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Abstract

Understanding the role of natural climate variability under the pressure of human-
induced changes of climate and landscapes, is crucial to improve future projections
and adaption strategies. This doctoral thesis aims to reconstruct Holocene climate and
environmental changes in NE Germany based on annually laminated lake sediments.
The work contributes to the ICLEA project (Integrated CLimate and Landscape Evolu-
tion Analyses). ICLEA intends to compare multiple high-resolution proxy records with
independent chronologies from the N central European lowlands, in order to disen-
tangle the impact of climate change and human land use on landscape development
during the Lateglacial and Holocene. In this respect, two study sites in NE Germany
are investigated in this doctoral project, Lake Tiefer See and palaeolake Wukenfurche.
While both sediment records are studied with a combination of high-resolution sedi-
ment microfacies and geochemical analyses (e.g. u-XRE carbon geochemistry and sta-
ble isotopes), detailed proxy understanding mainly focused on the continuous 7.7 m
long sediment core from Lake Tiefer See covering the last ~6000 years. Three main
objectives are pursued at Lake Tiefer See: (1) to perform a reliable and independent
chronology, (2) to establish microfacies and geochemical proxies as indicators for cli-
mate and environmental changes, and (3) to trace the effects of climate variability and
human activity on sediment deposition.

Addressing the first aim, a reliable chronology of Lake Tiefer See is compiled by
using a multiple-dating concept. Varve counting and tephra findings form the chrono-
logical framework for the last ~6000 years. The good agreement with independent ra-
diocarbon dates of terrestrial plant remains verifies the robustness of the age model.
The resulting reliable and independent chronology of Lake Tiefer See and, additionally,
the identification of nine tephras provide a valuable base for detailed comparison and
synchronization of the Lake Tiefer See data set with other climate records.

The sediment profile of Lake Tiefer See exhibits striking alternations between well-
varved and non-varved sediment intervals. The combination of microfacies, geochem-
ical and microfossil (i.e. Cladocera and diatom) analyses indicates that these changes
of varve preservation are caused by variations of lake circulation in Lake Tiefer See.
An exception is the well-varved sediment deposited since AD 1924, which is mainly
influenced by human-induced lake eutrophication. Well-varved intervals before the
20th century are considered to reflect phases of reduced lake circulation and, conse-
quently, stronger anoxic conditions. Instead, non-varved intervals indicate increased
lake circulation in Lake Tiefer See, leading to more oxygenated conditions at the lake

ground. Furthermore, lake circulation is not only influencing sediment deposition, but
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also geochemical processes in the lake. As, for example, the proxy meaning of §'3Com
varies in time in response to changes of the oxygen regime in the lake hypolinion.
During reduced lake circulation and stronger anoxic conditions §'*Coy; is influenced
by microbial carbon cycling. In contrast, organic matter degradation controls §'3Coy
during phases of intensified lake circulation and more oxygenated conditions.

The varve preservation indicates an increasing trend of lake circulation at Lake
Tiefer See after ~4000 cal a BP. This trend is superimposed by decadal to centennial
scale variability of lake circulation intensity. Comparison to other records in Central
Europe suggests that the long-term trend is probably related to gradual changes in
Northern Hemisphere orbital forcing, which induced colder and windier conditions in
Central Europe and, therefore, reinforced lake circulation. Decadal to centennial scale
periods of increased lake circulation coincide with settlement phases at Lake Tiefer
See, as inferred from pollen data of the same sediment record. Deforestation reduced
the wind shelter of the lake, which probably increased the sensitivity of lake circula-
tion to wind stress. However, results of this thesis also suggest that several of these
phases of increased lake circulation are additionally reinforced by climate changes. A
first indication is provided by the comparison to the Baltic Sea record, which shows
striking correspondence between major non-varved intervals at Lake Tiefer See and
bioturbated sediments in the Baltic Sea. Furthermore, a preliminary comparison to the
ICLEA study site Lake Czechowskie (N central Poland) shows a coincidence of at least
three phases of increased lake circulation in both lakes, which concur with periods of
known climate changes (2.8 ka event, 'Migration Period’ and ’Little Ice Age’). These re-
sults suggest an additional over-regional climate forcing also on short term increased
of lake circulation in Lake Tiefer See.

In summary, the results of this thesis suggest that lake circulation at Lake Tiefer
See is driven by a combination of long-term and short-term climate changes as well as
of anthropogenic deforestation phases. Furthermore, the lake circulation drives geo-
chemical cycles in the lake affecting the meaning of proxy data. Therefore, the work
presented here expands the knowledge of climate and environmental variability in NE
Germany. Furthermore, the integration of the Lake Tiefer See multi-proxy record in a
regional comparison with another ICLEA side, Lake Czechowskie, enabled to better de-
cipher climate changes and human impact on the lake system. These first results sug-
gest a huge potential for further detailed regional comparisons to better understand

palaeoclimate dynamics in N central Europe.
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Zusammenfassung

Es ist von grofler Bedeutung die natiirliche Klimavariabilitdt unter dem Einfluss
menschlich verursachter Klimadnderungen zu verstehen, um Zukunftsprognosen und
Adaptionsstrategien zu verbessern. Die Hauptzielsetzung der vorliegenden Doktorar-
beit ist die Rekonstruktion von Klima- und Umweltverdnderungen wihrend des Ho-
lozdns in NO Deutschland anhand von jihrlich geschichteten Seesedimenten. Die-
se Arbeit ist ein Beitrag zum ICLEA Projekt (integrierte Klima- und Landschaftsent-
wicklungsanalyse). ICLEA strebt den Vergleich von mehreren hochaufgelosten Proxy-
Archiven aus dem Nord-zentral europdischen Tiefland an, um Einfliisse von Mensch
und Klima auf die Landschaftsentwicklung auseinander zu dividieren. Demnach wer-
den in diesem Doktorprojekt zwei Gebiete untersucht: der Tiefe See und der verlan-
dete See Wukenfurche. Wiahrend beide Sedimentarchive mit einer Kombination aus
hochaufgeldsten sedimentmikrofaziellen und geochemischen Methoden untersucht
werden, konzentriert sich die detaillierte Untersuchung der Proxy-Bedeutung auf den
kontinuierlichen 7,7 m langen Sedimentkern vom Tiefer See, der die letzten 6000 Jahre
abdeckt. Drei Hauptziele werden am Tiefen See verfolgt: (1) das Erstellen einer robus-
ten und unabhédngigen Chronologie (2) das Etablieren von mikrofaziellen und geoche-
mischen Proxies als Indikatoren fiir Klima- und Landschaftsverdnderungen und (3) das
Ableiten von Klimaverdnderungen und menschlichem Einfluss auf die Sedimentabla-
gerung.

Zum Erreichen des ersten Zieles wurde eine robuste Chronologie mit Hilfe eines
multiplen Datierungsansatzes erstellt. Das Zusammenfiihren der Warvenzdhlung und
Tephra-Funden bildet dabei das Gertist fiir die Chronologie der letzten 6000 Jahre, de-
ren Stabilitit durch die gute Ubereinstimmung mit unabhingigen Radiokarbondatie-
rungen bestétigt wird. Diese robuste und unabhéngige Chronologie und die zusétzli-
chen neun Tephra-Funde bieten die Basis fiir den detaillierten Vergleich und die Syn-
chronisation des Tiefen See Datensatzes mit anderen Klimaarchiven.

Das Sedimentprofil vom Tiefen See zeigt markante Wechsel zwischen gut war-
vierten und nicht warvierten Sedimentabschnitten auf. Die kombinierte Untersu-
chung der Mikrofazies, der Geochemie und von Mikrofossilien (d.h. Cladoceren und
Diatomeen) zeigte, dass diese Verdnderungen der Warvenerhaltung auf Anderungen
der Seezirkulation zuriickzufiihren sind. Ausgenommen ist der rezente warvierte Ab-
schnitt ab AD 1924, der hauptsdchlich durch menschlich verursachte Seeeutrophie-
rung beeinflusst ist. Warvierte Abschnitte vor dem 20. Jahrhundert sind durch verrin-

gerte Seezirkulation und die damit verbundenen stidrkeren anoxischen Bedingungen



im See hervorgerufen worden. Die Ablagerung von nicht warvierten Sedimenten weist
auf stdrkere Seezirkulation und sauerstoffreichere Bedingungen am Seegrund hin.

Die Seezirkulation beeinflusst zusdtzlich zum Sedimentmuster auch geochemi-
sche Prozesse im See. Zum Beispiel verdndert sich die Proxy-Bedeutung der stabilen
Kohlenstoffisotope von organischem Material (6'3Cqy) in Reaktion auf das veridnder-
te Sauerstoffregime. Wéahrend geringer Seezirkulation und stdrkeren anoxischen Be-
dingungen werden stark negative §'3Coy Werte durch mikrobielle Aktivitit hervor-
gerufen. Im Gegensatz verursachen Phasen mit verstirkter Seezirkulation positivere
513Com Werte, was vermutlich auf stiarkeren Abbau von organischem Material im sau-
erstoffangereicherten Milieu am Seegrund zuriickzufiihren ist.

Die Warvenerhaltung zeigt einen ansteigenden Trend der Seezirkulation im Tiefen
See nach ungefdhr 4000 Jahre vor heute an. Dieser Trend ist iiberlagert mit kurzzeiti-
gen Seezirkulationsverdnderungen auf dekadischen Zeitskalen. Der Vergleich mit an-
deren Archiven in Zentral-Europa ldsst darauf schlieBen, dass der Langzeittrend wahr-
scheinlich auf graduelle Verdnderungen der orbitalen Parameter zuriickzufiihren ist,
was kiihlere und windigere Bedingungen in Zentral-Europa hervorgerufen hatte und
damit die Seezirkulation im Tiefen See verstérkt hat. Die kurzzeitigen Phasen von ver-
stédrkter Seezirkulation fallen mit Siedlungsperioden am Tiefen See zusammen, die mit
Pollendaten vom selben Sedimentkern rekonstruiert wurden. Die Waldrodung verrin-
gerte den Windschutz des Sees, was moglicherweise zu einer erhéhten Sensitivitdt der
Seezirkulation zu Windstress gefiihrt hat. Ein erster Vergleich des Tiefen Sees zu dem
ICLEA Untersuchungsgebiet des Czechowskie See zeigt, dass in beiden Seen drei ge-
meinsame Phasen verstdrkter Seezirkulation auftreten, die auch mit bekannten Zeiten
verdnderter Klimabedingungen zusammenfallen (2.8 ka event, Migrationsperiode und
die Kleine Eiszeit). Diese Ergebnisse zeigen, dass die Seezirkulation von einer Kombi-
nation aus Klimaverdnderung auf langen und kurzen Zeitskalen und der Abholzung
des Menschen angetrieben wird.

Zusammengefasst erweitert die hier vorliegende Arbeit das Wissen von Klima und
Umweltverdnderungen in NO Deutschland. Zudem wird gezeigt, dass ein regionaler
Vergleich verschiedener Untersuchungsgebieten mit unabhéngigen Chronologien ein
verbessertes Auseinanderhalten von Klimaeinfliissen und menschlichen Einfliissen
auf die Seesysteme ermoglicht. Damit kann er verbessertes Verstdndnis der Paldokli-

madynamik in Zentral-Europa gewonnen werden.
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1 Introduction

1.1 Varved lake sediments as palaeoclimate archives —

benefits and challenges

The future of the Earth’s climate system is one of the greatest problems faced by so-
ciety today. The Earth has entered a new mode, the ’Anthropocene’, distinguished by a
superposition of anthropogenic forcing and natural climate variability, which has the
potential to trigger global changes beyond the Holocene and even Quaternary baseline
(Waters et al., 2016). Predicting the future of the Earth’s climate and the consequences
for landscape development, however, is complex and controversial, because of both
the spatially and temporally multi-scale character and complexity of interactions of
the different forcing mechanisms. In particular, the role of natural climate variability
induced by, for example, solar activity, volcanic eruptions and orbital forcing on fu-
ture climate development is still an uncertain variable (Masson-Delmotte et al., 2013).
Geological archives provide climatic information before the instrumental record, es-
pecially annually laminated archives, such as ice-cores (e.g. Dansgaard et al., 1993;
Johnson et al., 1992; Rasmussen et al., 2006), tree-rings (e.g. Briffa et al., 1990; Biint-
gen et al., 2011; Luterbacher et al., 2016), and varved sediments (e.g. Brauer et al., 2008;
Francus et al., 2002; O’Sullivan, 1983) give the advantage of studying both high and low
frequency climate variability during the past.

Lake sediment archives are of particular significance, as the lake system itself
and the corresponding catchment often react in multiple aspects on changing climate
and environmental conditions (i.e. physically, chemically and biologically). Lake re-
sponses are commonly recorded in the deposited sediments, which can be read from
the archive by obtaining proxy data. Annually laminated (varved) lake sediments pro-
vide these information in seasonal layers, revealing unprecedented details of the past
climate and environmental characteristics. Furthermore, varved lake sediments offer
a fundamental base for establishing robust and reliable chronologies and for deter-
mining duration and abruptness of, for example, rapid climate changes (Brauer et al.,
2008; Martin-Puertas et al., 2012b). Reliable and independent chronologies represent a
crucial point in palaeoclimate reconstruction, particularly to enable comparisons be-
tween different records and to detect regional lead and lags of changes (Brauer et al.,
2014). In this respect, the combination of varve counting with other chronological
methods (e.g. tephrochronology and radiocarbon dating) allows validating the varve

chronologies and minimizing the internal errors. Finding tephras in varved records
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might not only serve as an independent dating tool, but also give the potential for syn-
chronizingindividual climate records regionally and even globally by age equivalence
(e.g. Lane et al., 2013; Wulf et al., 2013).

Reconstructing climate and environmental conditions from varved lake sedi-
ments is, however, quite challenging, as the processes which influence lacustrine prox-
ies are usually not straightforward because of two main reasons. Firstly, proxies are
mostly influenced by several processes, which are often difficult to unravel (Batter-
bee et al., 2012). A classical example for this is the long debated issue about disentan-
gling climate and human influences on lake sediment archives (Dearing, 2006). Since
the establishment of first agricultural societies in Europe in the mid Holocene (~6000
cal. a BP), humans have substantially altered the landscape (Behre, 1988; Kaplan et al.,
2009). Successive cycles of deforestation, abandonment, and afforestation caused vari-
ations of, for example, the sediment influx, the lake biota and the lake productivity (e.g.
Dreibrodt and Wiethold, 2015; Feeser et al., 2016). These processes induced by human
impact overlap and interact with climate forcing on the lake system during the past
~6000 years and challenge to extract the importance of climate change out of the sed-
imentary record. Palaeoclimate studies commonly address the challenge of disentan-
gling different controlling factors on the proxies by applying multi-proxy approaches.
These commonly include concurrent analyses of, for example, sediment facies, min-
eralogy, stable isotope and bulk geochemistry and microfossils (e.g. pollen, diatoms,
Cladocera, chironomids) (Birks and Birks, 2006; Koutsodendris et al., 2015; Striewski
et al., 2009). In particular, pollen analysis potentially allows to identify deforestation
phases associated with human settlement periods in the catchment of the lake, which
often serves as a base for disentangling climate and human impact on the lake ecosys-
tem (Gaillard et al., 2008; Kalis et al., 2003). A further tool to disentangle the more lo-
cal changes (i.e. human impact) from climate changes on lakes is based on a regional
integration of several proxy records. While local changes may only be recorded in indi-
vidual records, over-regional climatic changes should be traceable as a common signal
in all integrated records (Olsen et al., 2013). These high resolution comparisons not
only allow to disentangle climate and human impact on lake system, but might also
provide very valuable information about different regional manifestations of climate
change resulting from, for example, the location with respect to oceanic and climate
influences, the geological setting and vegetation development (Lane et al., 2013; Olsen
etal., 2013).

The second challenge is related to stationarity of proxy interpretations through

time. In contrast to the problem of disentangling human and climate impact, proxy
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stationarity is not strongly investigated, because of its difficulties in testing. Only a few
studies showed the impact of changing lake and/or climate conditions on the proxy
sensitivity through time by utilising multi-proxy approaches (Martin-Puertas et al.,
2012a; Amann et al., 2014). However, the proxy stationarity is an important issue in
palaeoclimate reconstructions and needs to be more sufficiently discussed in lake sed-

iment studies.

1.2 The ICLEA project — Integrated CLimate and Landscape

Evolution Analyses

The ICLEA project (Virtual Institute of the Helmholtz Association) presents a novel
concept of bridging time-scales and mainly addresses the challenges of palaeoclimate
reconstructions as stated above. ICLEA is funded by the Helmholtz Association and
concentrates expertises from the Helmholtz Center Potsdam GFZ German Research
Center for Geosciences, Ernst Moritz Arndt University Greifswald, the Brandenburg
University of Technology Cottbus-Senftenberg and the Polish Academy of Sciences
(PAN). The long-term mission of ICLEA is to provide a substantiated data base for sus-
tainable environmental management based on a profound process understanding at

all relevant time scales (www.iclea.de). In particular, the objectives of ICLEA are:

A) To integrate instrumental monitoring data, remote sensing information and
model-understanding with proxy data analyses for a comprehensive under-
standing of landscape evolution processes at all relevant time scales in the N
central European lowlands.

B)  To elucidate the impact and interaction of different landscape forming processes
(i.e. climate and land use) from natural environmental archives (lake sediments,
tree rings, soil chronosequences) at an unprecedented level of detail and tempo-
ral accuracy.

C) To establish a synchronised regional chronology for the time interval since the
last glaciation (Holocene and Lateglacial) for combining the investigated natural
archives (lakes, trees, soil) through multiple dating approaches.

D) To provide data on natural background variability of climate and landscape evo-
lution with quantified precision.

E) To set up a database with the best data available for assessing thresholds and
tipping points, as well as establishing more realistic model scenarios for future

landscape developments.
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Work in ICLEA focuses on two regions in the N central European lowlands, NE Ger-
many and N central Poland, which are both formed by late Quaternary glaciations and,
thus, allow to trace landscape development since the retreat of glaciers at the end of the
last ice age. Moreover, this area is characterized by a rather low annual precipitation,
implying high susceptibility to hydrological changes in the landscape (Landesamt fiir
Umwelt, 2000; Germer et al., 2011). The highly-resolved palaeoclimate reconstructions
using annually laminated lake records focus on multiple sides in the ICLEA study re-
gion: (1) Lake Tiefer See and palaeolake Wukenfurche in NE Germany and (2) Lakes
Czechowskie, Glebocek, Jelonek and palaeolake Trzechwoskie in N central Poland Fig-
ure 1.1. All of these lakes are located in the terminal moraine of the Pomeranian ice
advance and are hence situated in an identical geomorphological location, but on a
continental gradient (Kienel et al., 2013; Blaszkiewicz et al., 2015). The main ICLEA’s
input is the comparison of the profiles of Lake Tiefer See and Lake Czechowskie, as
both lakes are also equipped with an onside monitoring concept. Improved regional
comparison of both varved lake sediment archives is achieved by following identical
analytical protocols, establishing robust and independent chronologies and searching
for common cryptotephras. These prerequisites allow to understand the records and
the sensitivity of proxy data of each record and, in a second step, to integrate both
archives in a regional comparison.

This doctoral project deals with the analysis of sediment records from the NE Ger-

man sides Lake Tiefer See and palaeolake Wukenfurche.
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Figure 1.1: Geographic overview map of the northern central European low lands with
the location of the lakes, which are main subject of the ICLEA project, with main focus
on Lake Tiefer See and Lake Czechowskie.
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1.3 Study sites

Lake Tiefer See (N 53° 35.5, E 12° 31.8’) is located in the Mecklenburg lake district, NE
Germany, ~20 km northwest of the town Waren Miiritz (Mecklenburg Vorpommern) at
an elevation of 62 m asl. The lake was formed during the last glaciation and is part of
the Klocksin Lake Chain, which is a subglacial channel system that crosses the Pomera-
nian terminal moraine. The surface area of the north-south oriented and oval shaped
lake amounts to 0.75km?. The maximum depth corresponds to 62 m. Monitoring at
the lake showed that the lake is mesotroph and, depending on the existence of a winter
ice cover either mono- or dimictic (Kienel et al., 2013). The catchment area of approxi-
mately 5.5 km? is dominated by glacial till of the Pomeranian terminal moraine (Kienel
et al., 2013; Landesamt fiir Umwelt, 2000).

Palaeolake Wukenfurche (N 52°46.6’, E 13°5.8") is located ~20 km northeast of
Berlin and south of the Pomeranian terminal moraine of the Weichselian glaciation
atan elevation of 61 m asl. The palaeolake is part of the Eberswalde ice-marginal valley
system. While the northern part of the 1.1 km long SW-NE oriented and narrow valley
(~100 m wide) is still water filled (lake Kleiner Wuken-see; 5 m maximum water depth),
the southern part was filled up by sediments during the Holocene and is a swampy area
today (Schlaak, 1993).

1.4 Scientific objectives of the doctoral project

This doctorate thesis aims to assess climate and environmental variability in NE Ger-
many from annually laminated lake sediments. In order to achieve this goal, three main

objectives were pursued in this doctorate project :

l.)  Conducting high resolution sediment microfacies and geochemical analyses of
Tiefer See and Wukenfurche sediment cores.

II.)  Performing a reliable chronology for the Tiefer See sediment record using differ-
ent independent methods: varve counting, tephrochronology and radiocarbon
dating.

IIl.) Establishing microfacies and geochemical proxies as indicators for climate and
environmental changes at Tiefer See.

IV.) Tracing the effects of climate variability and human activity on sediment deposi-

tion at Tiefer See.
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1.5 Material and Methods

Sediment cores

Between 2011 and 2013 seven parallel long sediment cores and two surface sediment
cores were retrieved from the deepest of Lake Tiefer See at a maximum distance of
10 m. Additionally, several surface cores were recovered from shallower water depths.
All cores were split, photographed and described in the lab. A composite profile was
constructed from the cores at the deepest location by correlating distinct and macro-
scopically visible 'marker’ layers. However, correlation between the overlapping sedi-
ment cores indicated two sediment gaps at 7.7 m and 9.57 m depth, which were caused
by sediment loss due to the expansion of the sediments during core recovery. Due
to these coring gaps, detailed sediment analyses in this thesis focused on the upper-
most 7.7 m continuous interval of the Lake Tiefer See sediment record covering the
past ~6000 years.

Two parallel sediment cores were recovered in July 2014 from the presently
swampy area of Palaeolake Wukenfurche within a distance of 0.5 m. As the sediment
cores from Lake Tiefer See, the cores from palaeolake Wukenfurche were split, imaged
and described in the lab. The correlation of distinct macroscopically visible 'marker
layers’ in both sediment cores allowed to compile a continuous composite profile. De-
tailed analysis focused on the ~3 m thick finely laminated interval located in the basal
part of the sediment profile (14.3-11.35 m sediment depth). The investigation of palae-
olake Wukenfurche samples turned out to be difficult, as the sediment self-combusted

after freeze-drying releasing heat of more than 350°C.

Lake Tiefer See monitoring

The modern lake deposition is trapped since 2012 at three water depths; at bi-weekly
resolution at 45 m water depth and at monthly resolution at 12 m and 5 m water depth.
The weather (air temperature, precipitation, wind speed and direction, relative humid-
ity) and lake conditions (water temperature, pH, electrical conductivity, dissolved oxy-
gen, chlorophyll, turbidity, redox potential) are monitored on a floating platform in
10 min and 12 h intervals, respectively. The chemical properties of the lake catchment
was determined at the beginning of the monitoring study by sampling the top soil, reed

and plant litter.
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Chronology

The chronology in the upper 7.7 m continuous sediment interval of the Lake Tiefer
See sediment core was established by integrating age information from varve count-
ing, tephrochronology and radiocarbon dating. Varve counting was conducted in pet-
rographic thin sections in well- and poorly-varved intervals at seasonal resolution.
In non-varved sections the chronology is based on sedimentation rate estimates. For
the establishment of the tephrostratigraphy the entire profile of Lake Tiefer See was
scanned for glass shard remains. Identified glass shards were analysed for major ele-
ment composition to relate the tephras to the corresponding volcanic eruptions. Fur-
thermore, 13 radiocarbon dates from terrestrial plant remains were used to establish-

ment an independent radiocarbon chronology of the sediment profile.

Microfacies analysis

High resolution microfacies analysis was conducted on the sediment records of Lake
Tiefer See and palaeolake Wukenfurche by microscopy of petrographic thin section.
Given the varved nature of the sediment, this approach in combination with high-
resolution u-XRF core scanning facilitates the geochemical fingerprinting of sub-
laminae and interpreting them in terms of seasonal sedimentation processes. The
preparation of thin sections followed the standard procedure described in Brauer and
Casanova (2001) including shock-freezing of the sediment blocks with liquid nitrogen,

freeze-drying and impregnation with epoxy resin.

Geochemical analysis

Geochemical analyses of Lake Tiefer See and Palaeolake Wukenfurche sediments com-
prised different methodologies. y-XRF element scanning was conducted directly on
the split core surfaces continuously at 100 ym resolution with an ITRAX spectrometer.
Geochemical analyses of bulk samples included total inorganic carbon, total organic
carbon and total nitrogen contents. At Lake Tiefer See also the stable carbon isotopes
of organic matter and stable nitrogen isotopes were measured of the bulk samples. At
palaeolake Wukenfurche selected samples were analysed for the total sulphur content
and for mineralogical composition. Furthermore, individual sediment components,
such as diatoms, calcite, Ca-rhodochrosite and siderite, were additionally prepared
and analysed with an electron microprobe and a scanning electron microscope.
Further methods applied for the Lake Tiefer See record, which were not conducted

by the doctorate student, but which contributed to the interpretation of results in this
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project included the analyses of pollen assemblage and reconstruction of vegetation
openness (conducted by Dr. Martin Theuerkauf, University of Greifswald) and Clado-

cera analyses (conducted by Prof. Dr. Krystyna Szerosyrnska, PAN Warsaw).

1.6 Thesis structure

This thesis is organized as a cumulative thesis consisting of six chapters and an ap-
pendix. This introduction part (Chapter 1) is followed by four chapters, which are based
on four manuscripts (Chapters 2 to 5). The doctoral candidate is the leading author of
three of the four manuscripts. Two manuscripts (Chapter 3 and Chapter 5) have been
published and the other two are under review (Chapter 2 and Chapter 4). In the last
chapter (Chapter 6 Synthesis) the results are summarized and discussed with respect
to the aims of this doctorate project as well as to the overall objectives within the ICLEA
project. The following section provides a summary of the four central manuscripts and

the contribution of the doctoral candidate to these publications.

