4b, d). The same is valid for the Ti con-
tent and the hue angle, when both plotted on an inverse
axis (not shown in Fig. 4), and partly the record of bio-
genic silica obtained from Fourier transform infrared spec-
troscopy (FTIRS-BSi), which mainly resembles the so-called
super-interglacials (Melles et al., 2012) from above a certain
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threshold level (Fig. 4a). This set of proxy records therefore
was used to define 2nd order tie points (dark green short-
dashed lines in Fig. 4) by interactive wiggle matching to the
LRO4 curve.

Compared to the LR04 stack, the Northern Hemisphere
summer insolation shows a much stronger variability. Note
that already the onsets of interglacials, MIS 19, 21, and 25,
are linked to pronounced insolation maxima. In the further
course of these interglacials one (MIS 19 and 25) or even
two insolation minima occur (MIS 21). These minima and
most of all other minima in insolation are obviously linked
to lows in magnetic susceptibility and highs in TOC when
applying 1st and 2nd order tie points for correlation. Fig-
ure 5 shows a simplified sketch of interdependencies of sed-
imentary properties versus insolation variations. Minima in
insolation trigger anoxic conditions at the lake floor associ-
ated with severe dissolution of magnetic minerals (low mag-
netic susceptibility) but best preservation of organic matter
(high TOC values). The termination of such phases coincide
fairly well with the steepest gradient of increasing insolation
after the preceding insolation minimum, and the beginning
of intervals characterized by high susceptibility. Insolation
maxima mark the beginning of periods with high biopro-
ductivity. Nevertheless, due to dominating oxic bottom water
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Table 2. Overview of stratigraphic data used for multi-proxy tuning of Lake EI’gygytgyn sediments: number of obtained logger readings
or individual determinations, with numbers in italics indicating raw data that was acquired on the full stratigraphic lengths of the respective
cores. Scanning/sampling intervals are given below the parameter notation.

Data set 5011-1A  5011-1B  5011-1C 5011 comp. Lz1024 PGI351 total
MS2E? 122939 100606 95264 143752 16026 11050 489637
1 mm

colour? 122988 101074 99 060 138623 no no 461745
1 mm

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

NRM, ChRM¢ 5806 4848 2113 5883 607 476 19733
2 (10-15)cm

biog. Silica® no no no 5856 1657 229 7742
(1) 2cm

TOCt no no no 6136 1658 334 7847
(1)2cm

grain size no no no 1125 no no 1125
8cm

Tree pollen® 392 184 124 556

5-6 (30-300) cm

4 magnetic susceptibility, b £411 visible colour spectrum (36 lines), (X, Y, Z) tristimulus values, (L*, a*, b*), hue angle, ¢ X-ray
fluorescence spectra, abundance of major elements 4 natural remenent magnetisation (NRM) and characteristic remanent magnetisation
(ChRM) from U-channels, sampling interval for discrete samples in brackets, © from Fourier Transform Infrared Spectrocopy
(FTIRS-BSi), sampling interval for Lz1024 in brackets, f total organic carbon, sampling interval for Lz1024 in brackets, & sampling

interval for Pliocene interval in ICDP Site 5011-1 cores in brack

conditions, organic matter gets degraded (low TOC values),
whereas magnetic minerals are being widely preserved, lead-
ing to high values in magnetic susceptibility, although the
lithogenic contribution is lower than during glacials. During
the super-interglacials (Melles et al., 2012), characterized by
exceptional high biogenic silica values and high Si/ Ti ratios
—such as MIS 5,9, 11, 17, 25 (see Fig. 4), 31, 47, and 49
(see also Supplement) — the high deposition rate of biogenic
matter is the major controlling factor for modulating val-
ues of both magnetic susceptibility and TOC. The increased
flux of organic matter into the sediment partly overwhelms
degradation processes in oxic bottom waters, leading to in-
termediate values in both TOC and magnetic susceptibility.
A fast oxygen consumption in the sub-bottom pore water has
to be assumed which hampered a further sub-surface degra-
dation of organic matter. Thus in total, a partial degradation
of organic matter should have occurred so that the associated
TOC peaks very likely give an underestimation of the pri-
mary bioproductivity (Nowaczyk et al., 2002, 2007). Mag-
netic susceptibility values are mostly controlled by the high
primary bio-production and thus a by dilution of lithogenic
compounds. Further on due to oxygen depletion in the pore
waters, a partial dissolution of magnetic minerals has to be
taken into account, since susceptibility values cannot be ex-
plained by dilution by biogenic compounds alone. Another
special case is that of a glacial supposedly much moister
than others (Melles et al., 2007). Due to increased snowfall
and thus reduced light transmission, bioproductivity below
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the ice cover is significantly lower than during dry glacials.
During dry glacials, Lake El’gygytgyn was supposed to be
covered by clear ice, that is, with little to no snow on it, as-
sociated with a high light transmission, and thus better grow-
ing conditions for algae. Considering all these interdepen-
dencies, 3rd order tie points could be defined for fine-tuning
(blue long-dashed lines in Fig. 4).

3.2 Chronostratigraphy and precision of age model

Figure 6 shows the most important parameters from ICDP
Site 5011-1 composite record after synchronous tuning to the
GPTS, the LR04 stack, and the Northern Hemisphere sum-
mer insolation. The parameters that were mainly tuned to the
LRO0O4 marine oxygen isotope stack (Fig. 6f) are plotted in
the left section (Fig. 6a to e): grain size variations, hue an-
gle (sediment colour), biogenic silica (FTIRS-BSi), Si/Ti
ratio from XRF-scanning, and tree and shrub pollen per-
centages where available, including results from pilot cores
PG1351 and Lz1024. The ChRM inclinations of the ICDP
Site 5011-1 composite record (Fig. 6g) is plotted to the right
of the LR04 stack. Geomagnetic field reversals can be rec-
ognized from flips between steep positive inclinations (nor-
mal polarity, grey background) and steep negative inclina-
tions (reversed polarity, white background). Thus, the ICDP
Site 5011-1 sedimentary record comprises the three geo-
magnetic chrons including Brunhes, Matuyama, and (most
of the) Gauss (i.e. the last about 3.6 Ma). The right section
of Fig. 6 relates variations of total organic carbon (TOC,
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Fig. 4. Definition of 1st, 2nd, and 3rd order tie points of the age
model: Chronostratigraphic plot for the time window 740ka to
1000 ka of (a) biogenic silica (FTIRS-BSi), (b) Si/Ti ratio, with
high (low) ratios indicating higher (lower) biogenic input with re-
spect to lithogenic input, (¢) cumulative summer (May to August)
insolation for 67.5° N (according to Laskar et al., 2004), (d) LR04
oxygen isotope stack (6'80) from Lisiecki and Raymo (2005), (e)
magnetic susceptibility (MS), (f) total organic carbon (TOC), and
(g) ChRM inclination, with grey (white) indicating normal (re-
versed) polarity. Geomagnetic field reversals are defined as 1st order
tie points of the age model. Correlation of Si/Ti ratio and biogenic
silica to the LR04 stack define 2nd order tie points, and correlation
of magnetic susceptibility and TOC to insolation patterns define 3rd
order tie points. For further details, see text. FTIRS — Fourier trans-
form infrared spectroscopy, XRF — X-ray fluorescence, ChRM —
characteristic remanent magnetization.

Fig. 6h) and magnetic susceptibility (Fig. 6i) to the Northern
Hemisphere insolation (cumulative, May to August, 67.5° N,
Fig. 6j). The obtained age model of the ICDP 5011 com-
posite is shown in Fig. 7 and age models for the pilot cores,
PG1351 and Lz1024, are shown in Fig. 8. Mean sedimenta-
tion rates in Lake E’gygytgyn are in the range of 4 cmka~!
for the last about 1.0 Ma. Going further back in time, sedi-
mentation rates slightly increase to about 5cmka~! roughly
between 2.5 and 3.0 Ma, whereas the interval between 3.3
and 3.6 Ma is characterized by ten-fold higher sedimentation
rates of about 45cmka~!. This must be due to major envi-
ronmental changes. In the marine LR04 oxygen isotope stack
the oldest shift towards heavier values during the past 3.6 Ma,
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Fig. 5. Simplified sketch of interdependencies of Lake EI’gygytgyn
sedimentary properties with orbital forcing throughout the Pleis-
tocene: (a) variation of summer insolation, (b) lithogenic versus
biogenic sedimentary input, (¢) magnetic susceptibility, and (d)
concentration of organic matter. For detailed explanation see text.

MIS M2 within the early Mammoth subchron, occurs around
3.3 Ma (see supporting online material for a more detailed
display and labelling of data). This is parallelled by a drastic
drop in tree and shrub pollen percentage down to 20 % in the
sedimentary record of Lake El’gygytgyn. Furthermore, this
actually substantiated the position of the onset of the Mam-
moth subchron in the ICDP Site 5011-1 record, since here
the interpretation of palacomagnetic data is hampered by nu-
merous recovery gaps and low core quality.

In the first place, the precision of the age model(s) of Lake
El’gygytgyn sediments is limited by the accuracy, precision
and temporal resolution of the reference curves. The LR04
oxygen isotope stack for the last 5Ma is provided in 1 kyr
increments. Lisiecki and Raymo (2009) point out that espe-
cially the timing of glacial terminations documented in ben-
thic oxygen isotope records from the Atlantic and the Pa-
cific can already differ by up to 4 kyr. This problem accounts
mainly for new marine benthic oxygen isotope records to be

www.clim-past.net/9/2413/2013/

55



4. Chronology of Lake El’gygytgyn sediments - a combined magnetostratigraphic,

palaeoclimatic and orbital tuning study based on multi-parameter analyses

N. R. Nowaczyk et al.: Chronology of Lake El’gygytgyn sediments

ICDP Site 5011-1, Lake El'gygytygn
Hue angle SilTi (XRF counts)
120° 90° olo?e? A® 4° 5.0
0 - 1 1 g I | I

3180 (%o) TOC (Wt-%)
40 3.0 1.0 0.1
1

Summer insolation
(Wm?)

1600 1800
[

—

1000

1500

tuned age (ka)

2500

3000

L I L R TTTTImr T 717 | ARANLARI RN

15 0 -15 2 5 10 20 50 0 50 100 -90° 0° 90° 100 1000

PCA grain size FTIRS-BS (%) % Tree pollen ChRM inclination Magn. susc. (10°6)
a) b) c) d) e) f) 9) )

2421

Fig. 6. Chrono-stratigraphic plot of main parameters used for developing the age model of the ICDP Site 5011-1 composite record from Lake
El’gygytgyn: (a) grain size data from principle component analysis (PCA), with negative (positive) values representing coarse (fine) grained
sediments, (b), hue angle from photospectrometry (see Fig. 2), (c) biogenic silica from Fourier transform infrared spectroscopy (FTIRS-BSi),
(d) Si/ Ti ratio from X-ray fluorescence (XRF) scanning, (e) tree and shrub pollen percentages, (f) marine oxygen isotope stack (Lisiecki and
Raymo, 2005), (g) inclination of the characteristic remanent magnetisation (ChRM), with grey (white) indication normal (reversed) polarity,
(h) total organic carbon (TOC), (i) magnetic susceptibility, and (j) the cumulative Northern Hemisphere summer insolation (May to August),

according to orbital solutions provided by (Laskar et al., 2004).
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Fig. 7. Age depth model for the ICDP Site 5011-1 sedimentary
composite record derived from tuning of physical, sedimentolog-
ical, geochemical, and pollen records to the benthic oxygen iso-
tope stack from Lisiecki and Raymo (2005) and the Northern sum-
mer insolation according to orbital solutions provided by (Laskar et
al., 2004), respectively. Initial 1st order tie points (black diamonds)
were provided by a comprehensive magnetostratigraphic investiga-
tion of ICDP Site 5011-1 cores (Haltia and Nowaczyk, 2013; see
also Fig. 2). The red star marks the time of the impact inferred from
40 A1/39 Ar dating (Layer, 2000) at 3.58 (£0.04) ka. Black (white)
denote normal (reversed) polarity.

dated by correlation to a master record. However, the LR04
stack/master record is based on records with a global dis-
tribution, including the Atlantic and Pacific Oceans, so that
stratigraphic correlation to it might introduce inaccuracies
in dating in the range of several kyrs. The LR04 stack has
been tuned to the 21 June insolation at 65° N according to
orbital solutions of Laskar et al. (1993). Because of uncer-
tainties in these solutions, Lisiecki and Raymo (2005) con-
clude that absolute ages in their LR04 stack might be offset
by several kyrs, depending on time interval: up to 4 kyr from
0 to 1 Ma, up to 6 kyr from 1 to 3 Ma, up to 15 kyr from 3 to
4 Ma. In addition to usage of the LR04 stack as stratigraphic
reference, we tuned magnetic susceptibility and TOC vari-
ations from Lake El’gygytgyn sediments to updated orbital
solutions given in increments of 0.25kyr and with an un-
certainty of 0.1 % according to Laskar et al. (2004). Thus,
tuning data with ages around 3 Ma might be offset by only
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Fig. 8. Age depth models for pilot cores PG1351 (1998) and
Lz1024 (2003) after synchronizing with ICDP Site 5011-1 age
model (Fig. 7). Red squares with error bars mark results from in-
frared stimulated luminescence (IRSL) dating. The dotted line in
the right graph mark the junction between Lz1024 and the ICDP
Site 5011-1 composite record, assembled from cores 5011-1A,-1B,
and -1C.

3 kyr. Therefore, absolute ages of EI’gygytgyn sediments are
possibly offset by up to about 3 kyr (considering Laskar et
al., 2004) to 15 kyr (considering Lisiecky and Raymo, 2005)
in the Pliocene, but relative age assignments to the reference
records should have a precision of some 500 yr since many
(3rd order) tie points were derived from the insolation refer-
ence record, which has a higher temporal resolution.

4 Discussion
4.1 Age of meteorite impact

The lowermost distinctly stratified sediments recovered from
Lake EI’gygytgyn clearly show normal polarity. Some inter-
calations of suevitic material in this section imply that these
sediments must have been deposited shortly after the impact.
The suevites are supposed to have been episodically washed
in from the intra-crater catchment. Palacomagnetic data from
the underlying suevites show predominantly a normal polar-
ity, too (Maharaj et al., 2013). Thus, it can be concluded,
that the impact that created the EI’gygytgyn Crater occurred
definitely after the Gauss—Gilbert reversal (Table 1). How-
ever, it is not clear how long it took to form a permanent
lake within the impact crater and when it came to a persistent
deposition of sediments into it. Figure 9 shows the dating
of the impact by Layer (2000) within the context of the ge-
omagnetic polarity timescale(s). The 1o error range of the
dating (3.58 +=0.04 Ma) crosses the Gauss-Gilbert reversal.
Thus, the only conclusion that can be drawn is that the older
(upper) limit for the age of the impact can be set to 3.588 Ma,
when adopting the LR04 timescale, or to 3.596 Ma when
using the Ogg and Smith (2004) GPTS. Unfortunately, no
biogenic remnants (neither diatoms, nor pollen) that would
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Fig. 9. Radiometric dating of the EI’gygytgyn impact (Layer, 2000)
in the context of currently used geomagnetic polarity timescales.
Since the lowermost ICDP Site 5011-1 sediments show clear nor-
mal polarity directions, the impact must have occurred after the
Gilbert Gauss reversal.

allow assignments to climate cycles are preserved within the
lowermost about 25 m of sediments. Therefore, the younger
(lower) limit of the impact age of 3.540 Ma is still defined by
the 1o error range of Layer (2000).

4.2 Polarity stratigraphy

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

Palaeomagnetic data quality of the Gauss chron at ICDP
Site 5011-1 is very heterogeneous since it is based mainly on
a single core, ICDP 5011-1C (Haltia and Nowaczyk, 2013).
Normal polarity in its earliest part is very well established.
But between ~3.55 and ~2.95Ma (290 and 145m com-
posite depth) directions are fairly scattered due to numer-
ous recovery gaps and bad core quality, with at least some
increase of data coverage around the middle Gauss normal
polarity phase. Thus, the onset of the Mammoth and the ter-
mination of the Kaena reversed polarity subchrons are not
clearly expressed. However, using the available data set of
climate-proxy parameters a fairly robust age model could be
achieved even for this interval. From ~2.95Ma on (290 m
composite depth) the ICDP 5011-1 composite is based on at
least two cores and normal polarity within the upper Gauss
chron is well expressed.
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According to our study, the Matuyama Gauss reversal,
consistently documented in cores ICDP Site 5011-1A and 1C
(Haltia and Nowaczyk, 2013), occurred at 2.588 Ma, clearly
within MIS 103 (Table 1, Fig. 6). Deino et al. (2006) pro-
vide an 40Ar/3% Ar-based age of 2.589 #0.003 Ma from two
tephras, tightly bracketing the Matuyama Gauss reversal in
the upper part of a diatomite of the fluvio-lacustrine sedi-
ments in the Chemeron Basin, Central Kenya Rift, Afrika.
This would be in excellent agreement to our result. How-
ever, Deino et al. (2006) tune their radiometrically obtained
age to an astronomically polarity timescale and shift this age
to 2.610 Ma. This is close to the age of 2.608 Ma, given
by Lisiecki and Raymo (2005). But, this would place the
Matuyama Gauss reversal into MIS 104, a cold interval.
This contradicts our stratigraphic results that only allow
placement of the Matuyama Gauss reversal into the mid-
dle MIS 103 (Table 1, Fig. 6) (i.e. within a warm interval).
This is also in agreement with findings by Prokopenko and
Khursevich (2010) from Lake Baikal Site BDP-96. Thus, the
Matuyama Gauss reversal at ICDP Site 5011-1, is definitely
not recorded in MIS 104, but in MIS 103 at 2.588 Ma. The
younger age of 2.581 Ma for this major reversal, given by
Ogg and Smith (2004), places the Matuyama Gauss reversal
into the late MIS 103 which also does not fit to results from
Lake El’gygytgyn.

The reversed Matuyama chron is mainly interrupted by
the prominent Olduvai and Jaramillo normal polarity sub-
chrons, clearly expressed in the ICDP Site 5011-1 record.
Besides these, there are three further, much shorter intervals
of normal polarity, not listed in Lisiecki and Raymo (2005):
the Réunion subchron (Chamalaun and McDougall, 1966;
McDougall and Watkins, 1973), an Olduvai precursor
(Channell et al., 2003), and the Cobb Mountain subchron
(Mankinen et al., 1978). The ICDP Site 5011-1 derived age
range for the Réunion subchron of 2.1216-2.1384 Ma is in
good agreement with the GPTSs (Table 1) and radiomet-
ric dating results of 2.14 +0.03 Ma by Baksi et al. (1993),
2.137£0.016 Ma by Singer et al. (2004), or 2.15+0.02Ma
by Quidelleur et al. (2010). The results are also consistent
with magnetostratigraphic data from North Atlantic ODP
Site 981 (Feni Drift; Channell et al., 2003, Fig. 3), placing
the Réunion subchron into MIS 80 and 81 (see Supplement).
Magnetostratigraphic results from ICDP Site 5011-1 give an
age range for the Olduvai precursor of 1.9782 to 1.9815Ma
(MIS 75, see Supplement). It is consistently documented in
cores ICDP Site 5011-1A and 1B (Haltia and Nowaczyk,
2013). Evidence for this more excursional feature, nearly
reaching a full normal polarity prior to the Olduvai normal
polarity subchron, comes from sediments in the North At-
lantic (Channell et al., 2003). In the ICDP Site 5011-1 record
the Cobb Mountain subchron is covering the time interval
from 1.1858 to 1.1938 Ma. This is equivalent to late MIS
34 and early MIS 35 (see Supplement), similar to findings
from the North Atlantic at IODP Site U1308 by Channell et
al. (2008). The obtained age range is also in broad agreement
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with the GPTS (Table 1). Cores ICDP Site 5011-1A and
1B both show evidence for a short intra-Jaramillo excursion
reaching reversed inclinations (Haltia and Nowaczyk, 2013).
According to Channell et al. (2002), this short excursion oc-
curred during MIS 30, a cold interval. Stratigraphic data from
Lake El’gygytgyn, in contrast, only allows placing it into the
younger warm interval of MIS 29 (Fig. 6) between 1.0142
and 1.0192 Ma with a duration of 5000 yr. A late Jaramillo
reversed excursion was also found in Chinese loess (Guo et
al., 2002).

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

4.3 Limnologic and climatic implications

Figure 10 illustrates the response of Lake El’gygytgyn sed-
iments to climate variability throughout the past 3.6 Ma in
more detail. The records of biogenic silica (FTIRS estima-
tion), representing bioproductivity in the upper water layers
of the lake, and TOC, representing mostly the efficiency of
preservation of organic matter at the lake floor, are shown in
Fig. 10a. The data is plotted in a way that both curves are
superimposed in prominent anoxic intervals where a nearly
complete preservation of organic matter is assumed, such as
the glacial maxima of MIS 2 (~ 24 ka), MIS 4 (~ 65 ka), sub-
glacial MIS 5b (~ 110ka), and several intervals of MIS 6
(~135ka, ~ 160 ka, ~ 180 ka). Otherwise, TOC values plot
below the curve of biogenic silica, indicating a partial degra-
dation of organic matter at the lake floor in the order of
about 60 to 80 % (green area between both curves). This is in
agreement with earlier findings from Lake EI’gygytgyn pilot
core PG1351 (Nowaczyk et al., 2007), using biogenic silica
concentrations measured by wet digestion techniques, rather
than estimates based on FTIRS, as it was done for ICDP Site
5011-1 core material. Thus, in Lake El’gygytgyn sediments,
the amount of TOC, in general, does not represent the pri-
mary bioproduction.

Records of Ti content (XRF counts), taken as a proxy of
lithogenic input from the catchment, and magnetic suscepti-
bility (MS), representing preservation of magnetic particles
during phases of oxygenated bottom waters, are shown in
Fig. 10b. Curves were plotted in a way that MS superimposes
Ti in time intervals when best preservation of magnetic parti-
cles can be assumed during dominating oxic conditions at the
lake floor. However, in most cases the MS curve plots below
the Ti curve, indicating far-reaching dissolution of up to 95 %
of the magnetic fraction. There is even an anti-correlation
between Ti content and magnetic susceptibility visible dur-
ing longer sequences within the El’gygytgyn sedimentary
record. Thus, magnetic susceptibility is anything but a proxy
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Table 3. Positions and ages of tephra layers identified in Lake
El’gygytgyn sediments. Core labels indicate: 1 — PG1351, 2 —
Lz1024, A -5011-1A,B - 5011-1B,C - 5011-1C.

Core Index 5011-1 composite depth (m)  Age (ka)
1,2 0 2.54-2.55 58
1,2,A,B 1 7.88-7.89 177
A,B 2 27.52-27.52 674
A,B 3 36.41-36.47 918
A,B 4 60.79-60.80 1411
A,B 5 62.04-62.08 1434
A,B 6 79.25-79.26 1775
A,B,C 7 104.93-105.00 2225

for the input of lithogenic material, although magnetic parti-
cles were very likely derived from the catchment inside the
El’gygytgyn crater, bearing highly magnetic volcanic rocks
(Haltia and Nowaczyk, 2013). The massive loss of magnetic
particles of up to 95 % still allowed a clear detection of geo-
magnetic reversals (Haltia and Nowaczyk, 2013), but it defi-
nitely excludes a reliable estimation of relative geomagnetic
palaeointensity variations (Nowaczyk et al., 2002, 2007).
This is a major deficit of the EI’gygytgyn sedimentary record,
because correlation of palaeointensity variations to reference
records, such as the PISO1500 stack (Channell et al., 2009)
or the EPAPIS-3000 stack (Yamazaki and Oda, 2005, and
further references therein), could have provided further geo-
magnetic tie points between the major reversals. This could
have significantly substantiated the age model mainly de-
rived from tuning Lake El’gygytgyn sedimentary climate
proxies to the LRO4 stack (Lisiecki and Raymo, 2005) and
the Northern Hemisphere cumulative summer insolation, ac-
cording to orbital solutions by Laskar et al. (2004). On the
other hand, only the strict link between alternating redox con-
ditions, leading to the alternating dissolution/preservation ef-
fects described above, and insolation variations enabled the
definition of many tie points in the age model for ICDP Site
5011-1. Figure 10b also shows a clear anti-correlation be-
tween Ti and the LRO4 stack. This indicates a dilution of
the lithogenic fraction by biogenic components being larger
(smaller) during warm (cold) phases. A good proxy for the
varying ratio of bioproductivity, in Lake EI’gygytgyn mostly
biogenic (bio) silica from diatoms, to lithogenic (litho) in-
put is the Si/Ti ratio (Melles et al., 2012; Wennrich et al.,
2013), here obtained in high-resolution from XRF-scanning
(Fig. 10c). Actually this ratio is (Sipjo + Silitho) / Tilitho- Thus,
when Sip;, approximates zero the Si/Ti ratio approximates
a certain value, depending on the average composition of
the catchment rocks. The pure (Si/Ti)jme ratio might also
change due to an increased (decreased) chemical alteration
under anoxic (oxic) condition in cold (warm) phases at the
lake floor (Minyuk et al., 2007). Nevertheless, the modula-
tion of the Si/Ti ratio is obviously dominated by its vary-
ing biogenic contribution since the Si/Ti ratio resembles
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Fig. 10. Response of Lake El’gygytgyn (ICDP Site 5011-1) to climate variability as represented by the marine oxygen isotope (8'80) stack
LRO4 (Lisiecki and Raymo, 2005): Time series of (a) biogenic silica (FTIRS estimation), representing bioproductivity in the upper water
layers of the lake, and total organic carbon (TOC), representing preservation of organic matter at the lake floor during phases of anoxic bottom
waters, (b) Ti content (XRF counts), taken as a proxy of lithogenic input from the catchment, and magnetic susceptibility (MS), representing
preservation of magnetic particles during phases of oxygenated bottom waters, (¢) hue angle (colour) and Si/Ti ratio, both following global
climate cycles. Curves in (a) and (b) were plotted in a way that TOC (MS) superimposes biogenic silica (Ti) in time intervals when best
preservation of organic matter (magnetic particles) can be assumed during anoxic (oxic) conditions at the lake floor. Where the TOC curve
lies below the biogenic silica curve in (a), partial degradation (60 to 80 %) of organic matter is indicated (green area between both curves).
Where the MS curve lies below the Ti curve in (b), fairly massive dissolution (up to 95 %) of the magnetic fraction in the sediments is
indicated (grey area between both curves). For further explanation see discussion in the text.
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Fig. 10. Continued.

strongly the morphology of the FTIRS-BSi curve represent-
ing only biogenic silica (Fig. 6). The variations in Si/Ti ra-
tio are also parallelled by changes in colour (hue angle) from
yellowish brown (80°) to greenish grey (140°), also shown
in Fig. 10c. According to an initial study on the time inter-
val from MIS 8 to 12 (Wei et al., 2013), combining colour
spectral data with mineralogical data from X-ray diffrac-
tion (XRD), colour changes mainly reflect physical weath-
ering processes, with some additional chemical weathering,
reflecting wet dry cyclicity. Thus, the hue angle turned out to

Clim. Past, 9, 2413-2432, 2013

be a very helpful parameter for tuning the ICDP Site 5011-1
sedimentary sequence and more detailed analyses of the full
spectral colour information, from which the hue angle was
derived, might give further information in the future. The per-
centages of tree & shrub pollen also vary in concert with vari-
ation in biogenic silica, Si/Ti ratio, colour (hue), and grain
size (Fig. 6), but these aspects exceed the focus of this pa-
per. Major environmental implications of the pollen record
is published in Melles et al. (2012) and Brigham-Grette et
al. (2013).
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Fig. 10. Continued.

Data from Lake El’gygytgyn have been subjected to
some wavelet time-series analysis (e.g. Torrence and Compo,
1997; Kumar and Foufoula-Georgiou, 1997). Wavelet analy-
sis is the preferred method for a time-dependent frequency
analysis, that is, in cases when non-stationary frequencies
have to be confirmed in a time series. Actually it is a cross-
correlation of a time series with a whole set of single base
frequencies which are multiplied with a certain taper function
(e.g. a Gaussian curve). Concerning the wavelet, the multipli-
cation in the time domain is equivalent with a convolution of
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the spectral peak of the base frequency with the Fourier trans-
form of the taper function in the frequency domain, which
is a Gaussian curve in the case of a Gaussian curve (see
Torrence and Compo, 1997). Thus, a wavelet is always sensi-
tive to a whole frequency band centred by the base frequency
of the wavelet. For analyses of Lake El’gygytgyn sediments a
Morlet wavelet with a base frequency of 6 and a scale of 200
a was used (see Torrence and Compo, 1997), applying the
PAST software (Hammer et al., 2001), Version 2.17. Prior to
analyses data sets were re-sampled every 200 a.
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Fig. 11. Wavelet analyses using a Morlet wavelet with a base frequency of 6 and a scale of 200 a performed on some stratigraphic properties
from Lake El’gygytgyn used for tuning: (a) persistent mono-frequency sine waves with periods of 21ka (precession, at 6.7145), 41 ka
(obliquity, at 7.6795), and 100 ka (eccentricity, at 8.9658) for reference, (b) the marine oxygen isotope stack by Lisiecki and Raymo (2005)
that was used as one tuning reference curve, times series of (¢) hue angle of sediment colour and (e) Si/Ti ratio from XRF scanning solely
based on magnetostratigraphic dating and the same with fine-tuned age model (d) and (f). White arrows always mark the positions of the

major astronomical periods shown in (a).

For illustration of the (limited) frequency resolution
Fig. 11a shows the result from a superposition of three pure
sine waves with periods of 21 ka (precession of earth’s rota-
tion axis), 41 ka (obliquity variations of earth’s rotation axis),
and 100ka (eccentricity variations of earth’s orbit), con-
stantly persisting from 0 to 3.6 Ma. According to the theory

Clim. Past, 9, 2413-2432, 2013

of wavelet analysis, they are not represented by a single spec-
tral line but a whole frequency band. The wavelet analysis of
the LRO4 stack in Fig. 11b reveals that the 100 ka cycle has
been persisting only during the past about 800 ka. The 41 ka
cycle can be clearly traced back to about 2.5 Ma. Figure 11c
and d (11e and f) show the results from the hue (Si/ Ti ratio)
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on the basis of the palacomagnetic age model only, and after
fine-tuning to both the LR04 stack and the Northern Hemi-
sphere summer insolation. The three astronomical periods
shown in Fig. 11a, also indicated by white arrows, are less
visible as in the LR04 stack, but nevertheless, a certain im-
provement can be seen, especially the 100 ka and the 41ka
frequency band. Finally, when considering Fig. 7, the pure
palaecomagnetic age model already gave a fairly good esti-
mate for the final fine-tuned age model. Thus, the deviations
between the results from wavelet analysis in Fig. 11c (11e)
and d (11f) cannot be large.

44 Tephra layers

Up to now, a total of eight tephra layers have been identified
in Lake El’gygytgyn sediments. Currently, radiometric ages
are not yet available. However, based on multi-proxy tuning
of the sediments they are embedded in, tephra ages could
be determined by chrono-stratigraphic means of this study.
Their positions in composite depth and respective ages are
listed in Table 3. Tephra 1 (177 ka) is described in some de-
tail by Ponomareva et al. (2013). Large volcanic eruptions
on Kamchatka listed by Bindemann et al. (2010) are poten-
tial sources of the tephras. Geochemical fingerprints worked
out by van den Bogaard et al. (2013) shows that most of the
tephras can be linked to the volcanic activity on Kamchatka.
Only tephra 6 (1775 ka) should be related to the Aleutian vol-
canic arc. Thus, the origins of the tephras is sited more than
1000 km away from Lake El’gygytgyn, indicating that the
observed tephras are marker layers of regional importance.

5 Conclusions

Despite the presence of more than 300 turbidites, mass move-
ments of up to 1.2m thickness (Sauerbrey et al., 2013),
and poor core recovery in the lower section, a fairly de-
tailed age model could be achieved for the about 320 m
thick ICDP Site 5011-1 sedimentary composite record from
Lake El’gygytgyn, Far Eastern Russian Arctic, covering the
past 3.6 Ma. Reference ages of 14 reversals of the geomag-
netic field, documented in the sediments, are provided by
the timescales of Lisiecki and Raymo (2005) and Ogg and
Smith (2004), respectively, showing slightly deviating ages
for some of the reversals (Table 1). Within that range, rever-
sal ages derived from chronostratigraphic analyses of Lake
El’gygytgyn sediments are in a general agreement with these
timescales. Thus, we suggest an age of 2.588 Ma for the
Matuyama Gauss reversal. For the Réunion subchron a du-
ration extending from 2.1384 to 2.1216 Ma could be de-
rived. Our study confirms the existence of a short-term Oldu-
vai precursor from 1.9815 to 1.9782 Ma, reaching full nor-
mal polarity, also documented in North Atlantic sediments
(Channell et al., 2003). In ICDP Site 5011-1 sediments, the
Cobb Mountain subchron is covering the time interval from
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1.1938 to 1.1858 Ma. Our data also give evidence for an
intra-Jaramillo excursion lasting from 1.0192 to 1.0142 Ma
in MIS 29, which is younger than ages derived from other
studies, placing it in MIS 30 (Channell et al., 2002). Despite
recording of such short-term geomagnetic field features dur-
ing the Matuyama chron no evidence for excursions within
the Brunhes chron was found in Lake El’gygytgyn sedi-
ments. Repeatedly occurring perversive magnetite dissolu-
tion throughout the whole Pleistocene inhibited a reconstruc-
tion of geomagnetic palaeointensity variations. Nevertheless,
in addition to the polarity stratigraphy, a synchronous tuning
of 9 stratigraphic parameters to the LR04 marine oxygen iso-
tope stack (Lisiecki and Raymo, 2005) and to the Northern
Hemisphere cumulative summer insolation (May to August),
according to orbital solutions by Laskar et al. (2004), respec-
tively, led to a significant refinement of the age model by the
definition of a total of about 600 tie points. The age model
has some uncertainties towards the base of the (Pliocene)
sediments between 2.94 and 3.54 Ma, mainly due to low sed-
iment recovery during drilling. Here, pronounced variation
in the percentages of tree pollen provided major clues for
age assignments. Estimated sedimentation rates are in the
range of 4 to 5cmka™! for the past about 3.3 Ma, whereas
the first 0.3 Ma after the impact that created the EI’gygytgyn
crater are characterised by about ten-fold higher sedimenta-
tion rates. This study also provides orbitally tuned ages for a
total of eight remote tephras deposited in Lake EI’gygytgyn
which can act as marker layers in future studies.
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Abstract. Seismic profiles of Far East Russian Lake
El’gygytgyn, formed by a meteorite impact some 3.6 mil-
lion years ago, show a stratified sediment succession that
can be separated into subunits Ia and Ib at approximately
167 m below lake floor (=~ 3.17 Ma). The upper (la) is well-
stratified, while the lower is acoustically more massive and
discontinuous. The sediments are intercalated with frequent
mass movement deposits mainly in the proximal areas, while
the distal region is almost free of such deposits at least in
the upper part. In spring 2009, a long core drilled in the
lake center within the framework of the International Conti-
nental Scientific Drilling Program (ICDP) penetrated the en-
tire lacustrine sediment succession down to ~ 320 m below
lake floor and about 200 m farther into the meteorite-impact-
related bedrock. Downhole logging data down to 390 m be-
low lake floor show that the bedrock and the lacustrine part
differ significantly in their petrophysical characteristics. The
contact between the bedrock and the lacustrine sediments is
not abrupt, but rather transitional with a variable mixture of
impact-altered bedrock clasts in a lacustrine matrix. Physical
and chemical proxies measured on the cores can be used to
divide the lacustrine part into five different statistical clus-
ters. These can be plotted in a redox-condition vs. input-type
diagram, with total organic carbon content and magnetic sus-
ceptibility values indicating anoxic or oxic conditions and
with the Si/Ti ratio representing more clastic or more bio-
genic input. Plotting the clusters in this diagram allows iden-
tifying clusters that represent glacial phases (cluster 1), super
interglacials (cluster II), and interglacial phases (clusters III
and IV).

1 Introduction

The Arctic region is highly susceptible to global change and,
at the same time, plays a major role in the global climate
system through feedback processes in the oceans, the at-
mosphere, and the cryosphere. Accordingly it is important
to understand past climate changes under different climate-
forcing conditions in order to make accurate predictions
about future climate development. Lakes of the higher lati-
tudes are sparsely investigated even though they are highly
sensitive to shifts in climatological and environmental condi-
tions (e.g. temperature, precipitation, insolation, vegetation,
ice coverage), and as such they are valuable tracers of climate
change. This lack of investigation is mainly due to their re-
mote locations and the logistical challenges of reaching these
study sites. Lakes in the high Arctic are often characterized
by long winters resulting in long periods of ice coverage,
followed by a short open-water season. Furthermore, many
lakes of the high Arctic are subject to glacial overprint and
potentially do not contain long-term terrestrial paleoclimate
records.

Lake El’gygytgyn (Fig. 1) provides a unique opportunity
to investigate paleoclimate conditions of the Arctic realm
reaching back 3.6 million years, approximately one million
years prior to the first major glaciation of the Northern Hemi-
sphere. The lake provides records of a reasonably high reso-
lution for resolving climate fluctuations on orbital to centen-
nial time scales (Melles et al., 2012). Until now, only a few
terrestrial records with such a high temporal resolution are
known from the Arctic realm (e.g. the Greenland ice cores,
Dansgaard et al., 1993; Grootes et al., 1993; Svensson et al.,

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Geographical map of the investigation area. (a) Location
of Lake El’gygytgyn in NE Russia; (b) aerial photograph of the
lake surroundings with lake bathymetry and seismic profiles. The
profiles marked in red are shown in Figs. 2 and 3. The orange arrow
marks the Enmyvaan River, the only outlet of the lake. Drill site
ICDP 5011-1 is shown as an orange circle.

2011; NGRIP members, 2004), but none of them extends
continuously to the onset of the Northern Hemisphere glacia-
tion (Brigham-Grette et al.,2013). Marine records of the Arc-
tic Ocean in general reach back much further in time, but
show a lower temporal resolution (e.g. Lomonosov Ridge,
Moran et al., 2006; Yermak Plateau, Myhre et al., 1995).

Lake El’gygytgyn is one of only a handful of lakes that
formed inside a meteorite impact crater (Lerman et al., 1995).
When the meteorite hit the target area 3.6 million years ago
(Layer, 2000), the Northern Hemisphere was experiencing
the rather constant, moderate to warm climate of the mid-
Pliocene (Harris, 2005; Repenning and Brouwers, 1987). Ac-
cording to Harris (2005), the Arctic Ocean was unfrozen at
that time, and Boreal cedar forests covered the landside along
the Arctic Ocean coasts (Repenning and Brouwers, 1987).
At around 3 million years before present, the Boreal forests
were replaced by tundra around the Bering Strait and in-
land (Harris, 2005; Brigham-Grette et al.,2013). Herman and
Hopkins (1980) reported a sharp change in the sedimenta-
tion regime as well as the first occurrence of ice-rafted de-
bris (IRD) in the Arctic Ocean from about 2.53 Ma, and the
onset of large-scale glaciation in Scandinavia (by means of
a marked increase in IRD flux) was dated to 2.75Ma by
Fronval and Jansen (1996) and Jansen et al. (2000). Since
then, the Arctic realm has experienced several advances and
retreats of glaciers and ice sheets. A dropstone which was
found in sediments as old as 45 Ma and the frequent occur-
rence of IRD since the early Miocene in a marine record
from the Lomonosov Ridge show that the onset of the tran-
sition from a greenhouse world to colder climate with sea
ice and icebergs might have begun much earlier than hitherto
assumed (Moran et al., 2006).

The EI’gygytgyn area has never been subjected to glacial
overprint since its formation (Glushkova and Smirnov, 2007),
and, thus, the lake contains an undisturbed climate record
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of approximately 3.6 million years, unique for the terrestrial
Arctic realm. This record was drilled within the framework
of the International Continental Scientific Drilling Program
(ICDP). A permafrost core (ICDP site 5011-3) was retrieved
from the eastern shoreline in late autumn 2008, and during
winter/spring 2009 a 517 m-long drill core (ICDP site 5011-
1) containing lacustrine sediments and the impact-related
bedrock underneath was retrieved from the ice cover of the
lake (Melles et al., 2011).

This paper aims to characterize the lacustrine part of core
5011-1 as well as the transitional zone between the lacustrine
sediments and the impact-related bedrock by means of petro-
physical parameters such as physical properties and down-
hole logging measurements. These findings are then com-
pared to the facies description by Melles et al. (2007, 2012)
and Brigham-Grette et al. (2013) and their interpretation con-
tained therein.

2 General settings of the investigation area
2.1 Study area

Lake El’'gygytgyn (67°30'N, 172°05'E) is located about
100 km north of the Arctic Circle in central Chukotka, NE
Russia (Fig. 1). It was formed by a meteorite impact that
was dated using ** Ar/>° Ar to about 3.6 million years (Layer,
2000; Gurov et al., 1979a, b; Belyi, 1998). The lake’s surface
lies at about 490 m above sea level and the surrounding crater
rim reaches elevations of ~ 900 to 1000 ma.s.l.

The lake is roughly circular with a diameter of 12km. Its
catchment is limited to the crater rim with a total surface
of 293 km? in total, including lake surface. About 50 small
ephemeral creeks drain into the lake (Nolan and Brigham-
Grette, 2007). The Enmyvaan River at the southern edge of
the lake is its only outflow (Fig. 1a). The lake has a bowl-
shaped form with a flat, central plain of 170 m water depth
and flanks that are steepest in the north and northeast. A shelf
of 10 to 12m water depth has developed in the southeast-
ern, southern, and southwestern to western areas of the lake
(Fig. 1a).

The lake is presently ice-covered for 9—10 months annu-
ally with only a short period of completely open water (Nolan
and Brigham-Grette, 2007). During the short summer season,
the monomictic and ultra-oligotrophic lake gets mixed com-
pletely (Nowaczyk et al., 2002; Nolan and Brigham-Grette,
2007). The catchment vegetation consists mainly of moss
tundra interspersed by few shrub willows; the modern tree
line lies about 150 km further south and west (Nowaczyk et
al., 2002). The current wind system exhibits a bipolar mode
with winds approximately from north and south (Nolan and
Brigham-Grette, 2007).
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2.2 Lithological succession

In spring 2009, three drill cores were retrieved from the cen-
ter of Lake El’gygytgyn (site 5011-1, cores 5011-1A, 1B,
1C) down to a maximum depth of 517.3 m below lake floor
(b.1.f.). A detailed description of all drilling details is given
by Melles et al. (2011). The cores were transported to the
laboratory facilities at the University of Cologne, Germany,
where they were opened and described. Based on the core de-
scription together with several measured paleoclimate prox-
ies, a composite profile was defined (Melles et al., 2012;
Nowaczyk et al., 2013). The composite sediment core con-
sists mainly of highly variable silty—clayey pelagic sediments
divided into different facies types by Melles et al. (2012) and
Brigham-Grette et al. (2013), interfingered with mass move-
ment deposits (Sauerbrey et al., 2013).

“Facies A” consists of fine clastic laminations of less than
5 mm thickness (average is ~ 0.2 mm). The sediments of fa-
cies type A are mainly dark gray to black in color. This sug-
gests a stratified water column and anoxic bottom water con-
ditions (Melles et al., 2012). The authors associate this facies
type with peak glacial conditions and a perennial ice cover
of the lake, with mean annual air temperatures of at least 4
(£0.5) °C less than today. This facies was already described
in pilot core PG1351 as subunits 3 (“cold & dry”) and 4
(“cold & moist”), characterized by enhanced amounts of total
organic carbon (TOC), medium to low biogenic silica content
(Melles et al., 2007), and low magnetic susceptibility due to
dissolution of magnetite by anoxic conditions (Nowaczyk et
al., 2007). The cold & dry subtype is further referred to as
Ay, the cold & moist subtype as Ap,. Facies A sediments are
limited to the younger part of the sediment record (Brigham-
Grette et al., 2013), i.e. the uppermost ~ 124 m (< 2.6 Ma).

“Facies B” is the most abundant facies type in the compos-
ite profile and mainly consists of olive gray to brown, mas-
sive to faintly banded silt with greenish bands typically 1-
3 c¢m thick. The sediments are characterized by a lack of sed-
imentary structures, indicating bioturbation and oxygenated
bottom water (Melles et al., 2012). This implies warmer cli-
mate with ice-free summers and a mixed water column. This
facies reflects a wide range of glacial to interglacial settings
including the modern situation. TOC content is rather low in
facies type B (0.83 +0.27 %) due to high organic matter de-
composition in oxic bottom water conditions; biogenic silica
values are intermediate to high due to enhanced primary pro-
ductivity, and magnetic susceptibility is high reflecting good
preservation of magnetite (Melles et al., 2012).

“Facies C” is the least common facies type found in the
composite profile (Melles et al., 2012). It is irregularly dis-
tributed and consists of distinctly reddish-brown silt. Melles
et al. (2012) suggest oxidation of bottom sediments by a
well-ventilated water column as responsible for the distinct
reddish color. This facies type was interpreted as repre-
senting “super interglacial” conditions e.g. during extraordi-
nary warm MIS11 and 31, along with a number of earlier
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interglacials (Melles et al., 2012). Distinct laminae are found
in facies type C, probably pointing at winter stratification and
anoxic bottom water conditions under a seasonal ice cover.
This is further supported by high TOC values. Biogenic sil-
ica content is also exceptionally high due to diatom blooms
probably caused by enhanced nutrient influx from the catch-
ment. Magnetic susceptibility is rather low both due to dilu-
tion of the magnetic susceptibility signal by the high biogenic
silica content and partial dissolution of magnetite during pe-
riods (winters) with anoxic bottom water conditions.

“Facies D” is laminated similar to facies A, but its laminae
are significantly thicker with an average thickness of up to
~ 1 cm. Laminae are characterized by distinct lower bound-
aries and a fining upward sequence from silt to clay with a
higher total clay content than in facies A. Facies D is mostly
gray but has some red and green hues in its oldest parts. The
well-preserved laminations suggests a lack of bioturbation of
the bottom sediment, and the characteristic fining upward se-
quences in each lamina suggest repeated pulses of sediment
delivery to the lake, probably due to variations in fluvial in-
put (Brigham-Grette et al., 2013). Facies D is limited to the
Pliocene part of the record, with the youngest occurrence at
~ 141 mb.lf. (2.9 Ma).

“Facies E” comprises the transition from the impact-
altered bedrock to lacustrine sediments. This transition is
more/less gradual with sediments composed of impact brec-
cia and impact melt blocks in a matrix of lacustrine sed-
iments, with the bedrock-related particles being dominant
in the lower and the lacustrine sediments in the upper part
(Koeberl et al., 2013; Raschke et al., 2012).

“Facies F” comprises a wide variety of mass movement
deposits such as turbidites, debrites, slumps, slides and grain
flows. A detailed description of the mass movement deposits
and their distribution within the record is given by Sauerbrey
et al. (2013). Only thin mass movement deposits (< 5cm in
thickness) were sampled in the composite profile of 5011-1,
and thicker ones were omitted. These thinner mass move-
ment deposits are almost exclusively turbidites.

3 Data acquisition and processing
3.1 Seismic data

Prior to deep drilling, two seismic site surveys were car-
ried out in 2000 and 2003. In 2000, a single-channel survey
was carried out using a Bolt 600B airgun (82cm?, 6 shot
interval resulting in approximately 8 m shot distance) with
a 20-element single-channel hydrophone streamer (Geoa-
coustics AES000) as receiver (Niessen et al., 2007). Single-
channel reflection data were bandpass-filtered (100-150-350-
450 Hz), and an AGC was used for display. In 2003, two
single-channel and eight multi-channel profiles were ac-
quired using a Mini-GI gun triggered in G-gun mode at a
pressure of 110 bar (426cm?, 10 shot interval resulting
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in approximately 12 m shot distance). For the multi-channel
profiles, a 14-channel streamer with an offset of 130 m and
a hydrophone spacing of 10m was used as receiving array
(details are given in Niessen et al., 2007). Multi-channel data
were processed in a standard sequence including bandpass
filtering (70-90-240-300 Hz), velocity analysis, CMP stack-
ing, and predictive deconvolution. Tracklines are shown in
Fig. 1.

3.2 Core physical properties

Physical properties data of cores 5011-1A, 1B and 1C were
acquired using a Geotek Multi-Sensor Core Logger (MSCL;
Geotek Ltd., UK) both in the field laboratory during the
drilling campaign in 2009 (magnetic susceptibility measure-
ments on whole cores) and at the Alfred Wegener Institute
(AWI) in Bremerhaven, Germany, between October 2009
and January 2011 (density measurements on split cores). The
data were complemented with density and magnetic suscep-
tibility data from pilot core Lz1024 which were measured at
AWI in March 2004 on whole cores.

Magnetic susceptibility (MS) was measured in SI units us-
ing a Bartington MS-2 meter equipped with a loop sensor of
80 mm internal diameter. Data correction was done with re-
spect to the specific core and loop sensor diameters according
to the Bartington Manual (Geotek, 2000). Even though tem-
perature inside the field lab container was sometimes variable
due to opening and closing of the door, with inside tempera-
tures around 420 °C and outside temperatures between —45
and —20 °C, no severe drifting of the temperature-sensitive
sensor was observed. The small drifting that occurred was
significantly lower than the lowest susceptibility readings
and, thus, did not affect the data. Both magnetic susceptibil-
ity and density data were corrected for outliers, and compos-
ite profiles were spliced accordingly to the sampling scheme
used for the discrete samples (Wennrich et al., 2013)

Gamma-ray density (GRAPE) was measured using a '37Cs
source mounted on the Geotek MSCL. For density calibra-
tion, standard core-size semi-cylinders consisting of differ-
ent proportions of aluminum and water were logged prior
to the cores according to the method described by Best and
Gunn (1999) but modified for split cores. Split cores were
only approximately 33 mm thick, which is too thin for the
AWI Geotek MSCL to measure thickness reliably. To con-
vert raw gamma ray attenuation counts to density, however,
exact thickness measurements are required. Accordingly we
used the surface scans that were measured by the ITRAX
XRF core scanner (COX Analytical Systems, Sweden) at
the University of Cologne (see Wennrich et al., 2013) in the
course of the XRF measurements on the same split cores.
These surface scans were calibrated for thickness using a
semi-cylindrical piece with a radius of 33.15mm to simu-
late a standard split core, and three pieces that were thicker
(+10 mm, +20 mm) or thinner (—10 mm) than the standard
to calibrate the entire range of possible sediment thicknesses.
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GRAPE was calculated using the standard method (Geotek,
2000).

3.3 Downbhole logging data

While drilling hole 5011-1C, operations were stopped four
times to allow for the acquisition of downhole logging
data. All data presented here were acquired using slimhole
probes manufactured by Antares (Germany). Operation of
the probes under the extreme conditions of an Arctic win-
ter drilling campaign went well overall but also took its
toll in the damaging of two probes: the acoustic velocity
and the caliper probe. For downhole logging sessions, the
pipe was pulled out of the hole, except for the uppermost
approximately 20 m where the casing was pushed into the
sediment for stabilization, leaving a sufficiently stable bore-
hole wall. After downhole logging sessions were finished,
the pipes were redeployed, and drilling operations were re-
sumed. For drilling operations, bentonite was used as drilling
fluid. Downhole logging was carried out to a maximum
depth of 394 m below lake floor. In order to fit the down-
hole logging depths to the composite profile depths, the en-
tire downhole logging dataset was shifted downwards by 3 m.
This results in an apparent discrepancy with depths used
by the community working on the impact-related bedrock
(e.g. Koeberl et al., 2013; Raschke et al., 2012); accordingly
those depths were also shifted by 3 m downwards for com-
parison with the sediment section data. Both electrical resis-
tivity and magnetic susceptibility data of the uppermost ap-
proximately 143 m could not be used as they were disturbed
by the pipes of nearby abandoned holes 1A and 1B.

Electrical resistivity (ER) of the surrounding sedi-
ments/rock at two different lateral distances from the bore-
hole wall (deep ~ 60 cm and shallow ~ 20 cm, with the ac-
tual penetration depending on rock porosity and the resistiv-
ity of fluid and rock) was measured using a dual laterolog
probe. The probe has a vertical resolution of approximately
10cm (electrode length: 8 cm), and typical logging speed
was 12mmin~!.

Borehole magnetic susceptibility (BMS) was measured
using a probe that consists of a receiver coil and a trans-
mitter coil that is located 20 cm above the former inside a
non-magnetic pressure housing. The transmitter coil induces
a 1 kHz alternating magnetic field. Magnetic susceptibility
was corrected for the two different borehole diameters drilled
during the Lake EI’gygytgyn deep drilling project. Down to
274.33 m composite depth (i.e. 443 m below lake surface),
a bit size of 124 mm was used; a correction factor of 1.4
was applied for this section. In the deeper part of the hole,
a smaller bit size of 98 mm was used for drilling/coring, and
accordingly a correction factor of 1.25 was used. The verti-
cal resolution is approximately 20 cm (detector spacing), but
relative variations can be identified with a resolution of about
5cm. Penetration into the sidewall is ~ 20 cm; typical log-

ging speed was 8—10 mmin~—!.
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The total amount of naturally occurring radioactive radi-
ation (GR) was measured using a total natural gamma ray
probe. This GR probe was always run with other probes for
depth corrections. One GR curve was chosen as the reference
(Master-GR), and all other GR curves with their attached
other measurements were shifted to fit the Master-GR. Ver-
tical resolution is approximately 10 cm, and typical penetra-
tion into the rock is about 10 cm.