Manuscript # 1 (Chapter 2)

Title: Varve micro-facies and varve preservation record of climate change and hu-
man impact for the last 6000 years at Lake Tiefer See (NE Germany)
Authors: Nadine Drager, Martin Theuerkauf, Krystyna Szeroczyrnicka, Sabine Wulf, Rik

Tjallingii, Birgit Plessen, Ulrike Kienel, Achim Brauer

Submitted to The Holocene, currently under review

This manuscript presents the chronology of the Lake Tiefer See sediment archive dur-
ing the past ~6000 years and discusses the origin of sediment variability. The sediment
record exhibits striking variations of varve preservation, which is related to changes in
lake circulation. This study showed that changes of lake circulation at Lake Tiefer See
are the result of a complex interaction of long-term and short-term climate changes
and deforestation phases during human settlement periods.

The doctoral candidate was the leading author of this manuscript and contributed
~80% to this paper. She was attending the coring campaign, opened the sediment
cores, compiled the composite profile, described the lithology, compiled the age model
(varve counting, radiocarbon modelling and partly tephrochronology), conducted mi-
crofacies and geochemical analysis, evaluated all data and wrote the manuscript.
M. Theuerkauf conducted pollen analysis and reconstructions, K. Szeroczyncka per-
formed Cladocera analysis, S. Wulf run tephrochronological analysis, R. Tjallingii was

in charge of u-XRF measurements. B. Plessen was in charge for bulk geochemical
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analysis. All other co-authors act as principle investigator of the Lake Tiefer See sed-
iment record and as such contributed through proof-reading and discussion to this

manuscript, especially A. Brauer and M. Theuerkauf.

Manuscript # 2 (Chapter 3)

Title: Holocene tephrostratigraphy of varved sediment records from Lakes Tiefer
See (NE Germany) and Czechowskie (N Poland)

Authors: Sabine Wulf, Nadine Dréger, Florian Ott, Johanna Serb, Oona Appelt, Es-
ther Gudmundsdoéttir, Christel van den Bogaard, Michat Stowinski, Mirostaw

Blaszkiewicz, Achim Brauer

Published in Quaternary Science Reviews 132: 1-14, 2016

This paper presents tephrochronologial results of the sediment records from Lakes
Tiefer See Czechowskie covering the Holocene. In total thirteen tephras and cryp-
totephras were detected and chemically fingerprinted. These findings form the basis
for absolute and independent dating of these sediments and for synchronization with
other high-resolution archives in central and northern Europe. Three cryptotephras
were identified in both records and thus give potential for high-resolution comparison
of the proxy records.

The overall contribution of the doctorate student to this manuscript was ~50%.
As fundamental contribution the doctoral candidate provided the varve and radio-
carbon chronology, without which the study would not have been possible. Further-
more, she was involved in sediment sampling, separation of glass shards and sample
preparation as well as identified the Saksunarvatn and Askja AD1875 tephra. The doc-
toral candidate further contributed to the writing of sections '2. Study area’ and ’3.1.
Sediments and developing chronology’, constructed Figure 2 and contributed through

proof-reading and discussion to this manuscript.

Manuscript # 3 (Chapter 4)

Title: Varying control on §'3C of sedimentary organic matter in the partially varved
sediment record of Lake Tiefer See (NE Germany) over the last 6000 years
Authors: Nadine Dréger, Birgit Plessen, Miriam Gro3-Schmélders, Ulrike Kienel, Arne

Ramisch, Achim Brauer
Submitted to Quaternary Science Reviews
This manuscript examines the controlling factors of the stable carbon isotopes of sed-

imentary organic matter (5'3Cop) in Lake Tiefer See sediments. The results indicate

that the controlling factors of the §'3Cqy ratio vary in time in response to the prevailing
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oxygen regime in the lake. In periods of more anoxic lake conditions microbial carbon
cycling appears to be the controlling factor of §'3Cqgy. In contrast, during more oxy-
genated bottom water conditions the selective organic matter degradation becomes
the most important for the §'3Cqy ratios.

The doctoral candidate was the leading author and contributed ~80% to this pa-
per. She described the lithology, compiled the age model, conducted microfacies, pre-
pared samples for geochemical measurements and evaluated all data and wrote the
manuscript. B. Plessen was in charge for geochemical measurements, U. Kienel was in
charge instrumental monitoring at Lake Tiefer See, M. Gro8-Schmdlders analysed the
surface sediment cores, A. Ramisch performed statistical calculations. All co-authors
contributed through proof-reading and discussion to this manuscript, especially A.

Brauer.

Manuscript # 4 (Chapter 5)

Title: Spontaneous self-combustion of organic-rich lateglacial lake sediments after
freeze-drying
Authors: Nadine Drager, Achim Brauer, Brian Brademann, Rik Tjallingii, Michat Stow-

ifiski, Mirostaw Blaszkiewicz, Norbert Schlaak

Published in Journal of Paleolimnology 55: 185-194, 2016

This paper reports and investigates for the first time spontaneous self-combustion of
freeze-dried lacustrine sediment samples immediately after ventilation of the vacuum
freeze drier chamber. These sediment samples originate from the palaeolake Wuken-
furche. The smouldering combustion exceeded temperatures of 350°C. Our findings
suggest that the heating was induced by oxidation reactions in the sediment.

The doctoral student was the leading author of this manuscript and contributed
~80% to this paper. She was organizing the coring campaign, opened the sediment
cores, compiled the composite profile, described the lithology, evaluated all data
and wrote the manuscript. B. Brademann conducted the movie of self-combustion
and heat images. R. Tjallingii was in charge of continuous u-XRF measurements. All
other co-authors act as principle investigator of the palaeolake Wukenfurche sedi-
ment record and as such contributed through proof-reading and discussion to this

manuscript, especially A. Brauer.
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Abstract

The Holocene sediment record of Lake Tiefer See exhibits striking alternations be-
tween well-varved and non-varved intervals. Here we present a high resolution
multi-proxy record for the past ~6000 years and discuss possible causes for the ob-
served sediment variability. This approach comprises of microfacies, geochemical
and microfossil ana-lyses as well as of a multiple dating concept including varve
counting, tephrochrono-logy and radiocarbon dating. Four periods of predominantly
well-varved sediment were identified at 6000-3950 cal. a BP, 3100-2850 cal. a BP, 2100~
750 cal. a BP and AD 1924-present. Except of sub-recent varve formation, these periods
are considered to reflect reduced lake circulation and consequently, stronger anoxic
bottom water conditions. In contrast, intercalated intervals of poor varve preservation
or even extensively mixed non-varved sediments indicate strengthened lake circula-
tion. Sub-recent varve formation since AD 1924 is, in addition to natural forcing, influ-
enced by enhanced lake productivity due to modern anthropogenic eutrophication.
The general increase in periods of intensified lake circulation in Lake Tiefer See since
~4000 cal. a BP presumably is caused by gradual changes in Northern Hemisphere or-
bital forcing, leading to cooler and windier conditions in Central Europe. Superim-

posed decadal to centennial scale variability of the lake circulation regime likely is the
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result of additional human-induced changes of the catchment vegetation. The coin-
cidence of major non-varved periods at Lake Tiefer See and intervals of bioturbated

sediments in the Baltic Sea implies a broader regional significance of our findings.

Keywords

Varve chronology — Microfacies — Lake circulation — Human impact — Climate change

2.1 Introduction

Annually laminated (varved) lake sediments represent unique archives, providing pre-
cise chronologies and seasonally resolved proxy data (e.g. Bonk et al., 2015; Brauer
et al., 1999; Czymzik et al., 2016; Martin-Puertas et al., 2012b; Neugebauer et al., 2012;
Zahrer et al., 2013; Zolitschka et al., 2015). Low-energy hypoxic to anoxic bottom water
conditions favour deposition and preservation of varved sediments, as bottom water
anoxia prevents life of burrowing organisms and minimizes post-depositional distur-
bances (Brauer, 2004; Tylmann et al., 2012; Zolitschka et al., 2015). Such conditions are
mainly a function of lake stratification, mixing and productivity.

In northern Germany, the preservation of varves in lakes has primary been re-
ported for the last century and ascribed to human-induced lake eutrophication (Kienel
etal., 2013; Luder et al., 2006; Neumann et al., 2002; Zahrer et al., 2013). This can be ex-
plained by nutrient enrichment, causing increased organic matter flux to the bottom
waters and the formation of anoxic conditions (Carpenter, 2005; Jenny et al., 2016).
Long varved lake sediment records in northern Germany, like lakes Woseriner See
(Czymzik et al., 2016; Feeser et al., 2016) and Belauer See (Dorfler et al., 2012; Dreibrodt
and Wiethold, 2015), are rare and none of these are continuously varved for the entire
Holocene. As human eutrophication can be excluded for preservation of pre-industrial
varved intervals, other factors must have triggered varve preservation before the 20%"
century.

Surface sediments from Lake Tiefer See in the Mecklenburg lake district of NE Ger-
many, show that varve formation initiated ~100 years ago, which likewise has been re-
lated to human eutrophication (Czymzik et al., 2015; Kienel et al., 2013; Theuerkauf
et al., 2015). Here we study the sedimentary record of Lake Tiefer See for periods of
natural varve preservation from mid to late Holocene, in order to evaluate possible
trigger mechanisms. Furthermore, this study tests whether shifts between well-varved

and non-varved intervals can be used as indicators of environmental and climate vari-
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ations, as previously applied in marine sediment records (Behl and Kennett, 1995; Zil-
1én et al., 2008). For this purpose, a multi-proxy study was combined with a multiple
da-ting approach for the Lake Tiefer See sediment profile spanning the past ~6000
years. In particular, we aim to (1) establish a robust chronology based on varve count-
ing, tephrochronology and radiocarbon dating, (2) characterize intervals of different
varve formation and preservation, and (3) discuss the application of varve preserva-

tion at Lake Tiefer See as a proxy for lake circulation.

2.2 Study site

Lake Tiefer See (Figure 2.1; 53° 35.5’ N, 12°31.8’E; 62 m a.s.l) is located ~20 km NW of
the town Waren (Miiritz lake district, Mecklenburg Vorpommern) and is part of the
Klocksin Lake Chain, a subglacial channel system that crosses the Pomeranian ter-
minal moraine, formed during the last glacial period. The lake has a surface area of
~0.75km? and a maximum depth of 62m. The catchment area (~5.5km?) is domi-
nated by glacial till of the Pomeranian terminal moraine (Kienel et al., 2013; Landesamt
fiir Umwelt, 2000) and is mainly used for agriculture. Lake Tiefer See is mesotrophic
and the circulation mode is either mono- or dimictic, depending on formation of a
winter ice cover (Kienel et al., 2013; Nixdorf et al., 2004). The study site is characte-
rized by a warm-temperate climate at the transition from oceanic to continental con-
ditions. Mean monthly temperatures range from 0°C in January to 18°C in July. Mean
monthly precipitation varies between 40 mm during winter to 60 mm in summer with
a mean annual precipitation of 560 mm. The highest wind speed is between November
and December, with an average of 6 m/s and maximum speeds of 23.1 m/s. The pre-
dominant wind direction is WSW (Meteorological data from DWD Station Schwerin
AD 1890-2016; 80 km to the west of Lake Tiefer See). Generally, increased windiness
in the southern Baltic region is related to cyclones from westerly directions during au-

tumn and winter (Bierstedt et al., 2015a).

2.3 Material and Methods

2.3.1 Coring and sampling

Seven parallel sediment cores (Figure 2.1) were obtained in September 2011 (A, B,
C) and March 2013 (D, E, E G) from the deepest part of Lake Tiefer See, using a 90-
mm UWITEC piston corer. Cores were split, photographed and described in the lab. A

composite profile was constructed by correlating distinct and macroscopically visible
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Figure 2.1: Bathymetric map (a) and location (b) of Lake Tiefer See in the Klocksin Lake Chain
and land cover in the catchment area (c). Black stars show former Slavic settlements.

‘marker’ layers in all seven sediment cores. One half of the composite profile was used
for non-destructive core scanning. The second half was subsampled for sedimento-
logical, geochemical and microfossil analysis, and picked for plant macroremains for
radiocarbon dating.

To prepare macroscopic thin sections, sediment bars with a size of 10x2x1cm
were cut out of the fresh sediment with 2 cm overlaps to enable continuous micro-
facies analysis. Thin sections were prepared according to a standard procedure in-
cluding freeze-drying and impregnation with epoxy resin (Brauer and Casanova, 2001).
Samples for geochemical, pollen and Cladocera analyses were obtained in continuous
1 cm increments, comprising 7 years per sample on average (2-6 years above 3.95m;
4-24 years below 3.95 m depth).
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2.3 Material and Methods

2.3.2 Microfacies analysis

Detailed microfacies analysis was performed on the overlapping series of large-scale
petrographic thin sections. Microscopic analysis included the investigation of sedi-
ment using a petrographic microscope with non-polarized and polarized light, at 50x
to 400x magnifications (Carl Zeiss Axioplan). Microfacies analyses further involved the
measurement and description of sub-layers in well- and poorly-varved sections and
the identification of general sediment characteristics in non-varved intervals. Based
on the microscopic inspection, for each varve a varve quality index (VQI) was assigned
ranging from 4 (well-varved) to 0 (non-varved). This measure is an analogue to the
Bioturbation Index (Behl and Kennett, 1995; Von Rad et al., 1999) and the Lamination
Index (Deplazes et al., 2013) applied for marine sediment records. A VQI>1 represents
undisturbed sediment with well identifiable varve sub-layers. A VQI between 0 and 1
indicates varves with indistinct sub-layer boundaries and no clear seasonal sub-layer
succession. A VQI of 0 represents non-varved sediment.

Examples of specific microfacies were additionally analysed with a scanning elec-
tron microscope (SEM, Carl Zeiss SMT Ultra 55) and an electron microprobe (JEOL
JXA-8230). For the latter, a slide of 100-150 ym thickness was prepared from a sedi-
ment bar (TSK11-A 3.37-3.47 m) parallel to the respective thin section, carbon coated
and analysed for the elements Ca, Mn and Fe. Operating conditions used 15 kV voltage,
a 10nA beam current, 5 um beam size and exposure times of 10 s for Ca and 20 s for
Mn and Fe.

Table 2.1: AMS '“C dates of macroscopic terrestrial plant remains from the composite profile
of Lake Tiefer See. Conventional '“C ages were calibrated with OxCal 4.2 (Bronk Ramsey, 2008,
2009) using the INTCAL13 calibration curve (Reimer et al., 2013).

Sample/lab Composite Dated material AMS C age Calibrated age
code depth (m) (aBP +20) (cal. aBP +20)
Poz-55878 1.24 leaf fragment 410+ 25 424 +£91
Poz-47656 1.89 leaf fragment 840+30 789 + 103
Poz-55879 2.14 bud scale 1045 + 30 986 + 65
Poz-47657 241 bud scale 1160 + 30 1080 £ 115
Poz-47658 2.58 cereal hull 1270 + 60 1180+ 115
Poz-55880 2.77 branch 1370+ 30 1302 + 182
Poz-55881 3.24 leaf fragment 1795+ 30 1721 +98
Poz-55883 3.59 leaf fragment 1995 + 30 1940 £ 61
Poz-47661 4.0 seed hull 2230+ 35 2243 +91
Po0z-47660 4.17 leaf fragment 2325+35 2320+ 136
Poz-55884 4.22 leaf fragment 2340+ 30 2386+ 71
Poz-55885 5.95 branch 3800+ 35 4196 + 182
Poz-59082 7.26 leaf fragment 4930+ 30 5662 + 65
Poz-59080 10.4 leaf fragment 9970+ 70 11,492 + 253
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2 TIEFER SEE — VARVE PRESERVATION AND VARVE MICROFACIES

2.3.3 Chronology

The age model for the TSK sediment profile was established by a multiple dating ap-
proach. Varve counting was carried out for the composite profile (0-7.7 m). In well-
and poorly-varved intervals, the chronology was built at seasonal resolution by varve
counting of two investigators, in parallel cores. In non-varved sections, a varve-based
sedimentation rate chronology was established by inferring sedimentation rates from
neighbouring varves and from singular preserved sub-layers within the non-varved in-
terval. Independent age control is provided by a radiocarbon age model based on 13
accelerator mass spectrometer (AMS) 4C dates of terrestrial plant remains (Table 2.1)
and the identification of several cryptotephras (Wulf et al., 2016). Radiocarbon dates
were calibrated with OxCal 4.2 (Bronk Ramsey, 2008, 2009) using the INTCAL13 cali-
bration curve (Reimer et al., 2013). The age-depth model of radiocarbon dates was con-
ducted with a poisson-mediated deposition model (p-sequence; Bronk Ramsey, 2008)
incorporated in the software OxCal 4.2 by applying a variable x-parameter (Bronk
Ramsey and Lee, 2013). All ages are given as calibrated years before present AD 1950
(cal.aBP).

In addition to previously detected cryptotephras in Lake Tiefer See (Wulf et al.,
2016), another tephra horizon found in core TSK13-F6 at 150-153 cm depth was sam-
pled and prepared for geochemical analyses. The sample preparation followed the pro-
tocol illustrated in Wulf et al. (2016). The major element composition of single glass
shards was obtained on the carbon-coated stubs at a JEOL JXA-8230 microprobe at the
German Research Centre for Geosciences (GFZ) with 15kV voltage, 10 nA beam cur-
rent and 5 um beam size. Beam exposure times were 20 s for the elements Fe, Cl, Mn,
Ti, Mg and P, as well as 10 s for Si, Al, K, Ca and Na. Instrumental calibration used natu-
ral minerals and the Lipari obsidian glass standards (Hunt and Hillt, 1996; Kuehn et al.,
2011)

2.3.4 Geochemical analysis

Relative changes of the sediment composition were obtained with an ITRAX p-X-ray
fluorescence (u-XRF) core scanner at 200 um step size from the split sediment cores.
Prior to measuring, the core surface was cleaned and foil covered to prevent core de-
siccation. The sediment surface was irradiated for 10 s with a chromium X-ray tube
ope-rated at 30kV and 30 mA to acquire relative changes of 4 elements (calcium (Ca),
iron (Fe), titanium (Ti) and manganese (Mn)). The results are expressed as element in-

tensities in counts per seconds. The raw data is not only related to the element concen-
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tration, but also to physical properties, sample geometry (i.e. water content, grain size),
matrix enhancement and absorption effects (Tjallingii et al., 2007; Weltje and Tjallingii,
2008). Therefore, we present the data as log-ratios of element intensities (In(Ca/Mn)
and In(Ti/Si)), which are linearly related to log-ratios of element concentrations (Weltje
and Tjallingii, 2008).

Total organic carbon (TOC), total inorganic carbon (TIC) and total nitrogen (TN)
contents were determined continuously at 1 cm increments from bulk samples with
an elemental analyser (EA3000-CHNS Eurovector). Two cm?® of fresh sediment were
freeze-dried, ground and homogenized using an agate mortar. Total carbon (TC) and
TN contents were measured from 5 mg of sediment in tin capsules. TOC was exam-
ined by decalcifying 3 mg of sediment in Ag-capsules by treating with 3% HCl, 20% HCl
and drying at 75°C. Carbon and nitrogen contents were calibrated with BBOT, Sulfanil-
amide and with a soil reference sample (HEKATECH, Boden3). We are aware that the
in situ decalcification might cause minor inaccuracies in the TOC contents due to the
lower dissolution properties of Ca-rhodochrosite. TIC was calculated by subtracting
TOC from TC. TOC and TN contents were used to calculate the atomic C:N ratio. TOC,
TIC and TN contents are expressed as percent of dry weight (wt.%). According to repli-
cate measurements of reference samples, the uncertainty of the elemental analyses is
<0.2wt.%.

2.3.5 Pollen analysis

Pollen samples (1 cm?®) were analysed continuously between 0 m and 0.38 m depth
and at 1-10cm intervals (at a temporal resolution of 10 to 50 years) below 0.38 m
depth. Sample preparation followed Faegri and Iversen (1989), including the addition
of one or two Lycopodium tablets (Lund University, batch-Nr. 1031 with ~20848 Ly-
copodium spores or batch-Nr. 3862 with ~9666 Lycopodium spores), treatment with
HCL, 20% KOH, sieving (120 um) and acetolysis (7 min). Samples were mounted in
glycerine. Counting was carried out with 400x and 1000x magnification until a mini-
mum sum of 600 pollen grains from terrestrial herbs and trees. Identification of pollen
grains followed Beug (2004) and Moore et al. (1991).

We reconstructed past vegetation openness from pollen percentage data using the
REVEALS model (Sugita, 2007). The model was applied with the REVEALSinR function
from the DISQOVER package with the Lagrangian stochastic model for pollen dispersal
and the PPE.MV2015 data set (Theuerkauf et al., 2016).
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2.3.6 Cladocera analysis

Cladocera samples (1 cm® sediment) were analysed at 5 to 40 years resolution from 0-
2.8 m depth and at 30-250 year resolution below 2.8 m depth. Sample preparation in-
cluded treatment with 10% KOH, heating (20 min), sieving (33 um), dissolution with
10cm? distilled water and staining with safranine dye (Szeroczyriska and Sarmaja-
Korjonen, 2007). Cladocera remains in the >33 ym grain size fraction were counted
in 0.2ml to 0.5ml subsamples using a light microscope (100x to 200x magnifica-
tion). Identification followed Fl63ner (2000) and Szeroczynska and Sarmaja-Korjonen
(2007). Species abundances are reflected by the most abundant body part (i.e. head-
shields, shells, ephippium or postabdomen).

2.4 Results

2.4.1 Sediment profile

A 10.8 m long sediment profile was recovered from the deepest part of Lake Tiefer See,
mainly comprising of autochthonous lacustrine sediments. Correlation between the
overlapping sediment cores indicated two gaps, located at 7.7 m and 9.57 m depth (Fig-
ure 2.2), which were caused by sediment loss due to expansion of the organic-rich sed-
iments during heaving of the cores from the deep lake bottom. Therefore, we focus our
detailed analyses on the uppermost 7.7 m of the Lake Tiefer See sediment record and
provide only basic information for the lower 3 m.

The basal part (10.7-10.8 m) of the sediment profile consisted of sand mixed with
plant remains and mussels. This sediment interval contained the macroscopically
non-visible tephra TSK13_F6_150-153_T (>1000 glass shards cm™3). Glass shards of
this tephra were colourless, vesicular and showed a heterogeneous phonolitic com-
position (Figure 2.2; Chapter 6.3 Appendix). This composition is typical for the late
Allerad Laacher See Tephra (LST) from the Eifel Volcanic Field, in particular for its
middle-C (MLST-C) and upper (ULST) units. The LST is widespread in central and NE
Germany (Dréager et al., 2016; Lane et al., 2012; Neugebauer et al., 2012) and has been
detected as far as S Sweden, central N Poland, E France and NW Italy(e.g. Riede et al.,
2011; van den Bogaard and Schmincke, 1985; Wulf et al., 2013). It has been varve dated
at 12,880 + 40 varve a BP (Brauer et al., 1999) and at 12,937 + 23 cal. a BP according to
Bayesian age modelling (Bronk Ramsey et al., 2015). Hence, the finding of the LST at
the basal part of the sediment record suggests an onset of lake sedimentation around
13,000 cal. a BP, during the late Allerad (Brauer et al., 1999).
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2 TIEFER SEE — VARVE PRESERVATION AND VARVE MICROFACIES

Figure 2.2: Top left: schematic profiles of Lake Tiefer See sediment cores and the respective
composite profile with well-varved (dark grey) and non-varved (light grey) sections; white dots
indicate AMS #C dates and orange stars show positions of cryptotephras (data from Wulf et al.
(2016)). Top right: varve quality index (VQI; grey curve) with 51-year running mean (black line).
Bottom left: Bivariate plot Na;O/K,0 versus CaO/FeO of cryptotephra TSK13_F6_150-153_T
for correlation with proximal (shaded fields) and distal (dotted line) units of the Laacher See
Tephra (LST). Matrix glass data of proximal units LLST (Lower Laacher See Tephra), MLST-A to
-C (Middle Laacher See Tephra A to C) and ULST (Upper Laacher Tephra) are obtained from
Harms (1998) and Harms and Schmincke (2000). Distal LST glass data is obtained from Juvigné
etal. (1995, 1996), Riede et al. (2011), Lane et al. (2011, 2012), Neugebauer et al. (2012) and Wulf
et al. (2013). Bottom right: images of glass shard of cryptotephra TSK13_F6_150-153_T.

Autochthonous lacustrine sedimentation started at 10.7 m depth with massive
deposits rich in calcite, plant remains and sand-sized detritus. A rapid transition to
organic rich sediments occurred at 10.4 m sediment depth. The radiocarbon age of
11,492 + 253 cal. aBP at this depth indicates that this change in sedimentation hap-
pened around the Younger Dryas/Holocene transition. This assumption is further
supported by finding of glass shards of the Hésseldalen tephra (11,380 + 216 cal. a BP;
Davies et al., 2003; Ott et al., 2016; Wohlfarth et al., 2006) 8 cm above this transition
(10.32 m depth; Wulf et al., 2016). A faint cm-scale dark brown and light grey lamina-
tion commenced at 10.16 m depth followed by distinct mm- to sub-mm scale alter-
nations of light and dark layers between 9.88 and 9.75m depth. The fine lamination
consisted of sub-layers of organic matter and carbonate and are interpreted as varves.
The presence of the Saksunarvatn ash at 9.89 m depth indicates that the varve forma-
tion commenced at ~10,200 cal. aBP (Lohne et al., 2014; Wulf et al., 2016). Above the
varved interval, faint cm-scale dark brown and light grey lamination occurred from
9.75m depth until the supposed core gap at 9.57 m depth. Between this gap and the
second gap (located at 7.7 m depth) carbonate varves were preserved. This sediment
facies pursued into the basal part of the continuous uppermost 7.7 m of the Lake Tiefer
See sediment record, which was investigated in detail. Seven sediment units were dis-
tinguished based on the degree of varve preservation (Table 2.2, Figure 2.3): Varves
were well-preserved in unitl (7.7-5.71 m), unitIII (5.04-4.71 m), unitV (3.94-1.89 m)
and unit VII (0.4-0 m), but non-preserved in unitII (5.71-5.04 m), unitIV (4.71-3.94 m)
and unit VI (1.89-0.4 m).

2.4.2 Chronology

The varve chronology for the studied continuous interval consists of a floating lower
part and a non-floating upper part linked to the present day varves. Both sections

are separated by the non-varved unitIl (Figure 2.3). From 7.7-5.71 m depth (unitl) a
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floating varve chronology was established and anchored at the Hekla-4 cryptotephra
(Wulf et al., 2016). The chronology for the uppermost 5.04 m (units III to VII) was built
on downcore varve counting starting from the top (AD 2010) and calculated sedimen-
tation rates for intercalated non-varved intervals. The age model of the non-varved
unitII (5.71-5.04 m depth) was determined from linear interpolation between the ages
of the top of the lower chronology and the bottom of the upper chronology. Based on
the varve quality index (VQI) three levels of uncertainty were established: For VQI>1
(well-varved) the error is <1% comparable to other varve chronologies (e.g. Neuge-
bauer et al., 2012; Swierczynski et al., 2013). For 0<VQI<1 (poorly-varved) an uncer-
tainty of 5% is assumed, while for VQI=0 (non-varved) uncertainties of up to 10% can

be reached.