The spectrum of the naturally occurring radioactive radia-
tion (SGR), i.e. uranium, thorium, and potassium, was mea-
sured using a natural gamma ray probe. Logging speed was
slower than 2mmin~! for the SGR probe to allow gather-
ing of a reliable gamma ray spectrum. Vertical resolution is
~10cm, and penetration into the rock is ~ 15 cm. Gamma
rays penetrate steel casing; therefore both the GR and the
SGR probes could be run in cased holes. Corrections were
carried out for the casing as well as for the different diam-
eters of the borehole. Th and K values are often used as a
proxy for a first estimate and characterization of clay con-
tent in the sediments (e.g. Wonik, 2001; Ruffell and Worden,
2000; Schnyder et al., 2006), assuming that they are almost
exclusively present in this grain-size fraction, and that K
and Th are present in montmorillonite, illite, and kaolinite
in different portions. To estimate the clay content in Lake
El’gygytgyn sediments, we used the approaches given by
Wonik (2001):

K —-K
Ca(K) = ———and (1)
Kclay — Ksand
and
Th — Th
Ca(Th) = sand ?)

Thclay — Thsang ’

with C¢ = clay content (%), Ksang and Thgapng =K and Th con-
tent of sand, and Kc1ay and Thjay =K and Th content of clay.
K and Th contents of sand are normally very low and were
set to 0.1 % for K and 0.1 ppm for Th; K and Th contents
of clay were set to the maximum K and Th values measured
in the record, which are 4.5 % for K and 22.4 ppm for Th.
K and Th in Eq. (1) and (2) are the actual readings from the
SGR dataset. A third approach uses the GR data as follows
(Wonik, 2001):

Va(GR) = 0.33 % (22*01“ - 1) , 3)
GR — GRgand

GRl= ——¢—,
GRclay — GRgand

@

with V;=percentage of the volume of clay, GRgng=
135 API and GR¢jay =10 APIL; GR in Eq. (4) is the actual
reading from the GR dataset.

34 Si/Ti, TOC data

Silicium / titanium (Si/Ti) ratios were determined on core
halves using an X-ray fluorescence (XRF) core scanner
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(ITRAX, Cox Ltd., Sweden). Details on the scanner set-
tings and processing of the data are given in Wennrich et
al. (2013). Total organic carbon (TOC) content was calcu-
lated as the difference between total carbon and total inor-
ganic carbon using a DIMATOC 200 carbon analyzer (Di-
matec Corp.) in aqueous suspension.

3.5 Statistical analyses

Statistical analyses were carried out in order to detect statis-
tically differing groups of samples. In a second step, these
clusters are then compared with their lithological descrip-
tion and, subsequently, their facies assignment. Due to the
rather simple dataset, cluster rather than a PCA analysis
was carried out using Matlab® and the implemented statis-
tical toolbox (Mathworks Inc., Version 7.14.0.739). In a first
step, downhole logging data (magnetic susceptibility, elec-
trical resistivity, U counts, Th counts, K counts) were clus-
tered into 3 groups (clusters 1 to 3) using k-mean cluster-
ing to allow for a first characterization of the entire record.
Data< 143 mb.l.f. were omitted due to the disturbed mag-
netic susceptibility and electrical resistivity signal. In a sec-
ond step, Si/Ti ratios, magnetic susceptibilities and TOC
percentages measured on the composite core down to ap-
proximately 262 m composite depth were used for statistical
clustering in 4 different groups (clusters I to IV), again the k-
mean clustering method (please note that clusters 1 to 3 and
I to IV are two different sets of clusters). For interpretation
of the statistically derived clusters, the described facies type
was assigned to all samples. Given that sampling occurred
generally in 2 cm steps (Melles et al., 2012), we used the fa-
cies type at the mean depth of the sample as representative
for the entire sample, neglecting that facies boundaries could
also occur within a discrete sample.

4 Seismic and petrophysical description of the entire
lithological succession

4.1 Seismic profiles

The impact crater shows internal geometries as expected for
a crater of its size. A central uplift structure interpreted in the
form of a central uplift ring structure was revealed by seis-
mic refraction data; it is overlain by an impact breccia (sue-
vite) (Gebhardt et al., 2006). The lacustrine sediments can be
divided into two units by means of refraction data; the up-
per unit is characterized by a seismic velocity of 1550 ms™!
and a thickness of about 170 m, the lower unit by 1650 ms™~!
and a variable thickness of 190 m on top of the uplift ring
structure to 290 m in the surrounding basin (Gebhardt et al.,
2006). For the description of the seismic sections, we fol-
low the stratigraphic numbering introduced by Gebhardt et
al. (2006). Unit I comprises all lacustrine sediments and is
subdivided into subunits Ia and Ib. Units II and III are the un-
derlying suevite layer and the brecciated bedrock that form
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Fig. 2. Single-channel seismic reflection profiles AWI-20008110 and AWI-20008130 (acquired with a Bolt 600B airgun). Seismic profiles
are shown in (a) and (c); line drawings and interpretations in (b) and (d). Green dashed line marks the intersection of the two lines that was
chosen for drill site 5011-1; lilac lines show the faults that are likely related to the central uplift structure of the impact crater (see Gebhardt
et al., 2006). Seismic profiles clearly show the boundary between subunits Ia and Ib. Units II and IIT are masked by the multiples.

the basement below the lake floor deformed by the impact.
The subdivision of unit I into subunits Ia and Ib that was
indicated by the refraction data by a shift in seismic veloc-
ities can also be observed in the reflection data. However,
the larger part of Ib is masked by the multiple in the reflec-
tion data. Where observable, seismic reflection data exhibit
that upper subunit Ia is well-layered, while lower subunit Ib
is more chaotic and discontinuous (Fig. 2). The lake floor
is relatively flat in large parts of the basin, but sometimes
rough in the more proximal areas where mass movement de-
posits occur frequently in the upper layers of the sediments.
Mass movement deposits are quite common mainly in the
proximal parts of the lake in subunit Ia (e.g. Juschus et al.,
2009; Niessen et al., 2007; Sauerbrey et al., 2013), and even
in the lake center at the distal 5011-1 drill site, where they
make up approximately one third of the entire sediment col-
umn (Sauerbrey et al., 2013). In the lower part of subunit Ia,
mass movement deposits reach much farther toward the cen-
tral part of the lake (Fig. 2), whereas in the upper layers they
are almost entirely restricted to the proximal part of the lake.
This is confirmed by the fact that only small mass movement
deposits, mainly turbidites, were found in pilot cores PG1351
(~13m length) (Melles et al., 2007) and Lz1024 (~16m
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length) (Juschus et al., 2009). The turbidites were associated
with distant debris flows in a conceptual model (Juschus et
al., 2009), which was confirmed by the findings in the drill
cores where debris flows are in most cases directly overlain
by turbidites (Sauerbrey et al., 2013).

The wide shelf at the southeastern part of the lake is
characterized by aggrading sequences; seismic data from
the western and northwestern shelf are not available due to
coarse sediments limiting acoustic penetration in these ar-
eas. Subunit Ia forms onlaps against the steep slope at the
lake margins in a layer-cake manner (Fig. 2), gradually mut-
ing a formerly deeper surface with steeper relief (Niessen et
al., 2007). Subunit Ia conformably overlies subunit Ib with a
clear and distinct boundary between the two. Subunit Ib has a
massive, acoustically chaotic character and rarely shows in-
ternal layering in the parts that are visible in the seismic pro-
files. Its upper boundary has a hummocky surface probably
due to thick, chaotic mass movements in its uppermost parts
(Fig. 2). Its lower boundary to unit II lies below the acous-
tic multiples and is therefore masked. However, refraction
data showed that subunit Ib drapes the central uplift struc-
ture, which is characteristic for impact craters of this size
(Gebhardt et al., 2006).
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breccia and lake sediments (facies E; gray). Facies types are used sensu Melles et al. (2007, 2012) and Brigham-Grette (2013). The impact
breccia/suevite succession according to Koeberl et al. (2012) is given as follows: yellow: suevite; lilac: upper volcanic rock layer; violet:
lower volcanic rock layer; green: ignimbrite. The clusters derived from k-mean clustering of downhole logging data are shown in blue for
cluster 1, red for cluster 2 and green for cluster 3. Ages are taken from Nowaczyk et al. (2013).

Faults with a vertical offset of up to several meters were ~200 x 10~* SI (Fig. 3). Similar to magnetic susceptibility,

observed in the central part of the northern profiles in unit I. density is highly variable throughout the entire record, but
These show a decreasing offset toward the more recent sed- scatters around a mean value of approximately 1.5gcm™3
iment and are inactive in the upper meters of the lake sedi- in the sediments of subunit Ia (< 3.17 Ma). Lithologies and
ments (Fig. 2); this was also observed in high-resolution sub- associated sedimentary facies are characterized by a rapid
bottom profiles (Niessen et al., 2007). The faults are likely change between homogeneous (facies B) and laminated (fa-
related to the later settling and subsidence of the central up- cies A) layers that represent warm and cold phases, respec-
lift structure (Gebhardt et al., 2006). tively (Melles et al., 2007), as well as occasional laminated
sediments reflecting peak warm conditions (facies C). These

4.2 Physical properties from downhole and core hemipelagic sediments are intercalated by a large number
measurements of mass movement deposits of different types such as de-

bris flows and turbidites (Sauerbrey et al., 2013) that become
thicker toward the lower boundary of subunit Ia (Fig. 3). Be-
low 100 m b.1.f., downhole logging K and Th counts show an
increase with increasing depth, with the highest values ex-
actly at the Pliocene/Pleistocene boundary and strongly de-
creasing values in the uppermost part of the Pliocene sedi-
ments. Magnetic susceptibility values of the Pliocene part of
subunit Ia show a slight increase in amplitude in comparison
to the Pleistocene data.

Subunit Ia comprises the uppermost ~167m of the sed-
iment column (Fig. 3), which corresponds to approxi-
mately 3.17 Ma (Nowaczyk et al., 2013). This also includes
the Pliocene/Pleistocene transition at 123 mb.l.f. (2.6 Ma).
Downbhole logging data show that the Pleistocene sediments
are characterized by relatively constant K and Th counts
down to approximately 100 mb.l.f. (2.1 Ma, Nowaczyk et
al., 2013); magnetic susceptibilities of the sediment core are
highly variable, but fluctuate in a range between ~ 15 and
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Subunit Ib comprises all lacustrine sediments between
167mb.l.f. and the boundary to the underlying bedrock at
~320mb.l.f. While magnetic susceptibility values of the
Pleistocene part of subunit la originate from sediment core
measurements (MS, light blue in Fig. 3), the values of the
Pliocene section were measured in the borehole (BMS, dark
blue). The two datasets are not completely comparable in
terms of their exact values and amplitudes: it seems as if
the lower part has much higher amplitudes; this however
might be an artifact caused by the different measurement
methods. Magnetic susceptibility seems to be more variable
in long-term trends in the Pliocene part of the sediments;
however, it is unclear if this is a real paleoclimate signal
or just a scaling effect. Unfortunately, there is not enough
overlap in between the two datasets to tune them to similar
amplitudes. Nevertheless, it is obvious that magnetic suscep-
tibility is much more variable between approximately 150
and 220 mb.Lf. than below (220 m corresponds to 3.38 Ma,
Nowaczyk et al., 2013). Electrical resistivity is rather con-
stant throughout the entire Pliocene sediment succession
with exception of the lowermost approximately 20 m where
a small maximum occurs at ~300mb.lf. Density shows
an increase with increasing depth from mean values around
1.5gem™ in the uppermost part of subunit Ib to mean val-
ues around 1.8 gcm™> with values as high as > 2.0 gcm ™ in
the lowermost part, i.e. in the transitional zone between la-
custrine and impact-related units. Lithological description of
subunit Ib is not as detailed as for subunit Ia due to lower core
recovery and, thus, larger drilling-related gaps (for details on
drillings operations, see Melles et al., 2011). As in the up-
per part, sediments alternate between laminated and homo-
geneous sediments, but the homogeneous facies B dominates
the Pliocene part of the record. Only in the lowermost part,
i.e. below ~270mb.Lf. (3.48 Ma, Nowaczyk et al., 2013;
Brigham-Grette et al., 2013), are laminated sediments more
abundant. As in subunit Ia, mass movement deposits are in-
tercalated frequently in the hemipelagic sediments.

Uranium values are rather constant throughout the en-
tire record, with slightly higher values in the bedrock. Two
strong exceptions however are observed in the lacustrine
part: (a) between ~220 and ~244mb.l.f., U values are
slightly enhanced, and (b) a strong double peak is observed
between ~ 251 and ~ 262 m b.1.f. The U peaks are confirmed
by the independently measured total GR.

Electrical resistivity (deep and shallow), borehole mag-
netic susceptibility, and natural gamma ray counts of K,
U and Th were used for cluster analyses to distinguish
among different main units between 143 m and 394 mb.Lf.
This includes the boundary between the lacustrine sediments
and the brecciated bedrock. Three clusters could be distin-
guished: (1) cluster 1 is characterized by high electrical re-
sistivity and enhanced K content values (Fig. 4 upper panel).
Magnetic susceptibility is rather variable. (2) Cluster 2 is
characterized by low electrical resistivity, variable magnetic
susceptibility, and low U and K content. (3) Cluster 3 has
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Fig. 4. Crossplots of clusters vs. geophysical and geochemical pa-
rameters. Upper panel: clusters 1 to 3 derived from k-mean cluster-
ing of downhole logging data (electrical resistivity (deep and shal-
low), magnetic susceptibility, U, Th, and K counts). Lower panel:
clusters I to V derived from k-mean clustering of core data (TOC
content, Si/Ti ratio, standardized magnetic susceptibility). In the
lower panel, mean and standard deviation of parameters are shown
for each cluster.

low electrical resistivity, high U and intermediate K values
(Fig. 4 upper panel). It is clearly different from cluster 1 in
almost all parameters, but coincides with cluster 2 in terms
of low resistivity. Plotting these three clusters against depth
(Figs. 3 and 5), it becomes obvious that cluster 1 clearly de-
scribes the bedrock. Cluster 2 comprises the main part of
the lacustrine record. Cluster 3 is part of the lacustrine sed-
iments but comprises only the section between 254.44 and
259.15mb.l.f. and between 260.7 and 262.5 mb.l.f., where
the strong U double peak is observed (Fig. 3).

Both pelagic sediments and mass movement deposits in
Lake EI’gygytgyn are part of clusters 2 and 3, which implies
that these two sediment types do not differ in their petro-
physical characteristics. This confirms that the mass move-
ment deposits consist mainly of reworked lacustrine mate-
rial (Sauerbrey et al., 2013). Enhanced U values in cluster 3
found in the borehole data could not be measured with the
ITRAX XRF core scanner in the according core sections,
probably due to the scanner’s limited ability for measuring U.
U is removed from the water column and buried in the sedi-
ment during oxic conditions (e.g. Anderson et al., 1989); this
would probably point at high bottom water oxygen levels
when these layers were accumulated. This, however, is not
confirmed by the sediment description, which does not differ
significantly from above or below these layers. Hence, it is
more likely that U-rich rocks were eroded in the lake catch-
ment during these periods and transported to the lake by flu-
vial/eolian rather than gravitational transport processes.

Natural gamma radiation is often measured and used as an
indicator for clay content in sediments, based upon the fact
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that K and Th are enriched in different clay minerals. This
approach, however, does not work in Lake El’gygytgyn sed-
iments where calculated clay values based upon K and Th
measurements (Eqgs. 1, 2, 3 and 4, respectively) do not cor-
relate with conventionally measured clay contents. This can
best be explained by the lake’s location in a small catchment
with short transport paths from the source rock to the accu-
mulation site, which prohibits full weathering of all grains.
K-bearing feldspar grains would normally weather into K-
bearing clay, so K would be an indicator for clay solely. In the
case of a very short distance from source to sink, K-bearing
feldspar grains of probably fine sand or silt size would also
end up in the sediment along with clay. This would in turn
suggest that the assumption that sand does not contain K (see
Eq. 1, Methods section) is wrong in our case.

4.3 Boundary between bedrock and lacustrine
sediments

The most prominent change in the downhole logging data
occurs at the boundary between lacustrine sediments and
the underlying altered bedrock at ~320mb.Lf. (Figs. 3 and
5). While sediments above ~ 313 mb.lf. are clearly lacus-
trine with alternating homogeneous and laminated layers,
intercalated with frequent mass movement deposits, sedi-
ments below ~ 313 mb.l.f. are a mixture between a sedimen-
tary matrix and reworked impact breccia. The boundary be-
tween the lacustrine sediments and the underlying bedrock
is thus rather a transitional zone than a sharp boundary.
In the upper part of this transitional zone, i.e. ~313 and
319.8 mb.1.f. (transitional zone T1 in Fig. 5), lacustrine sed-
iments form the dominant part of the record, while below
319.8 mb.lf. (T2 and T3) the record contains mainly re-
worked impact breccia in a sedimentary matrix (Raschke et
al., 2012). Therefore, the formal boundary between the la-
custrine and the impact part of the drill core was defined at
319.8 mb.l.f., between drill runs 97Q and 98Q. Koeberl et
al. (2013) subdivide the part of the transitional zone that lies
below this boundary into two subunits, one from 319.8 to
323 (T2 in Fig. 5) and the second from 323 to 331 mb.Lf.
(T3) (note that the original depth values from both Raschke
et al. (2012) and Koeberl et al. (2013) were shifted down-
wards by 3 m to match the depth scale used by the lacustrine
El’gygytgyn scientific community). Both subunits show sim-
ilar lithologies with fine sand-sized grains mainly composed
of glass fragments, intercalated with impact breccia and im-
pact melt blocks. All three subunits of the transitional zone
(T1 above, T2 and T3 below the formal boundary) are shown
in light to dark gray tones of facies type E in Fig. 5. The
boundary between the matrix-dominated (=lacustrine, T1)
and the clast-dominated (=impact-related, T2 and T3) sec-
tions appears as a sharp boundary in the electrical resistiv-
ity and also in the magnetic susceptibility data. Nevertheless,
cluster analyses shows that except for two small bands, the
entire transitional zone exhibits characteristics that are more
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Fig. 5. Facies and downhole logging data of the transitional zone
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hole logging data are shown in blue for cluster 1 (=bedrock) and
red for cluster 2 (= lacustrine). The impact breccia/suevite succes-
sion according to Koeberl et al. (2012) is given as follows: yellow:
suevite; lilac: upper volcanic rock layer; violet: lower volcanic rock
layer; green: ignimbrite.

similar to the overlying lacustrine succession. Only below
this transitional zone are the sediments clearly of bedrock
affinity.

Chemical elements K and Th are enriched just above
our formal bedrock-lake sediment boundary, but depleted
below with exception of the lowermost part of the transi-
tional zone. Below 331 mb.lf., a long succession of suevite
was described by Raschke et al. (2012) and by Koeberl et
al. (2013). The suevite is obviously petrophysically hetero-
geneous with highly variable values in both electrical resis-
tivity and magnetic susceptibility (Fig. 5). Two volcanic-like
blocks (336.83 to 340 and 354 to 353 mb.l.f.), as well as an
ignimbrite block (386 to 388.5 mb.1.f.) described by Koeberl
et al. (2013) correspond to peaks in the electrical resistivity
data (Fig. 5). Electrical resistivity shows a decreasing trend
inside the upper volcanic block towards lower depths, while
the opposite is observed in the ignimbrite layer. The former
plots into the lacustrine cluster not because it is of lacustrine
origin, but quite likely because it differs from the surround-
ing bedrock; the latter seems to be similar to the surround-
ing bedrock. Furthermore, electrical resistivity shows that the
thick suevite layers have some pronounced internal layers of
apparently different geophysical character.
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Fig. 6. Pie plots of core-data-derived clusters I to IV versus facies types known from core description. Facies colors correspond to those shown
in Figs. 3 and 4. Clusters are distributed according to their redox conditions and clastic vs. biogenic input ratio. (e) shows where different
paleoenvironmental conditions would plot in such a redox-condition vs. input-type diagram; (f) shows this for the Melles et al. (2007, 2012)
and Brigham-Grette et al. (2013) facies types. Percentages in (a) to (d) are calculated for the facies distribution within each cluster.

5 Variability in the lacustrine succession
5.1 Description of the lacustrine succession

While electrical resistivity shows pronounced peaks in the
bedrock and in the transitional zone, it is fairly constant with
only very small peaks throughout the entire lacustrine sec-
tion, exhibiting some smaller but smooth shifts only in the
lowermost part (Figs. 3 and 5). This points at a rather uni-
form succession of sediments without abrupt changes, even
though the sediments are highly variable and change rapidly
between homogeneous and laminated layers and mass move-
ment deposits (see facies column in Fig. 3). This is reflected
in the fact that almost the entire lacustrine succession is rep-
resented by cluster 2, with only a very small part that has ex-
traordinary high U values clustering separately into cluster 3
(Fig. 3). The apparent discrepancy between a highly variable
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sediment and yet quite similar petrophysical characteristics
can also be best explained by the lake’s location in a rather
small catchment of only 293 km? including the lake’s surface
(Nolan and Brigham-Grette, 2007). This suggests that during
warmer as well as during colder periods the same source rock
is eroded, and thus almost all clastic grains that end up in
the lacustrine sediments originate from the same provenance.
However, there is a minor contribution to the sediment by
eolian grains (Francke et al., 2013; Fedorov et al., 2012). In
a large catchment, however, one could expect that different
parts with different lithologies would experience e.g. vari-
able cover by glaciers or vegetation, and thus result in dif-
fering erosion. Nevertheless, differing erosional processes,
i.e. more physically dominated weathering during colder and
more chemically dominated weathering during warmer peri-
ods, in the small hinterland as well as diatom blooms during
warmer periods are strong enough to generate highly variable
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Table 1. Amount of data points of the 6 facies types in the 4 clusters
(mass movement deposit sediments and tephra were omitted in this
table).

Facies Ag  Facies Ay, Facies B Facies C  Facies D  Total
Cluster I 212 207 209 40 19 708
Cluster II 0 2 115 113 8 238
Cluster I1I 58 1 1174 184 27 1444
Cluster IV 182 17 2470 178 65 2912
Total 452 227 3968 515 119 4769

sediment properties (cf. Minyuk et al., 2007) but with almost
identical character in terms of petrophysical characteristics.
Magnetic susceptibility, in turn, is highly variable in the la-
custrine part, probably reflecting different weathering mech-
anisms and different modes of paleohydrological conditions
(such as anoxia in the bottom water; see Melles et al., 2007,
2012) along with dilution effects by biogenic material.

In order to detect the variability within the lacustrine suc-
cession related to the different modes in paleoenvironmen-
tal conditions, we carried out clustering analyses on 5538
data points using similar parameters as in Melles et al. (2007,
2012). With Si/ Ti ratio, TOC percentage and magnetic sus-
ceptibility from core measurements, we were able to identify
four clusters (Tables 1 and 2): cluster | is defined by medium
TOC percentages, very low Si/Ti ratios and very low mag-
netic susceptibility. Cluster II shows high TOC percentages
along with high Si/Ti ratios and medium magnetic suscep-
tibility. Cluster III has low TOC percentages and medium
Si/Ti ratios along with high magnetic susceptibility. Clus-
ter IV is defined by low TOC percentages and Si/Ti ratios
combined with high magnetic susceptibility. Density does
not vary significantly between clusters I, III and IV, but is
considerably lower in cluster II.

5.2 Paleoclimate implications

Melles et al. (2007, 2012) used TOC percentage, Si/ Ti con-
tent and magnetic susceptibility to identify the oxygenation
state of the bottom water and, thus, whether the water col-
umn was mixed or stratified, which in turn gives evidence on
the duration of an ice cover on the lake. During phases with a
perennial ice cover, the water column could not mix, and de-
pletion of oxygen in the bottom water led to enhanced preser-
vation of organic material, while magnetite underwent disso-
lution, leading to reduced magnetic susceptibility values. In
contrast, during times with seasonal ice cover, mixing of the
water column was possible during summer months (as it is
today; see Nolan and Brigham-Grette, 2007). Organic carbon
was thus consumed in the oxic bottom water, and magnetic
minerals were buried without alteration (Melles et al., 2007,
2012). Si/Ti ratios can be used to estimate the biogenic vs.
clastic input to the lake (Melles et al., 2012; Wennrich et al.,
2013; Brigham-Grette et al., 2013). Enhanced Si/Ti values
suggest high biogenic silica contents, which in the case of
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Lake El’gygytgyn are produced by enhanced primary pro-
ductivity, mainly diatoms, during warmer times with only
seasonal ice cover. Low Si/Ti values indicate colder periods
with perennial ice cover, thus limitation in light penetration
necessary for photosynthesis, along with probably enhanced
clastic input through the 50 small ephemeral inlets around the
lake (Melles et al., 2007, 2012). During times with a peren-
nial ice cover, clastic input is triggered by seasonal moats and
vertical conduits in the ice, as is the case today when snow
melt starts in late spring (Nolan et al., 2003; Asikainen et al.,
2007, Francke et al., 2013).

Using this information, we can plot the clusters in a redox-
condition vs. input-type diagram (Fig. 6). In such a diagram,
the different modes of paleoenvironmental conditions known
from earlier studies by Melles et al. (2007,2012) can be visu-
alized as shown in Fig. 6e and f: the glacial modes of facies A
with perennial ice cover and a stratified water column plots
into in the upper left corner (anoxic conditions, dominated
by clastic input or by a relative dominance of clastic material
due to the lack of biogenic input); the interglacial mode of
facies B with seasonal ice cover and a mixed water column
would show up in the right middle part (oxic conditions with
variable, but intermediate contents of clastic and biogenic in-
put), and facies C — the super interglacial mode — would be
found in the lower middle with variably suboxic and oxic
conditions and a dominance in biogenic input.

When plotting clusters I to IV into this diagram (Fig. 6),
it becomes obvious that sediments of facies B, i.e. the inter-
glacial sediments, plot into several clusters (Fig. 6a to d): a
high portion of facies B sediments are found in cluster IV
(62.25 % of all facies B data points), and another 29.59 %
plot in cluster III. In clusters I and II, some minor percent-
age (5.27 % and 2.90 %) of facies B sediments are found.
This supports the earlier study by Melles et al. (2012) that
describes facies B sediments as highly variable.

Facies F, i.e. the mass movement deposits, also plots into
all clusters with the majority in cluster IV (80.39 %). Al-
most equal percentages of 10.98 and 8.24 % plot into clus-
ters III and II, and a negligible 0.39 % is found in cluster I.
As facies F is not part of the hemipelagic sediments in Lake
El’gygytgyn, it was omitted in the pie plots in Fig. 6 for bet-
ter visualization of the distribution of facies types A to D
in the different clusters. The fact that both facies F and fa-
cies B only have minor parts plotting into clusters I and II,
along with the fact that these clusters only represent 13.01
and 4.51 % of all data points, suggests that these two clusters
might represent sediment endmembers of Lake EI’gygytgyn.

“Glacial” cluster I: cluster I (687 data points = 13.01 % of
entire dataset, Fig. 6a) plots into a field where sediments of
facies A and some of facies B would be assumed. It con-
tains equal amounts (30.86 % and 30.13 %) of both cold &
dry facies Agq and cold & moist facies Ap,. Another 30.42 %
of this cluster comprises sediments that were classified as
facies B, i.e. sediments interpreted as accumulated during in-
terglacials, and some 5.82 % were even described as being
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Table 2. Mean and standard deviation (std dev) of total organic carbon (TOC), density, Si/ Ti ratio and magnetic susceptibility (Magn. susc.)

of clusters I to I'V.

TOC % Density (g cm™3) Si/Ti ratio Magn. susc.
mean  std dev mean  std dev mean  std dev mean std dev
Cluster I 0.8354  0.2460 14791 0.1086 04927  0.1404 50.1806  55.4048
Cluster 1T 10216  0.3369 12735 0.1274 1.2826  0.3100 750329  41.8939
Cluster Il 0.3215  0.1263 14385  0.0949 0.8362  0.1385 1224036 61.3634
Cluster IV 0.2760  0.1076 1.4900 0.0962 0.5327 0.0934 120.7652  76.9754
Magn. Susc. Si/Tiratio Density TOC Magn. Susc. Si/Tiratio Density TOC
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Fig. 7. Downcore distribution of facies types and clusters for 52 to 56 and 62 to 66 mb.L.f. Facies description as in Fig. 3. Clusters are
superimposed on magnetic susceptibility, Si/ Ti ratio, density and TOC content and are color-coded as in Fig. 4.

from super interglacials (facies C). This suggests that sedi-
ments of facies A show similar characteristics as a certain
portion of facies B sediments, so they could not be statisti-
cally separated by means of cluster analysis. Nevertheless,
the part of facies B data that plot into cluster I is only 5.27 %
of all facies B data (Fig. 6a) and might even be negligible. In
fact, samples used for this study are generally 2 cm thick, and
we chose the facies type of their average composite depth
as representative for the entire 2 cm, neglecting that facies
boundaries might occur also within samples. Plotting facies
types and clusters versus depth (Fig. 7) reveals that cluster I
quite well captures the cold phases marked with light- and
dark-blue bars in Fig. 7, for example at ~52.5 to 52.9m
blf.,at ~53.4to 53.5mb.lf. and at 63.9 to 64.5m b.1f.
“Interglacial” clusters III and IV: cluster III (1444 data
points = 27.34 % of entire dataset, Fig. 6¢) as well as cluster
IV (2912 data points = 55.15 % of the entire dataset, Fig. 6b)
have very low TOC contents and high magnetic susceptibil-
ity values, pointing at oxic bottom water conditions during
their deposition. While in cluster IV Si/Ti ratios are low,
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slightly higher Si/Ti ratios in cluster III suggest some bio-
genic input into the sediment. A high portion of cluster IV
is composed of facies B sediment (84.82 %), and equal parts
of 6.25 and 6.11 % consist of facies Ag and C, respectively.
In cluster IV, which is the largest cluster and contains more
than half of all data points, facies B is clearly dominant with
81.30 %, and 12.74 % are made up of facies C type sediments
along with some 4.02 % of facies Aq. Both clusters contain
the majority of all facies B data points and confirm that this
facies type is rather variable yet similar being deposited un-
der oxic conditions. The facies Aq sediments found in these
two clusters, however, suggest that even during glacial times,
oxic (or at least suboxic) conditions in the bottom water were
sometimes encountered at least during periods with cold &
dry conditions, and some biological production leading to en-
hanced Si/Ti ratios was possible. This is in good agreement
with findings by Melles et al. (2007, 2012), who suggested
that cold & dry facies Aq represents a perennial ice cover
without snow cover. This would allow some light penetration
and thus some primary productivity in the water column. In
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contrast, cold & moist facies Ay, was interpreted as repre-
senting a perennial ice cover covered by snow, inhibiting any
light penetration into the water column, leading to only very
limited photosynthetic life in the lake and thus low TOC val-
ues and Si/Ti ratios. This, in turn, is confirmed by only neg-
ligible 0.58 and 0.07 % of facies Ay, in clusters III and 1V,
and 0.84 % in cluster II.

“Super interglacial” cluster II (238 data points = 4.51 %
of the entire dataset; Fig. 6g): cluster II has significantly en-
hanced TOC and Si/Ti ratios and consists to almost equal
parts of facies C and B sediments (47.48 and 48.32 %).
The negligible remainder is 3.36 % facies D and 0.84 %
facies Ap.

While density is rather variable in clusters I, III and IV,
it is clearly lower than average in cluster II, which is in
good agreement with a high content of biogenic silica. Even
though approximately half of cluster II consists of facies C
type sediments, only approximately one fifth of all facies
type sediments plot into this cluster (21.94 %), while some
35.73 and 43.56 % plot into clusters III and IV. This might
either point at a wider range of TOC percentages, Si/Ti ra-
tio and magnetic susceptibility values within this facies type,
or these samples are highly biased by facies changes within
the distinct samples that led to a wrong assignment of fa-
cies type to a specific sample. When plotting facies and clus-
ters together vs. depth (Fig. 7) it becomes obvious that only
some parts of facies C (red bars) were captured by cluster II:
between ~ 62 and ~62.7mb.Lf,, facies C sediments were
visually described, but have rather low Si/Ti content and
only slightly enhanced TOC values, so they were statisti-
cally gathered into clusters I and IV; these samples are part
of the 5.82 % of facies C samples that were found in cluster I
and 6.11 % in cluster IV. On the other hand, sediments of the
thick facies C layer between ~ 64.7 and ~ 65.6 m b.1.f. show
higher Si/Ti ratios and TOC content and were therefore
gathered into clusters III and II. This would imply that even
though facies C is easily detected by means of visual core
description, its basic physical and geochemical properties
might not always be significantly different from sediments of
other facies types, notably from facies B. Nevertheless, this
is in good agreement with findings by Melles et al. (2012)
who report that while primary productivity was highest dur-
ing these extraordinary phases, there are laminae found in the
facies C sediments that suggest at least seasonally suboxic or
anoxic conditions in the bottom waters. This could result in
a wide variety of TOC percentages and magnetic susceptibil-
ity values in the resulting sediment and make it difficult to
gather these sediments in one single cluster.

6 Conclusions
Seismic reflection profiles of Lake El’gygytgyn exhibit

mostly well-stratified sediments with frequent mass move-
ment deposits intercalated in the more proximal areas. The
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well-stratified acoustic layers correlate with the well-layered
sediments of the drill core retrieved during winter/spring
2009 with highly variable facies types changing at high fre-
quency in the core. The lacustrine sediment succession can
be separated into two seismic subunits Ia and Ib. Whereas la
is well-stratified, Ib is acoustically more chaotic and discon-
tinuous. The sediment—bedrock boundary was identified ear-
lier by Gebhardt et al. (2006) at around 320 to 330 m b.L.f. by
means of a seismic-refraction-data-derived depth-velocity
model. This was confirmed during drilling, with the first
bedrock material found at approximately 320 m b.1.f.. Down-
hole logging data down to 394 mb.1.f, i.e. through the entire
lacustrine column and some 74 m into the bedrock, show that
the lacustrine and bedrock part clearly differ in their petro-
physical characteristics: cluster analysis separates three clus-
ters, two of which comprise the entire lacustrine succession,
while the third contains the bedrock. The boundary between
the impact-related bedrock and the lacustrine succession is
not sharp, but rather a transitional zone with an upward in-
creasing portion of lacustrine material. Potassium and resis-
tivity values are enhanced in the bedrock section.

In the lacustrine succession, a prominent U peak of un-
known origin is visible at around 255 mb.l.f., and slightly
enhanced Th and K values mark the Pliocene/Pleistocene
transition. The core could be clustered into four different
clusters (I to IV) down to approximately 262 m composite
depth. The clusters show significant differences in terms of
their TOC percentage, Si/Ti ratio and magnetic suscepti-
bility, and in some cases also density. This allows plotting
the clusters into a redox-condition vs. input-type diagram. In
comparison with earlier studies we could conclude that clus-
ter I contains glacial sediments, III and IV sediments from
interglacials, and II comprises the sediments from super in-
terglacial intervals.
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Abstract. A Late Glacial to Holocene sediment sequence
(Co1260, 717 cm) from Lake Dojran, located at the boarder
of the F.Y.R. of Macedonia and Greece, has been investi-
gated to provide information on climate variability in the
Balkan region. A robust age-model was established from 13
radiocarbon ages, and indicates that the base of the sequence
was deposited at ca. 12500 cal yr BP, when the lake-level
was low. Variations in sedimentological (H,O, TOC, CaCO3,
TS, TOC/TN, TOC/TS, grain-size, XRF, §'80¢a, 83 Cearp
813Corg) data were linked to hydro-acoustic data and indi-
cate that warmer and more humid climate conditions charac-
terised the remaining period of the Younger Dryas until the
beginning of the Holocene. The Holocene exhibits significant
environmental variations, including the 8.2 and 4.2 ka cool-
ing events, the Medieval Warm Period and the Little Ice Age.
Human induced erosion processes in the catchment of Lake
Dojran intensified after 2800 cal yr BP.

1 Introduction

Although several paleoenvironmental records spanning the
entire Holocene already exist from the Balkan region (e.g.,
Bordon et al., 2009; Wagner et al., 2009; Vogel et al., 2010a;
Peyron et al., 2011; Panagiotopoulos et al., 2012), some suf-
fer from poor radiocarbon chronologies (Wagner et al., 2009;
Vogel et al., 2010a), or are inconsistent in terms of spa-
tial variability and short-term climate events (Magny et al.,
2003, 2009; Tzedakis, 2007; Berger and Guilaine, 2009).
Furthermore, significant anthropogenic impact at least since
the late Holocene (e.g., Willis, 1994; Wagner et al., 2009;

Aufgebauer et al., 2012; Panagiotopoulos et al., 2012) com-
plicates the reconstruction of climate change in the Balkan
region (Vogel et al., 2010a). Additional records with high-
resolution sedimentary information from this region are
needed to get a better understanding of Late Glacial to
Holocene climatic variability and anthropogenic activity and
their spatial variability. As shown by a comparison of records
from lakes Prespa and Ohrid (Leng et al.,2010; Wagneret al.,
2010), shallower lakes often react more sensitive to environ-
mental change. Hence, we can assume that Lake Dojran with
a maximum water depth <7m provides a valuable record
of climatic change and anthropogenic impact at the Balkan
region.

Lake Dojran is located at the boarder of the Former
Yugoslav Republic of Macedonia (FYROM) and Greece
(Fig. 1). A lake-level lowering of 6 m between 1955 and
2000 was mainly caused by irrigation and canalisation of
the former outlet, River Doiranitis (Griffiths et al., 2002;
Zacharias et al., 2002; Sotiria and Petkovski, 2004; Manley et
al., 2008). This lake level decrease led to eutrophication and
is well recorded in the chemical, biological and stable isotope
data of the surface sediments (Veljanoska-Sarafiloska et al.,
2001; Griffiths et al., 2002). Increasing anthropogenic influ-
ence at Lake Dojran from the mid to late Holocene has been
inferred from pollen assemblages in sediment cores recov-
ered close to the lakeshore (Athanasiadis et al., 2000). How-
ever, the sediments are poorly dated and there were likely
variations in the sedimentation rates including major hia-
tuses, probably due to significant lake level changes, partic-
ularly in the lateral coring locations.
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Fig. 1. (A) Locations of Lake Dojran in the northeastern Mediterranean region at the boarder of the Former Yugoslav Republic of Macedonia
(FYROM) and Greece. Locations of other paleoclimate records in the region are lakes Ohrid, Prespa, and Maliq, Lake Xinias (X), Lake
Kopais (K.), Lago Grande di Monticchio (M.), Lago di Trifoglietti (T.), Lago di Pergusa (P.), Tenaghi Philippon (T.P.), and the Sea of
Marmara (S.M.). (B) Satellite image of Lake Dojran with the coring location Co1260 (red square) and the hydro-acoustic profiles. Numbers 1
and 2 mark the hydro-acoustic profiles shown in Fig. 2, the black arrow indicates the position of the former outlet River Doiranitis, and the

yellow line shows the border between FYROM and Greece.

2 Site descriptions

Lake Dojran (Fig. 1, 41°12'N, 22°44’E) is considered to
be a relict of the Plio-Pleistocene Peonic Lake, which was
formed by volcanic and tectonic activities (Cvijic, 1911;
Stojanov and Micevski, 1989). Lake Dojran is located at
144 ma.s.l. (above sea level) in a carstic depression formed
by Paleozoic marble intercalated with phylites (Stojanov and
Micevski, 1989). The lake catchment predominantly com-
prises Paleozoic mica gneiss, muscovite-gneiss and amphi-
bolite, Tertiary volcanic and volcanic-sedimentary rocks,
and Quaternary alluvial and limnic sediments (Stojanov and
Micevski, 1989; Sotiria and Petkovski, 2004). Only 18 % of
the total catchment area of 275 km? exceeds an elevation of
500 ma.s.l. The high-elevated regions are in the northeast
of Lake Dojran, where the Belisca Mountain range is up to
1870 m a.s.1. high (Sotiria and Petkovski, 2004). Small rivers,
creeks and groundwater drain the catchment area and feed
Lake Dojran, particularly during winter and spring (Griffiths
et al., 2002; Sotiria and Petkovski, 2004). The former outlet
of Lake Dojran, River Doiranitis, which connected the lake
to the Axios/Vardar River, is located some metres above the
present lake-level. Current water loss from Lake Dojran is
due to evaporation and probably to groundwater outflow.
The climate at Lake Dojran is influenced by the Mediter-
ranean Sea via the connection of the Thessaloniki Plain,
continental influences and local morphology, leading to a
warmer climate with less days with frost compared to other
regions in Macedonia (Sotiria and Petkovski, 2004). The
mean annual air temperature was +14.3 °C between 1961 and
2000, with monthly average summer and winter temperatures
of +26.1 and +3.7 °C, respectively (Sotiria and Petkovski,
2004). The highest proportion of the annual precipitation
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(612 mm) falls during mild winters (Sotiria and Petkovski,
2004), and dry conditions persist during warm summers.

In 2004, Lake Dojran had a lake water surface area of
40km? with water depths between 3 and 4m (Sotiria and
Petkovski, 2004). However, there are seasonal and longer-
term progressive changes that affected the surface area
and water depth (cf. Athanasiadis et al., 2000; Manley et
al., 2008). Thermal stratification occurs during the summer
months (Zacharias et al., 2002), and it is presumed that lake
water mixing occurs during winter, similar to Lake Prespa
(Matzinger et al., 2006). Due to its location in the carstic
depression, Lake Dojran is bicarbonate- and chloride-rich,
alkaline and productive (Stankovic, 1931; Griffiths et al.,
2002). Today, the littoral area of the lake comprises a fringe
of up to 30 m wide reed beds.

3 Material and methods
3.1 Fieldwork

Fieldwork at Lake Dojran was carried out in June 2011. A
hydro-acoustic survey (Innomar SES-2000 compact, 10 kHz)
on the Macedonian part of the lake (Fig. 1) was used to
provide more detailed information on the lake bathymetry
and the sediment architecture. At coring location Co1260
(41°11.703' N, 22°44.573' E) undisturbed, horizontal bed-
ded sediments and a water depth of ~ 6.6 m were observed
(Fig. 2). Core Co1260 was recovered from a floating plat-
form using a gravity corer for undisturbed surface sedi-
ments and a percussion piston corer for deeper sediments
(both UWITEC Co., Austria). After recovery, the overlap-
ping 300 cm long sediment cores were cut into (and up to)
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100 cm long sections. Core catcher samples were transferred
at 2 cm resolution in plastic vials.

3.2 Analytical work

In the laboratory, the cores were split into two halves and one
half was sealed airtight for archiving. On the other half, X-
Ray Fluorescence (XRF) scanning was carried out in 2 mm
resolution with an ITRAX core scanner (Cox Analytical
Systems, Sweden), equipped with a Cr-tube and a Si-drift
detector in combination with a multi-channel analyser. Volt-
age and amperage were set to 30kV and 30 mA, respectively.
The measured count rates can be used as semi-quantitative
estimates of relative concentrations of the detected elements
(Croudace et al., 2006). Inaccuracies in comparison to con-
ventional XRF analyses rise due to different resolutions and
variations in grain-size, porosity, water content and surface
structure of the core.

The sediments were then subsampled in 2 cm intervals and
half of each sample, including those from the core catchers,
was freeze-dried. The water content was calculated from the
weight loss after freeze-drying. Approximately 1 g of the dry
sediment was treated with hydrochloric acid (HCI), hydrogen
peroxide (H>O3), sodium hydroxide (NaOH), and NasP,07
for grain-size analysis (8 cm resolution) of terrigenous clas-
tic material. Grain-size measurements were carried out with
a Saturn DigiSizer 5200 laser particle analyser and a Master
Tech 52 multisampler (Micromeritics Co., USA) after one
minute of ultrasonic treatment. The data processing of each
sample was based on three runs and the GRADISTATV8 pro-
gramme (Blott and Pye, 2001).

An aliquot of the freeze-dried samples was ground to
<63pum and homogenised for biogeochemical analysis
(2 cm resolution). Total nitrogen (TN) and total sulfur (TS)
were determined with a Vario Micro Cube combustion CNS
elemental analyser (ELEMENTAR Co., Germany). Total car-
bon (TC) and total inorganic carbon (TIC) were measured
with a DIMATOC 200 (DIMATEC Co., Germany). The cal-
cite content (CaCO3) was calculated by multiplying the TIC
with 8.33 and total organic carbon (TOC) was determined by
subtracting TIC from TC.

Isotope studies included modern lake and spring waters
(O, H, C isotopes) and wet sediment samples (O, C isotopes)
at 4 cm resolution. For O isotope composition of modern lake
and spring water, the water was equilibrated with CO us-
ing an Isoprep 18 device for oxygen isotope analysis with
a VG SIRA mass spectrometry. A EuroPyrOH-3110 system
based on an on-line Cr reduction method was used for hy-
drogen isotope analysis. For C isotope analysis of total dis-
solved inorganic carbon (TDIC), the inorganic carbon was
precipitated during the field work from ca. 85 mL water us-
ing ca. 15 mL of NaOH-BaCly. In the laboratory, the precipi-
tated barium carbonate (BaCOs3) was washed with deionized
water. For isotope analyses, CO, was extracted from BaCO3
with anhydrous phosphoric acid (H3PO4) under vacuum and
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the isotopes were analysed using a VG Optima dual inlet
mass spectrometer.

For inorganic carbon and oxygen isotope analysis of en-
dogenic calcite, horizons with more than 1% TIC were
bleached with sodium hypochlorite (NaOCl), neutralised and
sieved to 80 um. After the < 80 yum fraction was ground, the
extraction of gaseous CO; and the subsequent measurement
followed that described above for TDIC.

Samples for organic carbon isotope analysis were treated
with HCI to remove CaCO3, neutralised, filtered to 20 ym
and the supernatant was dried at 50 °C. After the > 20 ym
fraction was ground and homogenised, it was combusted by
an Elemental Analyzer (Costech Co., USA) on-line to a VG
TripleTrap and Optima dual-inlet mass spectrometer. CaCOs3
adjusted TOC content was determined by the elemental anal-
yser. Modern water and sediment isotopic ratios are reported
as per mill (%o) deviations from the VSMOW (O and H
water) and VPDB (O, C barium carbonate, calcites; C or-
ganics) scales.

Radiocarbon dating on bulk sediment samples, terrestrial
plant material, charcoal and biogenic carbonates were carried
out by accelerator mass spectrometry (AMS) at the Univer-
sity of Cologne Centre for AMS (Germany) and the ETH
Laboratory of Ion Beam Physics in Zurich (Switzerland).
Previously, sample pre-treatment and graphitisation was car-
ried out according to Rethemeyer et al. (2013). Organic car-
bon from bulk sediment, terrestrial plant material and char-
coal samples was chemically extracted by acid-alkali-acid
extraction (AAA). The alkali extraction was omitted for
small samples sizes to avoid loss of sample material. Com-
bustion and graphitisation was carried out with a Vario Mi-
cro Cube elemental analyser (ELEMENTAR Co., Germany)
coupled to a graphitisation system, where the CO, is con-
verted to graphite with hydrogen over iron as catalyst. The
surface of biogenic carbonates was leached with 1 M H,SO4
and the carbonate sample was subsequently converted to CO,
by hydrolysis with 99 % H3PO4 under He. CALIB 6.1.1
(Stuiver and Reimer, 1993) and the IntCal09 dataset (Reimer
et al., 2009) were used for conversion of the conventional
radiocarbon ages into calendar ages (cal yr BP) on an uncer-
tainty level of 2¢0. Based on the calibrated ages a polyno-
mial age model was established and sedimentation rates were
calculated.

4 Results and discussion

4.1 Hydro-acoustic survey

From the hydro-acoustic survey, profiles 1 and 2 were se-
lected to show the bathymetry and sediment architecture of
Lake Dojran (Fig. 2). The bottom morphology of Lake Do-
jran is relatively simple, with a mean water depth of ca. 6.6 m
and slightly inclining slopes towards the shores (Fig. 2).
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The maximum penetration depth of the hydro-acoustic sig-
nal only sporadically exceeds 7m sediment depth. One of
the spots with deeper penetration is close to the northern
shore, where onlap structures and tilted sedimentation below
ca. 7 m sediment depth suggest tectonic activity (Fig. 2, pro-
file 2). In the central basin, a hard reflector occurs at 7 m. This
reflector is close to the surface multiple, but has a more undu-
lated shape, particularly in the northern part of the basin. In
addition, the multiple in the central basin is slightly deeper,
as observed in spots, where hyperbolic reflections with trans-
parent areas underneath indicate the occurrence of gas. At
coring location Co1260, parallel, but somewhat undulated
reflectors particularly below 7m imply sediment thickness
of at least ~ 13.4m and do not indicate underlying bedrock.
Below this depth, the reflectors are too weak or are overlain
by multiples (Fig. 2). The undulated shape of the hard re-
flector at 7 m (reflector 1) and the weaker reflections below
suggest somewhat disturbed sedimentation as it might have
occurred during a lake level lowstand. A terrace in the north-
ern part of the lake (Fig. 2, profile 2) probably represents a
paleo-shoreline. The hard reflector at coring location Co1260
is overlain by reflector 2 at 6.05 m sediment depth, which in-
dicates onlap structures to the hard reflector in the central to
northern part of the lake and close to the terrace (profile 2,
Fig. 2). Reflector 3 (4.46 m) indicates onlap structures only
at the terrace close to the northern shore (Fig. 2). Reflector 4
(4.00 m) pinches out in central areas of the lake and suggests
minor lake level fluctuations or the occurrence of lake inter-
nal currents, such as observed in Lake Prespa (Wagner et al.,
2012). Reflectors 5 (3.57 m) and 6 (2.25 m) span almost the
entire lake basin and were likely formed when the lake level
was higher. Reflector 7 (1.92 m) pinches out again, whilst re-
flector 8 (1.30 m) can be observed in marginal parts of the
lake and, thus, indicates a somewhat higher lake-level.

4.2 Lithostratigraphy and biogeochemistry

Based on visual core description, XRF data and water con-
tent, the correlation of the overlapping segments of core
Co01260 led to a composite profile of 717 cm length, which
has been subdivided into four lithofacies (Fig. 3).
Lithofacies 1 (717 to 658 cm) is grey, has a low water
content and a crumbly structure due to a high abundance
of clay clasts. The sediment is poorly sorted, mainly with
coarse silt with sporadic drop stones. Aquatic or terrestrial
macrophyte remains are not apparent, and the amount of
finely dispersed organic material (OM) is low, as indicated
in TOC <1% and TS <0.5%. TOC/TN varies between 3
and 12 and suggests that OM is mainly of aquatic origin,
however, ratios < 4 can be associated with selective decom-
position of TOC (Leng et al., 1999). A high TOC/TS in the
lowermost 17 cm of lithofacies 1 indicates well-oxygenated
bottom water conditions and surface sediments (cf. Miiller,
2001; Wagner et al., 2009). The CaCO3 content of litho-
facies 1 varies between 5 and 20 %, and is mainly derived
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from endogenic calcite, as shown by SEM (Fig. 4). Addi-
tional sources of CaCOj include ostracodes and shells or
shell fragments of bivalves, such as at ~ 664 cm depth. Post-
sedimentary dissolution of calcite can be excluded at least
for the upper part of lithofacies 1 (ca. 682—-658 cm), because
the sediments contain well-preserved ostracodes (determined
F. Viehberg). Potassium (K) and iron (Fe) counts from XRF
analyses, which can be associated with clastic sediment sup-
ply (Cohen, 2003; Arnaud et al., 2005), are low, but might be
an artifact of the crumbly structure of the core surface. The
lowermost section of lithofacies 1, where CaCO3 is <9 %
and the mean grain size is highest (Fig. 3), corresponds to
the hard reflector (reflector 1) in the hydro-acoustic profiles
at 7 m sediment depth.

Lithofacies 2 (658 to 520 cm) is grey to olive grey, has an
increasing water content and a massive structure. The grain-
size composition is dominated by medium to very coarse
silt, which indicates high transport energy due to low water
depths or high inflow. Sporadic fine sand lenses are inter-
preted as ice rafted detritus (IRD). Lithofacies 2 has been
sub-divided into lithofacies 2a (658 to 590 cm) with fine-
grained sediments, relatively high OM and TOC/TN and
lithofacies 2b (590 to 520 cm) with coarser sediments, lower
OM and TOC/TN. Similar patterns of TOC and TS suggest
that TS derives mainly from OM, however, a low TOC/TS
and a good correlation between TOC/TS and Fe through-
out lithofacies 2 suggest that TS is partly derived from pyrite
(Wagner et al., 2006, 2009). Plant remains or carbonate fos-
sils are not apparent in lithofacies 2a and 2b. The transition of
lithofacies 2a to 2b likely corresponds to reflector 2 (6.05 m)
in the hydro-acoustic profiles.

Lithofacies 3 (520 to 265 cm) is olive grey, has a water
content between 55 and 70 %, and a massive or marbled
structure. Grain-size is dominated by medium and coarse silt.
A TOC increase from around 1 % at the base to ca. 3 % at
the top implies decreasing decomposition or increasing lake
productivity, which is, however, only partly reflected in small
variations in TOC/TN. Increasing lake productivity is better
indicated in CaCO3 of up to 40 %, which anti-correlates with
K and Fe counts. The variations in CaCO3, K, and Fe counts
form the sub-division of lithofacies 3 (Fig. 3). Lithofacies 3a
(520 to 401 cm) is massive or marbled and has high CaCO3
and low K counts. Shell fragments and well-preserved Dreis-
sena bivalves occur sporadically between 505 and 404 cm
and are more common at 503 and 404 cm (Fig. 3). In the
lower part of lithofacies 3a (520 to 460 cm) TS increases
to 1%. SEM analyses showed a high abundance of pyrite
(Fig. 4), although this does not correlate with Fe counts,
which probably indicates that Fe is bound in other chemi-
cal compounds above and below the TS increase. Lithofa-
cies 3b (401 to 390 cm) is massive, has minimum CaCQO3,
which is anti-correlated with K and Fe counts, and has a
maximum in grain-size distribution. In lithofacies 3c (390 to
265 cm), which is also massive, CaCO3 increases to around
40 % at 350 cm, before it drops to negligible values at the
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top. Although the CaCO3 content is similar to lithofacies 3a,
shell and shell fragments are absent. The decrease of CaCO3
at the top of this sub-lithofacies correlates with increasing K
and Fe counts and a decrease of the mean grain-size from
ca. 310cm. The change in sedimentary characteristics in
lithofacies 3 are also reflected in the hydro-acoustic data, as
reflector 3 (4.46 m) corresponds with the upper limit of the
TS peak, and reflectors 4 (4.00 m) and 5 (3.57 m) represent
distinct change in mean grain size (Fig. 3).