Table 2.2: Description of sedimentary units I to VII in terms of the microfacies types with
depths, time intervals, distribution of the varve quality index (VQI; >1=well-varved, 0-1=poorly-
varved) and O=non-varved), the mean sedimentation rates as well as distribution of the varve
types (C=calcite varves; R=Ca-rhodochrosite varves; O=organic varves).

Sed. Sed.depth Time interval VQI [%] Sed. rate Varve type [%]

Units [m] [cal. a BP] >1 0-1 0 [mm/a] C R O Remarks

5 0.40-0.00 37x1 955 0 4.1 9 0 1 well-varved; modern varves
to -60

6 1.90-0.40 750+65 2 3 9 21 35 0 65 non-varved; calcite type; 3
to37+1 poorly-varved periods of

~20 a duration (230-210,
145-120, 95-75)

5¢ 2.27-1.90 990+75 60 10 30 1.5 62 3 35 well-varved; 4 poorly-
to 75065 varved periods of 30-180 a
5b 2.54-2.27 1840+100 98 2 0 1.2 2 3 95 duration (1825-1795, 1620-
t0 990+75 1440, 1240-1195, 990-895)
5a 3.94-2.54 2100+105 75 10 15 1.4 2 43 55
t0 1840+100
4 4.71-3.94 2850+135 20 10 70 0.9 0 65 35 non-varved; organic type; 3
t0 2100+100 poorly-varved periods of

~50 a duration (2660-2610,
2430-2390, 2230-2185)

3 5.04-4.71 3100+130 80 15 5 1.2 35 5 60 well-varved
to 2850+135
2 5.71-5.04 3950+45 0 2 98 0.8 0 0 O non-varved; calcite type
to 3100+130
1b 6.13-5.71 5350+70 85 10 5 0.9 50 0 50 well-varved; 5 poorly-
to 3950+45 varved periods of 50-80 a
la 7.70-7.30 6030+85 80 10 10 0.8 10 10 80 duration (5930-5885, 5405-
t05350+70 5360, 4985-4900, 4735~

4680, 4435-4370)

Bold font indicates well-varved intervals
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(i) The floating varve chronology of unitI (7.7-5.71 m depth) was anchored with
the Hekla-4 cryptotephra identified at 6.06 m depth. The age of the Hekla-4 tephra
is constrained by radiocarbon dating at 4218 + 65 cal. aBP (Dugmore et al., 1995a)
and 4260 + 20 cal. aBP (Pilcher et al., 1996), and by varve counting in German and
Swedish sites at 4342 + 75 cal. aBP (Dorfler et al., 2012) and 4390 + 107 cal. aBP (Zil-
lén et al., 2002), respectively. We used the weighted mean age of 4293 + 43 cal. a BP
(calculated from the published ages after Froggatt and Lowe (1990)) for anchoring
the chronology. The resulting absolute ages for the floating chronology are supported
by the radiocarbon age model. A date 12 cm above the Hekla-4 tephra (POZ-55885;
4196 + 182 cal. a BP) fit the varve-based age of 4176 + 45 cal. a BP. Furthermore, a date
1.2m below (POZ-59082; 5662 + 65 cal. a BP) is only slightly older than the respective
varve-based age of 5508 + 75 cal. a BP. The resulting chronology for unitI yielded ages
of 6030 + 85 cal. a BP for the base at 7.7 m depth and of 3950 + 45 cal. a BP for the top at
5.71 m depth (Figure 2.3).

(ii) The lower boundary of the varve-based chronology of the uppermost 5.04 m
of the profile marked the top of the non-laminated sediment unill and was dated
at 3100 + 130 cal. aBP. The independently established radiocarbon chronology based
on eleven AMS *C dates (calibrated with Oxcal 4.2; Table 2.1), confirms the varve-
based chronology within the uncertainties (Figure 2.3). In addition, the Glen Garry
Tephra (2088 + 122 cal. a BP; Barber et al., 2008) at 4.01 m depth (unitV; Wulf et al.,
2016) further supports the age of the varve-based chronology of this horizon
(2170 + 110 cal. aBP). Another independent tephrochronological time marker for the
varve-based chronology is the Askja AD 1875 tephra (Wulf et al., 2016).

2.4.3 Microfacies analysis
2.4.3.1 Well-varved sediment units and varve types

The well-varved sediment unitsI (6030-3950 cal. a BP), III (3100-2845 cal. aBP) and V
(2095-750 cal. a BP; BC 145-AD 1200) included ~80% varves with a VQI>1. UnitsI and
V were additionally intercalated by five and four, respectively, short periods of less
well-preserved varves (Table 2.2). Unit VII (AD 1924-2010) contained the modern well-
preserved varves (Kienel et al., 2013). In well-varved sediment we identified three dif-
ferent varve types: organic, calcite and Ca-rhodochrosite varves (Figure 2.4a, b, c). The
occurrence of varve types was highly variable, with rarely more than 20 successive
varves of the same type. Organic varves appeared in all well-varved sediment units
except for unit VII. Calcite and Ca-rhodochrosite varves clustered in different inter-
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Figure 2.3: Age-depth model of the Lake Tiefer See composite profile: Solid blue line shows
varve counts and varve-based interpolation; light blue shading illustrates the accumulated
counting error of the different chronologies; white dots show AMS *C dates and orange stars
indicate positions of cryptotephras; the black dotted line highlights upper and lower range of
the AMS 14C P_Sequence depositional model (variable x-parameter) conducted with oxcal 4.2
(Bronk Ramsey, 2008, 2009). Dark and light grey shaded areas reflect non- and poorly-varved
intervals, respectively.

vals. While Ca-rhodochrosite varves were detected in the lower part of unitI (6030-
5360 cal. aBP) and in the lower part of unitV (2095-990 cal. a BP), calcite varves oc-
curred in the upper part of unitI (5360-3940 cal. a BP), in unitII], in the upper part of
unitV (990-750 cal. aBP) and in unit VII (AD 1924-2010). Typical varve compositions

are described in the following.
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Figure 2.4: Structure and character of organic (a), calcite (b) and Ca-rhodochrosite varves (c) as well as of non-varved intervals (d) and poorly-
varved intervals (e). From left to right: core photo and microscopic image from the thin section (half polarized light) with plotted boundaries of
varves (thick white/black dashed lines) and sublayers (thin white/black dashed lines), corresponding varve cycle with sub-layer types (d: diatom,
0: organic, or: organic and Ca-rhodochrosite, m: mixed, c: calcite) and REM images of characteristic components. The blue and yellow lines in core
photos show the respective In(Ti/Si) and In(Ca/Mn) ratios.
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(I) Organic varves (Figure 2.4a) mainly comprised four sublayers. The varve cycle
either started with (i) a planktonic diatom sub-layer reflecting diatom blooms during
spring to early summer, or with (ii) a mixed layer comprising quartz and plant frag-
ments, in addition to planktonic and benthic diatom species and bivalves, likely re-
flecting sediment reworking from the littoral zone. The following (iii) organic sub-layer
comprised of fine-grained, orange-brown, amorphous organic matter and usually in-
cluded micritic- to mm-scale vivianite crystals. The presence of vivianite indicates
anoxic conditions in a non-sulfidic environment during sediment deposition (Nriagu
and Dell, 1974; Nriagu, 1972; Roden and Edmonds, 1997; Rothe et al., 2014). Sublayer
(iv) was also a mixed layer, deposited during lake circulation in autumn. The varve cy-
cle ended with (v) a thin organic sub-layer. Organic varves accounted for 55% of well-
varved intervals (i.e. VQI>1), but are not represented by a modern analogue.

(IT) Calcite varves (Figure 2.4b) mainly consisted of five sub-layers and resemble
biochemical calcite varves described in Kelts and Hsii (1978) and Lotter and Lemcke
(2008). The varve cycle of calcite varves in unit VII (sub-recent varves) started with the
deposition of (i) a planktonic diatom layer. Most calcite varves in units I, [Il and V began
with (ii) a mixed sub-layer. The following (iii) calcite sub-layer was constituted by fine-
grained idiomorphic calcite crystals, which form by endogenic calcite precipi-tation in
the epilimnion, i.e. when CO, consumption by algal blooms increases pH and reduces
solubility of CaCO3 (Kelts and Hsii, 1978; Koschel, 1990; Koschel et al., 1983, 1987). In
sub-recent varves, calcite layers were normally graded from grain sizes of about 13 yum
to micritic crystals (<1 um) at the top of the sub-layer (Kienel2013). Calcite layers in
units I, Il and V only comprised micritic calcite crystals. The following (iv) organic sub-
layer commonly contained calcite flocculates and vivianite. The varve cycle ended with
(v) an autumn mixed sub-layer and (vi) a thin organic sub-layer.

(ITI) Ca-rhodochrosite varves (Figure 2.4c) mainly contained four sub-layers. Sim-
ilar to organic varves, Ca-rhodochrosite varves either started with (i) a planktonic di-
atom layer or (ii) a mixed sub-layer. The following (iii) organic sub-layer included Ca-
rhodochrosite crystals. The crystals were commonly aligned in the upper part of the
sub-layer in a way that smaller spherical crystals (<1 um) were grading to larger wheat
grain shaped crystals of up to 10 ym diameter. Electron probe microanalyses of 23
measured Ca-rhodochrosite crystals indicated an average composition of 48 + 10 wt.%
MnO, 5 + 2wt.% CaO and 8 + 7 wt.% FeO. The formation of Ca-rhodochrosite crystals in
the sediment requires a sufficiently high concentration of reduced Mn and free HCO3~
ions as well as low redox potentials (Robbins and Callender, 1975; Stevens et al., 2000).

Ca-rhodochrosite crystals have been observed in both lacustrine and marine environ-
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ments (Burke et al., 2002; Calvert and Price, 1970; Dean, 1993; Jouve et al., 2013; Stevens
et al., 2000; Zen, 1959), but the present finding is the first in NE German lake records.
The varve cycle ended with (iv) a mixed layer deposited during autumn and (v) a thin

organic layer. Ca-rhodochrosite varves commonly did not contain calcite and vivianite.

2.4.3.2 Poorly- and non-varved sediment units

Poorly- and non-varved sediment sections showed increased proportions of minero-
genic and plant detritus as well as benthic diatoms and occasionally bivalves. Bio-
turbation structures were not observed. The non-varved unitsII (3950-3100 cal. a BP)
and unit VI (750-37 cal. aBP (AD 1200-1913)) consisted of extensively mixed sediment,
which appeared homogenous by naked eye (Figure 2.4d). In unit VI, planktonic diatom
layers (dominantly Aulacoseira sp. and Stephanodiscus sp.) with up to 2 mm thick-
ness irregularly occurred in the mixed sediment. The distance between diatom lay-
ers ranged between 2 and 110 mm. These layers presumably reflect seasonal diatom
blooms and were therefore included in sedimentation rate calculations.

In poorly-varved sections (unitIV 2845-2095 cal. a BP and nine short periods in
unitsI and V; Table 2.2) the mixed sediment was frequently intercalated by preserved
varves. Phases of non-varved sediment were on average 15 mm thick; the maximum
thickness of 80 mm was observed in unitIV. These short non-varved phases were
cha-racterized by planktonic diatom layers, frequently occurring in a distance of 1
to 30 mm. Maximum diatom layer thicknesses of up to 2mm (dominantly Stephan-
odiscus sp.) were observed in poorly-varved periods after ~1500 cal. aBP (i.e. 1240-
1195cal.aBP and 990-895 cal. aBP). In contrast to non-varved sediments, poorly-
varved sections contained slightly higher proportions of amorphous organic mat-
ter and irregularly dispersed sub-mm sized concretions of micritic vivianite or Ca-
rhodochrosite (Figure 2.4e).

The contacts between poorly-/non-varved and well-varved sediment sections in-
dicated a progressive decrease or increase of varve quality commonly within about a
decade. Slightly longer transition phases of ~25 years and ~50 years were observed be-
tween units I and II and between units II and III. Transitional intervals showed obscure
sublayer boundaries. Furthermore, sub-layering was reduced to a lower diatom layer
and an upper mixed layer (VQI between 0 and 1). These rapid changes between varved

and non-varved sediments indicate the presence of thresholds for varve preservation.
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2.4.4 Bulk geochemistry
2.4.4.1 Carbon chemistry

The TIC contents (Figure 2.5) represents the proportion of calcite and Ca-
rhodochrosite in the sediment. TIC contents reached highest values in the non-varved
unitsII and VI (mean 5wt.%) and lowest values in the basal part of unitl (6030-
5360 cal. aBP) and in unitV (mean 1.5wt.%). A correspondence between TIC content
and varve preservation was not observed. Instead, a relationship of TOC contents and
varve preservation was found. In non-varved sediments, values were typically lower
(on average 5wt.%), whereas well-varved sediment units showed higher TOC contents
(on average 15wt.%). An exception is the non-varved unitIV which was characterized
by intermediate and highly fluctuating TOC contents.

The C:N ratios were not displaying strong variations and remained between 5
and 15 (mean 10.7), indicating that the organic matter is predominantly composed
of autochthonous material. The curve showed no correspondence to changes in varve

preservation.
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Figure 2.5: Composite profile with main sedimentological parameters. Sediment column with
well-varved (striped dark grey) and non-varved (light grey) sections. Results of sedimento-
logical analysis: varve quality index (VQI), occurrence of varve types (yellow=calcite varves;
orange=Ca-rhodochrosite varves; brown=organic varves) and the sedimentation rate. Results
of geochemical analysis: TIC content, TOC content, TOC and TN ratio (C:N), log-ratios of Ti
and Si (In(Ti/Si)) and Ca and Mn (In(Ca/Mn) obtained from u-XRF element scanning. Black
lines indicate the 51 year running mean of the data plots. Dark and light grey shaded areas
reflect non- and poorly-varved intervals, respectively.
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2.4.4.2 u-XRF element scanning

The main elements detected in the Lake Tiefer See sediments included Ca, Fe, K, Mn,
Si and Ti. In poorly- and non-varved sediment units (units II, IV and VI) a high positive
correlation was observed for Si-Ti and Si-K (r=0.81 and 0.89, respectively), whereas the
correlation of these elements in dominantly well-varved units (units 1, III, V and VII)
was low (r=0.25 for Si-Ti and 0.31 for Si-K). The correlation of Si with the elements Ti
and K indicates detrital input (Demory et al., 2005; Jouve et al., 2013) and a dominance
of detrital Si incorporated in quartz and clay minerals in poorly- and non-varved inter-
vals. The weak correlations in varved sediments, in contrast, point to the presence of Si
bound in diatom frustules in these units. We interpret the In(Ti/Si) ratio as a proxy of
the relative variations of detrital sediment input and generally find low In(Ti/Si) ratios
in well-varved sediments and high ratios in poorly- and non-varved intervals.

The In(Ca/Mn) ratio reflects variations of calcite, organic and Ca-rhodochrosite
varves. Higher values occurred in the upper part of unitl (5360-3940 cal. a BP), in
unitIII, in the upper part of unitV (750-990 cal. a BP) and in unit VII. These periods all
comprised calcite varves. Lower In(Ca/Mn) values were found in organic varve domi-
nated intervals, as in the lower parts of unitI (6030-5360 cal. a BP) and of unitV (2100-
990 cal. aBP)), but also in sections with dominant Ca-rhodochrosite varves as in the
lower part of unitV (2100-1840 cal. a BP). Consequently, the In(Ca/Mn) ratio showed a

similar pattern to the TIC curve.

2.4.5 Vegetation openness

The pollen based reconstruction displayed repeated changes in vegetation openness
within the pollen source area of Lake Tiefer See over the past 6000 years (Figure 2.6
and Figure 2.7). The lowest values (<20%) were observed at around 6000 cal.a BP
and during short phases between 1500 and 750 cal. a BP. Lowest openness was thus
observed before the onset of Neolithic farming and during the 'Migration Period’
(Biintgen et al., 2011). The highest openness (>60%) was reconstructed for the peri-
ods 3940-3100 cal. a BP, 2700-2200 cal. a BP, 990-895 cal. a BP (AD 960-1055) and since
750 cal. a BP (AD 1200). These intervals presumably represent settlement phases in this
region. After 4000 cal. a BP, openness was negatively related to the VQ], i.e. increased
openness was mostly observed during poorly- and non-varved periods. An exception
is the recent well-varved sediment unit VII, which showed both, well-preserved varves

and high vegetation openness.
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Figure 2.6: Selected results of Cladocera analysis. Sediment column with well-varved (striped
dark grey) and non-varved (light grey) sections. Selected results of Cladocera analysis: Bosmina
longirostris, Bosmina (Eubosmina) longispina, Bosmina (Eubosmina) longispina with long mu-
cro, Bosmina (Eubosmina) coregoni, benthic Cladocera species, Cladocera specimen number
per 1 cm? sample. The last column shows the reconstructed vegetation openness from pollen
data.

2.4.6 Cladocera analysis

We identified 36 Cladocera species from 6 families in the Lake Tiefer See sediments
during the past 6000 years. The assemblages were dominated by planktonic taxa of
the Bosminidae family. Bosmina longirostris was the most abundant species. Clado-
cera assemblages mainly indicate relative changes in lake productivity (Polcyn, 1996;
Szeroczynska, 1998)

Benthic Cladocera species showed a higher abundance in poorly- and non-
varved sediment intervals. The relation between the planktonic Cladocera assem-
blages and varve preservation changed through time (Figure 2.6). In unitsI to V (6030-
1500 cal. a BP) changes of planktonic species did not correspond to varve preservation
variability. In units V and VI (1500 cal. a BP-AD 1924), a relation between varve preser-
vation and Cladocera assemblages was observed. In particular, the eutrophic species
Bosmina longirostris and the specimen number were higher during poorly- and non-
varved intervals, suggesting increased productivity during periods of low varve preser-
vation after ~1500cal. aBP. In contrast, well-varved phases were characterized by a
dominance of the oligotrophic species Bosmina (Eubosmina) coregoni. In the sub-
recent well-varved unit VII, a rise of planktonic species mainly recorded by Bosmina

longirostris indicates higher productivity.
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2.5 Discussion

2.5.1 Varve preservation and varve microfacies

The sediment record of Lake Tiefer See displays repeated changes between varved and
poorly-/non-varved intervals. The preservation of varves indicates anoxic bottom wa-
ter conditions strong enough to prevent microbenthic life in the pelagic zone (Brauer,
2004; Kelts and Hsii, 1978). The prevalence of anoxic conditions during well-varved
intervals of Lake Tiefer See sediments is supported by the presence of vivianite and
Ca-rhodochrosite crystals, which preferentially form during oxygen deficiency (Nriagu
and Dell, 1974; Nriagu, 1972; Roden and Edmonds, 1997; Rothe et al., 2014).

TOC contents in lake sediments are either interpreted as proxy for productivity
(e.g. Liider et al., 2006; Schelske and Hodell, 1991) and/or for organic matter preserva-
tion (e.g. Hartnett et al., 1998; Meyers and Ishiwatari, 1993). Since higher TOC contents
in the Lake Tiefer See sediments occur in intervals of well-preserved varves, we con-
sider TOC values in our record mainly as a preservation signal. This is supported by
the observation that periods of increased productivity are not characterized by higher
TOC contents. In the non-varved unit VI with low TOC contents (~5 wt.%), for example,
we noticed higher abundances of mesotrophic and eutrophic diatoms (i.e. Stephan-
odiscus sp. and Aulacoseira sp.) as well as of the eutrophic Cladocera species Bosmina
longirostris (Szeroczynska, 1998; Polcyn, 1996).

The oxygen budget in the hypolimnion is primary controlled by lake circulation
and productivity (Demaison and Moore, 1980; Niessen et al., 1992). Since no indica-
tions for enhanced lake productivity in well-varved intervals have been found, except
for the sub-recent varve formation (Kienel et al., 2013), we suggest that changes of
varve preservation before the 20’ century was mainly caused by variations in lake
circulation. This interpretation is supported by enhanced reworking of littoral sedi-
ments during poorly- and non-varved phases, which is inferred from higher portions
of epiphytic/benthic Cladocera remnants. Higher portions of these Cladocera species
are a result of increased wave activity as well as longer and more intense lake circula-
tion. In addition, higher In(Ti/Si) ratios suggest a higher influx of detrital matter during
poorly- and non-varved periods. The higher detrital input might reflect both enhanced
sediment flux from the catchment due to higher rainfall and erosion, as well as intensi-
fied littoral sediment reworking. Consequently, the varve quality index (VQI) is consid-
ered as an indicator for lake circulation except for the recent period of varve formation,

which is related to lake eutrophication.
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A further differentiation of anoxic conditions in well-varved sediments can be in-
ferred from variations in varve-microfacies types (Figure 2.5). While organic varves
occur in all well-varved units and are thus not indicative, Ca-rhodochrosite and cal-
cite varves cluster in specific intervals. The dominance of either Ca-rhodochrosite or
calcite varves suggests different redox-potential levels at the sediment-water interface
(Stevens et al., 2000). Generally, low potentials are required for the formation of Ca-
rhodochrosite crystals to reduce Mn-ions to the mobile phase and enable anaerobic
microbial activity in order to produce high concentrations of HCO3;~ ions (Robbins
and Callender, 1975; Stevens et al., 2000). As these conditions are less favourable for
the preservation of calcite crystals (Dean, 1999), we assume that intervals dominated
by calcite varves indicate higher redox potentials. However, since the redox potential at
the lake bottom is the result of a complex interaction of different influences (including
the bottom water oxygen content, pH and temperature) this interpretation should be

considered with caution.

2.5.2 Drivers of lake circulation — present and past

Lake circulation is dominantly affected by wind stress and lake stratification (Magee
et al., 2016). Today, Lake Tiefer See is mono- to dimictic. Lake monitoring since 2012
indicates that circulation commonly lasts from September/October to April/May (un-
published data). The circulation period is interrupted during cold winters when the
lake is frozen. Interestingly, oxygen concentrations in the hypolimnion do not start to
rise before December, reaching maximum values in April/May (up to 12 mg/l oxygen),
towards the end of the circulation phase and at the onset of summer stratification. The
slow increase in oxygen concentration in the hypolimnion reflects the inertia of the
large water body, suggesting that oxygenation would be significantly hampered by a
shortening of the circulation period.

The strength and duration of lake stratification is an important factor for lake cir-
culation intensity and is mainly controlled by temperature and seasonality (Boehrer
and Schultze, 2008). Warm and long summers and/or cold winters with ice cover pro-
mote enhanced stability of lake stratification, reduced lake circulation and develop-
ment of anoxia. On the other hand, cool summers and/or warm winters cause reduced
stability of lake stratification, enhancing the susceptibility of the lake to wind-driven
lake circulation and result in more oxygenated bottom water conditions.

Other possible influences on lake circulation include wind shelter and lake level
changes. A reduced wind shelter, for example induced by anthropogenic deforestation,

might lead to increased sensitivity of lake circulation to wind stress (Bierstedt et al.,
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2015b; Boehrer and Schultze, 2008; Stevens et al., 2000). In addition, lake circulation
in Lake Tiefer See might be affected by lake level changes, as a level rise over a certain
threshold would connect Lake Tiefer See with the neighbouring lakes of the Klocksin
lake chain (Figure 2.1). In result, the lake-surface size would be more than doubled,

thereby enhancing the susceptibility of lake circulation to wind stress.

2.5.3 Imprint of climate change and human impact on lake circulation

Longer and more frequently occurring non- and poorly-varved intervals during the
past ~4000 years suggest a trend of intensified lake circulation in Lake Tiefer See, which
likely is related to weaker and shortened lake-stratification periods and/or increased
windiness. Similar trends towards less stable lake stratification and stronger lake cir-
culation after ~5000 cal. a BP have been previously reported from other Central Euro-
pean lakes as well (e.g. Pedziszewska et al., 2015; Finsinger et al., 2014; Eusterhues et al.,
2005). A possible explanation for weaker lake stratification during the late Holocene
are changes in orbital forcing (Laskar, 1990; Laskar et al., 2004), causing lower summer
and warmer winter temperatures in Central Europe (Wanner et al., 2008). The insola-
tion changes further enhanced the temperature gradient in the northern hemisphere,
resulting in higher cyclone activity (Gill, 1982; Lamy et al., 2010; Raible et al., 2007)
and increased windiness in Central Europe during the Late Holocene (e.g. Orme et al.,
2016; Figure 2.7). However, elevated windiness occurred ~1000 years after the onset
of the first major non-varved interval in Lake Tiefer See (~4000 cal. a BP; Figure 2.7),
suggesting that additional factors affected lake circulation at that time. A likely candi-
date is anthropogenic deforestation, because the increase of reconstructed vegetation
openness is recorded exactly at the same time as the onset of the non-varved interval
(Figure 2.7). We infer from the general coincidence of enhanced land openness and
non-varved sediments that anthropogenic deforestation became an important factor
for lake circulation in Lake Tiefer See since ~4000 cal. a BP.

Before this time, from ~6000 to ~4000 cal. a BP, the sediments are predominantly
varved, indicating generally stable stratification and minor lake mixing. Only five inter-
calated decadal periods of poorly-varved sediments indicate short phases of slightly in-
creased lake circulation. As aforementioned, the interval of stable stratification ended
rather abruptly at ~4000 cal. a BP and was followed by non-varved sediments (unitII)
lasting for ~840 years. After this phase of intensified lake circulation, the recurrence
of well-varved sediments suggests again stable stratification, but only for the duration
of ~250 years (unitIIl). This period ended, again abruptly, at ~2850 cal. a BP and was
followed by unit IV with poorly-varved sediments (2850-2100 cal. a BP). This transition
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Figure 2.7: Overview of main results in comparison to Central European windiness and to
varved (striped dark grey) and bioturbated (light grey) sections in Baltic Sea basins (Zillén et al.,
2008). Dark and light grey shaded areas reflect non- and poorly-varved intervals, respectively.
Central European windiness reflects the state of research in 100-year-windows from wind re-
constructions from different archives: dune records (Bateman and Godby, 2004; Clemmensen
et al., 2009; Gilbertson et al., 1999; a.a. Sommerville et al., 2003; Wilson et al., 2004), peat se-
quences (Bjorck and Clemmensen, 2004; de Jong et al., 2006; Orme et al., 2015), coastal deposits
(Sorrel et al., 2012; Tisdall et al., 2013), and lake sediment records (Martin-Puertas et al., 2012a).

concurs with a well-known time interval of climate deterioration with colder, moister
and windier conditions in Central Europe (e.g. Martin-Puertas et al., 2012b; Van Geel
et al., 1996), but also with a parallel increase in vegetation openness, indicating de-
creased wind shelter of the lake during this time. The coincidence of climatic change
and reduced wind shelter makes it difficult to evaluate the contribution of each factor
for lake circulation. Most likely it was the combination of climate and human influ-
ences that resulted in the observed enhanced lake circulation. In contrast to the earlier
period (unitlIl) of non-varved sediments, this poorly-varved interval (unitIV) is fre-
quently intercalated by short well-varved phases of ~60 years duration, suggesting that
the lake system was in a transitional state close to the threshold towards a more stable
water column.

Concurrent with the Roman climate optimum (~2100 cal. a BP; Holzhauser et al.,
2005) well-varved sediments dominated again (unitV) and continued until the 12"

century AD (Figure 2.7), but with several decadal-scale interruptions by poorly-varved
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sediment. These poorly-varved episodes partly concur with peaks of vegetation open-
ness, indicating that deforestation contributed to declining varve preservation in
these intervals. The longest of these poorly-varved intercalations (~1620-1440 cal. a BP
(AD 330-510)) coincides with the "Migration Period’ (also 'Dark Ages’; Biintgen et al.,
2011), for which colder, moister and windier conditions are reported from Central Eu-
rope. Since deforestation was less intense during this time (Figure 2.7), we suggest a
dominant climate influence in this period.

The following extended interval of non-varved sediments (unitVI) corresponds
to the ’Little Ice Age’ (13""-19%" century). Characteristic for this period were cooler
temperatures, stronger westerlies (e.g. Lamb, 1979; Mayewski et al., 2004; Pfister et al.,
1998; Wanner et al., 2011) and a particularly marked increase in summer storminess
(Wheeler and Suarez-Dominguez, 2006; Wheeler et al., 2010) in Central Europe. The
combination of colder and windier summers during the ’Little Ice Age’ should have
sufficiently weakened and shortened the summer stratification period to outpace the
probably stronger winter stratification due to colder conditions and formation of lake
ice cover. The parallel increase of vegetation openness further favoured strengthened
lake circulation.

The striking alternation of well-varved and poorly-/non-varved sediments is pri-
mary a result of variations in the intensity of the lake-circulation regime. However, it
is challenging to disentangle the ultimate driving mechanisms for these variations,
as several different factors can influence lake circulation. One difficulty is that only
vegetation openness data are directly obtained from the Lake Tiefer See sediment
record, while the assessment of the role of climate effects is limited to comparisons
with published palaeoclimate data from other records. Nevertheless, the influence of
regional climate change is strongly supported by the striking correspondence of the
main phases of increased lake circulation at Lake Tiefer See and bioturbated sediments
in the Baltic Sea basins (Figure 2.7), which are interpreted as signal of enhanced river
inflow and windier conditions (Andrén et al., 2000; Jilbert et al., 2015; Ning et al., 2016;
Zillén et al., 2008). Therefore, we hypothesise that the driving mechanism for the vari-
ability of lake circulation at Lake Tiefer See during the last ~6000 years is a complex
coupling of long-term insolation-driven climatic changes and deforestation phases
during human settlement periods. Climate likely affected lake circulation by decreas-
ing summer and increasing winter temperatures; both causing weakened seasonal lake
stratification. In addition, lake circulation presumably was intensified by centennial-
scale intervals of colder, moister and windier conditions, like at ~2850 cal. aBP and

during the 'Dark Ages’ and the ’Little Ice Age’. Deforestation in the catchment during
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human settlement phases led to a reduced wind shelter and thus increased the sus-
ceptibility of the lake to wind stress. In result, the strengthened lake circulation pre-
vented preservation of varves. Since such distinct alternations in varve preservation as
observed in Lake Tiefer See are rarely reported, we consider Lake Tiefer See as excep-
tionally sensitive to the above discussed combination of different factors controlling

lake circulation and deep-water anoxia.

2.6 Conclusion

Varve formation and preservation in Lake Tiefer See during the last ~6000 years is par-
ticularly sensitive to changes in lake circulation, causing distinct alternations of varved
and poorly-/non-varved intervals. Except for the most recent period since AD 1924,
during which human induced eutrophication was the most important factor for varve
preservation, variations in lake-circulation strength mainly controlled varve preserva-
tion in Lake Tiefer See. Most probably, the driver for the variability in lake circulation is
a combination of long-term and centennial- to decadal-scale climatic changes as well
as anthropogenic deforestation during settlement periods, enhancing the sensitivity
of the lake to wind stress. However, it remains difficult to disentangle in detail between
these factors, partly due to the lack of independent wind proxies at Lake Tiefer See.
An intriguing observation is the coincidence of non-varved intervals in Lake Tiefer See
with phases of bioturbated sediments in the Baltic Sea. This similarity suggests a com-
mon driver for sediment variability in both sediment archives, which, however, needs

to be verified and explained by further and more detailed investigations.
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Abstract

A detailed Holocene tephrostratigraphic framework has been developed for two pre-
dominately varved lake sediment sequences from NE Germany (Lake Tiefer See) and
central N Poland (Lake Czechowskie). A total of thirteen tephras and cryptotephras of
Icelandic provenance were detected and chemically fingerprinted in order to define
correlatives and to integrate known tephra ages into the sediment chronologies. Out of
these, three cryptotephras (Askja-AD 1875, Askja-S and Hésseldalen) were identified in
both records, thus allowing a detailed synchronization of developing high-resolution
palaeoenvironmental proxy data. The early Holocene Saksunarvatn Ash layer and the
middle Holocene Lairg-B and Hekla-4 cryptotephras in Lake Tiefer See are further im-
portant anchor points for the comparison with other high-resolution palaeoclimate

records in Central and Northern Europe. Tentative correlations of cryptotephras have
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been made with a historical basaltic Grimsv6tn eruption (~AD 890-856) and three late
Holocene rhyolitic eruptions, including the 2.1 ka Glen Garry and two unknown high-

silicic cryptotephras of probably Icelandic provenance (~1.9 cal. ka BP).

Keywords

Cryptotephra — Icelandic volcanism — Tiefer See — Lake Czechowskie — Lateglacial —
Holocene — ICLEA

3.1 Introduction

In the light of global warming and possibly related socioenvironmental responses it
is essential to understand the mechanism and timing of abrupt climate changes. Past
climate variability can be best reconstructed by studying high-resolution geological
records, e.g. annually laminated (varved) lake sediments. However, such records are
rare in northern central Europe and are restricted to either the Lateglacial (e.g. Brauer
et al., 1999; Goslar et al., 1999, 1993; Merkt and Miiller, 1999; Neugebauer et al., 2012)
or the Holocene epoch (e.g. Dorfler et al., 2012; Enters et al., 2010; Zolitschka, 1990).
The Virtual Institute for Integrated Climate and Landscape Evolution Analyses
ICLEA (www.iclea.de) aims at the continuous and high-resolution reconstruction of
past climate variability and environmental changes in the northern central European
Lowlands since the end of the last Ice Age. A current focus is set on two predomi-
nately varved sediment sequences from NE Germany (Lake Tiefer See; Dréger et al.,
2014) and central N Poland (Lake Czechowskie; Ott et al., 2014). A high-resolution
palaeoenvironmental reconstruction and the establishment of independent chronolo-
gies of both records is in progress and will enable the determination of effects of spatial
and temporal climatic changes due to the existing gradient of increasing climatic con-
tinentality from the western (Tiefer See) towards the eastern archive (Czechowskie).
Independent chronologies will be achieved by varve counting, radiometric dating and
tephrochronology. The latter method involves the use of tephra layers (volcanic fallout
material) in sedimentary repositories as a dating and synchronization tool (e.g. Lowe,
2011). Several distinct tephras of Icelandic and Eifel provenance have been reported
from sites in NE Germany and western Poland, i.e. the Saksunarvatn Ash (Bramham-
Law et al., 2013), the Askja-S, Hasseldalen and Laacher See tephras (e.g. Housley et al.,
2013b; Juvigné et al., 1995; Lane et al., 2012; Riede et al., 2011; Wulf et al., 2013). Those

tephras, however, are restricted to the Lateglacial and early Holocene epoch. The iden-
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tification of younger tephras is so far limited to a single finding of the late Holocene
Glen Garry cryptotephra (non-visible tephra) in an archaeological site in NW Poland
(Housley et al., 2013a).

In this study, we present a comprehensive tephrostratigraphy for the northern
central European Lowlands for the last ca. 11,500 years, constrained from the ICLEA
sites Lake Tiefer See and Lake Czechowskie. The tephra results are used to construct ro-
bust tephrochronologies for both records in order to support their varve chronologies.
They furthermore provide important anchor points for the synchronization of palaeo-
proxy data of these records with each other and with other high-resolution terrestrial

records in northern central Europe.

3.2 Study area

Lake Tiefer See (TSK=Tiefer See Klocksin) and Lake Czechowskie (JC=Jezioro
Czechowskie) are both located in the northern central European Lowlands in the fore-
land of the terminal moraine of the Pomeranian ice advance of the last glaciation,
which is dated at 15.6 + 0.6 1°Be ka (Rinterknecht et al., 2014) (Figure 3.1). Both lakes
have a melt genesis, namely lake basins formed by the melting of buried ice blocks
(Blaszkiewicz, 2011; Btaszkiewicz et al., 2015; Kaiser et al., 2012; Van Loon et al., 2012;
Stowinski, 2010; Stowinski et al., 2015). Lake Tiefer See is a 1.6 km N-S elongated lake
located in the natural park of Nossentiner-Schwinzer Heide, NE Germany (53° 35.50’ N,
12°31.80’E, 62 m a.s.l.). It is part of the Klocksin Lake Chain that formed in a subglacial
gully system during the last deglaciation. The lake has a surface area of 0.75km? and a
maximum water depth of 62.5 m (Dréger et al., 2014; Kienel et al., 2013).

Lake Czechowskie is situated in the eastern part of the Pomeranian Lakeland in the
Tuchola Pinewoods, central N Poland (53°52.20’ N, 18° 14.10’E, 108 m a.s.l.). The cur-
rent lake together with the adjacent Trzechowskie palaeolake (TRZ) basin (53° 52.40’ N,
18°12.90’E, 111 m a.s.l.) developed in a subglacial channel in the outwash plain of the
Wda river, which was accumulated during the retreat of the Late Weichselian ice sheet
recession between 17 and 16 cal. ka BP (Btaszkiewicz et al., 2015; Marks, 2012). Lake
Czechowskie has an oval-shaped basin with a surface area of 0.73 km? and a maximum
water depth of 32 m (Blaszkiewicz et al., 2015; Ott et al., 2014).

Lake Tiefer See and Lake Czechowskie are both located in a distal position to
Icelandic volcanoes (2150-2400km SE) and the W German Eifel Volcanic Field (500-
840km NE).
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Figure 3.1: Overview map of NE Germany and NW Poland showing the location of Lake Tiefer
See (TSK) and Lake Czechowskie (JC). The red dotted line indicates the position of the southerly
ice advance of the Pomeranian phase at the end of the Weichselian glaciation. Inlet map is
showing the position of European volcanoes mentioned in the text (black triangles) in relation
to studied sites (black stars).

3.3 Methods

3.3.1 Sediments and developing chronology
3.3.1.1 Lake Tiefer See

In the years 2011 and 2013, a total of seven parallel sediment sequences and several
surface cores were recovered from the deepest part of Lake Tiefer See usingan UWITEC
piston corer (Figure 3.1b). These sequences were used to construct a composite pro-
file of 1083 cm length that reaches the basal glacio-fluvial sand deposits (Figure 3.2a).
Two sediment gaps probably of several decimetres each occur at 769.5 cm and 956.5 cm
depth as a result of technical problems during coring. The chronology of the compo-
site profile is under construction and will incorporate several dating methods, i.e. varve
counting, estimation of sedimentation rates in poorly- and non-varved sections, AMS
14C dating (Driger et al., 2014) and tephrochronology (this paper). Lacustrine sed-
iments are characterized by alternating finely laminated and homogenous diatom-
aceous gyttia with various amounts of calcareous and detrital matter (Dréger et al.,
2014; Kienel et al., 2013).
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3.3.1.2 Lake Czechowskie

Four parallel and overlapping sediment sequences as well as numerous short cores
were retrieved between 2009 and 2012 from the deepest parts of Lake Czechowskie
(Figure 3.1b) using an UWITEC piston corer and a Ghilardi Gravity Corer (KGH 94),
respectively. A continuous composite profile of 1346 cm length has been constructed
(Figure 3.2b) by defining unambiguous correlation layers. Holocene sediments are
dominated by finely laminated calcareous gyttia with various amounts of organic and
detrital matter. The base of Lateglacial sedimentary deposits is characterised by coarse
glacio-fluvial sand deposits (Ott et al., 2014). Dating of sediments is in progress and will
include varve counting, AMS 14C dating, radionuclide distribution (137Cs) (Ott et al.,

2014) and tephrochronology (this paper).

3.3.2 Tephrochronological methods

A systematic scanning for cryptotephras in TSK and JC sediments was carried out us-
ing preliminary chronostratigraphical information, high-resolution sampling and pro-
cessing of sediments for each archive. Continuous sediment samples of 1cm® were
taken in 0.5 cm-5 cm intervals for the entire Holocene TSK sequence as well as for the
early Holocene part of JC sediments. A selective search in the middle to late Holocene
section of the JC sequence was carried out depending on tephra findings in this time
interval in the TSK sequence. In order to remove organic matter, samples were indi-
vidually treated with a 15% hydrogen peroxide (H»O;) solution (overnight) and sub-
sequently wet-sieved over a 100-pum and 20-pum mesh sieve. In the following, a 10%
hydrochloric acid (HCI) solution was added to the 20-100 um fractions in order to dis-
solve calcium carbonates (maximum 1 h). The residual samples were then repeatedly
rinsed with deionized water and dried with Ethanol at 60°C. Samples with high diatom
abundances were additionally heated in a 2 M sodium carbonate (Na,CO3) solution in
a water bath for 5 h, neutralized with a 10% hydrochloric acid solution and rinsed with
deionized water before drying. Dried samples were inspected for volcanic glass shards
on plastic lids using a transmitted light microscope (Zeiss Jenapol). Identified shards
were handpicked into a single-hole-stub, embedded in Araldite 2020 resin, sectioned
and polished by hand on wet silicon carbide paper.

The major element composition of single glass shards was obtained on the
carbon-coated stubs at a JEOL JXA-8230 microprobe at the German Research Centre
for Geosciences (GFZ). Operating conditions used a 15kV voltage, a 10 nA beam cur-

rent and beam sizes of 5 um, 8 um or 10 um. Exposure times for each analysis were 20 s
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for the elements Fe, Cl, Mn, Ti, Mg and P, as well as 10 s for E Si, Al, K, Ca and Na. Instru-
mental calibration used natural mineral and the Lipari obsidian glass standards (Hunt
and Hillt, 1996; Kuehn et al., 2011). Raw values of glass data are provided in Table 3.1
and Table 3.2. For comparison, several Holocene Icelandic tephras were analysed with
the same instrument, i.e. Askja-AD 1875 (sample provided by C. van den Bogaard),
Landndam-AD 870, Eldgja-AD ~934, Hekla-3 and Hekla-4 (see Chapter 6.3 Appendix).
Geochemical biplots used normalized (water-free) data of the TSK, JC and proximal

tephra samples for the comparison with other published EPMA glass data (Figure 3.4).

3.4 Results and discussion

3.4.1 Lake Tiefer See Holocene tephrostratigraphy
Sample TSK13_F6_99-100_T (Hasseldalen)

The lowermost cryptotephra TSK13_F6_99-100_T in Lake Tiefer See occurs in 1031.7
cm composite depth in a non-varved interval and reveals only 2 shards cm™3. No
further glass shards have been detected in the overlying and underlying sediments,
suggesting an undisturbed and primary deposition of this cryptotephra. Both colour-
less, highly vesicular glass shards (Figure 3.3) show rhyolitic compositions that are
best comparable with those of the early Holocene Héasseldalen tephra (HDT) from
the Sneefellsjokull volcano (?) in W Iceland (Davies et al., 2003) (Figure 3.4f). The HDT
was first reported at the distal Hasseldala port palaeolake site in southern Sweden and
dated by Bayesian '“C modelling at 11,380 + 216 cal. a BP (Davies et al., 2003; Wohlfarth
et al., 2006). Further findings include sites in SW Sweden (Lilja et al., 2013), Denmark
(Larsen and Noe-Nygaard, 2014) and on the Faroe Islands (Lind and Wastegard, 2011).
The occurrence of the HDT in TSK is in agreement with recent findings at Endinger
Bruch in NE Germany (Lane et al., 2012) and at the Wegliny site in SW Poland (Housley
et al., 2013b) (Figure 3.5).

Sample TSK13_F6_91-92_T (Askja-S)

Sample TSK13_F6_91-92_T in 1023.2cm composite depth exhibited 3 shards cm™3
(Figure 3.3) that occurs within a non-laminated section 7 cm above the Hésseldalen
Tephra. Glass shards are colourless, highly vesicular and display a homogenous Ice-
landic rhyolitic composition with relatively low potassium values of ca. 2.5 wt.% and
high CaO concentrations (ca. 1.6-1.7 wt.%) (Figure 3.4f). Both the glass chemistry and
the position of cryptotephra TSK13_F6_91-92_T above the biostratigraphically defined
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Figure 3.2: Lithology of the composite profile of Lake Tiefer See (left) and Lake Czechowskie
(right) with positions of cryptotephras.

Younger Dryas/Holocene transition confirm an origin from the Askja-S caldera form-
ing eruption of the Dyngjufjoll volcanic centre in north-eastern Iceland (Sigvaldason,
2002). The Askja-S tephra has been so far identified in lake and peat sequences on the
Faroe Islands (Lind and Wastegard, 2011) in N Ireland (Turney et al., 2006), S Sweden
(Davies et al., 2003; Lilja et al., 2013), NE Germany (Lane et al., 2012) and Switzer-
land (Lane et al., 2011) (Figure 3.5). Its age is constrained by Bayesian *C modelling
at the Héasseldala port palaeolake site in SE Sweden at 10,810 + 240 cal. aBP (Wohl-
farth et al., 2006) and in Lake Soppensee at 10,846 + 145 cal. aBP (Lane et al., 2011). An
age estimate from Faroe Island provided a much younger time constraint at 10,350-
10,500 cal. a BP (Lind and Wastegard, 2011). Ages from Hésseldala port and Soppensee
were incorporated into a new age model by Bronk Ramsey et al. (2015) providing the
most recent age estimate of the Askja-S tephra at 10,830 + 57 cal. a BP.

Sample TSK13_F6_55_T (Saksunarvatn)

In 989.2 cm composite depth a 0.3 mm thick, macroscopic visible tephra layer occurs

directly below a varved interval, here labelled as sample TSK13_F6_55_T. Volcanic glass

43



3 TIEFER SEE - TEPHROSTRATIGRAPHY

Table 3.1: Individual, non-normalized major element glass data of cryptotephras found in
Lake Tiefer See

Sample Si0y TiOy Al,O3 FeOgp: MnO MgO CaO Na20 K20 P,Os5 Total Cl F

TSK11_K3_ 74.14 0.77 12.19 3.23 0.11 0.69 226 338 248 0.12 99.37 0.05 0.00
33-34_T 74.45 0.78 12.09 3.15 0.12 0.71 222 349 242 0.13 99.57 0.04 0.00
46.7 cm 74.83 0.83 12.29 336 0.10 0.70 254 3.52 231 0.15 100.64 0.03 0.00
Askja- 75.72 091 1236 3.11 0.08 066 231 3.12 244 0.12 100.83 0.03 0.00
AD1875 75.41 0.74 12.23 3.19 0.08 065 233 3.18 246 0.13 100.40 0.04 0.00
75.38 0.78 1231 3.16 0.07 065 241 336 239 0.12 100.63 0.03 0.00
75.17 0.82 1221 335 0.11 0.74 248 3.63 231 0.12 100.94 0.03 0.00
75.19 0.78 1254 3.42 012 0.71 255 3.60 230 0.14 101.34 0.04 0.00
73.39 091 1259 3.73 013 086 2.72 321 226 0.17 99.96 0.04 0.00
73.73 0.86 12.79 390 0.11 083 275 3.28 224 0.18 100.67 0.04 0.00
71.81 1.08 13.01 4.57 0.12 1.06 3.28 3.72 2.13 0.24 101.01 0.03 0.00
72.45 099 12.45 4.77 012 1.02 336 3.43 2.07 0.25 10091 0.03 0.00
71.67 1.17 1254 478 0.13 096 3.33 3.55 225 0.24 100.62 0.03 0.00

TSK11_Blu_ 50.55 2.73 12.87 13.10 0.24 5.79 9.44 289 0.51 0.33 98.46 0.01 0.00
137-142_. T 5054 2.77 12.89 1265 0.21 566 9.53 2.81 0.51 032 97.89 0.02 0.00
240.6 cm
unknown
Grimsvétn

TSK11_A3_ 73.68 0.10 13.03 193 0.07 0.01 1.31 397 2.74 0.01 96.85 0.08 0.03
120-125_T 7256 0.12 12.80 194 0.12 0.04 132 3.71 270 0.01 95.32 0.07 0.00
607.9 cm
Hekla-4

TSK13_F5_ 69.18 0.17 13.78 2.05 0.09 0.12 0.57 5.10 4.37 0.00 95.43 0.20 0.00
37-43.T 69.44 0.20 13.94 228 0.10 0.15 0.63 5.31 4.22 0.00 96.27 0.21 0.00
791.5 cm
Lairg-B

TSK13_F6_ 50.42 3.05 12.73 1390 0.24 556 9.46 283 043 033 98.95 0.01 0.00
55_T 50.14 2,99 12.71 14.19 0.21 5.63 9.69 265 040 032 9894 0.02 0.00
989.2cm 50.85 3.14 12.86 14.08 0.20 5.26 9.40 2.66 0.48 0.33 99.25 0.00 0.00
Saksunar- 51.03 3.10 12.65 14.15 0.22 5.21 952 245 0.49 0.28 99.09 0.02 0.00
vatn 51.80 2.92 13.24 14.26 0.23 5.02 9.66 249 0.47 0.31 100.40 0.02 0.00
50.58 2.83 12.97 1335 0.27 5.71 990 2.64 0.42 0.37 99.03 0.02 0.00
50.90 3.13 12.83 14.53 0.23 5.88 9.88 2.16 0.55 0.30 100.39 0.01 0.00
50.61 2.81 12.88 13.73 0.25 5.78 9.72 251 043 0.33 99.04 0.02 0.00
50.71 2.90 12.68 13.88 0.21 5.73 9.69 2.79 041 034 9935 0.03 0.00
50.77 2.89 12.97 13.73 022 5.62 987 251 0.40 0.32 99.30 0.00 0.00
50.40 1.37 13.58 11.06 0.21 795 1236 2.15 0.13 0.06 99.27 0.02 0.00
50.80 2.75 1298 13.61 0.23 5.61 9.68 2.53 046 031 98.97 0.02 0.00
50.04 1.43 13.44 11.21 0.19 8.17 1232 2.12 0.16 0.12 99.20 0.00 0.00
50.15 3.08 12.42 14.01 0.21 5.69 9.56 2.77 0.49 031 98.69 0.02 0.00
50.48 3.10 12.56 13.73 0.22 531 948 2.80 0.44 0.34 98.46 0.02 0.00
50.90 3.15 12.88 14.04 0.25 5.24 941 2.60 0.49 0.32 99.28 0.01 0.00
49.92 296 12.72 13.70 0.26 5.58 9.56 2.71 0.45 037 98.24 0.01 0.00
50.10 1.55 13.69 10.90 0.18 7.82 12,56 2.08 0.13 0.13 99.14 0.01 0.00
51.01 3.16 1297 13.85 0.29 5.29 9.51 2.60 052 037 99.56 0.02 0.00
50.77 3.07 12.88 13.84 0.24 548 947 2.67 0.48 0.37 99.26 0.02 0.00
50.52 3.02 12.79 13.98 0.23 531 940 266 0.42 0.33 98.66 0.01 0.00
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Sample Si0,  TiO, Al,Os FeOyp: MnO MgO CaO Na20 K20 P,O5 Total CI F

49.92 289 1279 13.82 0.24 587 974 276 045 029 98.77 0.02 0.00
50.22 163 13.86 11.32 0.24 7.60 12.01 1.96 0.17 0.14 99.14 0.00 0.00
50.07 297 13.08 14.46 0.25 556 9.39 274 047 037 99.36 0.02 0.00
5049 285 1296 13.75 0.21 560 9.77 271 0.45 033 99.12 0.01 0.00
49.89 2.83 13.01 13.84 0.19 592 9.89 273 043 030 99.03 0.01 0.00
50.38 3.01 12.49 14.04 0.23 555 9.60 2.70 0.49 0.35 98.84 0.01 0.00
49.85 3.13 12.85 13.84 0.23 546 938 281 046 034 9835 0.02 0.00
49.62 291 12.89 13.76 0.24 548 9.57 2.73 041 034 97.95 0.02 0.00
50.07 2.81 1296 13.43 0.27 5.97 9.82 257 042 034 98.66 0.01 0.00

TSK13_F6 7450 0.29 11.83 251 011 0.22 1.60 3.16 231 0.02 96.55 0.06 0.00
_91-92. T 67580 032 1212 248 0.10 025 1.62 340 244 0.00 98.53 0.05 0.00
1023.2cm  673.37 60.28 611.80 2.41 0.09 0.25 1.53 3.21 244 0.00 95.38 0.05 0.00
Askja-S

TSK13_F6 76.87 0.07 11.60 1.08 0.05 0.04 044 3.19 4.04 0.01 97.40 0.13 0.00
_99-100_T 76.46 0.08 11.52 1.11 0.07 0.02 0.46 3.15 3.82 0.01 96.71 0.14 0.00
1031.7 cm

Hcissel

dalen?

shards (>100 shards cm™3) of this tephra are brownish, show a low vesicularity (Fig-
ure 3.3), and display a basaltic composition. The stratigraphic position in faintly lam-
inated TSK sediments indicates a deposition during the Early Holocene (Figure 3.2).
Both the geochemical and chronostratigraphical data confirm a correlation with the
Saksunarvatn Ash (SA) from the Grims6tn volcanic system (Figure 3.4e). The Saksunar-
vatn Ash is an important isochron in environmental records in northern Europe (e.g.
Aarnes et al., 2012; Birks et al., 1996; Bramham-Law et al., 2013; J6hansen, 1985; Lind
and Wastegard, 2011; Lind et al., 2013; Mangerud et al., 1986; Merkt et al., 1993), the
North Atlantic region (e.g. Andrews et al., 2002; Haflidason et al., 1990; Johannesdéttir
et al., 2005; Kylander et al., 2012; Jennings et al., 2014) and Greenland (e.g. Abbott and
Davies, 2012; Gronvold et al., 1995; Mortensen et al., 2005; Zielinski et al., 1997). At least
two distinct SA plumes/eruptions are proposed (e.g. J6hannesdottir et al., 2005; Davies
etal., 2012; Bramham-Law et al., 2013): one is distributed towards the SE and radiocar-
bon dated in Lake Krdkenes, Norway, at 10,210 + 35 cal. aBP (Lohne et al., 2013) and
another one towards the NW revealing an slightly older age but overlapping within the
20 error range at 10,297 + 45 cal. aBP (10,347 + 45 a b2k; Rasmussen et al., 2006) in the
Greenland ice core record. The Saksunarvatn Ash in Lake Tiefer See is most likely re-
lated to the south-easterly dispersal fan (Figure 3.5) at 10,210 + 35 cal. a BP. Since this
tephra occurs right below a laminated section (Figure 3.2), it represents an important

time and correlation marker in TSK sediments (Figure 3.6)
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Table 3.2: Individual, non-normalized major element glass data of cryptotephras found in
Lake Czechowskie.