Lithofacies 4 (265 to O cm) is dark olive brown to dark
olive black, has a water content of 60 to 76 % and a mas-
sive, marbled, or laminated structure. Medium and coarse silt
dominate the grain-size composition. A high abundance of
shell fragments and some well-preserved Dreissena bivalves
occur between 195 and 100 cm. CaCOs3 is in general low,
but shows some distinct peaks, where shells or shell frag-
ments occur (Fig. 3). The occurrence of these shell layers
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seems to be irregular, as a layer of well-preserved Dreis-
sena bivalves was found at 32 cm in one core segment, but
did not occur in the overlapping segment. Variations in sed-
iment structure, colour, associated CaCO3 and OM allow a
sub-division of lithofacies 4. Lithofacies 4a occurs between
265 and 152 cm, is characterised by a massive or marbled
structure, a dark olive brown colour, a low CaCQO3, and de-
creasing trends in TOC content and TOC/TN. The mean
grain size is the lowest for the entire sequence, whereas K
and Fe reach maximum counts. This suggests pelagic sed-
imentation and a low productivity, or dilution by relatively
high clastic input. Low productivity is confirmed by low
TS and high TOC/TS, implying good mixing of the wa-
ter column and potentially additional decomposition of OM.
CaCOs dissolution can be excluded, as ostracodes are well
preserved. Lithofacies 4b, from 152 to 116 cm, is massive
or irregularly laminated, has a dark olive grey to very dark
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Fig. 4. SEM photos of bulk sediment from 137 cm depth in core
Co01260 showing endogenic calcite (CaCOs, a) and pyrite (FeS,,
b). The broken structure of the pyrite is probably due to sample
pre-treatment and heating to 50 °C.

brown colour, a relatively high CaCO3, TS and TOC/TN,
mean grain size and a relatively low TOC/TS. TOC increases
throughout lithofacies 4b. Lithofacies 4c comprises the up-
permost 116 cm of core Co1262 and is massive, with a dark
olive brown colour. Some faint black laminations occur be-
tween 18 and 8 cm, where a peak in TS occurs. While CaCO3
is negligible, TOC is the highest of the entire core. The mean
grain size is constant around 20 ym, but K and Fe counts
show some distinct fluctuations in the uppermost ca. 60 cm.
Distinct change in sedimentological characteristics of litho-
facies 4 can be correlated with the reflectors in the hydro-
acoustic profile (Fig. 2). Reflector 6 (2.25 m) coincides with
a broad maximum in TOC and water content, reflector 7
(192 m) is, where the maximum in K and Fe counts can be
observed and reflector 8 (1.3 m) marks the maximum in mean
grain size and CaCOs.

The overall massive to marbled structure of the entire sed-
iment succession suggests bioturbation. This is confirmed
by a relatively high abundance ostracodes in the sedi-
ments. The occurrence of the ostracode Darwinula steven-
soni (determined F. Viehberg), which was observed in sandy
groundwater-influenced sediments (Meisch, 2000), substan-
tiates that Lake Dojran is influenced by an aquifer.

4.3 Isotope record

8180yater and 8Dyater Of samples from springs, which en-
ter Lake Dojran, plot close to the global meteoric water line
(GMWL, Fig. 5, Table 1). 8180yater and SDyater of modern
lake water have higher values and plot on a local evaporation
line (LEL). The isotope data also show that the evaporation of
the lake water was lower in 2011 compared to 1997 (cf. Grif-
fiths et al., 2002), which corresponds with an increasing lake-
level in the last few years. Because the present lake level
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of Lake Dojran is below the outlet, the data also imply that
aquifers play an important role in the water balance. Simi-
larly to the water isotopes (O, D), 8 B3Crpic of total dissolved
inorganic carbon (TDIC) in the lake has higher values than
the marginal springs (Table 1), most likely due a long resi-
dence time enabling the dissolved bicarbonates to exchange
with isotopically heavier atmospheric CO;. This is a com-
mon feature in lakes, in which the water isotope geochem-
istry is dominated by evaporation (Leng and Marshall, 2004;
Leng et al., 2012).

In core Col1260, the sediments from lithofacies 1 and 4
with TIC < 1% could not be analysed for carbon isotopic
composition (Fig. 3). The rest of core Co1260 shows moder-
ate fluctuations in 88Oy, between —4.6 and —1.2 %o. These
moderate values with relatively low variability (ca. 3 %o)
suggest that the lake has not experienced complete hy-
drologic closure during the deposition of these sequences
(cf. Roberts et al., 2008). Variations in 8804 can be
caused by changes in the isotopic composition of precipita-
tion (linked to source and/or temperature variation), in the
precipitation/evaporation (P/E) ratio, or in the lake water
residence time (cf. Roberts et al., 2008; Leng et al., 2012).
813C .y varies between —3.2 and +1.4 %o, with the lowest
values in lithofacies 2a and at the top of lithofacies 3c. These
low values are probably due the greater contribution of soil
derived CO, or decomposition of OM relative to the amount
of carbon from the carst and the atmosphere (cf. Leng et al.,
2010).

The pattern of 613C0rg, with values between —27.1 to
—24.2 %o, corresponds only partly with 8'3Ceqyp. Therefore,
TDIC cannot be the only carbon pool for OM in the Lake
Dojran sediments, which suggests that variations in 813Corg
could also derive from change in allochthonous versus au-
tochthonous OM deposition.

44 Chronology

The age model for core Col260 is based on 13 radiocar-
bon ages and cross correlation with other lacustrine sediment
cores from the Balkan region (Table 2, Fig. 6).

Seven samples, composed of terrestrial plant mate-
rial and charcoal, provide a robust basis for the age
model. However, there is an age reversal in sam-
ples COL 1320.1.1 (460.9 cm, 10820 =420 cal yr BP) and
COL 1321.1.1 (521.9cm, 10660 =+ 440 cal yr BP, Table 2).
Both samples are of terrestrial plant material and originate
from the same core section, but sample COL 1320.1.1 was
probably dislocated during opening of the cores, as it was
found on the surface of the core halves. In contrast, sample
COL 1321.1.1 was from the inner part of one of the core
halves and is, therefore, considered to provide the accurate
age.

In addition to the terrestrial plant samples, 2 bulk or-
ganic carbon and 3 carbonate samples were used for the es-
tablishment of the age-depth model. Bulk organic carbon,
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Table 1. Modern isotope data of spring and lake water as standard deviations from VSMOW (O, H isotopes) and VPDB (TDIC), collected

in June 2011 (own data) and in September 1997 (Griffiths et al., 2002).

location collection 8180water SDyaer  83Crpic

(%0 VSMOW) (%0 VSMOW) (%0 VPDB)
spring June 2011 —-9.51 —62.8 —11.6
spring June 2011 —8.08 -50.5 —13.0
lake center ~ June 2011 —-0.91 —13.0 -59
lake margin ~ June 2011 —0.86 —13.3 —4.7
lake margin  June 2011 —0.86 —13.1 —4.8
spring September 1997 —7.9 —50.4 =79
lake center ~ September 1997 420 +1.1 +0.2
lake margin ~ September 1997  42.1 +19 +0.6
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Fig. 5. The modern isotope composition (slgowam and 8Dwater)
from water of Lake Dojran and from marginal springs. The sam-
ples were collected in September 1997 (Griffiths et al., 2002) and in
June 2011 (see also Table 1). Arrows mark the lake water samples
from June 2011 because they plot very close to each other in the x-
y plot. The lake water samples fall away from the Global Meteoric
Water Line (GMWL) and plot on a Local Evaporation Line (LEL).

carbonate and terrestrial plant material samples can be in-
fluenced by reservoir effects, i.e., incorporation of fossil/old
organic matter from bedrocks or other sources not in equi-
librium with atmospheric I4C02 (Cohen, 2003 and refer-
ences therein; Ramsey, 2008 and references therein). Terres-
trial plant material in general is regarded to provide most
reliable ages, as it is not or only marginally affected by
the incorporation of aquatic carbon. However, in the record
from Tenaghi Philippon pollen grains and peat indicated
a significant reservoir effect (Pross et al., 2009). Bulk or-
ganic carbon and carbonate shell samples are more influ-
enced by reservoir effects and have to be regarded more crit-
ically, particularly because reservoir effects can vary over
time. This was also shown in the records from lakes Prespa
and Ohrid (Vogel et al., 2010b; Aufgebauer et al., 2012). A
low reservoir effect is suggested by the small age difference
of COL 1312.1.1 (bulk organic carbon: 140 % 140 cal yr BP)
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at 16.5cm depth, a terrestrial plant residue from 53.3 cm
(COL 1324.1.1: 410 £ 110 cal yr BP), and the sediment sur-
face. Samples from 502.9cm (ETH 449571.1, carbonate:
11250 £ 60 cal yr BP) and 521.9 cm depth (COL 1321.1.1,
terrestrial plant: 10 660 4440 cal yr BP) suggest a reservoir
effect of several hundred years. The large difference between
bulk organic C and carbonate ages at 635 and 682 cm depth
(ETH46615.1.1: 11920 + 310 cal yr BP and ETH 44958.1.1:
32830 £ 650 cal yr BP) could indicate an even higher reser-
voir effect. On the other hand, a high TOC/TN of sample
ETH 46615.1.1 indicates a predominantly terrestrial origin
and suggest that the age of this sample could be reliable
and that sample ETH 44958.1.1 is probably re-deposited. Re-
deposition can also be assumed for the shell fragment sam-
ple at 404.9 cm (ETH 44956.1.1; 7350 & 80 cal yr BP). This
sample is significantly younger than the 2 cm underlying ter-
restrial plant fragment COL 1319.1.1 (8960 4440 cal yr BP)
and there was no lithological indication for a hiatus or a
distinct change in sedimentation rates. However, the age of
sample COL 1319.1.1 is also somewhat questionable, as this
sample has a very low carbon weight (0.28 mg), and the cal-
endar age is located on a '#C plateau. A small reservoir effect
can also not be excluded, as a minimum in CaCO3 at 397 cm
depth in core Co1260 likely corresponds with the 8.2 ka cool-
ing event, such as observed in nearby lakes Prespa and Ohrid
(Wagner et al., 2009, 2010; Vogel et al., 2010a; Aufgebauer
etal., 2012).

For the polynomial interpolation of the age depth model
of core Col260, the sediment surface was adjusted to
—61.5 cal yr BP and 6 terrestrial plant material samples, the
charcoal sample, the two bulk organic carbon samples, and
the cross-correlation point at the 8.2ka cooling event were
included (Table 2, Fig. 6). The calculated age model of core
Co1260 yields a basal age of ca. 12 500 cal yr BP. According
to the established age model, the sedimentation rate of core
C01260 is high at the bottom and the top of the core and low
between 390 and 330 cm sediment depth (Fig. 6).
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Table 2. Radiocarbon and calendar ages from core Co1260. The calibration of radiocarbon ages into calendar ages is based on Calib 6.1.1
(Stuiver and Reimer, 1993) and INTCALO9 (Reimer et al., 2009) and on a 20 uncertainty.

AMS Lab ID core depth  material C weight l4c age calendar age
(cm) (mg) (yrBP) (calyr BP)

COL 1312.1.1 16.5  bulk organic C 044 140 £35 140 £ 140

COL 1324.1.1 533  terrestrial plant 045 360 + 70 410+ 110

COL 1314.1.1 1113 terrestrial plant 0.32 840+ 70 790 £ 120

COL 1194.1.1 2530 terrestrial plant 1.00 2430+ 30 2520+ 170

COL 1316.1.1 287.3  terrestrial plant 1.00 3080 £ 30 3290 + 80

COL 1317.1.1 309.1 charcoal 1.00 3560 £ 40 3850+ 130

ETH 44956.1.1 4049  carbonate 1.01 6410 £+ 40 7350 £+ 80

COL 1319.1.1 406.4  terrestrial plant 0.28 8020 + 150 8960 + 440

COL 1320.1.1 460.9 terrestrial plant 0.63 9520 £ 160 10 820 £420

ETH 44957.1.1 502.9  carbonate 1.00 9840 £ 40 11250 + 60

COL 1321.1.1 5219 terrestrial plant 0.90 9330 £ 160 10 660 =+ 440

ETH 46615.1.1 6350  bulk organic C 1.00 10220+ 70 11920 £310

ETH 44958.1.1 6820 carbonate 048 28570 £170 32830+ 650

0 1 1 1 1 1 1 1
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100 m carbonate shell _|

® bulkorganic C
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Fig. 6. Age-depth model of core Co1260 based on 13 calibrated radiocarbon ages derived from terrestrial plant material, charcoal, carbonates
and bulk organic C samples. Additionally, the 8.2 ka cooling event described from lakes Ohrid and Prespa (Wagner et al., 2009, 2010; Vogel
et al., 2010a; Aufgebauer et al., 2012) was correlated with the minimum in CaCOj3 at 397 cm depth (see Fig. 3). Sample ETH 44958.1.1
from 682.0 cm depth, which has an age of 32 830 £ 650 cal yr BP, was most likely re-deposited. The sedimentation rate was calculated from

the polynomial age-depth model.

5 Interpretation
5.1 Late Glacial (12500 to 11 500 cal yr BP)

The Late Glacial part of core Co1260 is represented by de-
posits of lithofacies 1 and 2a (717-590 cm) and covers the
period between 12 500 and 11 500 cal yr BP (Figs. 3 and 7).
The deposits of lithofacies 1 between 717 and 658 cm rep-
resent the period 12 500 to 12 100 cal yr BP. The high abun-
dance of clay clasts, which are most likely formed under
subaerial conditions, implies that the deposits were formed
to a certain amount from redeposited lacustrine material.
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This is confirmed by the undulated morphology of reflec-
tor 1, which corresponds to the lower 17 cm of lithofacies 1,
and by the occurrence of the shell fragment with an age of
32830+ 650 cal yr BP at 682 cm depth. Low lake level, re-
deposition, and intensive wave action are also indicated by a
high mean grain-size and the overall poor sorting. The poor
sorting is enhanced by the occurrence of drop stones from
ice floe transport. As drop stones do not occur in the sur-
face sediments of Lake Dojran and the modern lake is only
occasionally covered by ice (Zacharias et al., 2002), win-
ter temperatures during the deposition of lithofacies 1 must
have been lower than today. Lower temperatures are also
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Fig. 7. Lithofacies, calcite (CaCO3), TOC (black line) and CaCO3 adjusted TOC (blue line), TS, TOC/N, TOC/TS, mean grain-size, Potas-
sium (K, black line) and Iron (Fe, blue line) counts, § 13erb, 518ocarb, and 813C0rg of core Co1260 plotted versus age.

suggested by the relatively low OM and CaCOs. In the mod-
ern lake, low lake levels during relatively warm conditions
correspond with periods of algal blooms and eutrophication
(cf. Griffiths et al., 2002). Intensive macrophyte growth, such
as often occurs during low lake levels (cf. Coops et al., 2003;
Beklioglu et al., 2006), is also not evident in lithofacies 1.
However, there are some smaller fluctuations in OM and
CaCOs3, which indicate minor variations in local tempera-
tures or lake level. A minimum of § 13COrg and a maximum in
TOC/TN suggest increased allochthonous OM input at this
time. A low lake level could have promoted the degrada-
tion of OM, particularly in the lowermost 17 cm of lithofa-
cies 1, where a high TOC/TS indicates higher oxygen supply
to the surfaces sediments. Relatively low § 180 ar values un-
til 12250 cal yr BP and subsequent higher values at the top of
lithofacies 1 imply increased evaporation and correspond to a
subtle finer grain-size distribution. A higher lake level could
reduce the wave action at Col1260 and enlarge the surface
area of the lake water, while the water volume would only
increase marginally due to the flat-bottomed nature of Lake
Dojran. Greater surface area promotes more evaporation of
the lake water. Overall, the sedimentary characteristics imply
cold and dry conditions between 12 500 to 12 100 cal yr BP.
The deposits of lithofacies 2a from 658 to 590 cm
depth represent the period 12 100 to 11500 cal yr BP. The
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environmental conditions during this period are difficult to
disentangle. The absence of clay clasts and a lower mean
grain size imply less re-deposition, low wave action, and a
higher lake level. A slightly higher lake level is confirmed by
the onlap structures of reflector 2 (Fig. 2). Fine sand lenses,
which are interpreted as IRD, indicate that the lake was still
ice covered during winter. A relatively high sediment sup-
ply, probably from increased inflow by rivers or creeks, is
indicated by increased K and Fe counts between 12 100 and
11500 cal yr BP. Enhanced erosion and input of soil derived
CO, is also suggested by low §'3Cearp, as a low TOC/TS
suggests that oxidation of OM was negligible. Higher OM
and CaCOs3 content during this period indicate enhanced
productivity and slightly higher summer temperatures and
more humid conditions. Unstable environmental conditions
between 12100 and 11500 calyr BP are indicated by two
maxima in OM and TOC/TN and slight minima in 8'3Cqr,
at 11900 and 11560 cal yr BP, which are probably caused
by increased allochthonous nutrient supply. The interspersed
minimum in OM between 11800 and 11 600 cal yr BP cor-
responds to low TOC/TN and implies a short period of less
allochthonous nutrient supply and reduced water inflow from
rivers or creeks. The §'80,, decrease between 11800 and
11500 cal yr BP probably corresponds with an isotopic de-
pletion at the end of the Younger Dryas, which is described
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from various lacustrine isotope records from the Mediter-
ranean region and indicates increasing humidity (Roberts et
al., 2008 and references therein).

Overall cold and dry climate between 12500 and
11500 calyr BP at Lake Dojran can be attributed to the
Younger Dryas, when 6 °C lower temperatures and arid con-
ditions with 50 % less annual precipitation compared to mod-
ern conditions are reported from the northern Aegean region
(Kotthoff et al., 2008a, 2011), the Sea of Marmara (Valsec-
chi et al., 2012), and from other terrestrial records in Italy
(Allen et al., 2002), Macedonia (Bordon et al., 2009; Pana-
giotopoulos et al., 2012), and Greece (Digerfeldt et al., 2000;
Lawson et al., 2004). However, the cold and dry climate
during the Younger Dryas is barely visible in geochemical
and hydrological data from lakes Prespa and Ohrid (Fig. 8).
This is probably due to the long lake water residence time
in Ohrid (Leng et al., 2012) and lower winter temperatures
and moisture deficits, which have only minor effects on
lake internal processes (Vogel et al., 2010a; Aufgebauer et
al., 2012; Panagiotopoulos et al., 2012). Lake Dojran with
its low volume to large surface area is likely more sensi-
tive to hydrological change. The transition from a low lake
level and low temperatures during the formation of litho-
facies 1 towards higher a lake level and warmer tempera-
tures during the sedimentation of lithofacies 2a at Lake Do-
jran around 12 100 cal yr BP corresponds well with marine
records from the western Mediterranean Sea and the North
Atlantic, and with terrestrial archives from the Iberian Penin-
sula and northwest Europe (Cacho et al., 2001 and references
therein). Furthermore, the transition might correspond to a
decrease in salinity in the Levantine Basin and the Ionian
Sea after 12000 cal yr BP (cf. Emeis et al., 2000). However,
a separation in two phases such as indicated by Co1260 is not
evident in other terrestrial records from Greece or in marine
pollen records from the Aegean Sea and the Sea of Marmara
(Rossignol-Strick, 1993; Digerfeldt et al., 2000; Lawson et
al., 2004, 2005; Kotthoff et al., 2008a, 2011; Valsecchi et al.,
2012). At least the particular dry phase described from the
northern Aegean region around 11800 cal yr BP (Kotthoff
et al., 2008a, 2011) corresponds with the low OM con-
tent and low TOC/TN ratios in Co1260 between 11 800 and
11600 cal yr BP.

5.2 Early Holocene (11500 to 7900 cal yr BP)

The deposits of lithofacies 2b, 3a and 3b (590-390 cm)
in core Col260 represent the early Holocene between
11 500 and 7900 cal yr BP (Figs. 3 and 7).

Lithofacies 2b (590-520 cm) covers the period 11500 to
10700 cal yr BP. The sporadic occurrence of sand lenses
indicates that the winter temperatures at Lake Dojran re-
mained low. Low winter temperatures during the early
Holocene are also reported from Lake Ohrid and are ex-
plained by southward movement of cold polar air during
winter seasons (Vogel et al., 2010a; Wagner et al., 2010).

www.clim-past.net/9/481/2013/

491
Lake Dojran Lake Ohrid Lake Prespa
Co1260 Co1202 Co1215
CaCo, TOC TIC TOC TIC TOC
%) %) %) %) %) %)
40 4 6 1 2 5

0

1,000

2,000

3,000

4,000

5,000

6,000

age (cal yr BP)

7,000

8,000

9,000

10,000

11,000.

12,000

13,000

Fig. 8. CaCO3 and TOC of core Col260 from Lake Dojran in
comparison to CaCO3 and TOC content from lakes Ohrid (Vogel
et al., 2010a) and Prespa (Aufgebauer et al., 2012) during the last
13000 cal yr BP.

Although the occurrence of the sand lenses leads to dis-
tinct variations in grain-size distribution, the overall coarser
sediments suggest relatively high transport energy at coring
location Co1260. The high transport energy is most likely
due to stronger inflow and not triggered by a lake-level low
stand, because clay clasts are absent and there is no indica-
tion for a very low lake level in the hydro-acoustic profile
(Fig. 2). A constant CaCO3 along with lower allochthonous
clastic and organic sediment input, indicated by lower K, Fe,
TOC/TN, and higher 8 13C0rg, implies somewhat lower pro-
ductivity in the lake, which corresponds with lower TOC.
Thereby, the higher §'3 Corg are probably rather a result of
less allochthonous OM than of more productivity. The dis-
crepancy between relatively high inflow and low erosion can
be explained by the development of a dense vegetation cover
in the catchment, such as observed around lakes Prespa and
Maliq to the west (Bordon et al., 2009; Aufgebauer et al.,
2012; Panagiotopoulos et al., 2012) and the Aegean region
to the south and southeast (Kotthoff et al., 2008a). Exten-
sive reed beds in the littoral areas of Lake Dojran could
have also restrained allochthonous clastic supply by filter-
ing and organic sediment supply by nutrient consumption
(cf. Yin and Lan, 1995; Wang et al., 2002). This could have
limited the productivity in the lake center although temper-
atures increased rapidly in the Mediterranean region during
the early Holocene (Allen et al., 1999; Bordon et al., 2009;
Kotthoff et al., 2011). Despite more humid conditions as
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indicated by our data, the low TOC/TS implies oxygen de-
pletion in the bottom waters and stratification of the lake dur-
ing summer. Summer stratification was probably promoted
by higher summer temperatures in the early Holocene, such
as reported from various records in the central and eastern
Mediterranean region (e.g., Allen et al., 1999; Lawson et
al., 2004; Kotthoff et al., 2008a; Vogel et al., 2010a; Peyron
et al., 2011; Aufgebauer et al., 2012). Increased humidity
in the early Holocene conflicts with the high 8180arp val-
ues, which would normally be interpreted as indicating a low
P/E ratio. Enhanced evaporation, however, is enabled by a
higher lake level when this is accompanied by an increas-
ing lake water surface area especially in lakes like Dojran,
which is located in a flat-bottomed basin (cf. Leng et al.,
2005; Hernindez et al., 2008). A large surface area also pro-
motes greater exchange of TDIC with atmospheric CO; and,
therefore, tends to lead to both higher § BCrpic and 813Ceyr,
as seen in lithofacies 2b.

In lithofacies 3a (520—401 cm), which covers the period
10700 to 8300 cal yr BP, the grain-size distribution is dom-
inated by medium and coarse silt, but is less variable due
to the lack of fine sand lenses. The lack of the sand lenses
indicates that the lake was not significantly covered by ice
during winter. The decreasing 8180 arb, after 10200 cal yr BP
could be associated with a greater through flow due to fur-
ther increasing humidity. This corresponds with increasing
moisture in southern Italy until 9400 cal yr BP (Joannin et
al., 2012), but in particular with increasing 8'8Ocyq after
9400 cal yr BP at Lake Prespa, which was explained by in-
creasing summer wetness (Leng et al., 2010). Despite this
increasing humidity during the early Holocene, which inci-
dentally coincides partly with the formation of sapropel la
between ca. 10000 and 8200 cal yr BP in the Mediterranean
Sea (Emeis et al., 2000; Mercone et al., 2000; Kotthoff et al.,
2008b; Schmiedl et al., 2010), K and Fe imply decreasing
catchment erosion until 9000 cal yr BP. Less input from the
catchment could be due to denser vegetation in the littoral
areas and catchment, which while filtering clastic material
might cause greater delivery of more allochthonous OM to
the lake, as indicated by increasing TOC/TN. Another ex-
planation for increasing allochthonous OM supply could be
as a result of lake level increase and flooding of the shal-
low, reed bed-covered littoral parts of the lake. This is indi-
cated by reflector 3 in the seismic data, which is the oldest
reflector that covers the lacustrine terrace in the northern part
of profile 2 (Fig. 2). The flooded shallow lake parts would
have formed suitable habitats for Mollusca, which probably
explains the high abundance of shells and shell fragments
in lithofacies 3a. The increase in lake surface and volume
was apparently correlated with a distinct change in redox
conditions, such as indicated in the TS peak and the shift
of TOC/TS. The larger surface could have led to higher wind
fetch and, thus, a better mixing of the water column after
9500 cal yr BP. More nutrient and allochthonous OM sup-
ply from the flooded parts likely promoted productivity in
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the lake, and can be inferred from a minimum of § BCO,g
and maxima in CaCO3 adjusted TOC and CaCOs3 around
9000 cal yr BP. Decreasing CaCO3 and CaCOs3 adjusted TOC
contents after 8700 cal yr BP suggests decreasing lake pro-
ductivity, which goes along with increasing erosion, such as
indicated by increasing K and Fe.

In lithofacies 3b from 401 to 390 cm, which covers the
period 8300 to 7900 cal yr BP, the coarser grain-size distribu-
tion implies relatively high transport energy. Increased trans-
port energy is probably due to a lower lake level and in-
creased wave action, which is indicated by the pinching out
of the hydro-acoustic reflector 4 in the central area of the
lake. A low lake level implies dry conditions at Lake Do-
jran, which is, however, inconsistent with low 8'80arb. Po-
tential explanations for the lower 8180camp are a smaller sur-
face area, which reduces evaporation, or increasingly lower
8180 of rainfall from the Atlantic (Zanchetta et al., 2007a)
or eastern Mediterranean origin (cf. Develle et al., 2010).
Despite the presumed arid conditions, high K and Fe imply
enhanced clastic sediment supply and erosion in the catch-
ment, which is probably associated with a less dense vegeta-
tion cover in the catchment. Less dense vegetation could have
reduced the availability and supply of allochthonous OM to
the lake as suggested by low TOC/TN and high § 13C0rg, and
could also be triggered by lower temperatures. This is also
suggested by subtly lower TS and higher TOC/TS, indicating
less pronounced thermal stratification and improved oxygen
supply to the surface sediments. Furthermore, low CaCOs3
and CaCOs3 adjusted TOC contents in lithofacies 3b imply
low productivity, such as also reported from lakes Prespa and
Ohrid (Wagner et al., 2009, 2010; Vogel et al., 2010a; Aufge-
bauer et al., 2012). The low temperatures are most likely as-
sociated with the 8.2 ka cooling event, which covers a broad
period in Mediterranean paleoclimate records varying be-
tween 8500 and 8000 cal yr BP (e.g., Magny et al., 2003 and
references therein; Rohling and Palike, 2005; Berger and
Guilaine, 2009 and references therein). The 8.2ka cooling
is associated with an interruption of the sapropel 1 forma-
tion in the Mediterranean Sea (e.g., Kotthoff et al., 2008b;
Schmiedl et al., 2010; Siani et al., 2012) and a hydrological
tripartition of Europe. Whilst wet conditions have predom-
inated between 43 to 50° N, dry conditions persisted north
and south of this corridor (Magny et al., 2003), which is in
line with low lake level and dry conditions at Lake Dojran.
Pollen analyses from Lake Maliq (Bordon et al., 2009) and
Tenaghi Philippon (Peyron et al., 2011) suggest that the dry-
ness is predominantly due to restricted winter precipitation.
5.3 Mid-Holocene (7900 to 2800 cal yr BP)

The deposits of lithofacies 3¢ from 390 to 265 cm of core
Co1260 represent the mid-Holocene between 7900 and
2800 cal yr BP (Figs. 3 and 7).

The finer and relatively stable grain-size distribution at

least until 4300 cal yr BP implies lower wave action, a high
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lake level, and humid conditions with only minor fluctua-
tions and more inflow. A relatively high lake level between
7900 and 4300calyrBP is also suggested by reflector 5
(3.57m, around 6000 cal yr BP) in the hydro-acoustic data
(Fig. 2). The onlap structures to reflector 3 in the lateral parts
of the lake imply that the lake level did not exceed that of the
early Holocene. A high lake level until around 6000 cal yr BP
could correlate with the formation of S1b (Emeis et al., 2000;
Mercone et al., 2000; Kotthoff et al., 2008b; Schmiedl et al.,
2010). The broad maxima in CaCO3z and mean grain-size
between ca. 6000 and 4300 cal yr BP correlates with a min-
imum in K and Fe and suggests slightly increased produc-
tivity, slightly reduced lake level and lower supply of clas-
tic material. This is likely correlated to warmer temperatures
and more arid conditions during the mid-Holocene, such as
observed in other paleoclimate records in the Mediterranean
region (e.g., Wick et al., 2003; Kotthoff et al., 2008a,b;
Roberts et al., 2008; Wagner et al., 2009; Leng et al., 2010;
Vogel et al., 2010a; Aufgebauer et al., 2012; Joannin et al.,
2012). The shift from more humid to more arid conditions
at Lake Dojran was only moderate, as OM, TS, TOC/TS,
TOC/TN, 813C0rg, and 8'8Ocyp in core Col260 are rela-
tively stable between 7900 and 4300 cal yr BP. In addition,
the stable 8'8Ocqa, during this period suggests that the at-
mospheric circulation pattern was relatively stable and that
there was no distinct shift in the origin of rainfall. Low and
stable 8'80¢qrb during the mid-Holocene is a common fea-
ture in central Mediterranean isotope lake sediment records,
although there are some differences in the exact timing (e.g.,
Zanchetta et al., 2007b; Roberts et al., 2008; Develle et al.,
2010; Leng et al., 2012 and references therein).

Between 4300 and 2800 cal yr BP, more fluctuations and
a distinct change in some of the proxies suggest greater in-
stability during a period of gradual environmental change at
Lake Dojran. A minimum in mean grain-size and a peak
in 8'80¢up around 4000 cal yr BP suggest low inflow, dry
conditions and/or 80 enriched rainfall for a short period.
This period coincides with low lake productivity, as indi-
cated by CaCOs3 adjusted TOC and CaCOs. Low produc-
tivity is likely caused by low temperatures, as low TOC/TS
imply less intensive thermal stratification. Restricted nutri-
ent availability is less likely, as increasing K and Fe counts
imply increasing clastic supply and erosion in the catch-
ment. The short period of low temperatures and arid con-
ditions around 4000 cal yr BP is most likely associated with
the 4.2 ka cooling event, which has been described in other
records from the Mediterranean region (e.g., Bar-Matthews
et al., 1999; Weiss and Bradley, 2001; Magny et al., 2009;
Wagner et al., 2009; Vogel et al., 2010a). The 4.2 ka cooling
event in the Mediterranean region corresponds to low lake
levels in North Africa and the Near East, which is explained
by a weak African monsoon (Kotthoff et al., 2008a and ref-
erences therein; Magny et al., 2009). In addition, a positive
NAO (North Atlantic Oscillation) index favours cold and dry
conditions in the Mediterranean region by reduced moisture
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availability of Atlantic origin and cold polar air outbreaks
from the Siberian high (Lamy et al., 2006; Magny et al.,
2009). Subsequent to the 4.2ka cooling event, increasing K
and Fe and a higher mean grain size imply higher erosion in
the catchment, stronger inflow and more humid conditions.
More humid conditions between 3950 and 3800 cal yr BP are
also reported from the central and western Mediterranean
regions (Magny et al., 2009). Erosion processes could also
have been promoted by human induced deforestation, as
pollen analyses indicate first permanent settlements at Lake
Dojran during this period (Athanasiadis et al., 2000). The
anthropogenic deforestation was probably intensified until
ca. 2800 cal yr BP as indicated by increasing K and Fe and
decreasing 8'3Cyp, the latter one is a proxy for enhanced
soil derived CO, or enhanced remineralisation of OM in
the lake. The enhanced clastic sedimentation coincides with
decreasing CaCO3. Comparable human-induced modifica-
tions of the environmental setting and the sedimentologi-
cal properties around the same time are also reported from
Lake Prespa (Aufgebauer et al., 2012; Panagiotopoulos et
al., 2012) and Lake Ohrid (Wagner et al., 2009; Vogel et al.,
2010a, Fig. 8).

5.4 Late Holocene (2800 cal yr BP to present)

The deposits of lithofacies 4 (265-0 cm) in core Co1260 rep-
resent the late Holocene between 2800 cal yr BP and today
(Figs.3 and 7).

In lithofacies 4a (265 to 152 cm), which covers the period
2800 to 1200 cal yr BP, the decreasing mean grain-size indi-
cates declining inflow and a decreasing lake level. A decreas-
ing lake level is also suggested by the hydro-acoustic data,
where reflector 6 (2.25 m) occurs in lateral parts of the lake,
whereas the overlaying reflector 7 (1.92m) pinches out in
these parts (Fig. 2). Relatively arid conditions in the Mediter-
ranean region during the late Holocene are also reported from
other records, including Lake Prespa (Schilman et al., 2001;
Roberts et al., 2008 and references therein; Joannin et al.,
2012; Leng et al., 2012; Siani et al., 2012). A lower lake
level at Lake Dojran could have resulted in a relative enlarge-
ment of shallow lake areas covered by reed beds. The reed
beds likely restricted the productivity in the lake (low TOC,
CaCOs3 and TS), as they retain the supply of allochthonous
OM and nutrients (decreasing TOC/TN, high 813C0rg). The
reed beds, however, did not lead to less supply of clastic ma-
terial (high K, Fe and sedimentation rates), probably because
human-induced wood clearance and anthropogenic impact in
the catchment increased (cf. Athanasiadis et al., 2000), as it is
also reported from other records in the eastern and northeast-
ern Mediterranean region (Willis, 1994; Denefle et al., 2000;
Kotthoff et al., 2008a; Bordon et al., 2009; Panagiotopoulos
et al., 2012; Valsecchi et al., 2012). A lower lake level could
also have promoted the occurrence of shells and shell re-
deposition (Bially and Macisaac, 2000) by greater exposure
of the shell beds to wave action. This assumption is supported
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by high abundances of shells or shell fragments in upper parts
of lithofacies 4a. The low lake level is also indicated in a dis-
tinct shift of sedimentation rates in a sediment core from the
lateral parts of the lake (Athanasiadis et al., 2000). This shift
is likely caused by a hiatus, when lateral parts of the lake be-
came sub-aerially exposed. Despite the anthropogenic over-
print, the period between 2800 to 1200 cal yr BP apparently
was characterised by a slight cooling, which resulted in re-
duced thermal stratification as suggested by relatively high
TOC/TS.

In lithofacies 4b (152 to 116 cm), which covers the pe-
riod from 1200 to 900 cal yr BP, the coarser mean grain-size
implies higher transport energy, which is probably associ-
ated with more inflow and humid conditions and a higher
lake level. The higher lake level is also indicated by the
occurrence of the hydro-acoustic reflector 8 in lateral parts
of Lake Dojran. A lower proportion of reed likely covered
the lateral parts of the lake leading to a reduced filter ef-
fect and enhanced supply of allochthonous OM, as seen in
high TOC/TN and lower 813Corg. Flooding of reed-covered
areas would have enlarged the surface area of the lake, which
would again promote the exchange of TDIC with atmo-
spheric CO;, such as suggested by the high 813Cearp. The
enlarged surface area also intensified summer evaporation, as
indicated by high 8'80¢arb. The gradual increase of OM and
CaCOzs is likely due to higher lake productivity, and could
be additionally caused by declining anthropogenic activities,
less erosion and supply (dilution) of clastic material from the
catchment. A similar observation was made at Lake Prespa
and explained by a denser vegetation cover between 1500 and
600 cal yr BP (Aufgebauer et al., 2012). Lake productivity
was likely promoted by a warmer climate associated with
the Medieval Warm Period (cf. Crowley and Lowery, 2000),
which resulted in an intensification of the thermal stratifica-
tion during summer and in high TS, low TOC/TS and the
faintly laminated structures in lithofacies 4b.

In lithofacies 4c (116 to 0 cm), which covers the period
from 900 cal yr BP until today, the subtle finer grain-size dis-
tribution suggests lower transport energy, inflow and lake
level. Significant lake level fluctuations, such as that re-
ported from lakes Prespa and Ohrid (Matzinger et al., 2006;
Wagner et al., 2009; Vogel et al., 2010a; Aufgebauer et al.,
2012), are not recorded in Lake Dojran. We can assume
that anthropogenic impact affected the lake hydrology and
the catchment dynamics of Lake Dojran significantly during
this period. Nevertheless, reduced precipitation of CaCOs3
along with high OM implies high productivity, but low tem-
peratures subsequent to the Medieval Warm Period. Low
temperatures are also indicated by high TOC/TS in lithofa-
cies 4¢, which implies restricted thermal stratification during
summer. The colder temperatures after the Medieval Warm
Period are also observed in other records from the Balkan ar-
eas and are commonly attributed to the Little Ice Age (Wag-
ner et al., 2009; Vogel et al., 2010a; Aufgebauer et al., 2012).
The lake level lowstand of Lake Dojran about 2-3 decades
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ago, when the maximum water depths was <4 m, is not ob-
vious in the sediment record. The only hint for the lake level
lowstand could come from a sub-surface peak in TS. The lake
level lowstand was likely caused by a combination of dry cli-
mate and by high water use for irrigation, which likely pro-
moted the eutrophication, as shown by the increasing TOC
and CaCOs in the upper few centimetres of core Co1260 and
confirmed by other surface sediment cores (Griffiths et al.,
2002).

6 Conclusions

The investigation of the sediment architecture of Lake Do-
jran and sediment properties of core Col1260 provides valu-
able information on climate variability and human impact in
the Balkan region. As Lake Dojran is a relatively shallow
lake for its size, paleoclimatic change and human interactions
seem to have had a significant impact on lake hydrology, al-
lochthonous supply of OM and clastic material, and lake pro-
ductivity. The shallow morphology of Lake Dojran causes
greater evaporation of the lake water when lake levels are rel-
atively high and supports that reed beds in littoral areas of the
lake are apparently crucial for in-lake processes, as these reed
beds consume nutrients from the catchment and reduce lake
internal productivity. The following interpretations, based on
analysis of the data presented here, for climate variability and
human impact from the Lake Dojran sediment sequence can
be drawn for the Late Glacial and Holocene:

Cold and dry conditions with low productivity and a low
lake-level persisted between 12500 to 12 100 cal yr BP and
are followed by slightly higher temperatures and more humid
conditions with subtle enhanced productivity and a higher
lake level until 11500calyr BP. This entire period is at-
tributed to the Younger Dryas. Similarly to the western, con-
trasting findings from the eastern Mediterranean region and
the northern high latitudes, the Younger Dryas can be sepa-
rated into an early cold and dry early period followed by a
warmer and more humid later period.

During the early Holocene (11 500 to 8300 cal yr BP), tem-
peratures increased, though nutrient availability and produc-
tivity in the lake were restricted until 10 700 cal yr BP. This is
likely due to the impact of filtering of the inflow through lit-
toral reed beds. More humid conditions and higher lake level
coincide with the formation of sapropel 1 (S1a) in the marine
realm and improved the nutrient supply to the lake by more
runoff and smaller reed beds. Highest productivity occurred
around 9000 cal yr BP and implies a thermal maximum in the
region. Lake level lowering and lower productivity between
8300 and 7900 cal yr BP implies a return to drier conditions
and lower temperatures during the 8.2 ka cooling event.

Stable conditions between 7900 and 4300 cal yr BP sug-
gest that the more arid conditions after the formation
of sapropel 1 (S1b) had only minor impact on hydrol-
ogy and productivity of Lake Dojran. More unstable
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conditions and gradual environmental change occurred be-
tween 4300 and 2800 cal yr BP. Dry and cold conditions
around 4000 cal yr BP are correlated with the 4.2ka cool-
ing event, whereas increasing erosion is most likely associ-
ated with human induced wood clearance of the catchment
of Lake Dojran.

Intensive anthropogenic impact occurs during the late
Holocene (2800 calyrBP to today) as seen by intensive
erosion and enhanced nutrient supply. Despite this anthro-
pogenic overprinting, the sediment characteristics of Co1260
clearly indicate temperature variations associated with the
Medieval Warm Period and the Little Ice Age.
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Abstract. Lake Ohrid shared by the Republics of Albania
and Macedonia is formed by a tectonically active graben
within the south Balkans and suggested to be the oldest lake
in Europe. Several studies have shown that the lake provides
a valuable record of climatic and environmental changes and
a distal tephrostratigraphic record of volcanic eruptions from
Italy. Fault structures identified in seismic data demonstrate
that sediments have also the potential to record tectonic activ-
ity in the region. Here, we provide an example of linking seis-
mic and sedimentological information with tectonic activity
and historical documents. Historical documents indicate that
a major earthquake destroyed the city of Lychnidus (today:
city of Ohrid) in the early 6th century AD. Multichannel
seismic profiles, parametric sediment echosounder profiles,
and a 10.08 m long sediment record from the western part of
the lake indicate a 2 m thick mass wasting deposit, which is
tentatively correlated with this earthquake. The mass wast-
ing deposit is chronologically well constrained, as it directly
overlays the AD 472/AD 512 tephra. Moreover, radiocarbon
dates and cross correlation with other sediment sequences
with similar geochemical characteristics of the Holocene in-
dicate that the mass wasting event took place prior to the on-
set of the Medieval Warm Period, and is attributed it to one
of the known earthquakes in the region in the early 6th cen-
tury AD.

1 Introduction

Lake Ohrid (40°54’—41°10'N, 20°38'-20°48’E, Fig. 1) is
a transboundary lake located on the Balkan Peninsula and
shared between the Republics of Macedonia and Albania.
The lake is about 30 km long, 15km wide and has an area
of 360 km? (Stankovic, 1960). According to geological and
biological age estimations the lake formed about 2—-5 Ma ago
(summarised in Albrecht and Wilke, 2008). The lake is situ-
ated in a tectonically active, N-S trending graben (Burch-
fiel et al., 2008; Hoffmann et al., 2010), which results in
a relatively simple bathtub-shaped morphology, with steep
slopes along the western and eastern sides and less inclined
slopes in the northern and southern part. The average wa-
ter depth is 150 m and the maximum water depth is 293 m
(new data from seismic survey). The current lake level is at
693 m above sea level (a.s.l.) and the lake is surrounded by
the Mokra Mountains to the west (1514 m a.s.1.) and the Gali-
cica Mountains to the east (2265 ma.s.l.; Fig. 1).

Several studies on up to ca. 15 m long sediment sequences
have shown that Lake Ohrid is a valuable archive of climatic
and environmental changes over the last glacial/interglacial
cycle (e.g., Wagner et al., 2009, 2010; Vogel et al., 2010a).
Moreover, tephrostratigraphic studies revealed that Lake
Ohrid and neighboring Lake Prespa are important distal
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Fig. 1. Map of the northern Mediterranean region showing the loca-
tion of lakes Ohrid and Prespa. White dots indicate coring locations
Lz1120 and Co1202 from field campaigns in 2005 and 2007 in the
southeastern and northeastern part of Lake Ohrid, and the new cor-
ing location Co1262 in the western part of the lake, as well as coring
locations Co1204 and Co1215 from former field campaigns at Lake
Prespa (Wagner et al., 2010, 2012). The red line in Lake Ohrid in-
dicates the location of the multichannel seismic (entire line) and
hydro-acoustic (thick line) profiles shown in Figs. 2 and 3. White
dashed lines in Lake Ohrid indicate the location of the Lini Fault
and the Udenisht Slight Complex (USC). The red dot indicates the
approximate location of the city of Ohrid.

archives of explosive eruptions from Italian volcanoes (sum-
marised in Sulpizio et al., 2010a; Caron et al., 2010; Vogel
et al., 2010b, Damaschke et al., 2012). Hiatuses and dis-
turbed sedimentation in some of the studied sediment se-
quences from Lake Ohrid can probably be explained by tec-
tonic activity in the region triggering several landslides (e.g.,
Wagner et al., 2009; Vogel et al., 2010a). These mass wast-
ing deposits and associated fault structures are also recorded
in seismic profiles from the lake and occur mainly in the
marginal parts of the lake basin (Wagner et al., 2008a; Re-
icherter et al., 2011). A detailed morphological mapping of
the floor of Lake Ohrid by means of an ELAC 1180 Seabeam
system revealed that most of the southwestern part of the
lake is affected by a large mass failure event, the so-called
Udenisht Slide Complex (Fig. 1; Lindhorst et al., 2012).
Though some of the mass wasting deposits may be trig-
gered by distinct lake level fluctuations (Lindhorst et al.,
2010), most of them likely formed due to tectonic activity
(Reicherter et al., 2011). As Lake Ohrid is located within
the Korca-Ohrid Earthquake Source Zone, several medium
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to large earthquakes have occurred within the last 2000 yr
(e.g., Aliaj et al., 2004). For example, recent earthquakes
occurred on 6 June 2012 (M =4.4), on 6 September 2009
(M =5.6), and on 23 November 2004 (M = 5.4) (European-
Mediterranean Seismological Centre, EMSC, 2012). More
destructive earthquakes in the younger history are recorded
in 1963 close to capital city of Macedonia, Skopje (M = 6.1,
Suhadolc et al., 2004), or in 1911 at Lake Ohrid with a Mag-
nitude of 6.7 (Ambraseys and Jackson, 1990; Mucco et al.,
2002). Unfortunately, the database is less well constrained
for historical times. According to Aliaj et al. (2004), a major
earthquake destroyed the cities of “Lychnidus” (today: city
of Ohrid) and “Scupi” (today: city of Skopje), which is lo-
cated ca. 120 km towards the northeast of Ohrid, at 518 AD.
This data can also be found in most public reports. In con-
trast, Ambraseys (2009) reports that this earthquake rather
affected the city of Scupi, whilst the city of Lychnidus was
destroyed 9 yr later at 527 AD. This data could correspond
with the data indicated in Reicherter et al. (2011, and refer-
ences therein), according to which the city of Lychnidus was
destroyed in late May 526 AD, by a magnitude M > 6 earth-
quake. Despite these uncertainties, it seems unquestionable
that at least one major earthquake affected the Ohrid region
in the beginning of the 6th century AD.

Here we combine seismic, sedimentological, climatic,
tephrostratigraphic, and historical information in order to
trace back the possible signature of 6th century earthquakes
on the Lake Ohrid sediment record. In light of the available
data, we furthermore evaluate the potential of Lake Ohrid
for paleoseismicity investigations, as it was proposed by Re-
icherter et al. (2011) and demonstrated in other lacustrine
(e.g., Schnellmann et al., 2002) or marine basins (e.g., Beck
etal.,2012).

2 Material and methods

Hydro-acoustic surveys were carried out in Lake Ohrid be-
tween 2004 and 2009 in order to obtain information on the
lake’s bathymetry and sedimentary architecture. Multichan-
nel seismic surveys were carried out in 2007 and 2008 using
a Mini GI Gun (0.25L in 2007 and 0.1 L in 2008) and a 16-
channel 100 m long streamer. In addition, a multibeam sur-
vey was carried out in 2009 using an ELAC 1180 Seabeam
system. These surveys have shown prominent faults and half-
graben structures along the western and eastern margins of
the lake, which were also indicated in parametric sediment
echosounder profiles (SES-96 light in 2004 and SES 2000
compact in 2007 and 2008, Innomar Co.). In front of the Lini
Peninsula at the western margin of the lake (Fig. 1), where
a succession of mass wasting deposits was indicated in the
multichannel seismic surveys (Reicherter et al.,2011; Fig. 2),
also parametric echosounder profiles were obtained. The
parametric sediment echosounder transducer was mounted
on the side of a small research vessel. The effective frequency
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Fig. 2. Interpreted multichannel seismic profile taken by a Mini GI Gun across Lake Ohrid with the Lini Fault in the west. Grey parts indicate
bedrock. The arrow indicates coring location Co1262. Transparent sediment bodies indicate mass wasting deposits (MWD1-3).

of the echosounder was set to 10kHz in order to obtain the
optimum settings ranging from deep penetration to high reso-
lution. The sound velocity in the water was set to 1440 ms™!.
Post-processing was carried out with the INNOMAR soft-
ware tool ISE 2.9.2. The theoretical vertical resolution of the
two types of seismic data can be estimated to ca. 1 m for the
Mini GI gun and 0.2 m for the Innomar data.

Based on the hydro-acoustic surveys, a coring location in
front of the Lini Peninsula (41°03’56.9” N, 020°40'21.9” E)
at 260 m water depth was selected for the study of mass wast-
ing deposits and their relation to earthquakes. A 10 m long
sediment sequence (Co1262) was recovered in June 2011
from a floating platform using a gravity corer and a 2 m long
percussion piston corer (UWITEC Co. Austria) for deeper
sediments. For the recovery of the piston cores, a reentry
cone was positioned on the lake floor. Extension rods of 2m
length controlled the exact release of the piston during the in-
dividual continuous coring process. Core recovery was in the
order of 100 % including core catcher samples. Core loss or
disturbance of sediment between the individual 2 m segments
can therefore be regarded as low (< 6 cm). After recovery, the
2 m long sediment cores were cut into ca. 1 m long segments
and stored in the dark at 4 °C until further processing.

In the laboratory at the University of Cologne, the core
segments were opened and one core half was described
macroscopically and subjected to high-resolution X-ray flu-
orescence (XRF) scanning. XRF scanning was performed
using an ITRAX core scanner (COX Ltd., Sweden), which
was equipped with a Cr-tube set to 30kV and 30mA,
and a Si-drift chamber detector. Core Co1262 was scanned
with a resolution of 2mm and a scanning time of 10s per

www.clim-past.net/8/2069/2012/

measurement. Ca, K, and Sr were selected of the measured
elements, as they are indicators for carbonate precipitation,
the input of clastic material, and the occurrence of potential
tephras and cryptotephras in sediment sequences from Lake
Ohrid (Vogel et al., 2010a, b). Total carbon (TC) and total
inorganic carbon (TIC) were determined with a DIMATOC
200 (DIMATEC Co.). Total organic carbon (TOC) was cal-
culated by the difference between TC and TIC.
Tephrostratigraphy, radiocarbon dating, and cross correla-
tion with other sediment cores from lakes Ohrid and Prespa
were used to provide a chronological framework for core
Co01262. Samples from horizons with peaks in K and Sr
were selected for tephrostratigraphic work. Volcanic ejecta
from these horizons were analysed with respect to their geo-
chemical composition according to previous work on sed-
iment cores from Lake Ohrid (Sulpizio et al., 2010a; Vo-
gel et al., 2010b). Energy-dispersive spectrometry (EDS) of
glass shards and micro-pumice fragments was performed
using an EDAX-DX micro-analyser mounted on a Philips
SEM 515 (operating conditions: 20kV acceleration volt-
age, 100s live time counting, 200-500 nm beam diameter,
2100-2400 shots s !, ZAF correction). Details about analyt-
ical precision, ZAF correction and inter-laboratory compar-
ison can be found in Sulpizio et al. (2010a, b) and Vogel et
al. (2010b). Radiocarbon dating on core Co1262 was carried
out by accelerator mass spectrometry (AMS) at the Univer-
sity of Cologne Centre for AMS on five samples of terres-
trial plant remains and on one sample of fish remains. Sam-
ple pre-treatment and graphitisation was carried out accord-
ing to Rethemeyer et al. (2013). Other macrofossils were not
found in core Co1262 and previous studies have shown that
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bulk organic matter dating on Lake Ohrid sediments provided
erroneous ages (Wagner et al., 2008a; Vogel et al., 2010a).
CALIB 6.1.1 (Stuiver and Reimer, 1993) and the IntCal09
dataset (Reimer et al., 2009) were used for conversion of the
conventional radiocarbon ages into calendar ages (cal yr BP)
on an uncertainty level of 2. Cross correlation with other
sediment cores from lakes Ohrid and Prespa concentrated
on carbonate content (TIC and Ca; Lake Ohrid) and organic
matter content (TOC; Lake Prespa), as former studies have
shown that these proxies sensitively recorded climatic and
environmental changes during the Holocene (Wagner et al.,
2009, 2010; Vogel et al., 2010a; Aufgebauer et al., 2012).
Significant fluctuations in these proxies could have been at-
tributed to significant events, such as the 8.2 cooling event,
the Medieval Warm Period (MWP) or Little Ice Age (LIA)
and were constrained by tephrostratigraphy and radiocarbon
dating on macrofossil remains. Similar fluctuations in core
Co01262 are assumed to represent the same events.