Sample Si0, TiO, Al,O3 FeOy MnO MgO CaO Na20 K20 P,O5 Total Cl F

JC12_ K2_ 7444 0.78 1243 339 0.10 0.74 238 3.87 222 0.12 100.47 0.04 0.00
35-36_T 75.08 0.77 12.27 333 0.10 0.71 236 3.67 234 0.14 100.77 0.05 0.00
48.5 cm

Askja-

AD1875

JC09 _B2_ 74.63 0.06 12.11 0.49 0.00 0.06 0.49 3.79 4.32 0.00 95.96 0.11 0.00
155-158_T 73.99 0.06 12.38 0.58 0.05 0.06 0.44 3.38 4.52 0.01 95.46 0.09 0.00
480.5 cm 73.89 0.07 12.02 0.53 0.04 0.03 055 335 4.28 0.00 94.77 0.11 0.00
unknown 74.22 0.09 12.18 0.49 0.09 0.06 0.51 3.81 4.20 0.00 95.64 0.11 0.00
Icelandic?

JC09_B2_ 74.04 0.04 11.88 0.54 0.08 0.05 0.53 3.44 4.09 0.00 94.70 0.11 0.00
170-173_T 73.71 0.08 11.96 0.52 0.06 0.06 0.51 3.48 4.18 0.01 94.58 0.10 0.00
495.5cm
unknown
Icelandic?

JC12. D6_ 74.24 034 12.10 248 0.07 0.22 152 4.00 240 0.06 97.42 0.05 0.00
95-95.5_T 73.20 0.27 11.72 238 0.06 0.24 152 3.75 252 0.06 9571 0.04 0.00
1141.25cm 74.04 0.31 12.43 2.60 0.10 0.23 1.58 3.49 2.40 0.02 9721 0.03 0.00
Askja-S 73.25 033 11.76 2.43 0.07 0.23 152 3.87 245 0.05 9596 0.03 0.00
75.52 032 12.01 245 0.06 0.23 153 3.83 255 0.04 9854 0.04 0.00
74.40 031 11.92 251 0.08 0.26 1.54 3.81 251 0.01 9735 0.05 0.00
75.75 031 1224 253 0.09 0.23 1.58 3.79 239 0.01 9891 0.05 0.00
7421 0.28 11.86 248 0.06 0.21 1.56 3.80 247 0.10 97.03 0.04 0.00
74.02 0.29 11.90 2,57 0.09 0.25 157 3.77 249 0.05 97.01 0.06 0.00
75.70 0.26 12.25 259 0.13 0.28 1.60 3.85 248 0.04 99.19 0.06 0.00
76.11 0.28 12.13 249 0.10 0.26 1.54 3.53 249 0.00 98.93 0.06 0.00
7575 032 12.17 238 0.08 0.22 1.49 3.44 249 0.04 9837 0.04 0.00
7438 0.29 11.94 243 0.09 0.22 1.54 3.07 252 0.01 9649 0.04 0.00

JC12. D6_ 74.67 0.09 11.69 0.88 0.00 0.00 0.40 3.22 4.27 0.00 95.21 0.13 0.00
112-113_T 74.49 0.13 12.05 1.15 0.07 0.03 047 297 3.75 0.01 95.12 0.13 0.00
1158.5cm  73.24 0.10 11.83 1.13 0.06 0.04 0.47 296 4.02 0.04 93.89 0.13 0.02
Hdissel-
dalen
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Figure 3.3: Transmitted light images of tephra glass shards from TSK and JC sedi-
ments correlated with Askja-AD 1875 (TSK11_K3_33-34_T, JC12_K2_35-36_T), Saksunar-
vatn (TSK13_F6_55_T), Askja-S (TSK13_F6_91-92_T, JC12_D6_95-95.5_T), Héisseldalen
(TSK13_F6_99-100_T), Lairg-B (TSK13_F5_37-42_T, polished surface) and an unknown silicic
Icelandic eruption (JC09_B2_170-173_T, polished surface).
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3.4 Results and discussion

Figure 3.4: Geochemical bi-plots of normalized tephra glass data for tephra discrimi-
nation and correlation. (a) Askja-AD 1875 tephra (TSK, JC); (b) Unknown Grimsvotn Ash
(TSK); (¢) Glen Garry and unknown late Holocene Icelandic tephras (TSK, JC); (d) Hekla-4
and Lairg-B tephras (TSK); (e) Saksunarvatn Ash (TSK); (f) Askja-S and Hésseldalen tephras
(TSK, JC). EPMA reference data are obtained from: !Larsen et al. (1999); 2Andersson et al.
(2010); 3Bergman et al. (2004); “Boygle (1998); SOldfield et al. (1997); ®Pilcher et al. (2005);
"this study; 8pilcher et al. (1996); 9Dugmore et al. (1995a); '°Firiksson et al. (2000); 1Larsen
et al. (2002); '2Oladéttir et al. (2011); 3Oladéttir et al. (2008); “Thordarson et al. (2001);
157jelinski et al. (1995); '6Gronvold and Jéhannesson (1984); “Larsen (1982); !8Steinth6rsson
(1977); 9 Chambers et al. (2004); 2°Davies et al. (2007); 2! Van Bogaard and Schmincke (2002);
22Gudmundsdottir et al. (2011); 23Meara (2012); 24Wastegé’lrd (2005); 2°Barber et al. (2008);
26Housley et al. (2013b); 2’ Dérfler et al. (2012); 28Birks et al. (1996); 2°Lane et al. (2012); °Lind
and Wastegard (2011); 31Bramham-Law et al. (2013); 3*Mortensen et al. (2005); 33Davies et al.
(2003); 3*Lane et al. (2011); 3°Lane et al. (2011); 5Ranner et al. (2005); 3'Turney et al. (1997);
2‘SPyne-O’Donnell et al. (2008); 39Housley et al. (2013b); 40Lilja et al. (2013). Note that there
are some effects of slight sodium migration (slightly higher SiO, values, lower Al,O3 and Na,O
concentrations) due to the small grain sizes of glass shards and respective small beam sizes that
have been applied for EPMA.

Sample TSK13_F5_37-43_T (Lairg B)

Cryptotephra TSK13_F5_37-43_T occurs in 791.5cm composite depth and is repre-
sented by the finding of two glass shards in a 5cm? sediment sample obtained from
varved sediments ca. 22 cm below the upper sediment gap (Figure 3.2). Glass shards
are colourless, highly vesicular and show a rhyolitic composition, which strongly re-
sembles the glass composition of early Holocene tephras from the Torfajokull vol-
canic system in southern Iceland. The best chemical match is given for the Lairg-B
and Hevdarhagi tephras (Figure 3.4d). Lairg-B has been identified in sites in Scot-
land (Dugmore et al., 1995a; Pilcher et al., 1996), Ireland (Chambers et al., 2004) and
N Germany (Van Den Bogaard et al., 2002; Dorfler et al., 2012) and is radiocarbon
dated at 6675 + 49 cal. a BP (Pilcher et al., 1996) and 6723 + 108 cal. a BP (Dorfler et al.,
2012), respectively. The Hodarhagi tephra is only known from Faroe Islands lake sed-
iment sequences, where it is dated at 9850-9600 cal. a BP (Lind and Wastegard, 2011)
and thus only few hundred years younger than the Saksunarvatn Ash. Cryptotephra
TSK13_F5_37-43_T, however, is positioned ca. 2 m above the Saksunarvatn Ash in TSK
sediments and preliminary varve counts and sedimentation rate estimates indicate a
few thousand years younger age in the range of the Lairg-B tephra. In addition to the
finding of Lairg-B in the nearby Lake Belauer See (Dorfler et al., 2012), this is a major
criterion for a preferred correlation of cryptotephra TSK13_F5_37-43_T with Lairg-B.
Despite the low number of detected glass shards and the relatively broadly defined po-

sition within a 5 cm sediment interval (higher resolution sampling revealed no further
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Figure 3.5: Dispersal maps of Holocene and Lateglacial tephras in northern-central Europe
modified after Lawson et al. (2012) and Davies et al. (2012). Black filled dots represent terrestrial
sites of tephra findings (references see text).
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3.4 Results and discussion

shard findings), the Lairg-B tephra is considered to provide an anchor point at a
weighted mean age of 6683 + 45 cal. a BP (calculated after Froggatt and Lowe, 1990) for
the floating TSK varve chronology (Figure 3.2 and Figure 3.7).

Sample TSK11_A3_120-125_T (Hekla-4)

Cryptotephra TSK11_A3_120-125_T occurs at 607.9 cm composite depth and revealed
two colourless, highly vesicular glass shards in a 5cm? sample. The rhyolitic compo-
sition of both shards is almost identical and resembles the glass composition of distal
middle to late Holocene tephras from Hekla volcano (e.g. Larsen and Thorarinsson,
1977; Sverrisdottir, 2007) (Figure 3.4d). At least five widespread and geochemically sim-
ilar tephras occurred during this time from Hekla, i.e. Hekla-3 (3.0 cal. ka BP), Hekla-
S/Kebister (3.8 cal. ka BP), Hekla-4 (4.3 cal. ka BP), Lairg-A (6.95 cal. ka BP) and Hekla-5
(7.1 cal. ka BP) (e.g. Dugmore et al., 1995b; Oladéttir et al., 2011; Gudmundsdéttir et al.,
2011). All these tephras are confirmed in sites in N central Germany (Van Den Bogaard
et al., 2002; Van Bogaard and Schmincke, 2002; Dorfler et al., 2012) (Figure 3.5). The
best geochemical and chronostratigraphical match of the TSK tephra is achieved with
the Hekla-4 tephra (Figure 3.4c). The age of the Hekla-4 tephra is constrained by ra-
diocarbon dating at 4218 + 65 cal. aBP (Dugmore et al., 1995b) and 4260 + 20 cal. a BP
(Pilcher et al., 1996), and by varve counting in Lake Belauer See and Swedish sites at
4342 + 75 cal. aBP (Dorfler et al., 2012) and 4390 + 107 cal. aBP (Zillén et al., 2002), re-
spectively. Independent age control for the Hekla-4 cryptotephra in TSK is provided
by an accelerator mass spectrometer (AMS) 14 date (Poznan radiocarbon laboratory,
sample POZ-55885) of a small twig located just 12 cm above the glass shard findings
at 595 cm depth. The calibrated age of 4196 + 182 cal. aBP (3800 + 35 1*CaBP) of the
macrofossil remain corresponds well with the published age estimates for the Hekla-4

eruption and thus supports the correlation to this event.

Sample TSK11_B2o_84-85_T (Glen Garry?)

Two shards cm™3

were found in sample TSK11_B20_84—=85_T in non-laminated sedi-
ments at 401.4 cm composite depth. The major element data of one of these colourless,
highly vesicular shards indicate a high silica rhyolitic composition with relatively high
silica (ca. 77wt.%) and low K>O (ca. 2.0 wt.%) concentrations that resembles that of
the late Holocene Glen Garry Tephra (GGT) (Figure 3.4c). The GGT was first detected
in peat deposits in central Scotland (Dugmore et al., 1995b) and radiocarbon dated at
2088 + 122 cal. aBP (Barber et al., 2008). The source of the GGT has not been identified

yet, but geochemical similarities with the 2 ka Askja tephra point to the Dyngjufjoll vol-
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canic system (Barber et al., 2008) (Figure 3.4c). The GGT was recently also identified and
OSL dated at 2.1 + 0.1 ka in the Mirkovice 33 archaeological site in NW Poland (Hous-
ley et al., 2013a) (Figure 3.5). However, the correlation of the Glen Garry tephra in TSK
sediments is based only on one single analytical point and thus needs further proof.
Therefore, we only tentatively attribute this glass shard to this event mainly based on
its dating in TSK sediments at ca. 2100 cal. a BP (Figure 3.6).

Sample TSK13_B1lu_137-142_T (unknown Grimsvotn)

Two brown, low vesicular glass shards occur in sample TSK11_Blu_137-142_T between
237.7 and 243.5cm composite depth (240.6 cm mid-point composite depth). This
basaltic cryptotephra is located in the uppermost, non-laminated sediments of the TSK
record and dates between ca. 1060 + 75 and 1094 + 75 cal. aBP (~AD 890-856) accord-
ing to varve supported sedimentation rate estimates. During historical times, at least
three basaltic eruptions occurred from Icelandic volcanoes with widespread tephra
dispersal, i.e. the AD 870 Landndam eruption from the Vatnaoldur crater, the AD ~934
Eldgja fissure eruption in the Eastern Volcanic Zone and the AD 1477 Veidivotn erup-
tion (Larsen et al., 1999, 2002; Oladottir et al., 2011). The major element chemistry of
the TSK tephra, however, does not match the composition of either of those tephra, but
shows a strong affinity to the Grimsvoétn system due to the typical high TiO, concentra-
tions of ca. 2.8 wt.% (Figure 3.4b). (Larsen, 1984) noted Grimsvotn activity between the
Landndm and Eldgja eruptions; furthermore, still emerging medial-distal tephra data
indicate that the Grimsvotn system produced at least six individual tephra layers with
almost identical glass composition during this time interval (Oladéttir et al., 2011) (Fig-
ure 3.4b). Therefore, and because of the low number of detected glass shards in TSK

sediments prevents from an attribution to a specific event.

Sample TSK11_K3_33-34_T (Askja-AD 1875)

The uppermost cryptotephra in the TSK sequence, TSK11_K3_33-34_T, occurs in
46.7 cm composite depth and encompasses at least 40 colourless to light brownish
glass shards (Figure 3.3). The cryptotephra is positioned in non-laminated sediments
ca. 9cm below the topmost well-varved interval which dates between AD 2010 and
AD 1924 (Kienel et al., 2013). The major element composition of glass shards is het-
erogeneous rhyolitic with two populations that mainly differ in CaO (2.3-2.8 wt.% vs.
3.2-3.4wt.%) and FeO(3.1-3.9wt.% vs. 4.5-4.8 wt.%) concentrations (Table 3.1). The
glass chemistry shows some affinity to the Glen Garry Tephra with slightly higher TiO,
(ca. 0.7-1.2wt.%) and MgO (ca. 0.7-1.0wt.%) contents. Several historical, silicic and
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widespread eruptions before AD 1924 are reported from Iceland, i.e. Askja-AD 1875,
Hekla-AD 1510, Oreefajokull-AD 1362 and Hekla-AD 1104 (e.g. Larsen et al., 1999, 2002;
Oladottir et al., 2011). The best geochemical match of tephra TSK11_K3_33-34_T is
given for the Askja-AD 1875 tephra (Figure 3.4a). The Plinian Askja-AD 1875 eruption
occurred at the Dyngjufjoll volcanic centre in NE Iceland and resulted in the forma-
tion of the Oskjuvatn caldera, which is nested within the larger and older (10 ka) Askja
caldera (e.g. Sigurdsson and Sparks, 1978, 1981). Askja-AD 1875 was one of the largest
historical eruption on Iceland with a magnitude of VEI5 (http://www.volcano.si.edu;
Carey et al., 2009). The main eruption started on March 28th 1875 and produced a
series of subplinian fallout (UnitB), phreatoplinian fall (UnitC1) and flow (Unit C2)
and Plinian fallout deposits (Unit D) (Carey et al., 2009; Self and Sparks, 1978). Tephra
from units C and subunits D1, D3 and D5 were widely dispersed towards the East and
Southeast over Scandinavia (Carey et al., 2009; Mohn, 1878) and have been found
in numerous lake and peat records in Norway (e.g. Pilcher et al., 2005), Sweden (e.g.
Bergman et al., 2004; Boygle, 1998; Davies et al., 2007; Oldfield et al., 1997; Wastegéard,
2005; Wastegard and Davies, 2009), and possibly N central Germany (Van Bogaard and
Schmincke, 2002)(Figure 3.5). The composition of the Askja-AD 1875 tephra in TSK
sediments is similar to that of other distal tephras and that of proximal Unit D fallout
deposits (Figure 3.4a). The Askja-AD 1875 tephra is an excellent time marker in TSK
sediments that allows the precise synchronization with palaeoenvironmental records

from Scandinavia and across the western and central Baltic region

3.4.2 Lake Czechowskie Holocene tephrostratigrapgy
Sample JC12_D6_112-113_T (Hasseldalen)

The lowermost cryptotephra JC12_D6_112-113_T in Lake Czechowskie is embedded in
laminated sediments in 1158.5 cm composite depth, 18 cm above the biostratigraphi-
cally defined Younger Dryas/Holocene transition. The tephra exhibited 3 colourless,
high-vesicular shards cm™3, which all show a rhyolitic composition. The major ele-
ment glass chemistry is characterized by relatively low FeO (ca. 1.2wt.%) and CaO
(ca. 0.5.wt.%) contents, as well as high SiO, (77.9-78.3wt.%) and K,O (3.9-4.5wt.%)
concentrations. The glass chemical composition in combination with the stratigra-
phic position of tephra JC12_D6_112-113_T above the Younger Dryas/Holocene
boundary suggest a correlation with the early Holocene Hésseldalen tephra (HDT;
11,380 + 216 cal. a BP; Wohlfarth et al., 2006) (Figure 3.4f) and is also comparable to
tephra TSK13_F6_99-100_T from Lake Tiefer See. The HDT represents an isochron
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for the synchronization of JC and TSK sediment records ca. 200 after the onset of the

Holocene.

Sample JC12_D6_95-95.5_T (Askja-S)

Cryptotephra JC12_D6_95-95.5_T is positioned in laminated sediments in 1141.25 cm
composite depth, ca. 17 cm above the Hasseldalen Tephra. It contained 22 colourless,
high vesicular to cuspate glass shards cm™2 (Figure 3.3), of which 13 shards have been
geochemically analysed. The major element chemistry revealed a homogeneous, high
silica (76.2-77.1 wt.%) rhyolitic composition that matches best the glass compositions
of the early Holocene Askja-S tephra (Figure 3.4d). Since it further resembles the Tiefer
See tephra TSK13_F6_91-92_T both lake records can be unequivocally synchronized
using this tephra.

Samples JC09_B2_170-173_T and JC09_B2_155-158_T (unknown

Icelandic?)

Two cryptotephras of identical composition have been identified in varved late Holo-
cene JC sediments in 495.5 cm and 480.5 cm composite depth. Samples JC09_B2_170-
173_T and JC09_B2_155-158_T exhibited 2 and 6 shards per 3 cm?® sediment sam-
ple, respectively. All shards are colourless, highly vesicular and of high silica rhyolitic
composition (Figure 3.4c). Preliminary varve counting suggests a deposition of cryp-
totephras at 1960 + 20 varve a BP and 1890 + 20 varve a BP, respectively. Comparison
with major element glass data of proximal and distal tephras from Iceland and Jan
Mayen from this time period suggests a tentative match with the high-silica glass
population of the DOM-4 tephra (ca. 1550 interpolated 'CaBP) from Dosenmoor in
N Germany (Van Bogaard and Schmincke, 2002)(Figure 3.4c). DOM-4 has been as-
signed to unknown Icelandic silicic activities (Van den Bogaard and Schmincke, 2002).
Therewith, tephras JC09_B2_170-173_T and JC09_B2_155-158_T cannot be used as

isochrones for synchronization.

Sample JC12_K2_35-36_T (Askja-AD 1875)

The uppermost cryptotephra JC12_K2_35-36_T is located in varved sediments in
48.5 cm composite depth. It revealed ten colourless to light brownish, high-vesicular
glass shards (Figure 3.3) of homogenous rhyolitic composition. The major element
glass chemistry strongly resembles that of the less evolved glass population of tephra
TSK_K3_33-34_T and the proximal Askja-AD 1875 tephra deposits (Figure 3.4a). The
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Askja-AD 1875 tephra in Lake Czechowskie sediments is the first finding in Polish sites
(Wulf et al., 2014). It provides an excellent correlation marker for the comparison of

historical palaeoenvironmental data with Lake Tiefer See as well as other records.

3.4.3 Tephrochronologies
Lake Tiefer See

One visible tephra layer and seven cryptotephras have been identified in the sediment
sequence of Lake Tiefer See. Six of these tephras were correlated with dated erupted
events and thus represent well-suited time markers for the construction of a detailed
tephrochronology of TSK sediments (Figure 3.6a). The possible Hiasseldalen and Askja-
S tephras likely represent anchor points for the non-laminated early Holocene in-
terval. The Saksunarvatn Ash layer (10,210 + 35 cal. a BP), Lairg-B (6683 + 45 cal. a BP)
and Hekla-4 (4293 + 43 cal. aBP) cryptotephras represent isochrones for the floating
varved early to mid-Holocene intervals. The historical Askja-AD 1875 tephra forms an
essential time marker for the validation of sedimentation rate estimates in the partially
non-laminated, late Holocene sediments. The tentatively assigned Glen Garry Tephra
(2088 + 122 cal. a BP) is not used in the TSK age model since tephrochronological cor-
relation still needs further proof. Based on the tephrochronological results, a prelim-
inary chronology is constructed for the TSK sediment sequence. This chronology will
be compared in detail with the on-going independent dating based on varve counting,
sedimentation rate estimates and radiocarbon dating. Presently, we can roughly infer
mean sedimentation rates of ~0.7 mm/a for the mid-Holocene since the deposition of
the Hekla-4 tephra and 1.0 mm/a up to 3.5 mm/a during the late Holocene and recent

time periods, respectively.

Lake Czechowskie

Five cryptotephra horizons have been identified in Lake Czechowskie sediments, of
which three tephras provide robust anchor points for the JC chronology (Figure 3.6b).
The early Holocene Askja-S and the likely Hasseldalen tephras are especially important
since they represent isochrones within the floating varved section between ca. 12 m
and 11 m composite depth. The Askja-AD 1875 tephra is a time marker for the varved
sediments of historical times and is applicable to validate varve counts in sub-recent
sediments. Based only on the tephra occurrences we can calculate rough and average

sedimentation rates for the Holocene (ca. 1 mm/a) and historical times after the Askja-
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Figure 3.6: Tephrochronologies of sediment sequences from Lake Tiefer See (a) and Lake
Czechowskie (b). Red triangles are imported tephra ages (references see text) with a 2o error
bar. The dotted lines result from linear interpolation between tephra ages, whereby the ques-
tion mark at the JC tephrochronology indicates the difficulty of sedimentation rate estimations.

AD 1875 tephra (ca. 3.6 mm/a). However, the limited number of tephra anchor points

obviously does not allow more detailed measurements of the variability.

3.4.4 Tephra dispersal in central and northern Europe

The tephra findings in the partially varved sediment records of Lake Tiefer See and
Lake Czechowskie provide the potential to directly compare palaeoclimate informa-
tion of these records with other high-resolution data from continental Central and
Northern Europe. First examples from comparisons of varved Lateglacial records along
E-W (Lake Meerfelder Maar, Rehwiese and Trzechowskie palaeolakes; Stowiniski et al.,
2015; Wulf et al., 2013) and N-S transects (Lakes Meerfelder Maar and Kriakenes; Lane
et al., 2013; Rach et al., 2014) have demonstrated the capability of detangling tempo-
ral and spatial offsets of palaeoenvironmental and palaeoecological responses to past
abrupt climate changes by using tephra isochrones. With the new results presented
here, it is possible to extend these comparisons to the Holocene and historical time
periods (Figure 3.7).

The Askja-S and likely the Hésseldalen tephras are unequivocal marker layers for
the synchronization of early Holocene sediment records. The number of sites where

they have been found, however, is restricted to a few records in northern and central
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Figure 3.7: Tephrostratigraphical linking of Lake Tiefer See and Lake Czechowskie sedi-
ment sequences with other high-resolution records from northern and central Europe. Note
that all records are plotted against sediment depth in meter. Acronyms for biostratigraphi-
cal boundaries (black lines): PB=Preboreal, YD=Younger Dryas, AL=Allerod. Tephra acronyms:
GGT=Glen Garry Tephra, VKT=Vasset-Kilian Tephra (French Massif Central), SA=Saksunarvatn
Ash, HDT=Hisseldalen Tephra, VA=Vedde Ash, LST=Laacher See Tephra, BT=Borrobol Tephra.
Inlet map of central and northern Europe showing the location of sites used for tephrostrati-
graphical comparison. Data are obtained from: (1) NGRIP (Mortensen et al., 2005; Rasmussen
et al., 2006, 2014; Vinther et al., 2006); (2) Lake Soppensee (Lane et al., 2011); (3) An Loch Mor
(Chambers et al., 2004); (4) Krdkenes (Lohne et al., 2013), (5a) Grambower Moor; (5b) Dosen-
moor; (5¢) Jardelunder Moor (Van Bogaard and Schmincke, 2002); (6) Himelsee (Merkt and
Miiller, 1999; Merkt et al., 1993); (7) Lake Belauer See (Dorfler et al., 2012; Merkt and Miiller,
1999); (8) Lake Tiefer See (this study); (9) Klocka Bog (Bergman et al., 2004); (10) Hésseldala
Port (Davies et al., 2003; Wohlfarth et al., 2006); (11) Lake Czechowskie (this study); (12) Trze-
chowskie palaeolake (Wulf et al., 2013).

Europe (Figure 3.5). Therefore, our new findings in the TSK and JC records are a further
addition to the construction of a more detailed dispersal map (Figure 3.5). Their occur-
rences in the Polish site even are of particular interest, since this is, on the one hand,
the furthest south-easterly dispersal so far (Figure 3.5). Furthermore, the Hésseldalen
and Askja-S tephras in Lake Czechowskie are the first occurrences in annually lami-
nated sediments, thus allowing to apply a differential dating for estimating the time

span between these two eruptions.
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The finding of the visible Saksunarvatn Ash in the TSK record, in turn, is in agree-
ment with previous finds in NE Germany (Merkt et al., 1993; Bramham-Law et al.,
2013) and thus confirms the proposed dispersal map by Davies et al. (2012) (Fig-
ure 3.5). The Lairg-B and Hekla-4 tephra occurrences in TSK are the furthest towards
the southeast and, similar to the likely Glen Garry tephra, supplements the previous
findings in northern central Germany. The distribution of the historical Askja-AD 1875
tephra has been eye-witnessed and described by an initial easterly dispersal axis that
changed over Sweden into a southerly direction (Mohn, 1878; Carey et al., 2009). How-
ever, findings of this tephra in sedimentary repositories are mainly restricted to Nor-
way and Sweden; a single occurrence in N Germany is still debated (Van Bogaard and
Schmincke, 2002). With the unambiguous identification of the Askja-AD 1875 tephra
in TSK and JC sediments we confirm the southerly dispersal direction and extend the

distribution limit further to the east than previously supposed (Figure 3.5).

3.5 Conclusions

The recently developed methods for cryptotephra identification allowed detecting and
geochemical fingerprinting of thirteen cryptotephras from at least ten distinct erup-
tions of Icelandic volcanoes in the Holocene sediments of Lake Tiefer See and Lake
Czechowskie. Half of cryptotephras are characterized by very low glass shard concen-
trations (e.g. 1-3 shards per 1-5cm? sediment samples) due to the extreme distal lo-
cation of investigated sites. Those shards are interpreted as primary deposits based on
(1) the lack of findings in over- and underlying samples and (2) the non- disturbed and
varved character of Holocene sediments. We need to stress, however, that further shard
findings and geochemical analyses are needed to enhance the reliability of some of our
tephra correlations. Accordingly, we used mainly tephras with higher shard concentra-
tions, i.e. the Askja-AD 1875, Saksunarvatn and Askja-S tephras, to construct reliable
tephrochronologies that will, on the one hand, validate established varve chronolo-
gies and, on the other hand, provide valuable anchor points for chronologies of inter-
calated varved and non-varved sections. In addition, these tephrochronologies are a
prerequisite for the synchronization of proxy data from sediment records in the south-
ern Baltic region and beyond, which was recently stresses by the INTIMATE (INTegrat-
ing Ice core, Marine and TErrestrial records) group (Feurdean et al., 2014). The cryp-
totephra findings especially in Lake Czechowskie evidence a further eastward disper-
sal of Lateglacial and Holocene volcanic ash from Iceland than previously proposed.

Moreover, our results demonstrate the great potential also for other recently reported
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varved lake sediment records from northern Poland (Kinder et al., 2013; Tylmann et al.,
2013a,b) and the key palaeoclimate records from Lake GoScigz and Perespilno (Goslar
et al., 1999, 1993).
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Abstract

The stable carbon isotopic composition of sedimentary organic matter (§'3Coy) is
widely used for palaeoclimate and -environmental studies, but proxy interpretation
is not straightforward as different factors influence 5'3Cgy. In order to understand
the controlling mechanisms of §!3Cqy in the partly annually laminated (varved) sed-
iment profile of Lake Tiefer See during the last ~6000 years, we complemented mea-
surements from a long sediment profile with analyses of surface cores from different
water depths and monitoring data. The §'3Coy record of the long sediment core ex-
hibits abrupt variations corresponding to changes in varve preservation and total or-
ganic carbon (TOC) contents, with more negative 5'3Cqy ratios in the organic-rich and
well-varved sediment intervals (on average -31%o) as compared organic-poor and non-
varved intervals (on average -29Y%o). Our results indicate that the fluctuations of 5'3Cqy
observed in the long sediment profile are caused by a combination of factors, whose
relative influence changes over time. Depleted §'3Cqy ratios in well-varved intervals
are probably related to increased microbial carbon cycling in oxygen deficient bottom
waters, as suggested by significant negative correlations of §'3Coy and §'°N. On the
contrary, in non-varved intervals increased OM degradation in the oxygen rich bot-
tom waters presumably induced positive shifts of §'3Cqy. This is indicated by a strong
negative correlation of §'3Cqy; and TOC contents. Further evidence is provided by the

surface cores, which exhibit a negative shift of § 13Com at the most recent transition
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from non-varved to well-varved sediments. Depending on the water depth the onset
of varve preservation occurred at different times (e.g. AD 1924 in 62 m water depth; AD
1981 in 20 m water depth). Since sediment trap data indicate & 13Com values (-30.5%0)
in the entire water column similar to the uppermost well-varved parts of the surface
cores, it is unlikely that the more enriched §'3Cqy ratios are caused by processes in
the water column, because this should be seen in all cores at the same time. The pre-
sented results imply that §'3Coy may not always represent a uniform proxy within a
sediment profile. A combination of §'3Cqy; analysis with complementary microfacies
analysis is a suitable approach to facilitate an improved interpretation of stable carbon

isotope data.

Highlights

. Complementary analyses of a long multi-proxy sediment record, surface sedi-

ment cores from different water depths and monitoring data

. New 63Con and §'°N records for the last 6000 years at decadal resolution

. 613Cowm is a complex proxy which controlling factors change in response to the
redox regime

. knowledge of sediment facies is important for §'3Cqy interpretation

4.1 Introduction

Stable carbon isotopes of sedimentary organic matter (5'3Cgy) are commonly used
as proxy in palaeolimnological studies and provide a valuable indicator for recon-
structing palaeoclimate and -environmental conditions (Lamb et al., 2004; Meyers and
Ishiwatari, 1993; Meyers, 1994). However, proxy interpretation is not straightforward,
as different factors influence 6'3Cqy including productivity, source of organic matter
(OM), microbial carbon cycling and diagenetic processes.

Commonly, the §'3Cqy; ratio is applied as a proxy for the primary productivity
in the phototrophic zone of the lake (e.g. Brenner et al., 1999; Liicke et al., 2003; Stu-
iver, 1975). As photosynthesis preferentially utilises 12C, the dissolved inorganic carbon
pool in the lake water becomes enriched in '3C during phases of increased productiv-
ity (Talbot and Lerdal, 2000)). As a result, 6 13Com values of algal biomass are more
enriched with higher lake productivity.

The source of OM is another determinant factor of sedimentary §'3Coy (Cheung

etal., 2015; Muller and Voss, 1999) . Particulate OM in lake sediments is often a mixture
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of e.g. terrestrial plants, aquatic macrophytes and phytoplankton, which are charac-
terized by different 5'3Cqy signatures (lacustrine plankton -20%o to -35%0 and aquatic
and terrestrial plants -15%o to -28%c) (Meyers, 1994). A change of the contribution of
these sources may thus lead to shifts in §'3Cgy (Emerson and Hedges, 1988).

Microbial carbon cycling is rarely considered to affect §13Cqoy ratios. However,
seasonally anoxic lakes may favour microbial processes (e.g. methanogenesis, sulphate
reduction, chemoautrophy and methanotrophy), which have been shown to influ-
ence sedimentary §'3Cqy ratios (Hollander and Smith, 2001). For example, biogenic
methane and respired CO, produced by anaerobic decomposition of OM are char-
acterized by strongly depleted §'3C signatures (Hollander and Smith, 2001; Whiticar
et al., 1986). Incorporation of the '3C-depleted methane and CO, in methanotrophic
organisms, chemoautrophs and planktonic algae results in the production of highly
513C depleted biomass (Heyng et al., 2012; Hollander and Smith, 2001; Lehmann et al.,
2004), resulting in decreased sedimentary §'3Cqp.

Sediment diagenesis is further considered to weakly influence §3Cqy values
(Hodell and Schelske, 1998; Meyers and Lallier-Vergés, 1999). Significant §'3Cqy; en-
richment (+1.5%o) in lake sediments associated with OM deposition during a more
oxygenated water column have been explained by the absence of microbial carbon cy-
cling (Kohzu et al., 2011). Furthermore, more positive § *Cqy values during more oxic
conditions have been related to increased OM degradation (Mollenhauer and Eglin-
ton, 2007). OM degradation is not homogenous, as the labile fraction of OM produced
by phytoplankton is re-mineralized more quickly relative to allochthonous terrigenous
OM, due to the intrinsic chemical stability of the latter and their physical association
with mineral matrices (Canuel and Martens, 1996; Hedges et al., 1999; Ingalls et al.,
2004; Mollenhauer and Eglinton, 2007). Increased OM degradation leads to an enrich-
ment in terrestrial OM, which is characterized by higher §'3Cqy; values and, conse-
quently, results in a positive shift of sedimentary & 13CoMm (Goossens et al., 1989).

This broad range of potential controls challenges the interpretation of the §3Coy
record in a palaeoenvironmental context. Some of the controlling factors, as microbial
carbon cycling and diagenetic processes, are influenced by the prevailing redox condi-
tions in the lake. The sediment record of lake Tiefer See, located in NE Germany, reveals
striking fluctuation of bottom water oxygenation during the past 6000 years on decadal
to multi-centennial time scales (Drédger et al., 2016). Here we analyse the impact of dis-
tinct anoxic-oxic oscillations on the §3Coy record of Lake Tiefer See. In particular, we
test the range of potential controls by comparing §'3Cqy to indicators of productivity,

OM source as well as microbial carbon cycling and diagenesis.
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4.2 Study Site

Lake Tiefer See (Figure 4.1; 53°35.5’N, 12°31.8’E; 62 m a.s.]) is located in the Mecklen-
burg lake district, NE Germany, approximately 20 km NW of Waren Miiritz (Mecklen-
burg Vorpommern). The lake was formed during the last glaciation. Lake Tiefer See
is part of the Klocksin Lake Chain, which is a former subglacial channel system that
crosses the Pomeranian terminal moraine. The surface area of the north-south ori-
ented and oval shaped lake amounts to 0.75km?. The maximum depth corresponds
to 62m. An ongoing monitoring study at Lake Tiefer See showed that the lake is
mesotrophic and either mono- or dimictic, depending on the formation of a winter
ice cover (Kienel et al., 2013; Nixdorf et al., 2004). The catchment area of approximately
5.5 km? is dominated by glacial till of the Pomeranian terminal moraine (Kienel et al.,
2013; Landesamt fiir Umwelt, 2000) and is presently used as arable land. Mean monthly
temperatures range from 0°C in January to 18°C in July. Mean monthly precipitation
values fluctuate between ~40 mm during winter to ~60 mm in summer with a mean

annual precipitation of 560 mm.

4.3 Material and Methods

4.3.1 Long sediment core

Seven parallel long sediment cores were retrieved between 2011 and 2013 at the deep-
est part of Lake Tiefer See using a 90-mm UWITEC piston corer. The constructed com-
posite profile extends down to 10.8 m sediment depth and reaches glacial sands on the
base. Due to sediment loss during the coring process the sediment profile indicates to
gaps and thus is non-continuous below 7.7 m depth (for further details see Dréger et al.
(2016)). Therefore, we restricted the investigation to the uppermost 7.7 m long contin-
uous composite profile. Sub-sampling for bulk geochemical analyses was carried out
continuously at 1 cm resolution, comprising 7 years per sample on average (2—6 years
above 3.95 m; 4-24 years below 3.95 m depth).

The sediments of the analysed 7.7 m long section of the composite profile alter-
nate between well-varved and non-varved intervals. Well-varved sediments are mainly
composed of carbonates (calcite and Ca-rhodochrosite), diatoms and organic mat-
ter. Poorly- and non-laminated sediment intervals are enriched in quartz grains, plant
fragments, benthic diatoms and occasionally bivalves. Distinctness of lamination is ex-
pressed by the varve quality index (VQI; details see Dréger et al., 2016), which was ob-

tained during microfacies analysis of the sediment and ranges between 4 (well-varved)
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Figure 4.1: Bathymetric map (a) showing the locations of the long sediment cores (red dots),
the surface cores (yellow dots) and the sediment traps (black diamonds). Location (b) of Lake
Tiefer See in the Klocksin Lake Chain and land cover in the catchment area (c).

and 0 (non-varved) (Figure 4.2). According to the level of varve quality seven multi-
centennial scale sediment units are distinguished (Dréger et al., 2016). The chronology
of the long sediment profile (0-7.7 m) is based on varve counting in well- and poorly-
varved intervals, varve-based sedimentation rate estimates in non-varved sections and
tephrochronology (Dréger et al., 2016; Wulf et al., 2016). Chronology uncertainties are
variable along the sediment record and amount to 6030 + 85 cal. a BP at the base of
the studies interval. All ages in this study are given as calibrated years before present

AD 1950 (cal. yr BP) or in the historic period in years Anno Domini (AD).
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4.3.2 Surface sediment cores

Four parallel surface cores were recovered in 2013 at different water depths (TSK13-
QP2 at 35m, TSK13-QP4 at 48 m)of Lake Tiefer See using a 90-mm UWITEC gravity
corer.The surface cores were sampled for preparation of thin sections and parallel in
1 cm intervals for bulk geochemical analysis from 0-65 cm sediment depth. For prepa-
ration of thin sections, sediment bars (10x2 x 1 cm) were cut out of the fresh sediment
with 2 cm overlaps to enable continuous analysis. The thin sections were prepared
according to the standard procedure including freeze-drying and impregnation with
epoxy resin (Brauer and Casanova, 2001). Microscopic analysis comprised of varve
counting in well laminated sediment intervals using a petrographic microscope with

parallel and polarized light and 50x to 400x magnifications (Carl Zeiss Axioplan).

4.3.3 Sediment trap material and catchment samples

The modern lake deposition was trapped at three water depths between 2012 and 2015.
At 5 m and 12 m water depth material was collected with 4-cylinder traps with a sam-
pling period of one month. An automated trap (Technicap PPS 3/3) equipped with 12
sample bottles was used at 45 m water depth with a bi-weekly sampling period. In ad-
dition, 33 catchment samples were collected in the surrounding of Lake Tiefer See,

including 21 top soil samples, four reed samples and eight plant litter samples.

4.3.4 Geochemical and isotopic analysis of bulk samples

Total organic carbon (TOC) and total nitrogen (TN) contents were determined contin-
uously at 1 cm increments in the long (731 samples) and the surface sediment cores
(65 samples each core). The § 13Com ratios were measured in the long sediment pro-
file continuously from 0-0.4 m depth and at 2 cm resolution (~15 year resolution) from
0.4-7.7 m depth (in total 369 samples), and continuously in the surface sediment cores.
61°N values were determined in the long sediment profile continuously from 0-2.5m
depth and at 2 cm intervals from 2.5-7.7 m depth (in total 529 samples).

For geochemical and isotopic analysis all samples were freeze-dried and homog-
enized with an agate mortar. For estimation of the total organic carbon (TOC) content
and the stable carbon isotope ratio of organic matter (0 13Com), about 1 to 4 mg sed-
iment were weighted in Ag capsules, treated with 20% HCI, dried at 75°C and subse-
quently processed in a Carlo Erba NC 2500 elemental analyser coupled to a Finnigan
DELTAplusXL isotope ratio mass spectrometer (IRMS). The calibration was performed

using elemental (Urea) and certified isotopic standards (USGS24, CH-7) and proved
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with an internal soil reference sample (Boden3). The reproducibility for replicate anal-
yses is 0.2 wt.% for TOC and 0.2% for 53Cqp.

In order to test if the TOC and §'3Cqy results are biased by incomplete dissolu-
tion of Ca-rhodochrosite during in situ decalcification, ten samples containing Ca-
rhodochrosite were additionally decalcified in heated glass beakers for one day al-
lowing the entirely dissolution of the different carbonate fractions. Deviations of both
methods are in the order of + 0.2%0 and are thus within the standard deviation of iso-
tope measurement and prove the validity of using in situ decalcification.

Additionally to §'3Cqyy, stable nitrogen isotopes (§'°N) were analysed in the long
sediment profile at the same resolution. The measurements were carried out with the
identical isotopic facility as used for §'3Coy measurements, but 3-15 mg sediment was
weighted in Sn capsules without acid treatment. Total nitrogen (TN) contents were cal-
ibrated against Acetanilide and §'°N using two ammonium sulphate standards (e.g.
IAEA N-1 and N-2). Values for §'°N of replicate digestions of reference samples show a
standard deviation better than 0.2 wt.% for TN and 0.2%o for 6'°N.

TOC and TN contents were used to calculate the atomic C:N ratio. Results of
513Com and 62N are expresses in the conventional §-notation relative to the Vienna

PeeDee Belemnite (VPDB) and atmospheric nitrogen (AIR) standards, respectively.

4.4 Results

4.4.1 Long sediment record
4.4.1.1 63Com and 6'°N

The 8'3Coy ratio varied by nearly 5%o, with values between -32.7%0 and -27.8%o
(Figure 4.3). In general, 6'3Coy exhibited an opposite pattern to the VQI, meaning
that intervals of enriched §'3Coy are coinciding with phases of poorly- and non-
preserved varves and depleted 6'3Coy ratios occur in well-varved intervals. §*Copn
reached highest values in the non-varved sediment units II (3940-3100 cal. a BP) and
VI (AD 1200-1924) with an average of -29 %o and maximum values of up to -27.8%o. The
poorly-varved unit IV (2850-2100 cal. a BP) and decadal scale poorly-varved intervals
in unit I (5930-5885 cal. a BP, 5405-5360 cal. a BP, 4985-4900 cal. a BP, 4735-4680 cal.
a BP and 4435-4370 cal. a BP) and in unit V (1825-1795 cal. a BP, 1620-1440 cal. a BP,
1240-1195 cal. a BP and 990-895 cal. a BP) showed intermediate values with an aver-
age of -30 %o. Well-varved intervals in units I (6030-3950 cal. a BP), IIT (3100-2850 cal. a
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BP), V (2100-750 cal. a BP) and VII (AD 1924-2010) were characterized by lower §'*Copm
ratios with an average of 31%o and lowest values of -32.7%.

6'°N ratios varied between 4 and 0.8% from 6000 cal. a BP to AD 1800 (Figure 4.3).
Up to the onset of the poorly-varved unit IV (2850 cal. a BP) §'°N fluctuated around
a constant mean of ~3%o. After 2850 cal. a BP §'°N abruptly decreased towards mini-
mum values between ~2750 and ~2500 cal. a BP with on average 1.2% and minimum
values of 0.8%o. After 2500 cal. yr BP §°N values rose again towards mean values of
2.1%o at the transition to the well-varved unit V at 2100 cal. a BP. In units Vand VI (2100
cal. a BP-AD 1800) the values varied around a mean of 3%, whereas the fluctuation of
values became higher in unit VI. Since AD 1800 §'°N exceeded the preindustrial maxi-
mum values of 4% and reached highest ratios 7.9%o at AD 1985.

The relationship between §'3Cqy and §'°N varies in the different sediment units.
In the dominantly well-varved sediment units I, III and V §'3Cgoy and §°N ratios
were negatively correlated (r=-0.47; Table 4.1). In contrast, in non- and poorly-varved
sediment units II, IV and VI both isotopes exhibit a positive relationship (r=0.61; Ta-
ble 4.1) with higher values of both in unit VI (AD 1200-1800) compared to units II
(3950-3100 cal. a BP) and IV (2850-2100 cal. a BP). The sub-recent sediments since
~AD 1800 showed a different signature with much higher §'°N values of up to 8.5%o
and intermediate 6'3Cqy ratios.

44.1.2 TN, TOC and C:N

The total nitrogen (TN) content and the total organic carbon (TOC) contents are
positively correlated (r=0.94; Figure 4.4; Table 4.1) suggesting that both elements are
present as organically bound compounds (Talbot and Johannessen, 1992). Further-
more, TOC and TN contents indicated a relation to changes of varve preservation. The
values were typically lower (TN: ~0.6 wt.%; TOC: ~5 wt.%) in non-varved and increased
(TN: ~1.5 wt.%; TOC: ~15 wt.%) in well-varved sediment units. An exception was the
poorly-varved unit IV, which was characterized by intermediate and highly fluctuating
TN and TOC contents (Figure 4.3).

TOC and 6'3Cqy are negatively correlated (r=-0.66). Depleted 6 13CoMm values co-
incide with higher TOC contents and originate from well-varved sediment intervals
(Units I, I and V). In contrast, the non-varved units II and VI indicate more enriched
613Cowm ratios and lower TOC contents. The non-varved unit IV partly falls into the
well-varved point cloud, but in the field with more positive §3Coy values as compared

to well-varved intervals.
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Figure 4.2: Results of sediment core analysis of the long sediment record. Lithology log in-
dicates well-varved (striped dark grey) and non-varved (light grey) sections. Results of geo-
chemical analysis conducted in this study: §'3Cou, 6'°N, TOC contents and C:N ratios. Results
of sedimentological and geochemical analysis (Dréger et al., 2016): varve quality index (VQI;
black line represents the 100 year running mean) and occurrence of varve types (yellow= cal-
cite varves; orange=Ca-rhodochrosite varves; brown=organic varves).

The C:N ratio varies around a mean of 10.7 with values between 5 and 15, indicat-
ing a predominant autochthonous origin of the OM. The curve indicated no trend and

shows only a weak relation to §'3Coy values (r=-0.27).

4.4.2 Surface sediment cores
4.4.2.1 Sediment profiles

In all surface sediment cores a lower non-varved sediment section was distinguished
from an upper well-varved sediment interval. The transition between both facies types
varied for each surface core in depths and time in dependence of water depth. While
varves in unit VII of the long sediment core at 62 m water depth were developed since
AD 1924, the onset of varve preservation began successively later at shallower water
depths (AD 1940 at 48 m water depth and AD 1980 at 35 m water depth). As in the long
sediment core (unit VII), varved sediments were composed of carbonate, diatoms and

organic matter. The non-laminated sediment intervals were enriched in quartz grains,
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Figure 4.3: Scatter plots of geochemical results of the long sediment record and the surface
cores.

plant fragments, benthic diatoms and occasionally bivalves comparable to unit VI in
the long sediment core.

4.4.2.2 §3Com

5'3Cowm in surface cores varied between values of -32%o and -27.5%0, which is similar
to the range in the top of unit VI and in unti VII of the long sediment profile. As in the
long core the non-varved intervals were characterized by more enriched §'3Cqy ratios
with on average -29%o, whereas more depleted § 13CoMm values occurred in well-varved

intervals with a mean of about -30.5%.
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4.4 Results

Table 4.1: Calculated correlation coefficients (Pearsons r) of §'3Cgy with TOC, C/N and
51°N in the long sediment cores and of §'3Coy and TOC and C/N in surface sediment cores.

CN  TOC 6N
well-varved non-varved well-varved non-varved

Long core

7.7-0.65m (units -VI)  6%Com  -0.27  -0.45 -0.78 -0.53 +0.37
Long core

0.65-0 m (units VI-VI)  63Com  +0.23  -0.14 -0.28 0.17 -0.12
Surface core QP4 613Com  +0.50 +0.40 -0.63

Surface core QP2 68Com  +0.55 -0.28 -0.87

Bold and italic fonts indicate significant (p<0.05) and not significant (p>0.05) correlations, re-

spectively.
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Figure 4.4: Results of surface core geochemistry. From left to right are displayed the core image, §'3Com, TOC contents and the TOC/TN ratio.
Analysis has been conducted on core K1 (until 37 cm depth and K3 (from 37 cm depth on) both located at 62 m water depth and part of the long
core, QP4 located at 47.5 m water depth and QP2 located at 34.7 m water depth. The red line indicates the onset of continuous varve preservation
in all four cores. The dotted line in QP2 highlights the first occurrence of varves.
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4.5 Discussion

44.2.3 TN, TOC, C:N

Comparable to the long core, TOC and TN were strongly correlated in the surface cores
(r=0.95). Fluctuations of TOC and TN contents were not corresponding to changes
of varve quality as it had been observed in the long profile. In all surface cores TOC
fluctuated around a mean of 8.7%. TOC and §'3Coy showed a negative correlation in
non-varved intervals (r=-0.8) with intervals of higher TOC contents corresponding to
depleted 6'3Cqop values. In well-varved intervals no correlation between both was ob-
served.

The C:N ratio fluctuated around an average of 10.5 in the surface cores and showed
a decreasing trend. Furthermore, C:N and 6 13Com show a positive correlation (r=0.5),
which is different from the the long core from the deepest location where no correla-

tion between C:N and §'3Cqy; was observed.

4.4.3 Sediment trap material and catchment samples

The annual means of §'*Cgoy of modern deposited organic matter in sediment traps
scattered within a range of -31.7%q to -30%o and thus reflect 51*Coy ratios of the recent
varved sediments in the surface cores (on average -30.5%0). Furthermore, the values
show a trend towards slightly more depleted values from the epilimnion trap (5 m)
towards the hypolimnion trap (45 m). §'3Cqy in reed and soil samples ranged between
-25.5%0 and -28Y%yo, while §'3Cqy in leaves was more widespread with values ranging
between -27.5%0 and -32.5%.

4.5 Discussion

4.5.1 63Cqpm in well-varved sediment intervals

The sediment record of Lake Tiefer See indicates distinct fluctuations of §'3Cqy ratios
during the past ~6000 years, corresponding to changes of varve preservation. More
depleted 6'3Coy values (on average -31%q) are associated with well-varved intervals,
which have been shown to reflect phases of seasonally lake anoxia formation caused
by reduced lake circulation before AD 1924 and by lake eutrophication during the last
century (Dréger et al., 2016; Kienel et al., 2013).

More depleted §'3Cqy values are commonly interpreted as indication for reduced
lake productivity (e.g. Brenner et al., 1999) or a lower proportion of terrestrial OM
(e.g. Miiller and Voss, 1999). However, this interpretation is not supported by our data

for well-varved intervals. Variation of lake productivity has been shown to differ from
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Figure 4.5: 5'3Coy values of surface cores, sediment trap material and catchment samples.
Means of well-varved intervals are marked with orange circles and those of non-varved inter-
vals with blue circles. Crosses represent annual means of sediment traps. Diamonds represent
individual measurements of catchment samples.

changes in varve preservation during the past ~6000 years. As 6'3Cqy values closely
follow the varve quality, we consider that 5'3Coy values are not associated to changes
of productivity either. We further exclude changes of the organic matter source (ter-
restrial vs. autochthonous) as an controlling factor for 6 13CoMm, because of the weak
correlation between §'3Coy and the C:N ratios (r=-0.27; Table 4.1). Only in surface
cores from shallower water depths §*Coy and C:N are positively correlated (r=0.5; Ta-
ble 4.1), which is likely caused by higher terrestrial OM influx to these locations closer
to the lake shore.