3 Results
3.1 Hydro-acoustic survey

The multichannel seismic survey revealed a succession of
three mass wasting events in front of the Lini Peninsula
(Fig.2), where one of the most active faults of the Lake Ohrid
graben system is located (cf. Reicherter et al.,2011). The top-
most two mass wasting events (MWDI1 and MWD2, Fig. 2)
are also imaged in the parametric sediment echosounder pro-
file perpendicular to the Lini Peninsula as transparent and
partly chaotic seismic units (Fig. 3). Whilst the thickness
of MWD?2 exceeds 10 m (Fig. 2), the parametric sediment
echosounder profile indicates that the thickness of MWD is
about 2m at the coring location Co1262 (Fig. 3). Between
MWD2 and MWD1 and on top of MWD, parallel to sub-
parallel continuous reflections with low to medium ampli-
tudes indicate widely undisturbed well-stratified sediments.
A significant erosional unconformity at the base of MWDI1
cannot be detected in the parametric sediment echosounder
line at the coring location, probably because MWD pinches
out only a few hundred meters to the east of the coring lo-
cation and a potential erosion decreased with increasing dis-
tance from the steep slope (Fig. 3).

3.2 Sediment core

The geochemical characteristics of the 1008 cm long sedi-
ment sequence Col1262 correlate well with the parametric
sediment echosounder data and with sediment cores previ-
ously recovered from Lake Ohrid. Overall, core Co1262 is
mainly formed by relatively homogenous clayey to silty mud
of greyish to olive colour. The sediments appear massive,
probably as a result of bioturbation, as it was also observed in
other sediment sequences from Lake Ohrid at least through-
out the Holocene (Wagner et al., 2009; Vogel et al., 2010a).
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Some weak colour changes are probably due to distinct
changes in the content of carbonate, which is represented
by TIC and Ca, and organic matter, which is represented
by TOC (Fig. 4). Significant changes in these constituents
were also recorded in other sediment sequences from Lake
Ohrid throughout the Holocene (Wagner et al., 2009; Vogel
et al.,2010a). The lowermost meter of core Co1262 contains
some gravel grains, which were interpreted as ice-rafted de-
bris in other cores from lakes Ohrid and Prespa (Wagner
et al., 2009; Vogel et al., 2010a; Aufgebauer et al., 2012).
Some changes in grain size composition are correlated with
minima in water content and likely represent mass wasting
deposits. For example, a 15 cm thick horizon between 980
and 965 cm has low, but increasing water content and a fin-
ing upward trend in grain size composition from fine sand
at its base to fine silt and clay at the top. This is interpreted
as a distal turbidite of a mass wasting deposit (Schnellmann
et al., 2005). Smaller mass wasting deposits are also indi-
cated at depths of 548 and 350 cm, but they are < 4 cm thick
and too small to be visible in the seismic data. A significant
change of the sedimentological and geochemical characteris-
tics occurs at 320 cm depth, where a 1-2 cm thick sandy hori-
zon overlays a thin greyish band of 1 mm thickness (Fig. 5).
On top of this sand layer, the sediment is very homogenous
until 121 cm depth. Significant changes in carbonate or or-
ganic matter content do not occur and the water content is
low, but increases slightly upwards. This homogenous hori-
zon between 320 and 121 cm depth corresponds with MWD1
in the parametric sediment echosounder data. An erosional
discordance at the basis of MWD is not distinct in the sedi-
ment core (Fig. 5) and matches with the parametric sediment
echosounder data. The uppermost 121 cm of core Col262
are characterised by silty to clayey mud of greyish to olive
colour, relatively high water content, and some distinct fluc-
tuations of TIC and TOC, and likely represent undisturbed
pelagic sedimentation.

4 Chronology of core Co1262 and the mass
wasting deposit

The occurrence of three well-dated tephras, six radiocarbon
ages, and the significant patterns of TIC and Ca allow good
chronological control of the entire core and, specifically, of
MWD1 between 320 and 121 cm depth.

Overall, the occurrence of ice-rafted debris, low Ca and
TIC at the core base imply that the core reaches back into
the Late Pleistocene, when carbonate precipitation in Lake
Ohrid was restricted or carbonates were not preserved and
when the lake was at least partly ice covered during winter
(Wagner et al., 2009; Vogel et al., 2010a). In several stud-
ied cores from lakes Ohrid and Prespa, the onset of car-
bonate precipitation and preservation was correlated with
the Pleistocene/Holocene transition (Wagner et al., 2009,
2010; Vogel et al.,2010a; Aufgebauer et al.,2012). However,
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Fig. 3. Uninterpreted and interpreted (insert) hydro-acoustic profile in front of the Lini peninsula (see Fig. 1 for exact location). The profile
was obtained with an Innomar transducer. The blue bar indicates the coring location Co1262 and transparent sediment bodies (red coloured
in the interpreted insert) indicate mass wasting deposits (MWD1 and MWD?2).
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arrows and lines indicate tephras and cryptotephras (AD 472/512, FL eruption, and M = Mercato). Black circles indicate radiocarbon dated
horizons in cores from lakes Ohrid and Prespa (ages in core Co1262 are calibrated ages from Table 1).
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Table 1. Radiocarbon and calendar ages from core Co1262. The calibration of radiocarbon ages into calendar ages is based on Calib 6.1.1
(Stuiver and Reimer, 1993) and INTCALO9 (Reimer et al., 2009) and on a 20 uncertainty.

Core depth Cweight 14Cage Calendar age
AMS Lab ID (cm)  Material (mg) (yrBP) (cal yr BP)
COL 1251.1.1 17  terrestrial plant 100 164+£20 140 £ 145
COL 1735.1.1 442 terrestrial plant 0.74 2176 +£46 2190 £ 140
COL 1736.1.1 520  terrestrial plant 099 3280445 3510+110
COL 1737.1.1 537  terrestrial plant 093 3581440 3850+ 130
COL 1738.1.1 574  terrestrial plant 100 4370+44 5030 £+ 190
COL 1243.1.1 754  fish bone 0.53 10492+37 12400+ 190

Fig. 5. Photography of the core Co1262, from ca. 308 to 323 cm
depth, where the AD 472/512 tephra as thin, greyish band (arrow)
underlies mass waste deposit MWD1 with a sandy base.

most of the existing records from Lake Ohrid apparently are
disturbed at the Pleistocene/Holocene transition. In a record
from nearby Lake Prespa, a first significant increase of or-
ganic matter occurred at the end of the Younger Dryas and
the onset of the Holocene (Fig. 4). We assume that the in-
crease of TOC between ca. 950 and 900 cm and the end of
ice-rafted debris deposition at ca. 900 cm in core Co1262
can also be correlated with the onset of the Holocene. The
peaks in TIC and Ca and the minimum in TOC around
800 cm depth in core Col1262 could correspond with the
period 10500-9500 cal yr BP, when similar fluctuations are
observed at Lake Prespa (Fig. 4; Aufgebauer et al., 2012)
and when a minimum in winter precipitation is reconstructed
from a record at nearby Lake Maliq (Bordon et al., 2009).
The radiocarbon age of the fish remains at 758 cm indicating
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a much older age (Table 1). Since reservoir effects of 1500 yr
have been measured in several cores from Lake Ohrid (Wag-
ner et al., 2008a; Vogel et al., 2010a), we can also assume
that the fish remains are affected by a reservoir effect or
that they are re-deposited. The first reliable chronological tie
point is given by the peaks in K and Sr at 709 cm, which
can be attributed to a significant occurrence of glass shards.
The geochemical composition of the glass shards suggest that
they originate from the Mercato eruption (Table 2, Fig. 6;
cf. Damaschke et al., 2012), which has proposed maximum
ages of 8890 cal yr BP (Santacroce et al., 2008) and recently
dated (using charcoal from the base of the fallout deposits)
at 8540 cal yr BP (Zanchetta et al., 2011). The minima in
TIC and Ca and the maximum in K at ca. 660 cm depth are
likely correlated with the 8.2 ka cooling event, as observed
in other cores from lakes Ohrid and Prespa (Wagner et al.,
2009, 2010; Vogel et al., 2010a; Aufgebauer et al., 2012).
High TIC and Ca characterise the period after the 8.2ka
cooling event and are explained by warmer temperatures,
higher carbonate precipitation and better carbonate preserva-
tion (Wagner et al., 2009, 2010; Vogel et al., 2010a; Aufge-
bauer et al., 2012). The mid-Holocene is chronologically
well constrained by three radiocarbon ages between 574 and
514 cm depth, with ages between 5030 and 3510 cal yr BP
(Table 1), and by the occurrence of the FL tephra at 517 cm
depth with an age of 3370 & 70 cal yr BP (Table 2, Figs. 4
and 6; Coltelli et al., 2000; Wagner et al., 2008a). The ex-
isting records indicate a second cooling/drying event around
4000 cal yr BP, however, this event is only poorly resolved in
core Col262. A significant decrease of TIC and Ca around
ca. 2500 cal yr BP was observed in other cores from Lake
Ohrid (Fig. 4), when an anthropogenic impact led to higher
erosion in the catchment and increased the clastic matter in-
put into Lake Ohrid (cf. Wagner et al., 2009, 2010; Vogel et
al.,2010a). A similar pattern can be observed in core Co1262
at ca. 440 cm depth, where a terrestrial macrofossil remain
yielded an age of 2190 cal yr BP (Table 1). Another indepen-
dent chronological tie point comes from a tephra layer that
appears as a thin greyish band just below MWD1 and cor-
responds to a Sr peak (Figs. 4 and 5). Geochemical identi-
fication of volcanic material from this horizon attributes the
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Table 2. Major element glass composition of tephras and cryptotephras in core Co1262.
Tephra/Crypto- Tot.  Alk.
tephra Shards  SiOp TiOp AlbO3 FeOyr MnO MgO CaO NaO K;O P;O5 ClO Alkali Ratio
Co1262-320 1 47.77 1.14 19.35 7.96 0.12 25 1039 495 494 0 0.88 9.89 1.00
(AD472/512) 2 48.04 1.13 20.2 7.72 0.38 1.44 8.19 639 542 0 1.1 11.81 0.85
3 5052 055 21.72 5.05 0.07 0.82 5.16 6.51 8.86 0 075 1537 1.36
4 50.49 0.7 21.77 5.22 0.13 0.99 5.96 481 9.19 0 075 14.00 191
5 5491 1.58 18.28 74 0.15 2.49 5.95 5.08 3.37 044 034 8.45 0.66
6 47.72 1.02 20.36 7.75 0.14 2.35 9.81 594 399 0.15 0.77 993 0.67
7 48.58 0.81 21.25 6.6 0.34 1.2 6.38 79 535 02 138 13.25 0.68
8 48.48 0.8 2091 7.33 0.17 1.19 7.72 648  5.68 009 1.16 12.16 0.88
9 4888 077  20.17 776 019 181 8.56 569 522 0 096 1091 092
10 48.06 1 2087 7.08 042 14 776 691 543 007 099 1234 0.79
Co1262-517 1 51.87 194 1778 986 0.15 269 489 601 377 067 036 9.78  0.63
(FL) 2 53.84 1.78 19.37 747 0.24 1.85 4.6 677 342 037 029 10.19 0.51
3 54.4 1.72 18.7 642 0.15 2.38 497 569 458 0.59 04 10.27 0.80
4 53.96 1.89 17.41 8.18 0.23 2.83 545 558 3.62 046 0.38 9.2 0.65
5 534 1.82 17.69 8.53 0.24 3.07 497 546 401 052 0.29 9.47 0.73
6 55.25 1.8 18.1 731 0.33 2.23 4.36 6.03 391 039 028 9.94 0.65
7 53.93 1.44 18.44 7.81 0 34 6.36 528 2.86 031 0.17 8.14 0.54
8 53.87 1.5 17.87 7.94 0 348 6.24 554 301 0.35 0.2 8.55 0.54
9 5401 191 17.46 8.17 0.3 2.75 5.55 54 3.68 045 031 9.08 0.68
10 53.36 1.74 18.26 7.62 0.27 337 5.82 573 3.5 035 033 8.88 0.55
11 5415 154 1871 7.71 0.1 326 579 501 315 035 022 8.16  0.63
Co01262-709 1 51.87 194 1778 986 0.15 269 489 601 377 067 036 9.78  0.63
(Mercato) 2 53.84 1.78 19.37 747 0.24 1.85 4.6 677 342 037 029 10.19 0.51
3 544 1.72 18.7 642 0.15 2.38 497 569 458 0.59 04 10.27 0.80
4 53.96 1.89 17.41 8.18 0.23 2.83 545 558 3.62 046 0.38 9.2 0.65
5 534 1.82 17.69 8.53 0.24 3.07 497 546 401 052 0.29 947 0.73
6 55.25 1.8 18.1 731 0.33 2.23 4.36 6.03 391 039 0.28 9.94 0.65
7 53.93 144 18.44 7.81 0 34 6.36 528 2.86 031 0.17 8.14 0.54
8 53.87 1.5 17.87 7.94 0 348 6.24 554 301 0.35 0.2 8.55 0.54
9 54.01 191 17.46 8.17 0.3 2.75 5.55 54 3.68 045 031 9.08 0.68
10 53.36 1.74 18.26 7.62 0.27 3.37 5.82 573 3.5 035 033 8.88 0.55
11 54.15 1.54 18.71 7.71 0.1 3.26 5.79 501 3.5 035 022 8.16 0.63
12 5415 154 1871 7.71 0.1 326 579 501 315 035 022 8.16  0.63

tephra to the AD472/512 eruption of the Somma-Vesuvius
(Table 2, Fig. 6; Wagner et al., 2008b; Sulpizio et al., 2010a;
Vogel et al., 2010b). The geochemical differentiation be-
tween the AD472 and AD 512 tephras is relatively easy, if
the entire succession of the AD 472 eruption is preserved,
because the composition of tephras from this event strad-
dles the fields of phonolite, foidites and tephra-phonolites
(Fig. 6; Santacroce et al., 2008). It becomes more difficult
if only the final products of the AD472 eruption are rec-
ognized, because they have a large compositional overlap
with the AD 512 tephra (Sulpizio et al., 2010a, b). Volcanic
ejecta from the AD 472 eruption were clearly identified in
Lake Shkodra (Sulpizio et al., 2010b; Zanchetta et al., 2012),
which is located ca. 160 km northwest of Lake Ohrid. In for-
merly studied cores from lakes Ohrid and Prespa, however, a
mixture of AD 472 and AD 512 tephras was proposed (Vogel
et al., 2010b; Damaschke et al., 2012). As the geochemical
composition of the tephra at 320 cm depth in core Co1262 is
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similar to those previously found in lakes Ohrid and Prespa,
we assume that it also includes the AD 512 deposits. The
sandy horizon at the base of MWDI is deposited directly
above the AD 472/512 tephra. Calculating a mean sedimen-
tation rate of ca. 1 mm yr~! between the carbonate decline at
ca. 440 cm depth (2200 cal yr BP) and the occurrence of the
AD472/512 tephra (1478/1438 cal yr BP) at 320 cm depth,
we can assume that the mass movement occurred less than
20 yr after the deposition of the AD472/512 tephra. Poten-
tial triggers for a mass movement include delta collapses,
rockfalls, lake level changes, or earthquakes (e.g., Schnell-
mann et al., 2006; Girardclos et al., 2007). A delta collapse
can be excluded, as there is no inlet close to the coring lo-
cation and deltaic deposits cannot be observed in the seis-
mic data (Figs. 2 and 3). The steep subaquatic slopes close
to the Lini Peninsula could have promoted rockfalls, but typi-
cal rockfall structures, such as relatively fresh scarps onshore
or subaquatic basin-marginal cones cannot be observed (cf.
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Fig. 6. Classification of tephras and cryptotephras recognised in
core Co1262 from Lake Ohrid by means of the total alkali vs. silica
diagram (TAS, Le Bas et al., 1986). The raw data of tephras and
cryptotephras is given in Table 1.

Schnellmann et al., 2006; Figs. 1 and 2). The existing records
from lakes Ohrid and Prespa or paleoclimatic reconstructions
from the region do not indicate that the early 6th century AD
was characterised by significant changes in lake level and hy-
drology (e.g., Wagner et al. 2009, 2010, 2012; Lindhorst et
al., 2010; Vogel et al., 2010a; Leng et al., 2012). However,
historical documents indicate that an earthquake destroyed
the city of Lychnidus (Ohrid) in the early 6th century AD.
Potential candidates for such an earthquake are the 518 AD
earthquake, which according to some authors more affected
the city of Scupi (Skopje; Aliaj et al., 2004; Ambraseys,
2009), or the 526 or 527 AD earthquake, which concentrated
more on the Ohrid region (Ambrasyes, 2009; Reicherter et
al.,2011). Although the bioturbated structure of the sediment
core and the impossible differentiation between the AD 472
and AD 512 tephra do not allow a chronological discrimina-
tion between the two (or three) earthquakes, it is evident that
MWD1 must have occurred during the early 6th century AD
and is likely related to one of these earthquakes. An early
6th century AD age of MWD is confirmed by the patterns
of TIC and Ca on top of it, which are again similar to those
of former cores from Lake Ohrid. After low Ca between 121
and 100 cm depth, which would correspond to a period of
ca. 200 yr based on a sedimentation rate of ca. 1 mmyr~!,
the increase of Ca and TIC can be correlated with the on-
set of the MWP, which culminated at 900-1000 AD in other
cores from lakes Ohrid and Prespa (summarised in Wagner
et al., 2010 and Aufgebauer et al., 2012; Fig. 4) and between
1000 and 1200 AD in the eastern Mediterranean (Kaniewski
et al., 2011). The subsequent minimum of Ca and TIC cor-
relates with the LIA (Wagner et al., 2009, 2010; Vogel et al.,
2010a), and is confirmed by the age of macrofossil remains
at 17 cm depth (140 cal yr BP, Table 1). Recent warming led
to increasing Ca and TIC at the sediment surface.
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5 Comparison with other sites

According to the chronological tie points and the patterns of
geochemical fluctuations the Holocene sedimentation rates
at the Lini site Co1262 are varying distinctly (Fig. 4) and
are relatively high compared with other sites from the lake.
After subtracting the mass wasting deposits in core Co1262,
the Holocene sediments comprise almost 8 m, which is about
twice as much as the Holocene sediment succession in the
northeastern part of the lake (core Co1202, Fig. 1, Vogel et
al., 2010a). In the southeastern part of the lake, the thick-
ness of the Holocene sediment succession was similar (core
Lz1120, Fig. 1, Wagner et al., 2009), but this coring location
is close to an inlet. There is no significant inlet close to the
site Co1262 and Lake Ohrid is an oligotrophic lake with rela-
tively simple basin morphology. The significant variations in
sedimentation rates and the overall high sedimentation rate
suggest lake internal currents (Vogel et al., 2010c) and/or
contourite drift as observed in Lake Prespa (Wagner et al.,
2012) or other lakes (e.g., Girardclos et al., 2003; Gilli et al.,
2005). Another reason for the varying but high sedimenta-
tion is probably due to the tectonic activity along the west-
ern margin of the lake. According to seismic data, the region
around Lini Fault, which is one of the oldest faults in Lake
Ohrid Basin, located offshore of Lini Peninsula is one of the
most active areas. Half-grabens were developed within the
hanging wall of related fault structures, creating depocentres
that are filled with re-deposited material from the footwall.
Seismic activity probably also induced the Udenisht Slide in
the southwestern part of the lake (Fig. 1; Lindhorst et al.,
2012). The chronological control of this slide is poor, but ex-
trapolation of sedimentation rates of overlying sediment indi-
cates that this slide is younger than 1500 yr and also probably
associated with an early 6th century AD earthquake (Lind-
horst et al., 2012). These observations strongly suggest that
major earthquakes in Lake Ohrid triggered lacustrine slides
and are confirmed by onshore information, which indicate
that the morphology of the Ohrid basin is formed by fre-
quent earthquakes of magnitudes between M 6.0 and 7.0 (Re-
icherter et al., 2011). Hence age estimation of these mass
wasting deposits can be used as a proxy for estimating pa-
leoseismicity. For example, the thick mass wasting deposit
MWD?2, which underlies core sequence Co1262, could orig-
inate from an older, Late Pleistocene earthquake. Most ex-
isting sediment records from Lake Ohrid spanning into the
last glacial cycle have disturbed sedimentation at the Late
Pleistocene/Holocene transition (Wagner et al., 2009; Vogel
etal.,2010a), which might be related to high seismic activity.
There are a number of other slides indicated in multichannel
seismic sections Lindhorst et al. (2012), which suggest that a
long paleoseismic record will become available once a deep
drill core will be recovered from Lake Ohrid.
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6 Conclusions

The Co1262 record shows the high potential of Lake Ohrid
for paleoseismicity investigations, by combining seismic,
sedimentological, climatic, tephrostratigraphic, and histori-
cal information. The most significant mass wasting deposit
in core Co1262 is ca. 2 m thick and overlays a tephra, which
is correlated with the AD 472/512 eruption of the Somma-
Vesuvius. The exact age of the mass wasting deposit can-
not be defined, because there is a geochemical overlap of the
AD472 and the AD 512 tephra and the sediments of Lake
Ohrid are not annually laminated. However, the lack of ap-
parent erosional discordance at the base of the mass wast-
ing deposit and the small distance to the AD 472/512 tephra
imply that the mass wasting deposit occurred in the early
6th century AD. This age is confirmed by the sediments,
which overlay the mass wasting deposit and show charac-
teristic variations related to the Medieval Warm Period and
the Little Ice Age. Several potential triggers for this mass
wasting event, such as delta collapses, rockfalls, or lake level
changes can be excluded or are unlikely. More likely is a
correlation with a historical earthquake, which destroyed the
city of Lychnidus (Ohrid) in the early 6th century AD. Ac-
cording to historical documents, this earthquake could have
occurred at 518 AD, 526 AD, or 527 AD. Within the frame-
work of such uncertainties, core Co1262 is a very nice ex-
ample of Holocene paleoseismicity studies. More data from
other locations of the lake and similar examples from older
periods will be needed to shed more light on the earthquake
history of the lake.
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In order to study modern and past sedimentary processes in lakes, sedimentologists can choose between
several archives, such as outcrops, geomorphological features, sediment cores, or hydro-acoustic data
(Cohen, 2003). Not all archives are suitable to resolve specific sedimentary problems or they are not
available in every study area (cf. Cohen, 2003). The strengths, weaknesses and limits of data obtained
from bedrock samples from the catchment, inlet streams, sediment cores, and hydro-acoustic surveys in

the investigated study areas will be discussed below.

8.1 Surface sediment and catchment samples

To obtain information about the modern sediment composition of a lake, multiple spatially distributed
short sediment cores (<2 cm sample thickness) can be analyzed for their sedimentary properties, such as
conducted at Lake El’gygytgyn (cf. chapter 2) and Lake Ohrid (Vogel et al., 2010a). Studies on surface
sediments can yield crucial insights into lake-internal processes, such as current systems, nutrient and
sediment distribution, productivity, and post-depositional re-organization of chemical compounds (cf.
chapter 2, Vogel et al., 2010a). Inlet stream or bedrock samples from the catchment can be included into
the analyses which can improve the knowledge about external influences, such as sediment, nutrient or
OM supply by rivers or creeks, but also about probable source rock effects or weathering conditions
in the catchment (cf. chapter 2). For example at Lake El’gygytgyn, the distribution of mafic rock
related elements (Cr, Cu, Zn, V, Ni, Co) could be linked to basaltic rocks in southeastern parts of the
catchment (cf. chapter 2). Moreover, the high correlation of acid related elements (Ba, Sr, AlO3, Na,O,
Cay0, K,0) to coarse grain-size fractions and feldspars imply cryogenic weathering in the catchment
(cf. chapter 2).

Benefit of investigations on modern processes in a lake area is that the interpretation can be substantiated
by simple observations. For example at Lake EI’gygytgyn, the occurrence of a suspension cloud of
silt-sized and clayey material focusing to the lake center was observed during field work in 2003
and explains a tongue of coarse-grained material in the surface sediments (cf. chapter 2). Moreover,
observations from other, comparable lakes can also help to improve the understanding of sedimentary
processes. For example a pronounced peak at around 100 um in the grain-size distribution of Lake
El’gygytgyn is probably linked to ice floe transportation and sediment supply onto the ice cover by rivers
or creeks. Such a process was initially observed at Lake Baikal (Vologina et al., 2005) and subsequently
confirmed for Lake El’gygytgyn for modern and past conditions (cf. chapters 2,3). Similarly, filtering
of allochthonous clastic material and nutrients by extensive reed beds was observed in Lake Dojran
(cf. chapter 6) and Lake Baiyangdian in North China (Wang et al., 2002).

Modern observations are commonly limited to some decades and also surface sediment samples only
cover the last centuries. At Lake El’gygytgyn, 2 cm thick surface samples roughly represent the past
150 years (cf. chapter 2). Although sediment cores enable a cost-effective and rapid recovery of a

continuous sediment sequence (Cohen, 2003), the recovery and analyses of multiple, spatially distributed
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long sediment cores are often expensive and time consuming. However, individual sediment cores lack
a perspective on spatial variability of sedimentary processes in a lake system (Cohen, 2003). This might
result in misinterpretations, e.g. variations in sediment composition or grain-size distribution could be
interpreted in terms of temporal variations in the paleoenvironmental or -climatologic settings at the lake,

even though they are rather triggered by spatial variations.

8.2 Hydro-acoustic data

Hydro-acoustic surveys are a rapid and cost-effective approach to obtain spatial data about the sedi-
mentation in lake systems. Information about the sediment architecture in a lake basin can help to
detect undisturbed, horizontally bedded deposits in lacustrine sediment sequences, which are potential
coring locations (cf. chapter 6, Niessen et al., 2007; Lindhorst et al., 2009; Aufgebauer et al., 2012).
Furthermore, hydro-acoustic data can be used to differentiate between pelagic and event deposition.
For example, the hydro-acoustic data from Lake Ohrid yield a high number of MWDs in the sediment
successions (Lindhorst et al., 2012). Various MWDs are also reported on seismic data from El’gygytgyn
(cf. chapter 5, Niessen et al., 2007). MWDs can be identified in hydro-acoustic data by hummocky
reflectors indicating erosion processes (Lindhorst et al., 2010) or transparent or chaotic seismic areas (cf.
chapters 5, 7). Transparent and chaotic areas in the hydro-acoustic data also mark three MWDs close to
the Lini Peninsula in Lake Ohrid (cf. chapter 7). The upper about 2 m thick MWD was also observed in
core Co1262 and a preliminary age model based on volcanostratigraphic tie points, radiocarbon dating
and wiggle matching implied that the MWD was deposited in the 6 century (cf. chapter 7). However,
the vertical resolution of hydro-acoustic data is limited, e.g. to 1 m for Mini GI gun seismic and to 2 to
6 cm for high-resolution Inomar SES-2000 sub-bottom profiling equipment (cf. chapter 7, Wunderlich
and Miiller, 2003). Thus, very thin MWDs might not be displayed deeper in parts of the seismic profiles,
where only Mini GI gun data is available. For example, less than 4 cm thick MWDs in the sediment
sequence of core Co1262 (Lake Ohrid, cf. chapter 7) or various thin MWDs in the sediment sequence of
Lake EI’gygytgyn (Sauerbrey et al., 2013) are not displayed in the hydro-acoustic data (cf. chapter 5, 7).