Instead, the significant negative correlation between §'3Cgoy and 6'°N (r=-0.53;
Table 4.1) in well-varved intervals suggests that the depleted §'3Coy ratios are mainly
caused by microbial carbon cycling in phases of well varve preservation (e.g. Finlay
and Kendall, 2007; Heyng et al., 2012). The oxygen deficient water column facilitates
the bacterial decomposition of OM, which may have produced highly 3C-depleted
biogenic methane and CO, in Lake Tiefer See (Hollander and Smith, 2001; Whiticar,
1999). In result, chemoautrophic and methanotrophic microbial communities might
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Figure 4.6: Lake model reflecting the control on § BComin dominantly anoxic (top) and dom-
inantly oxygenated (bottom) bottom water conditions. During anoxic bottom water conditions
microbial carbon cycling induces the deposition of more depleted §'3Coy values. Selective
degradation of OM is probably the dominant control in more oxygenated bottom waters in-
ducing enrichment of §'3Coy; in sedimentary OM.
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have expanded at the oxic-anoxic boundary of the lake, incorporating this methane
and CO-. The biomass produced by these microbial communities is expected to be de-
pleted of '3C relative to photosynthetically produced organic matter by up to 15%o by
chemoautrophic (Conway et al., 1994; Degans, 1969) and 30%o by methanotrophic mi-
crobes (Summons et al., 1994). Anoxic conditions further favour the presence of anaer-
obic nitrate-reducing bacteria (Finlay and Kendall, 2007). Enhanced bacterial denitri-
fication results in enrichment of §'°N values in OM (Finlay and Kendall, 2007; Heyng
et al., 2012) and likely has induced the positive shift of §!°N isotopes simultaneously to
the decrease of §'3Cqy ratios. The interpretation of microbial activity as a major source
for depleted & 13CoMm values in well-varved intervals, however, has to be further proven,
because so far the presence of these microbial communities has not been analysed in
Lake Tiefer See, yet.

In contrast to the well-varved sections deeper in the sediment profile, the recent
well-varved interval (i.e. since AD 1924) indicates no significant correlation between
513Com and 6'°N values (red triangles in Figure 4.3). This suggests that §'3Cgy or/and
519N ratios were controlled by different processes during the last century. The §'3Coym
values display a negative shift by ~2% at the recent transition to well-varved sediment
at AD 1924, which is similar to previous negative shifts observed at poorly-/non-varved
and well-varved transitions. Therefore, we assume that microbial carbon cycling also
controls §'3Coy values in the recent well-varved interval. Interestingly, the recent well-
varved interval concurs with strongly increased lake productivity. That the §3Coy
ratio reflects microbial carbon cycling despite of the increased productivity suggests
overprinting of the productivity signature by microbial carbon cycling (Hollander and
Smith, 2001). While the §'3Cqy ratio is likely influenced by the same processes in the
recent well-varved and older well-varved intervals, the §'°N values are influenced by
different processes. The §'°N ratios indicate a continuously rising trend by about 4.5%
since AD 1800. A continuous enrichment of §!°N ratios during the past ~300 years has
been previously be explained by increasing input of manure into lakes (Teranes and
Bernasconi, 2000). Manure and domestic sewage indicate §'°N values of 5-25 % (Tal-
bot, 2001). Increasing agriculture in the catchment of Lake Tiefer See and the use of
manure likely caused the gradual §'°N enrichment in Lake Tiefer See.

In addition to microbial carbon cycling one might speculate that also early dia-
genetic processes have contributed to the §'3Cqy signal in Lake Tiefer See sediments.
An indication for this assumption is the coincidence of more enriched §'3Cqy val-
ues (~30%0) and the occurrence of Ca-rhodochrosite in well-varved intervals from
6030-5400cal. a BP and from 2100-1000cal. a BP. The early diagenetic formation
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of Ca-rhodochrosite is presumably linked to phases of lower redox potentials at the
sediment-water interface during the stratification period (Dréger et al., 2016; Robbins
and Callender, 1975; Stevens et al., 2000). These conditions might have enabled anaer-
obic microbial activity, producing HCO3~ ions (Sawlan and Murray, 1983). During this
process the lighter 12C might have been preferably re-mineralized from the organic
matter pool, leading to more enriched §'3Cqy ratios in the residual sedimentary OM.
However, this hypothesis remains speculative and needs to be further investigated and

proven.

4.5.2 53Cqgpm in poorly- and non-varved sediment intervals

513Cowm values in poorly- and non-varved sediments are more enriched by ~2%o com-
pared to well-varved intervals. Poor and no varve preservation in Lake Tiefer See has
been related to increased lake circulation phases and more oxygenated bottom water
conditions. Absent or shorter anoxic phases may have caused reduced production of
methane and CO,, leading to a lower contribution of 1?’C—depleted microbial biomass
to sedimentary OM and to the observed enrichment of §'3Cqy in poorly- and non-
varved intervals (Figure 4.6). The assumption of reduced microbial processes in Lake
Tiefer See in poorly- and non-varved intervals is supported by a weak positive rela-
tion (r=0.38) between §'3Coy and 6'°N instead of a negative correlation in poorly- and
non-varved intervals. A positive relation between §'3Coy and 8'°N has been previ-
ously interpreted to be caused when both isotope ratios are controlled by lake produc-
tivity. The 6'°N values are comparable to §'3Cqy; ratios enriched during higher pri-
mary productivity phases. However, productivity changes only explain ~15% of the
613Co variability in poorly- and non-varved intervals of Lake Tiefer See, suggesting
that 513 Coy; is dominantly influenced through other factors.

The strong negative correlation between §'3Coy and TOC (r=-0.78; Table 4.1)
in poorly- and non-varved intervals indicates that organic matter degradation might
have influenced 6'*Coy during phases of lower varve preservation. TOC contents are
mainly considered as indicator for OM degradation in Lake Tiefer See (Dréger et al.,
2016), which is more intense during more oxygenated bottom waters (Aller, 1994;
Hedges and Keil, 1995). Rising §'3Cqy ratios together with enhanced OM degradation
has been related to selective decomposition of OM (e.g. Hedges et al., 1999; Lehmann
et al., 2002; Mollenhauer and Eglinton, 2007), which assumes the preferential degra-
dation of autochthonous OM over allochthonous OM, because the latter is chemically
more stable and bound to mineral components (e.g. Canuel and Martens, 1996; Cran-

well, 1981). In result, the proportions of autochthonous and allochthonous compo-

77



4 TIEFER SEE - CONTROL ON §3C

nents change during the degradation process (Mollenhauer and Eglinton, 2007). Thus,
the observed shift in §13Cqoy towards more enriched values might reflect the isotopic
signature of allochthonous OM (-25.5 — -28%q; Figure 4.5), which relatively increased
compared to autochthonous components in the residual bulk OM (Figure 4.2).

Results from the surface cores support the interpretation that OM degradation
contributed to the enrichment of §'3Cqy values in poorly- and non-varved intervals.
A comparison of the surface sediment cores from different water depths revealed that
the onset of varve preservation did not occur synchronously in the lake basin, but was
time-transgressive depending on the water depth. In the deepest part of the lake basin
at 62 m water depth the deposition of well-varved sediment commenced at AD 1924,
whereas at 35 m water depth varve preservation started 55 varve years later (Figure 4.4).
This difference reflects the gradual upward extension of anoxic bottom water condi-
tions within the water column during the last century (Gro8-Schmélders et al., 2015).
For the time interval of 55 years, during which well-varved sediment was deposited at
the deepest part and non-varved sediment at 35 m water depth, different §'3Coy; ratios
were measured in both cores; depleted §'3CoM in the deep core (on average -30.5%o)
and enriched '3COM (on average -29%o) in the shallower core. The §'*CoM differences
in surface cores from the same time interval cannot be explained by processes within
the water column, because that would result in the same values at all water depths.
Sediment trap data indicate that the isotopic signal of §'3Cqy is identical in the entire
water column (on average -31%o), suggesting that the currently formed OM exhibits the
same 5'3Com as OM in the well-varved intervals. Therefore, this difference in §'3Coym
values between the short cores is most likely related to processes altering the §'3Coy
ratio after deposition in the non-varved sediment intervals. A possible reason might be
increased selective OM degradation due to more oxic conditions in the shallower part
of the lake that led to an enrichment of the §'3Cqy values.

Evaluating the entire ~6000 years long sediment profile of Lake Tiefer See, we find
that §'3Cqy is controlled by different factors, which vary in time. In well-varved inter-
vals, microbial activity is an important factor causing more depleted §'3Cqy, whereas
in non- and poorly-varved intervals increased OM degradation induced a positive
513Cowm shift.

4.6 Conclusion

We confirm previous studies that §'3Cqy; in lake sediment records is controlled by dif-

ferent factors. These factors, however, may not only vary between records from dif-
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ferent lake environments, but can also vary in time within one individual record like
at Lake Tiefer See. These variations are caused by changes in lake conditions, in case
of Tiefer See the prevailing oxygen regime. In more anoxic conditions, microbial pro-
cesses appear to be the controlling factor for §'3Cqy, while selective OM degradation
becomes an important factor at more oxygenated conditions. Our study demonstrates
that variations in the main controlling factors of §'3Coy can be distinguished with an
in-depth multi-proxy approach including complementary analyses like, stable isotope
geochemistry, bulk geochemistry and sediment facies analyses. In conclusion, if inte-
grated in a comprehensive multi-proxy approach, §'3Coy can be an important proxy

for reconstructing past lake environments.
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Abstract

We report and investigate for the first time spontaneous self-combustion of freeze-
dried lacustrine sediments immediately after ventilation of the vacuum freeze dryer
chamber. The smouldering and flameless combustion lasted for approximately 10—
20 min and reached temperatures of 357°C. Self-combustion mainly occurred in alu-
minium boxes containing sediment bars taken for thin section preparation. About
40% of these samples were affected, most of them originated from the basal approx-
imately 3 m thick finely laminated lateglacial sediment interval. The combustion pro-
cess caused disintegration of siderite to iron oxides (hematite and magnetite) and
burning of organic matter to pyrogenic carbon leading to a lowering of total inorganic
and organic carbon contents to 1%. The total sulphur content of one combusted bulk
sample did not change, but the alteration of sulphur contents in different sediment
components suggests a redistribution of sulphur within the sediment. We assume that
the self-combustion process was initiated by exothermic oxidation reactions, which
were favoured by a combination of factors including the presence of abundant fine-
grained iron sulphides in the organic-rich sediments. Self-combustion could be pre-

vented by ventilating the vacuum chamber after freeze-drying with N».
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5.1 Introduction

Freeze-drying is a commonly applied method in lake sediment research to dry sam-
ples for conservation issues, for geochemical analyses and for resin impregnation re-
quired for thin section preparation (Brauer and Casanova, 2001; Last and Smol, 2001;
Lotter and Lemcke, 1999). To our knowledge, there have been no reports about self-
combustion of organic-rich lake sediments during or after the freeze-drying procedure
so far.

Smouldering combustion is a slow, low-temperature and flameless burning of
porous fuels and the most persistent type of combustion phenomena (Ohlemiller,
1985, 1986; Rein, 2009). Smouldering combustions are usually observed during wild-
fires of soils and peatlands as well as during subsurface fires in coal mines and seams,
which can burn even for centuries (Rein, 2009; Ohlemiller, 1985). Heat input, heat loss,
availability of oxygen and the number and abundance of reactive centres are the lim-
iting factors that determine ignition and propagation of a smouldering reaction (Misra
and Singh, 1994; Ohlemiller, 1985; Torero and Fernandez-Pello, 1996; Frandsen, 1997).
The presence of a solid matrix furthermore facilitates the reaction by providing (1) a
large surface area per volume ratio enhancing surface reactions, (2) thermal insulation
reducing heat loss, and (3) permeability enabling oxygen transport to the reaction sites
(Ohlemiller, 1985).

In spite of the large amount of information about such processes generated during
the past decades, the exact mechanisms of spontaneous combustion are still not com-
pletely understood (Banerjee, 1981; Misra and Singh, 1994). Heat can spontaneously
be generated by a few natural exothermic reactions including exothermic oxidation of
fine-grained iron sulphide minerals (Rosenblum and Spira, 1995; Payant et al., 2012),
which is the most assumed cause of ignition and it is a common phenomenon in coal
combustion.

This paper describes a case of spontaneous ignition of organic-rich lateglacial
sediment samples after freeze-drying in the lab and investigates the geochemical and

petrological fingerprint of the combustion process.
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5.2 Material and Methods

5.1.1 Study site

The Wukenfurche palaeolake (N 52°46.61°, E13°35.77’; 61 m NN) is located approxi-
mately 20 km northeast of Berlin and south of the Pomeranian terminal moraine of
the Weichselian glaciation and is part of the Eberswalde ice-marginal valley system
(Figure 5.1a). While the northern part of the 1.1 km long SW-NE oriented and narrow
(~100m wide) valley is still water filled (Lake Kleiner Wukensee; 5 m maximum wa-
ter depth), the southern part was filled up by sediments during the Holocene and is a
swampy area today (Schlaak, 1993). The coring location is situated in an 80 m narrow

and 140 m long sub-basin of the Wukenfurche palaeolake (Figure 5.1b).

5.2 Material and Methods

Two parallel sediment sequences within a distance of 0.5 m (WUK14 A and WUK14 B)
have been obtained in 2014 from the presently swampy area using a Weckowski Corer
(Wieckowski, 1959). The core location at the deepest point of the sub-basin is close to
the position of a previous core (WU5; Schlaak, 1993). Cores were split, imaged and de-
scribed in the lab. A continuous composite profile has been compiled by correlating
macroscopically visible ‘marker’ layers in both core sequences. Detailed analyses pre-
sented here focused on the approximately 3 m thick finely laminated sequence (14.3—
11.35 m composite depth) in the basal part of the sediment profile.

The preparation of thin sections followed the method described by (Brauer and
Casanova, 2001). Sediment bars (10x2x 1 cm) were cut out of the fresh sediment sur-
face and stored in self-folded open aluminium boxes (aluminium thickness: 180 um;
box size: 10.1x2.5x2 cm). These samples were shock-frozen in liquid nitrogen and
freeze-dried in a vacuum chamber at room temperature for two days. For the first set of
samples the vacuum chamber of the freeze drier was ventilated with air (air-ventilated)
following the commonly applied procedure. In order to investigate the causes for self-
combustion, we repeated the procedure but used nitrogen instead of air for ventila-
tion (N,-ventilated). Therefore, we simply connected the ventilation valve with a flex-
ible tube linked to a nitrogen source. Subsequently, the dried bars were impregnated
with Araldite® resin in vacuum, hardened for two days and further prepared to thin
sections. Thin sections produced from air-ventilated sediment bars comprise almost
the entire laminated sequence in both sediment profiles (WUK14-A 14.22-11.35m;
WUK14-B 14.3-11.5m). Thin sections from N»-ventilated sediment bars were prepared
from profile WUK14-B 14.3-13.7 m and 11.45-10.8 m depth.
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Figure 5.1: (a) Geographic setting of the study area palaeolake Wukenfurche in NE Germany
and detailed map of the coring positions including characteristics of the surface catchment
area and (b) a SW-NE profile through the Wukenfurche basin illustrating the general sediment
succession in the narrow sub-basin with the coring location (after Schlaak, 1993).

From two parallel air- and N,-ventilated sediment bars (WUK14-B 13.95-13.9 m
depth) additional thick sections (100-150 um sediment thickness) were prepared, car-
bon coated and analysed with a microprobe (JEOL JXA-8230). Operating conditions
used 15kV voltage, a 10 nA beam current, 5 ym beam size and exposure times of 10 to
20 s per element. Analysed elements were Si, S, Ca and Fe. The carbon coating induced
awell-defined peak height of C, which is considered as the 'zero’ baseline for the C con-
tent in the samples. We infer that a sample contained C if the measured C-peak height

exceeded this baseline.
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5.3 Results

Samples for bulk geochemical analysis (TOC, TC and TS) were obtained every 1 cm
from the fresh sediment surface comprising a volume of 2 cm?® per sample (bulk sam-
ples). All samples were stored in plastic tins (plastic thickness: 1 mm, diameter: 2.3 mm,
height: 3.6 mm). 83 of these samples were frozen for one day, subsequently freeze-dried
in a vacuum chamber for two days and air-ventilated after the drying process. For 17
of these 83 samples a parallel set of samples was freeze-dried but the vacuum chamber
was ventilated with N,. Additionally, for 7 of the 83 samples a parallel set of samples
stored in open aluminium boxes (aluminium thickness: 180 um; box size: 7x4 x4 cm)
was air dried at 35°C in an oven.

All freeze-dried (air- and Nj-ventilated) and air-dried samples were ground and
analysed for total organic carbon (TOC) and total inorganic carbon (TIC) contents with
an elemental analyser (EA3000-CHNS Eurovector). Total sulphur contents (TS) were
measured from four freeze-dried (air-ventilated) and parallel air dried samples with an
automated LECO CS-800. 12 additional samples (3 from each sediment unit) were air
dried and analysed with a scanning electron microscope (SEM, Carl Zeiss SMT Ultra
55). X-ray diffractometer (XRD) analyses of the same powdered samples used for mea-
surements of TS contents was conducted with a PANalytical Empyrean diffractometer
with Cu Ke radiation, automatic divergent and anti-scatter slits and a PIXcel3D detec-
tor.

The relative variations of Fe and S were measured directly at the split core sur-
face using an ITRAX u-X-ray fluorescence (u-XRF) core scanner (10s, 30 kV and 30 mA)
at 200 um resolution. The obtained element intensities of Fe and S are expressed as
counts per seconds. We convert element intensities to log-ratios and centred-log-ratios
(CLR), which minimize the influence of matrix and absorption effects and are lin-
early related to log-ratios of element concentrations (Tjallingii et al., 2007; Weltje and
Tjallingii, 2008).

The temperature of two combusting sediment bars was measured at a distance of
about 50 cm with a thermal image camera (Testo 882; measuring range 20-550°C) on

the sample surface.

5.3 Results

5.3.1 Stratigraphy and lithology

The basal part of the 14.6 m long sediment profile is formed by glacial sands (14.6-
14.4 m) covered by a 10 cm peat interval (14.4-14.3 m). Lacustrine sedimentation starts

at 14.3 m sediment depth (Figure 5.3). The basal 3 m thick sequence of pelagic lake sed-
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iments appeared black immediately after core opening, but after surface oxidation red-
dish and dark brown mm-scale laminae became visible. Based on the sediment colour
after surface oxidation and distinctness of the lamination, four sediment units were
differentiated: unitI (14.3-13.7 m) exhibiting distinct red and black alternating lami-
nae, unitll (13.7-12.3 m) characterized by distinct brown and black alternating lami-
nae, unitIII (12.3-11.35 m) showing faint red and black alternating laminae and unit IV
(11.35-4.35m) consisting of olive-grey homogenous sediment. In the uppermost part,
the lacustrine sediment sequence is covered by a 4.35 m thick peat horizon.

A visible volcanic ash layer 6 cm above the onset of lacustrine deposits corre-
sponds to the Laacher See Tephra (LST, 12880 varve a BP; Brauer et al., 1999), indicat-
ing an onset of lake sedimentation in the Allerad. A rough count of the laminae on core
pictures yielded approximately 2900 couplets for the entire laminated interval, which
corresponds to the number of laminae counted by (Schlaak, 1993) in the previous core
WUS5. Assuming an annual origin, the laminated sediment sequence would cover the

period from the Allered until the early Holocene.

5.3.2 Micro-XRF element scanning

The In(S/Fe) ratio and the CLR transformed Fecir (Figure 5.3) were calculated from
the intensity data obtained by u-XRF core scanning (Weltje et al. 2015). The In(S/Fe)
ratio reflects relative variations of the iron sulphide content, whereas Fecr represents
the relative amount of all Fe-containing phases in the sediment. Higher In(S/Fe) ratios
occur at the base of unitI and in unit III. In contrast, Fecy g values are relatively constant
throughout the core. Slightly lower values are only observed in unit Il between 13.6 and
12.5m depth.

5.3.3 Effects of different drying methods
Sediment bars for thin section preparation

Ventilation of the vacuum chamber after freeze-drying with air as commonly applied
caused an immediate heating of 28 sediment bars (40% of all samples) resulting in self-
combustion associated with sulphur gas release, burned smell and sediment colour
change into dark red. For two samples a surface temperature of at least 357°C was mea-
sured with a thermal image camera (Figure 5.2). The temperature of the combusted
sediment bars remained too high to be touched for another approximately 10 to 20
minutes. The propagation of the combustion front through the sediment bar from one

end to the other occurred not evenly but rather pulsating. The other 42 sediment bars
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(60% of all samples) showed a normal behaviour and changed from black (fresh sedi-

ment) to greenish-grey colours (dry sediment) (Figure 5.4A).

356,7 °C
Deamu——— 350,0

250,0
200,0
150,0
100,0

50,0

Figure 5.2: Thermal image of a combusting sediment bar stored in an aluminium box.Red
and white dotted lines show the margins of the sediment bar and aluminium box, respec-
tively. The image was taken at the beginning of the combustion process. The arrow high-
lights the direction of movement of the combustion front (video of the combustion on
http://www.iclea.de/en/outcome).

Most of the self-combusted samples (26 of the 28 combusted samples) originate
from sediment unitsI and II (Figure 5.3). All sampled sediment bars in unitl self-
combusted. From the lower part of unitIl below 12.8 m depth, 13 sediment bars (35%
of all unitIl samples) burned. From units III and IV only one sediment bar each com-
busted (WUK14-A 11.9-12.0m depth, WUK-A 11.2-11.3m depth). About half of the
burned sediment samples (8 of 15 combusted samples) from unitsII, III and IV self-
combusted only in one core sequence, but not in the lithological parallel interval (Fig-
ure 5.3).

No self-combustion occurred after ventilating the vacuum chamber with N, after

freeze-drying.
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Figure 5.3: Schematic profiles of the individual sediment cores WUK14-A and WUK14-B and
of the composite profile. Results of geochemical analysis: total inorganic carbon contents (TIC),
total organic carboncontents (TOC),total sulphur contents (TS) and In(S/Fe) ratios and Fecrr
obtained from u-XRF data. Solid horizontal lines indicate boundaries of the sediment units I-
IV. The red circle around the lowest TIC and TOC values at 11.2m depth indicates the only
self-combusted bulk-sample.

Bulk samples

Only one out of 500 bulk samples (obtained from 11.2 m depth) self-combusted after
air-ventilation. The combustion turned this sample into dark red and produced tem-
peratures high enough to melt the plastic sample box. A parallel sample did not self-

combust after ventilating the vacuum chamber of the freeze dryer with N.

5.3.4 Thin section and SEM analyses

Thin section analyses revealed that non-combusted sediments of units I, II and III con-
sist of alternating layers of siderite, amorphous organic-rich matter and calcite (Fig-
ure 5.4D). Siderite (FeCOs3) forms at or below the sediment water interface by the reac-
tion of Fe?* with CO3%~ in anoxic conditions (Postma, 1981; Bahrig, 1988; Brauer and
Negendank, 1993). In siderite layers, two types of siderite grains are differentiated: (i) 2—
10 um sized spherical grains with cross-shaped extinctions under cross polarized light

and (ii) micritic crystals typically arranged in aggregates and in coatings. The yellow-
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Figure 5.4: (a) Image of a combusting sediment bar (1) and non-combusting sediment bars
nearby (2). The position of the combustion front is indicated by an arrow. (b) Thin section
scans (cross-polarized light) of non-combusted (left) and self-combusted (right) sediment bars
from unitI. The central dark part of the combusted sediment bar is caused by the disintegra-
tion of siderite to isotropic iron oxides. (c) Thin section scans (cross-polarized light) of non-
combusted (left) and self-combusted (right) sediment bars from unit II. Siderite is disinte-
grated in the entire combusted sediment bar to isotropic iron oxides. (d) Top BSE-image ob-
tained from a non-combusted thick section from unitI: (1) dense amorphous matter layer with
siderite, (2) siderite layer and (3) amorphous organic matter layer with siderite; bottom SEM
image of a pyrite framboid (4) and spherical siderite grains (5).

brownish amorphous organic-rich matter represents the background sedimentation
and forms discrete layers only when siderite and calcite contents are reduced. In thin
sections these amorphous matter layers appear homogenous, but additional backscat-
ter electron (BSE) images obtained by microprobe analyses reveal that the amorphous
matter layers consist of two different types of material, which are characterized by dif-
ferent densities: (i) low-density organic matter and (ii) higher density Fe- and Si-rich
amorphous matter (see the section on microprobe analysis below). Thin section analy-
ses alone did not enable to differentiate between both amorphous matter types. Calcite
layers consist of fragments of the calcifying littoral algae Chara spp. (Haas, 1994), which
are transported from the littoral zone into the profundal most likely at the end of the
growing season. Most of these fragments are encrusted by micritic siderite indicating
an early diagenetic origin of this siderite type.

Spherical and micritic siderite are the dominant components in unitl (mean

thickness 0.75mm) and are intercalated with amorphous matter layers (mean thick-
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ness 0.3 mm). Thin Chara layers occur irregularly with mean thicknesses of 0.1 mm.
Framboids of iron sulphides (mainly pyrite) are incorporated in all layer types and oc-
casionally form discrete layers between 14.2 and 14 m sediment depth (mean thickness
0.1 mm).

In unitII the abundance of siderite is markedly reduced supporting results ob-
tained from p-XRF scanning and the micritic siderite type dominates (mean sub-layer
thickness 0.5 mm). Chara layers with a mean thickness of 0.7 mm often incorporating
scattered quartz grains are regularly formed leading to the distinct appearance of the
lamination. Iron sulphide framboids and amorphous matter layers (mean thickness
0.3 mm) only occur irregularly.

In unitlII the lamination is less distinct due to only sporadic occurrence of dis-
crete amorphous and Chara sub-layers. The abundance of siderite is comparable to
unitI. Chara fragments are still abundant, but arranged as lenses. Iron sulphide layers
appear more regular as compared to unitI with up to 0.5 mm thickness as also shown
by increased In(S/Fe) ratios.

The proportion of components in the homogenous unitIV is comparable to unitII
characterized by a reduced content of siderite but increased amount of Chara frag-
ments and quartz grains.

Thin-section analyses of self-combusted samples reveal that the burning mainly
transformed siderite, characterized by golden colours under polarized light, to
isotropic crystals and amorphous matter to an opaque appearance. However, trans-
formation of these sediment components occurred differently in the individual sedi-
ment units. While in unitsI and III siderite was transformed only in the inner part of
sediment bars (Figure 5.4B), in unitsII and IV siderite was transformed in the entire
sample (Figure 5.4C). Amorphous matter was usually transformed in unitsI and III in
the entire sample, whereas in unitsII and IV only some of the amorphous matter lay-
ers were transformed into an opaque appearance. Chara fragments were not altered

during the combustion and are completely preserved.

5.3.5 Carbon and sulphur content

In non-combusted bulk samples total inorganic carbon (TIC) contents fluctuate
around 5 wt.% with slightly higher contents in units I and I1I of up to 6 wt.% (Figure 5.3).
Total organic carbon (TOC) contents are lower (~2.5wt.%) in unitl and in the lower
part of unitIII (12.3-11.8 m depth) and increased to ~4 wt.% in unitIl and the upper
part of unitIII (11.8-11.35m depth). Highest TOC contents of up to 6 wt.% are reached
in unitIV (Figure 5.3).
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The four air-dried samples analysed for sulphur contents (one for each unit; Fig-
ure 5.3) show higher contents of 4 wt.% and 5wt.% at 14.1 m (unitl) and 12m depth
(unitIIl), respectively and lower contents of ~1.5wt.% at 13.1m (unitll) and 11.2m
depth (unitIV).