Hydro-acoustic data is also frequently used to detect sediment structures that indicate lake-level fluctu-
ations, such as clino-forms, down stepping wedges, as well as onlap, offlap and downlap structures
(Hunt and Tucker, 1992; Abbott et al., 2000; Lindhorst et al., 2010; Wagner et al., 2012). Similar
to the 2 m thick MWD close to the Lini Peninsula in Lake Ohrid, sediment structures indicating lake-
level fluctuations in hydro-acoustic data can be linked to sediment data from cores. For example, in
the sediment sequence of Lake Dojran, a hydro-acoustic reflector in 4.46 m sediment depth covers a
lacustrine terrace in northern parts of the lake (cf. chapter 6). This indicates a higher lake-level and
a rearrangement of the bathymetry with an enlarged lake surface area and wind fetch. Moreover, the
reflector corresponds to a pronounced peak in the total sulfur (TS) content at 470 cm sediment depth
(10000 cal yr BP), which implies a distinct change in the redox conditions in the surface sediments and
improved mixing conditions afterwards, likely triggered by the higher lake level and increased lake
surface area (cf. chapter 6). Hence, hydro-acoustic data can be used to substantiate the interpretation of

data obtained from a sediment core.

115



8. Discussion - Understanding sedimentary processes

8.3 Sediment cores

Although, hydro-acoustic reflectors can be interpreted as probable changes in the lithology (Cohen,
2003), only sediment cores provide detailed insights into the composition of lacustrine deposits. Initial
analyses of a sediment core commonly include a visual description, which can provide an important
overview about the deposits and the sedimentary processes in the lake. Basic lithology data, such as
sediment structure, texture, grain-size, and color can be used to determine sedimentary units, including
MWDs (cf. chapter 7, and e.g. Sauerbrey et al., 2013), tephra layers (cf. chapter 7, and e.g. Damaschke
et al., 2013), and pelagic sediments (cf. chapters 6, 7, and e.g. Melles et al., 2012). MWDs can be
recognized by various sedimentary features, such as sorting, rounding, grading structures, or faulting
(cf. chapter 7, Sauerbrey et al., 2013).

Volcanoclastic deposits can be identified by conspicuousness in grain-size compositions, color, and in
the occurrence of glass shards (cf. chapter 7, Vogel et al., 2010c; Damaschke et al., 2013). However, ash
deposits are frequently preserved as cryptotephra layers, which are difficult to detect as the ash particles

are finely dispersed in the sediment (cf. chapter 7).

Sedimentary units representing normal pelagic sedimentation at lakes El’gygytgyn, Dojran and Ohrid
may contain varying amounts of clastic material, endogenic calcite, OM and biogenic remains, such as
diatoms, ostracodes or mollusks (cf. chapter 6, Melles et al., 2007; Wagner et al., 2009). Lithologic data
from such horizons can give first insights into lake-internal environmental settings during the deposition.
For example, laminated and bioturbated sedimentary units in the deposits of lakes El’ gygytgyn (Melles
et al., 2012), Ohrid (Wagner et al., 2009; Vogel et al., 2010b), and Dojran (cf. chapter 6) could be linked
to different mixing conditions of the water column. Less intensive mixing, a stratified water column and
low oxygen availability at the sediment/water interface are associated with laminated sequences, whereas

intensive bioturbation implies improved mixing and sufficient oxygen supply to the bottom water.

Grain size and grain texture

Naked-eye grain-size and texture estimations can provide first information on the transport energy and
transportation mechanism during the deposition. Coarse-grained deposits might indicate a low lake level
with high transport energies, intensive wave activity, strong inflow, or strong lake-internal currents as
observed at lakes Dojran (cf. chapter 6), EI’gygytgyn (cf. chapter 2), or Prespa (Aufgebauer et al., 2012),
or even fluvial influences. Moreover, the angularity of single grains and the sorting of the sediment can
give crucial insights into the transport mechanism of clastic material. For example in the lowermost
sequence of core Col1260 from Lake Dojran, poorly sorted material mainly consists of clay clasts and
coarse silt with the sporadic occurrence of drop stones (cf. chapter 6). Firstly, this might indicate
redeposition and a low lake level as the clay clasts were likely formed of old lacustrine sediments under
subaerial conditions. Secondly, variable transport energies and/or additional transportation mechanism
might be indicated by the overall poor sorting of the material. Ice floe transportation is implied by the
occurrence of gravel- to pebble-sized drop stones. Thereby, the angular appearance of the drop stones at

Lake Dojran might be related to a short transport distance in the catchment. Additional transportation
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mechanism also includes eolian sediment supply directly into the lake or onto an ice cover which,
however, could not be verified for sediments from Lake Dojran (cf. chapter 6). At Lake EI’gygytgyn,
sporadically occurring clay clasts are explained by eolian clastic sediment supply onto the ice cover,
wherefrom the material moves through the ice along vertical conduits and might be compacted to 1 to
2 mm clasts (cf. chapter 3, and Melles et al., 2007).

More detailed information about the grain-size distribution can be obtained by granumoleric analyses
with a laser particle analyzer. For example, the Saturn DigiSizer5200 which was used in these studies
detects particles with diameters between 0.1 and 1000 um. However, grain-diameters coarser than
600 um might produce considerable errors during the measurement (cf. chapter 3), and air bubbles in a
range of 100 to 500 um within the transport liquid (demineralized and degassed water) may be identified
as grains (cf. chapters 2, 3, and Loizeau et al., 1994). Since the Saturn DigiSizer5200 calculates the
grain-size statistics from the average of three runs, errors caused by air bubbles can be identified by
high standard deviations. Within the range 0.1 and 1000 um, the Saturn DigiSizer5200 calculates 160
grain-size classes. This high resolution enables the reconstruction of multiple transport energies during
the deposition, such as indicated by the polymodal grain-size patterns of interglacial samples from Lake
El’gygytgyn (cf. chapters 2, 3).

In order to reconstruct transport energies and processes by using grain-size data, autochthonous
matter, i.e. organic components, biogenic silica (SiO;), endogenic calcite (CaCOs3), or vivianite
(Fes(PO4)> 8 H,0), have to be removed from the sample. For this purpose, multi-step pre-treatment
procedures should be applied (cf. chapter 3). During the grain-size analyses for samples from ICDP
site 5011-1 (Lake EI’gygytgyn), the pre-treatment step to remove biogenic silica failed for a batch of 60
samples. The according samples yield significantly higher silt and lower clay contents (cf. Fig. 8.1),
likely associated with the presence of diatoms with a diameter of around 20 um which had been observed
in the sediments of Lake El’gygytgyn (cf. Cremer and Wagner, 2003). Thus, each pre-treatment step
should be evaluated by e.g. elemental analyses, Fourier-Transformed Infrared Sspectroscopy (FTIRS),
X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), or optical microscopy (cf. chapter 3),

at least on representative samples in order to avoid systematical errors.
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Figure 8.1: Blue: Silt and clay contents of ICDP core 5011-1 from Lake El’gygytgyn during the Quaternary. Red: Silt and
clay content of the same sequence including the samples where for one sample batch the pre-treatment step to remove biogenic
silica from the sediment failed (blue shaded area). The according samples yield noticeable higher silt and lower clay contents,
which can be explained by a high abundance of diatoms in the samples

Inorganic geochemistry

Information about sediment properties can also be derived from inorganic geochemistry data. Inorganic
geochemistry data can be obtained from powdered, discrete samples by ICP-OES or conventional XRF
analyses (cf. chapter 2). Moreover, it can be obtained by XRF-scanning on split core halves (cf. chapters
6, 7). XRF- scanning is a rapid, non-destructive method to obtain high-resolution, semi-quantitative
data about the elemental composition of a sediment succession (Jansen et al., 1998; Croudace et al.,
2006; Rothwell et al., 2006). Inaccuracies in comparison to conventional XRF analyses are related to
grain-size effects, variations in mineralogy, water content, porosity, and by the air path between the core
and the X-ray detector (Jansen et al., 1998; Croudace et al., 2006). Using a combination of Cr and Mo
X-ray tubes, elements with atomic numbers higher than 13 (Al) can be detected (Croudace et al., 2006).
XRF data can be used to identify horizons with a special chemical composition such as tephra layers,
cryptotephra layers, or MWDs (cf. chapter 7). For example, pronounced peaks in K, Sr, and Zr counts in
the sediment sequence of Lake Ohrid correspond with the deposition of cryptotephra layers (cf. chapter
7 and Vogel et al., 2010c), as the chemical composition of the ash particles differs from the composition
of the pelagic sediments. MWDs can also be identified by suspiciousness in clastic related elements (Al,
K, Ti, Fe) in the XRF data (cf. chapters 6, 7, and Cohen, 2003). For example, in the sediment sequence
Co1262 of Lake Ohrid the 2 m thick, homogenous MWD is characterized by stable K counts. In

contrast, turbidites that are characterized by fining upward trends in the particle diameter (e.g. Bouma,
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1962; Sauerbrey et al., 2013) can be identified in XRF data by decreasing or increasing trends due to
grain-size effects. Grain-size effects on elemental compositions of lake sediments have been reported
for example for Lake El’gygytgyn, where redundancy analyses (RDA) yield a high correlation of coarse
silt to fine sand and K,O, CaO, Sr, Ba, Na,O, and Al,O3, and of medium silt to coarse silt to TiO,,
Fe,03, Ni, and Co (cf. chapter 2).

In addition to the identification of event deposits, XRF scanning data can also yield high-resolution in-
formation about pelagic sediments and environmental conditions. Variations in the amount of clastic
material as derived from Al, K, Ti or Fe counts can be explained by variations in erosional processes
in the catchment area (cf. chapter 6) and/or by changes of the detrital input by rivers (Vogel et al.,
2010b; Wennrich et al., 2013). Furthermore, Zr is widely used as an indicator for eolian input as it is
regarded to originate from zirconium, a mineral relatively resistant against chemical and physical weath-
ering (Miiller et al., 2001). However, mutual dilution processes caused by variations of biogenic silica,
endogenic calcite or OM contents can affect elemental concentrations as indicator for clastic sedimenta-
tion. For example at Lake Dojran, high K counts correspond to negligible contents of endogenic calcite
and decreasing amounts of OM after 2 800 cal yr BP (cf. chapter 6). This might suggest that dilution
processes could explain the high K counts. Independent data, such as d13Cc,p can help to untangle such
dilution processes. Increased clastic supply could be triggered by intensive erosion in the catchment,
which might be at Lake Dojran reflected by low §13C.ab values due to enhanced supply of soil-derived
CO;, to the lake after 2 800 cal yr BP (cf. chapter 6).

Biogeochemical data

Chemical data from XRF scanning can also yield information about biological processes in a lake
system. For example, productivity by diatoms can be derived from the Si/Ti ratio. The Si/Ti ratio
represents the amount of biogenic silica in the sediments if grain-size effects can be excluded (cf.
chapter 3, Melles et al., 2012; Wennrich et al., 2013). Whereas Ti is restricted to detrital sources, Si can
be incorporated in biogenic silica and mineralogical components (cf. Melles et al., 2012; Wennrich et
al., 2013). However, Si/Ti ratios can indicate incorrect BSi contents as high water contents reduce the
count rates of XRF data, in particular for light elements such as Al and Si (cf. Tjallingii et al., 2007;
Sprenk et al., 2013).

Information about primary productivity and the trophic status of a lake can also be derived from Ca
as a component of authigenic-precipitated calcite. At lakes Ohrid and Dojran, the calcite content in
the sediment is attributed to photosynthesis-induced inorganic precipitation (cf. chapters 6, 7, and
Vogel et al., 2010b and references therein). Additional contributions to the calcite content are due to
biogenic sources such as shell fragments or ostracod valves (cf. chapter 6, and Vogel et al., 2010b),
and diagenetic siderite (Cohen, 2003; Aufgebauer et al., 2012). Ca can also be incorporated in detrital
material (Cohen, 2003), possibly leading to misinterpretations of Ca profiles. A comparison of Ca
records and total inorganic carbon (TIC) data, which is commonly available only in lower resolution,
can yield the influence of detrital Ca. For example at Lake Ohrid, detrital supply has only negligible
impact on Ca counts (cf. chapter 7, Fig. 4).
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More detailed information about biological and chemical processes in a lake can be derived from
biogeochemical data such as total organic carbon (TOC), the total nitrogen (TN), as well as from the
total sulfur (TS) content. The TOC content is widely used as an indicator for amount of finely dispersed
OM in the sediment (cf. chapters 6, 7, and Cohen, 2003), whereby OM in lake sediments only reflects
a proportion of the biomass that sank to the lake floor as parts are degraded after burial (Cohen, 2003).
At Lake Dojran, the TOC was determined on bulk dry sediment as well as on bulk dry samples that
were pre-treated to remove CaCOjs (cf. chapter 6). It turns out that the two methods yield partly
different results and that both records should be interpreted cautiously. For example, the minimum in
CaCOs-adjusted TOC content during the 8.2-cooling event is not evident in the TOC data measured on
the bulk samples. The minimum in CaCOsz-adjusted TOC content also corresponds to a minimum in the
CaCOs content, which implies a relative enrichment of OM in the bulk sample. The CaCOs3-adjusted
TOC content can also be calculated from TIC and TOC data, or water content variations should be taken
into account as they are frequently related to the amount of OM in the sediment (e.g. chapter 6, 7, and
Wagner et al., 2009).

The organic material can be of allochthonous and autochthonous origin (Cohen, 2003). At Lake
Dojran for example, the deposition of OM is mainly triggered by lake-internal productivity, and external
processes such as the formation of denser vegetation in the catchment area or enhanced erosion processes
(cf. chapter 6). The relative proportion of allochthonous and autochthonous OM in the sediment can be
estimated by TOC/TN ratios. Aquatic vegetation commonly exhibits low ratios between 4 and 10, and
terrestrial plant material is characterized by values >20 (summarized by Leng et al., 2005). Lacustrine
deposits with TOC/TN ratios between 10 and 20 suggest a mixture of both aquatic and terrestrial
OM (Leng et al., 2005). However, the TOC/TN ratio can be altered by early diagenetic processes
with a selective degradation of N in algae-derived OM (Meyers and Lallier-Verges, 1999; Cohen,
2003). The interpretation of TOC/TN ratios can be even more complex as anaerobic utilization of OM
produces CO,, CHy, and NH4* (Meyers and Lallier-Verges, 1999). Whereas CO, and CH4 escape from
the sediment, NH,* can be absorbed by clay minerals, resulting in TOC/TN ratios <6 (Meyers and
Ishiwatari, 1995). In order to avoid misinterpretation of TOC/TN records, other indicators for the origin
of OM input such as isotope data from OM should be considered. At Lake Dojran, variations in § 13COrg
only partly agree with the §13Ccab record which imply that total dissolved carbon cannot be the only
carbon pool for organic material in the sediments (cf. chapter 6). Moreover, variations in the § 13COrg
correspond to the TOC/TN ratio (cf. chapter 6). This might indicate that decomposition processes have
only a minor impact on the TOC/TN ratio, and that variations in the isotopic composition of OM in the

sediment are mainly triggered by changes in the allochthonous OM supply (cf. chapter 6).

The biogeochemical composition of lake sediments can also yield information about mixing conditions
during the past. At Lake Dorjan, the TOC/TS ratio was used as an indicator for the oxygen supply to
the bottom water and surface sediments (cf. chapter 6). Low TOC/TS ratios imply reducing condi-
tions caused by depleted-oxygen availability in the bottom water and surface sediments (cf. chapter 6).
Under anoxic conditions, sulfur supplied to a lake in form of inorganic sulfates and organic S-bearing

compounds can be converted to H,S by sulfur-reducing bacteria (Cohen, 2003). Subsequently, the hy-
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drogen sulfides may react with iron to Fe-disulfides, or they form chemical compounds with OM (Cohen,
2003). At Lake Dojran, oxygen availability in the bottom waters and surface sediments as reflected by
TOC/TS mainly depend on the thermal stratification of the water column during summertime, as mixing

is supposed to occur during winter (cf. chapter 6).

8.4 Chronostratigraphy

In order to interpret past sedimentary processes in the context of paleoenvironmental or -climatological
variability, a robust chronology for the analyzed sediment sequence has to be established. Age points
in younger sediment sequences are mostly derived from radiocarbon dating methods as this method is
somehow limited to ages <50 000 cal yr BP (e.g. Cohen, 2003, Reimer et al., 2013). For example at Lake
Dojran, an age model for core Col1260 was calculated by using radiocarbon ages and cross correlation
points to other lacustrine sediment sequences in the region (cf. chapter 6). It is crucial for age modeling
of a sediment sequence to carefully consider whether the dated age is really correct. Errors may occur
due to re-deposition of the dated material by post-sedimentary processes or during core opening, by
contamination, by laboratory errors, or by systematic errors in the dating technique such as reservoir
effects on radiocarbon ages (cf. chapter 6 and Cohen, 2003). Between each dating point, the age can be
calculated by using a linear interpolation, a linear regression, a polynomial regression of higher degree, a
cubic spline or a smooth spline function (e.g. Cohen, 2003; Blaauw, 2010). Thereby, the decision which
interpolation method describes best the age of a sediment sequence should be based on the available
dating points, their quality, and, in particular, on stratigraphic information such as MWDs or hiatuses,
too. For example at Lake Dojran, a polynomial function of degree three describes best the variations in
the sedimentation rate between the reliable age points (cf. chapter 6). A linear interpolation between the
dating points could have also been conducted. However, this implies that changes in the sedimentation
rate would occur at the specific depths of the age points which were not confirmed by stratigraphic

information.

In core Co1262 from Lake Ohrid (chapter 7), the distribution of the age points is more complex and a
smooth spline function can be applied to the data (cf. Fig. 8.2). Similar to core Co1260, stratigraphic
information about the sediment sequence of core Col262 are crucial for the establishment of the age
model as MWDs were excluded prior to the age calculations (cf. Fig. 8.2). As the studies on core
Co1262 focus on the deposition of the upper 2 m thick MWD no age model was presented in chapter 7
since the age of the MWD could be well defined by the occurrence of the cryptotephralayer AD 512/472
below the MWD.

Cross correlation to other records from the lake itself and the Balkan Region was conducted for core
Co1260 from Lake Dojran (cf. chapter 6), and for core Co1262 from Lake Ohrid, too (Fig. 8-3, for
discussion of the correlation points see chapter 7). Cross correlation can improve the quality of an age
model, in particular during short-term climatic events such as the 8.2 cooling event when enhanced clastic
sedimentation and/or reduced precipitation of endogenic calcite may significantly alter the sedimentation
rate (cf. Fig. 8-3). However, cross correlation hampers the interpretation about timing and duration of

climatic events.
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Figure 8.2: Age-depth model for Core 1262 from Lake Ohrid. Discussion of age points see chapter 7. Note that reservoir
effects of up to 1500 years were observed in surface sediments of Lake Ohrid (Wagner et al., 2008b) which imply that the
radiocarbon age of the fishbone at 754 cm is likely too old. Purple: radiocarbon ages with most probable distribution of the
ages (2 o confidence level). Light green: tephra and cryptotephralayer including errors from the literature (cf. chapter 7).
Dark green: cross correlation points to existing cores from the Balkan Region including other cores from Lake Ohrid. Grey
bars: Observed MWDs in the sediment sequence that were not included into the age-depth modeling. The calibration of the
radiocarbon ages bases on the IntCal 13.14C calibration curve (Reimer et al., 2013) and the age modeling with a smooth spline
function (smoothing: 0.1) was conducted with the software Clam v.2.2. (Blaauw, 2010).

For the age model of core 5011-1 from Lake El’gygytgyn, major paleomagnetic reversals of the earth’s
magnetic field were used as chronological tie points (cf. chapter 4). Subsequently, stratigraphic para-
meters were synchronously tuned to Northern Hemisphere insolation variations and to the marine global
benthic isotope stack LR04 (Lisiecki and Raymo, 2005). In chapter 3, a time series analysis was applied
on grain-size data from core 5011-1 that were also used for tuning of the age model. Hence, the bulk
spectrum of the grain-size data yields dominate oscillations on Milankovitch’s eccentricity, obliquity and
precession band (cf. chapter 3). In order to avoid this circular argument and to confirm Milankovitch’s
oscillation in the respective data, time series analyses could be performed on grain-size data versus
composite depth. The resulting oscillation in meter could be recalculated into years by using the sedi-
mentation rate derived from the tuned age model. However, conclusions about the relative dominance of
the oscillations in the grain-size data during the Quaternary as shown by the evolutionary power spectrum

were not affected by the circularity (cf. chapter 3).
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8.5 Multivariate statistic methods

In chapters 2 and 3, the multivariate statistical methods Principal Component Analyses (PCA) and
Redundancy Analyses (RDA) were applied to grain-size, geochemistry and mineralogical data in
order to detect trends and dependencies in the data. PCA applied to geochemistry data from surface
sediments from Lake El’gygytgyn yield three dominant clusters of elements (cf. chapter 2). The spatial
distribution of these element clusters in the surface sediments, the inlet streams and the source rocks
in the catchment yield crucial information about source rock effects, sediment supply and sediment
redistribution in modern Lake EI’gygytgyn. Subsequently, grain-size data were included and a RDA was
carried out in order to detect grain-size effects on the elemental data which yield crucial information for

the interpretation of downcore geochemical data (Wennrich et al., 2013).

In chapter 3, a PCA was applied to the volume frequency of each grain diameter measured by the laser
particle analyzer in order to detect grain-size fractions that dominate the variations of the granumoleric
data. Factor loadings of PC1 results yield the most important grain diameter (fractions) contributing to
the grain-size distribution (cf. chapter 3, Fig. 4). Since variations in the grain-size data are primary
attributed to environmental and climate variability in the catchment area, sample scores of PC1 were
interpreted as climate dependent changes in the environmental settings at Lake EI’ gygytgyn (cf. chapter
3). High negative PC1 scores are associated to coarser sediments that were deposited during interglacial
conditions. In contrast, high positive PC1 scores are linked to fine-grained deposits and to glacial climate
conditions. Silt (medium silt) shows the weakest correlation to PC1 but high factor loading on PC2.
Furthermore, silt does not show glacial-interglacial variability during the Quaternary (cf. chapter 3, Fig.
2,4). The strong correlation between PC2 and silt is likely not to be explained by geologic processes
but rather by the horseshoe- (Kendall, 1971) or arch-effect (Gauch et al., 1977) which complicates the
interpretation of PCA (chapter 2, Fig. 4). The artifact occurs if the analyzed data set is influenced by just
one long gradient only (Swan, 1970; Gauch et al., 1977). Thereby, each variable (inhere: grain diameter)
is successively replaced by the next one, resulting in an unimodal response to the gradient. However, if
the data is affected by one gradient only, the variables should plot close to PC1 and do not show high
correlations to further principal components (Gauch et al., 1977). According to Hill (1973), the arch is
a result of the quadratic dependency of the second ordination axis on the first axis. Moreover, the PCA
is a linear method by definition (Pearson, 1901; Hotelling, 1933) and variables with a large number of
zero-values are interpreted to be similar. Thus, they yield low factor loadings on both PC1 and PC2
(Swan, 1970), such as also observed for very coarse and very fine grain diameters in Fig. 4 (chapter
3). These aspects result in two problems for the interpretation of the PCA. Firstly, a second gradient,
reflected by PC2, is specified by the PCA although it is not present in the raw data. Secondly, the scaling
of PC1 is disordered as the distance of samples and variables is not constant along this first component
(Hill and Gauch, 1980). Hence, PCA analyses can be a useful tool to detect grain-size fractions that
predominately alter the granumoleric distribution of the sediments, however, it requires a significant
mathematic effort and the results should be validated by a comparison with the raw grain-size data. For
example in chapter 3, this is confirmed by the strong correlation between mean grain-size and PC1 factor
loadings (R? = 0.93).
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9 Summary and Conclusion

Sedimentary processes in lakes El’gygytgyn (Far East Russian Artic), Dojran (Macedonia, Greece),
and Ohrid (Macedonia, Albania) have been analyzed by using geophysical, sedimentary and statistical
methods. The target of the individual studies presented in chapters 2 to 7 was to use the information
about sedimentary processes for paleoenvironmental and paleoclimatological reconstructions. Conclu-
sions from the obtained data drawn for the paleoenvironmental evolution of the lakes are presented in
the individual chapters (chapters 2 to 7). In chapter 8, an evaluation of the used data sets and scientific

approaches was conducted in order to discuss their potentials and limits.

Spatially distributed surface samples from lake sediments combined with samples from inlet streams
and source rocks can provide crucial insights into modern deposition processes in a lake system.
Information about allochthonous and autochthonous sediment supply as well as about redistribution
processes in the lake improves the understanding of internal and external environmental factors that alter
the sediment composition. This connection between these internal and external environmental settings
and sedimentary processes is the key for paleoenvironmental and -climatological reconstruction. A

profound understanding of modern conditions can improve the understanding of the history of a lake.

Hydro-acoustic surveys are a cost effective and rapid method and can yield crucial information about
the sediment architecture. The obtained data can be very useful to detect horizontally bedded and
undisturbed sediment sequences as potential coring locations. Moreover, hydro-acoustic data provides
insights into the spatial distribution and morphostructure of the analyzed deposits indicating for
example lake-level fluctuations, rearrangements of the bathymetry, erosional processes, or Mass Wasting
Deposits (MWDs). However, hydro-acoustic data usually lacks an independent chronology and the

vertical resolution is limited.

In order to obtain detailed information about the development and history of a lake, a sediment core
should be analyzed. Basic sedimentary properties, such as grain-size as indicator for the transport
energy, or the color and water content which are frequently linked to variations in the organic matter
content, can already provide a first overview about the sedimentary processes and environmental settings
during the deposition. More detailed information about clastic, organic and nutrient sediment supply
as well as about in-lake productivity can be derived from inorganic and organic geochemistry data.
However, particularly inorganic geochemistry data derived from XRF-scanning is frequently affected by

mutual dilution which complicates a paleoenvironmental or paleoclimatological interpretation.

A robust chronology can be established by using tephrostratigraphic information, radiocarbon dating
for younger sediments, and for example paleomagnetic tie points for older deposits. Age models can be
improved by cross correlation or wiggle matching. However, this can hamper a subsequent interpretation
about the duration or oscillations of climatic events. Age-depth model calculations shall be conducted
considering probable systematic or laboratory errors in the dating method and stratigraphic information,

such as hiatuses, MWDs, or changes in the sedimentation rate.
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9. Summary and Conclusion

Statistic methods, such as Time-Series Analyses, Principal Component Analyses (PCA) or Redundancy
Analyses (RDA) can be a helpful tool to detect patterns and trends in large data sets. However, results
of such mathematical approaches should be evaluated by a comparison with the raw data. It was
demonstrated that statistic calculations can provide results or mathematic artifacts that are not present in
the original data. For example, PCA analyses on grain-size data imply the dependency of the data on
a second gradient that is not present in the data. Moreover, the mathematic approach itself can hamper
the interpretation of the results, for example as shown for core 5011-1 from Lake EI’gygytgyn, where a
tuned age model was used for Time Series Analysis.

In summary, various data sets and scientific or mathematical approaches can be used to study sedimentary
processes in lakes as a basis for subsequent paleoenvironmental and paleoclimatological interpretations.
It has been demonstrated that each data set and mathematic approach has its own limits and potentials.
Thus, in dependency on the scientific question and capabilities, a selection of the proposed methods

should be conducted.
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