Only one sample from unitIV (11.2m depth; red circled point in Figure 5.3)
was self-combusted. After combustion, the TIC and TOC contents of this sample de-
creased to ~1 wt.% compared to the non-combusted N,-ventilated sample (5 wt.% and
4.2 wt.%, respectively; Figure 5.3), whereas the TS content did not significantly change

through the combustion.

5.3.6 XRD analysis

XRD spectra of non-combusted bulk samples confirmed siderite as a major compo-
nent in all sediment units. UnitsII, III and IV additionally contain calcite and subordi-
nated quartz. In the self-combusted bulk sample in unitIV (11.2 m depth) the siderite

peak disappeared and was replaced by peaks of hematite and magnetite.

5.3.7 Microprobe analysis

A comparison of non-combusted and self-combusted sediment bars from 13.95—
13.9m sediment depth (unitl) through microprobe analyses on thick sections yields
changes of elemental compositions of the different sediment components (Table 5.1).
In the non-combusted sample siderite grains reveal high Fe contents (52 + 5.7 wt.%)
and subordinated Ca contents (6.6 + 0.9wt.%) and S contents (0.6 + 0.3 wt.%). The
backscatter electron (BSE) image indicates that the amorphous matter identified in
the non-combusted thick sections can be divided into two types according to density
differences (Figure 5.4D). The lower density amorphous matter (dark grey in BSE im-
age) contained Fe (23.5wt.%), Si (17.2wt.%), S (0.8 wt.%), Ca (0.8 wt.%) and C. Since
the C-peak exceeded the signal produced by the carbon coating alone, we infer organic
matter as the additional C source in the sample. The higher density amorphous matter
(lighter grey in BSE) is dominated by higher Fe (44 + 2.4 wt.%), Si (29 + 2.1 wt.%) and S
(4.8 £ 0.2 wt.%) values.

In self-combusted samples Fe and S contents of the disintegrated siderite grains
increased to 61.9 + 7.6 wt.% and 5.7 + 1.3 wt.%, respectively, whereas the C-peak was
reduced to the level of the carbon coating suggesting an entire loss of C during siderite

disintegration. The combusted lower density organic matter exhibits an increase of Fe
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to values of 34.6 £ 0.1wt.% and a slight increase of S to 2.2 £ 0.1 wt.%. In the denser
amorphous matter only the S content decreased by about 50% to 2.4 + 0.2 wt.%.

Table 5.1: Content of Si02,503, CaO and FeO in siderite crystals, organic matter and amor-
phous matter in non-combusted and self-combusted thin section obtained with microprobe
analysis

Non-combusted sediment bar Self-combusted sediment bar

Sioy Sos CaO Feo SiO, SO3 CaO FeO

wWt.%) Wwt.%) Wwt.%) (Wwt.%) (Wt.%) wt.%) (wt.%) (wWt.%)
Siderite n=8 0.4+0.6 0.6+0.3 6.6+0.9 52+57 n=9 0.4+0.5 5.7+1.3 9.2+2.5 61.9+7.6
Low density n=1 17.2 0.8 0.8 23.5 n=2 13.3+1.7 2.2+0.1 1.3+0 34.6+0.1
amorphous
matter
High density n=3 29+2.1 4.8+0.2 1.7+£0.1 44424 n=3 29.9+0.3 2.4+0.2 2.3+0 45.5+1.4
amorphous
matter

Increased and decreased contents in a specific component of the self-combusted sample are
underlined with bold and italics, respectively

5.4 Discussion

We observed for the first time a flameless and smouldering self-combustion of lake
sediments after freeze-drying. Here we describe the consequences of the combustion
for sediment properties and discuss possible trigger mechanisms for the initiation of
the self-combustion process based on a combination of thin section, geochemical and

mineralogical analyses.

5.4.1 Consequences of combustion for sediment properties

As proven by XRD analyses, siderite crystals were transferred into isotropic iron oxide
minerals (hematite Fe,O3 and magnetite Fe3O4) during the combustion process. The
disintegration is supported by the decrease of the TIC content in the combusted bulk
sample. At high temperatures siderite degrades to iron oxide (FeO), which is further
oxidized by CO, to hematite and magnetite (Bailey et al. 1998). Disintegration tem-
peratures of siderite crystals range from about 400-420°C in lake sediments (Brauer
and Negendank, 1993) and between 370°C and 530°C with maximum rate at 430°C in
Lower Jurassic brackish-marine deposits (Maes et al., 2000). The maximum tempera-
ture of 357°C from the Wukenfurche sediments that we measured during the combus-

tion process is slightly below these values. One possible explanation might be the fact
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that we measured the combustion temperature only at the sample surface. Interest-
ingly, in units IT and IV siderite disintegrated in the entire sediment bar, while in unitsI
and III siderite was only disintegrated in the central part of the sample (Figure 5.4B, C).
This suggests that in unitI and III samples the combustion temperature at the sample
margins was not sufficiently high to entirely disintegrate siderite. The coincidence of
only central disintegrated siderite and lower TOC contents (~2.5 wt.%) in unitsI and
III sediments and entirely disintegrated siderite in unitsII and IV with elevated TOC
values of ~4-6 wt.% indicates a possible relation between the TOC content and degree
of temperature at the sample margins.

In contrast to siderite, Chara fragments are not affected by the combustion pro-
cess and are not disintegrated, likely because of the considerably higher disintegration
temperature <800°C of calcite (Dean, 1974).

Organic matter was transformed by the burning into pyrogenic char (also called
‘pyrogenic carbon’ or 'black carbon’) (Hammes et al., 2007; Santin et al., 2015) identi-
fied as opaque components in thin sections. The transformation into pyrogenic char
is provoked by the release of volatiles and pyrolysates due to the high temperatures
(Huang et al., 2014) and implies an incomplete combustion process, which is typical
for smouldering fires lacking ignition (Ohlemiller, 1985, 1986; Rein, 2009). An incom-
plete combustion is further supported by remaining TOC contents of 1 wt.% after the
combustion (Figure 5.3).

Interestingly, the total sulphur content in the bulk sample did not change after
burning as one might have expected. Instead, the S content of different sediment com-
ponents changed, thereby suggesting a redistribution of S within the sediment. The
loss of S in the dense amorphous matter by ~2.5wt.% was balanced by increased S
contents in the original siderite and organic matter by ~5wt.% and ~1.5wt.%, respec-
tively. However, this might not be a generally valid finding since we could observe this
material-dependent change in S contents only in one sample, because no other bulk

sample was affected by self-combustion.

5.4.2 Mechanisms for self-combustion

Sediment heating only in air-ventilated samples suggests the initiation of self-com-
bustion by oxidation reactions. Exothermic oxidation of iron sulphides is an associated
common cause for self-heating and has been observed in iron sulphide bearing coal
and numerous mines and milling operations (Li and Parr, 1926; Rosenblum and Spira,
1995; Ninteman, 1978; Payant et al., 2012). Mariner et al. (2008) reported self-ignition

of pyrite in organic shales caused by a landslide, leading to air penetration to pyrite
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nodules. Although pyrite is common in lake sediments according to our knowledge no
case of self-combustion after freeze-drying has been reported so far.

The presence of iron sulphides in the Wukenfurche sediments, however, cannot
be the only trigger for self-combustion, because some of the non-combusted sediment
samples in unitIII contain up to 0.5 mm thick iron sulphide layers, but did not burn.
One additional factor could be the size of iron sulphides since very fine-grained fram-
boids have a higher surface area offering larger contact surfaces for oxidation reaction.
Such small grain-sized pyrite particles might have been overlooked because they are
not detectable with the methods applied in this study (Morse et al., 1987). An indica-
tion for the presence of very fine grained iron sulphides is the concentration of S in
the dense amorphous matter before burning. The high Fe content in the dense amor-
phous matter of ~45% in relation to S (~5 %) and TIC contents (~5%) suggest that only
a fraction of Fe is bound in iron sulphides and siderite. One might suspect that the
remaining iron is present in fine grained and/or amorphous Fe phases, which might
have reacted exothermically with oxygen. However, this hypothesis has to be tested in
further investigations.

Additional factors possibly supporting the self-combustion process are the high
permeability and porosity of the dry sediment caused by the high water content
(~70%). Both features provide both improved thermal insulation and oxygen transport
to the reaction centres.

Furthermore, we assume that also the self-sustaining of the combustion process
is linked to multiple factors. The propagation of combustion in the sediment even
over non-combustible carbonate layers might have been supported by the existence
of discrete organic layers and the constant background of organic matter. We assume
this from the observed pulsating propagation of the combustion through the sample,
caused by the regular slowdown of the burning in Chara layers. The self-sustaining
of the combustion might have been additionally favoured by the high abundance of
siderite crystals since siderite has a low thermal conductivity (x=3; Midttoemme, 1998;
Horai, 1971). One might speculate that this caused reduced heat loss and, therefore,
heat accumulation in the sediment further favouring the burning process. However, it
remains puzzling why the same sediment interval self-combusted in one core but not
in the parallel core. This illustrates that the ultimate trigger for self-combustion likely
is a complex interaction of multiple factors.

Most of the described properties of Wukenfurche sediments have been also ob-
served in other sediment records, however, not in the combination as found in the

Wukenfurche sediments. Therefore, we assume that the self-combustion of sediments
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after freeze-drying has been triggered by a combination of multiple factors including
mainly the presence of abundant and very fine-grained iron sulphides as well as the

occurrence of discrete amorphous organic layers and high sediment porosity.

5.5 Conclusion

We observed spontaneous combustion of laminated lateglacial lake sediments from
the Wukenfurche palaeolake. The self-ignition was caused by exothermic oxidation
reactions occurring immediately after air-ventilation of the vacuum chamber after
freeze-drying. A comparable reaction of lake sediments has not been described be-
fore. We propose a combination of multiple factors including the presence of abundant
fine-grained iron sulphides and of discrete amorphous organic layers as cause for this
effect. Self-combustion of lake sediments can be prevented by ventilation of the freeze

drier vacuum chamber after drying with N, instead of air.

Acknowledgements

This study is a contribution to the Virtual Institute of Integrated Climate and Land-
scape Evolution (ICLEA; www.iclea.de) of the Helmholtz Association (Grant Num-
ber VH-VI-415) and is supported by Helmholtz infrastructure of the Terrestrial En-
vironmental Observatory (TERENO) North-eastern Germany. We thank Sebastian
Tyszkowski (Polish Academy of Science), Mateusz Kramkowski (GFZ Potsdam) and
Slawomir Kowalski (LBGR Brandenburg) for their help with coring and field work.
Gabriele Arnold and Dieter Berger (both at GFZ Potsdam) prepared thin sections. We
also thank Anja Schleicher for XRD analysis, Oona Appelt for microprobe analysis
and Andreas Hendrich for graphical support (all at GFZ Potsdam). We also thank two
anonymous reviewers for their constructive comments and suggestions that signifi-

cantly improved this paper.

95






6 Synthesis

The primary scientific objective of this doctoral thesis is to reconstruct the climate
and environmental variability in NE Germany by investigating annually laminated lake
sediments. For this purpose, two varved sediment archives are analysed at high resolu-
tion: Lake Tiefer See and Palaeolake Wukenfurche. Detailed microfacies and geochem-
ical analyses (aim I.) are conducted on both sediment archives, in order to establish the
lithostratigraphic framework and to provide a base for understanding and interpreta-
tion of the proxy data. The aims II., III. and IV. were pursued for the last 6000 years
of the Lake Tiefer See sediment record. The first part of the synthesis chapter of the
doctoral thesis (Chapter 6.1) provides the main results and conclusions with respect
to the aims of the doctoral thesis. Chapter 6.2 examines the contribution of this work
to the ICLEA objectives and discusses preliminary results of the regional comparison
between Lake Tiefer See and Lake Czechowskie sediment records. Chapter 6.3 high-
lights ongoing and planned investigations on both sedimentary archives and potential

future analyses.

6.1 Main results and conclusions

Aim 1.) Conducting high resolution sediment microfacies and geochemical

analyses of Tiefer See and Wukenfurche sediment cores.

Detailed microfacies and geochemical analyses of the Lake Tiefer See and Palaeolake
Wukenfurche sediment cores are presented in Chapter 2 and Chapter 5, respectively.

The following presents the main results and conclusions for the respective study sites.

Lake Tiefer See

Chapter 2 introduces the sedimentology of the 10.8 m long sediment profile of Lake
Tiefer See. In this manuscript, high resolution analyses focuses on the upper 7.7 m long
and continuous part of the sediment record. Basic information about the lower 3 m of
the sediment column are provided in Chapter 2.4.1. A key aspect of this manuscript is
the understanding of the highly variable sedimentology from multi-centennial down
to decadal and annual time-scales. Most variablity is displayed by the varve preser-
vation and enabled to subdivide the sediment column into well-varved, poorly- and

non-varved sediment intervals (Chapter 2.4.3):
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i.) Well-varved sediments are characterized by well identifiable varve sub-layers, high
organic matter contents and high abundance of diagenetic minerals (i.e. vivia-
nite and Ca-rhodochrosite). Furthermore, three different varve types are differ-
entiated: organic varves, calcite varves and Ca-rhodochrosite varves.

ii.) Poorly-varved sediments comprise of mixed sediment with frequently intercalated
preserved varves and planktonic diatom layers, intermediate organic matter con-
tents and an increased proportion of minerogenic and plant detritus and littoral
microfossils.

iii.) Non-varved sediments consist of extensively mixed sediment, low organic matter
contents and an increased proportion of minerogenic and plant detritus and lit-

toral microfossils.

The combination of microfacies and geochemical analyses (i.e. bulk carbon geochem-
istry and u-XRF scanning) enables to relate the deposition of these microfacies types
to the prevailing oxygen regime in the bottom waters of the lake (Chapter 2.5.1). Low-
energy hypoxic to anoxic conditions in the hypolimnion favor the formation of varves,
whereas dominantly oxygenated conditions in the lower water column cause the depo-
sition of non-varved sediment. Poorly-varved intervals likely indicate an intermediate
state of bottom water oxygen contents.

The different varve types (i.e. organic varves, calcite varves and Ca-rhodochrosite
varves, Chapter 2.4.3) indicate a decadal- to annual-scale variability in well-varved in-
tervals. Rarely more than 20 successive varves are characterized by the same varve type.
Chapter 2.5.1 presents a first idea of relating the formation of the different varve types
to the prevailing redox potential at the sediment water interface. However, the pro-
posed scenario is at this stage highly speculative and requires further investigations.

In conclusion, the combination of rather subjective microfacies analysis in thin
sections with high resolution geochemical analyses is a valuable tool to character-
ize sedimentological changes in great detail. In the case of the Lake Tiefer See sed-
iments, this methodology allows to relate the varve preservation to changes of the
oxygen regime in the hypolimnion of the lake. Furthermore, the analyses indicates
that Lake Tiefer See sediments display a high variability on multi-centennial to annual
time scales. In particular, the frequent alternation of intervals characterized by differ-
ent varve preservation is rarely observed in sediment archives and, therefore, imply a

exceptional sensitivity of the oxygen regime to external forcing mechanismes.
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Palaeolake Wukenfurche

Chapter 5 presents a 14.6 m long sediment profile of the Wukenfurche palaeolake. This
manuscript mainly focuses on the description and investigation of spontaneous self-
combustion of freeze-dried sediment samples after ventilation of the freeze dryer. This
reaction was observed for the first time in a palaeolimniological study. The smoulder-
ing and flameless combustion of the sediment reached temperatures of about 360°C
and lasted for a duration of 10-20 minutes. In order to identify the processes causing
the sediment reaction, the microfacies and geochemistry of the sediment are studied
in detail. The results presented in Chapter 5.3 suggest that the self-combustion was ini-
tiated by oxidation reactions, which are probably favored by a combination of multiple
factors including the presence of abundant fine grained iron sulphides and of discrete
amorphous organic layers.

This study further provides a base for future analyses at the Wukenfurche palaeo-
lake. The presence of the Laacher See tephra at the onset of the finely laminated sedi-
ment interval provides an invaluable time marker for anchoring a chronology. A rough
count of the lamination revealed about 2900 layer couplets for the entire laminated in-
terval. Assuming an annual origin of these couplets, the laminated interval probably
covers the period from the late Allerod to the early Holocene. The rhythmic deposi-
tion of alternating siderite, amorphous organic-rich matter and calcite layers might
indicate an annual cycle behind the deposition, which has not been proven, yet. In
addition, microfacies and geochemical analysis allows to define distinct intervals of
varying geochemical composition and varve composition, which may reflect changes

of climate and environmental conditions.

Aim I1.) Performing a reliable chronology for the Tiefer See sediment record
using different independent dating methods

Independent and reliable chronologies are important for palaeoclimate and -environ-
mental reconstructions, as they enable to compare to different records and to trace po-
tential lead and lags of regional climate response (Brauer et al., 2014). The application
of different dating methods (i.e., varve counting, tephrochronology and radiocarbon
dating) allows establishing a robust chronology for the upper continuous 7.7 m of the
sediment profile. Full details are presented in both Chapter 2.4.2 and in Chapter 3. As
a summary, the final chronology consists of two parts, which are separated by a 70 c m

thick non-varved sediment unit (unit II, Table 1.2):
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ii.) From 0 to 5.04 m of depth. The timescale of this interval is developed by down-
core varve counting and sedimentation rate estimates given a total of 3100 + 130
years at 5.04 m of depth. Radiocarbon dates and the Glen Garry and Askja AD 1875
tephras confirm the varve-based chronology within the uncertainties.

i.) 7.7-5.71 mdepth. This interval comprises a floating varve chronology, which is an-
chored to calendar timescales using the HEKLLA-4 tephra at 4293+43 cal. a BP (6.06
m depth; Chapter 3.4.1). The resulting timescale covers an interval of 2080 + 40
varves from 3950 + 45 to 6030 + 85 cal. a BP. Radiocarbon dating supports the float-
ing varve chronology.

The age-depth model of the non-varved unit II (5.71 - 5.04 m depth) is determined
from linear interpolation between the ages estimated for the top and bottom of this
interval. The counting error of the varve chronologies are variable along the sediment
profile due to the intercalation of several poorly- and non-varved intervals and amount
to £85 years at 7.7 m depth.

In conclusion, the well-defined chronology of Lake Tiefer See sediments provides a
valuable chronological framework for the comparison of the Lake Tiefer See data set
with other records. Furthermore, the finding of multiple tephra layers contains the po-
tential for detailed synchronization studies.

Aim I11.) Establishing microfacies and geochemical proxies as indicators for
climate and environmental changes at Tiefer See.

Combined microfacies and high-resolution geochemical analyses has been used for
better understanding of the depositional process in Lake Tiefer See and to establish
proxies for climate and environmental changes. Detailed information is shown in both
Chapter 2 and Chapter 4. Chapter 2 examines the main processes driving the highly
variable sediment deposition and the related oxygen regime in Lake Tiefer See during
the last ~6000 years. Controlling factors of the §'3Cqy ratio of sedimentary organic
matter are investigated in Chapter 4, as well as their relationship with the anoxia fluc-
tuations and productivity changes in Lake Tiefer See, as a complement of the work
presented in Chapter 2.

Varve preservation as proxy for lake circulation

Preservation of annually layers is the most distinct sedimentological characteristic in

the Lake Tiefer See sediment record for the last ~6000 years. Several geochemical indi-
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cators correspond to the quality of varves, suggesting that alternations in varve preser-
vation reflect distinct changes in the lake system.

As aforementioned, the varve preservation at Lake Tiefer See depends on bottom
water anoxia. The oxygen regime in lakes is mainly a function of lake productivity
and lake circulation (Demaison and Moore, 1980; Niessen et al., 1992). Preservation
of varves during the last century has been mainly ascribed to increased productivity
caused by human-induced lake eutrophication (Kienel et al., 2013). Higher lake pro-
ductivity causes enhanced organic matter flux to the bottom waters and, thereby, the
formation of anoxic conditions. Deeper in the sediment profile (i.e. before the 20°" cen-
tury), varve formation was favored by reduced lake circulation as indicated by results
presented in Chapter 2. During phases of lower lake circulation, oxygen transport de-
creased and stronger anoxic conditions developed, which promote varve preservation.
Instead, intensified lake circulation induces an increase in oxygen transport to the bot-
tom waters resulting in more oxygenated conditions, which are not favorable for varve
preservation.

The combination of high-resolution microfacies and geochemical analyses allows
to identify lake circulation as the main driver of sediment variability in Lake Tiefer See.
Intensity of the lake circulation mainly causes the striking alternation of well-varved
and poorl-/non-varved sediments, except for the last century where human induced
eutrophication is the most important factor for varve preservation. Consequently, the
varve quality is considered as a proxy for the lake circulation at Lake Tiefer See before

the 20" centure.

Varying control on §3Cqpm

Proxy calibration and verification is one main objective in ICLEA. Therefore, proxy
data need to be tested if they can be interpreted the same way throughout the entire
sedimentary column (i.e. proxy stationarity). The §'3Cqy; is considered to be particu-
larly sensitive to changes in lake productivity (e.g. Brenner et al., 1999; Stuiver, 1975),
but also to changes in the oxygen regime in the lake hypolimnion (e.g. Hollander and
Smith, 2001; Kohzu et al., 2011). As both factors change in Lake Tiefer See during the
last ~6000 years, Chapter 4 examines the main control on §'3Cin sedimentary or-
ganic matter. In particular, this study applies a novel concept, which integrates the
multi-proxy data set from the long sediment record as well as results from spatially dis-
tributed surface sediment cores and from lake monitoring. This comprehensive study

has only been possible because of the novel bridging time scale concept within ICLEA.
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Results obtained from the long sediment core indicate a close correspondence be-
tween the §'3Coy ratio and the varve preservation during the past ~6000 years. De-
pleted isotope values are associated with well-varved intervals and enriched values
with poorly- and non-varved sections. The comparison of the §'3Cqy; ratios with the
geochemical data set indicates that the variations are presumably caused by a com-
bination of microbial carbon cycling and selective organic matter degradation in Lake
Tiefer See. In particular, the relative influence of microbial carbon cycling and selective
organic matter degradation as controlling factors on the §'3Cqy values changes over
time. Which of the two factors controls the §'3Cqoy ratios depends on the prevailing
oxygen regime in the bottom waters of Lake Tiefer See. During anoxic conditions, mi-
crobial carbon cycling appears to be the controlling factor for §'*Coy and causes more
depleted values in well-varved sediment intervals. In contrast, selective organic matter
degradation becomes an important factor during the prevalence of more oxygenated
conditions inducing the enrichment of 5'3Cqy ratios.

In conclusion, the results imply that the factors controlling §'3Cqy at Lake Tiefer
See vary in time in relation to the lake circulation regime. An interesting aspect is
that 6'3Coy is, despite of the strong increase of lake productivity, also in the recent
well-varved interval influenced by microbial carbon cycling similarly to the older well-
varved sediment sections. This observation might has implications for calibrations
studies and for testing the above mentioned hypotheses (e.g. microbial carbon cy-

cling).

Aim 1V.) Tracing the effects of climate variability and human activity on

sediment deposition at Tiefer See.

Varve formation and preservation at Lake Tiefer See during the past ~6000 years are
particularly sensitive to changes in lake circulation, causing distinct alternations of
varved and poorly-/non-varved intervals. As lake circulation is mainly influenced by
wind stress and lake stratification, which is a function of temperature and seasonal-
ity, changes of lake circulation may reflect changes of climate conditions in the past.
Furthermore, lake circulation may also be influenced by local factors. As for exam-
ple, a reduced wind shelter induced by anthropogenic deforestation might lead to in-
creased sensitivity of lake circulation to wind stress (Bierstedt et al., 2015b; Boehrer and
Schultze, 2008; Stevens et al., 2000). This means, that also human impact may induce
changes in lake circulation.

The main result of the lake-circulation reconstruction from varve preservation at

Lake Tiefer See is a trend towards increased lake circulation after ~4000 cal. a BB which
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Figure 6.1: Top: sediment section between 4.80 and 5.30 m sediment depth showing the tran-
sition between unitII and unitIII at ~3100 cal. a BP. Bottom: Overview of processes related to
well-varved and non-varved sediment intervals in Lake Tiefer See.

is superimposed by decadal to centennial episodes of increased lake circulation. The
long-term trend is indicated by longer and more frequently occurring non- and poorly-
varved intervals after ~4000 cal. a BP. Similar trends towards less stable lake stratifica-
tion and stronger lake circulation after ~5000 cal. a BP have been previously reported
from other lakes in Central Europe (e.g. Pedziszewska et al., 2015; Finsinger et al., 2014;
Eusterhues et al., 2005). This suggests a common forcing mechanism. A possible ex-
planation might be related to gradual changes in Northern Hemisphere orbital forcing
(Laskar, 1990; Laskar et al., 2004), leading to colder summer and warmer winter tem-
peratures and increased windiness in Central Europe (e.g. Wanner et al., 2008; Orme
et al., 2016). Cooler summers and warmer winters cause a reduced stability of lake
stratification and, thus, enhance the susceptibility to wind-driven lake circulation. The
general increased wind stress may has additionally intensified lake circulation.

The superimposed short-term phases of intensified lake circulation generally co-
incide with increased vegetation openness in the catchment of Lake Tiefer See, sug-
gesting anthropogenic deforestation as an important factor for lake circulation at Lake
Tiefer See since ~4000 cal. a BP. However, increased circulation periods at ~2850 cal.
a BB, AD 330-510 and AD 1200-1900 also concur with centennial-scale intervals of
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colder, moister and winder climate conditions (2.8 ka event e.g. van Geel (1978); 'Dark
Ages’ e.g. Blintgen et al. (2011); 'Little Ice Age’ e.g. Pfister et al. (1998)), suggesting that
climate change might has additionally increased lake circulation. The coincidence of
climate change and human impact makes it difficult to evaluate the contribution of
each factor on the lake circulation. A further complicating factor is the lack of an inde-
pendent proxy for changes of the wind stress at Lake Tiefer See.

An intriguing finding of this study presented in Chapter 2, is that major phases
of non-varved sediment at Lake Tiefer See coincide with periods of bioturbated sedi-
ments in the Baltic Sea. The striking correspondence further supports the influence of
regional climate change on lake circulation at Lake Tiefer See and suggests a common
driver. Bioturbated sediment deposition in the Baltic Sea has been related to enhanced
river inflow and windier conditions (Andrén et al., 2000; Jilbert et al., 2015; Ning et al.,
2016; Zillén et al., 2008). However, further investigations are necessary to verify and
explain this observation.

In conclusion, the driver for variability in lake circulation is most likely a combi-
nation of long-term and short-term climate changes as well as anthropogenic defor-
estation during settlement periods. However, the relative importance of climate and
human influences in the respective periods of increased lake circulation remains dif-
ficult to disentangle partly due to the lack of independent wind proxies at Lake Tiefer
See. In this respect, the comparison of Lake Tiefer See and Lake Czechowskie might
represents a great potential to disentangle the influence of climate change and human

impact on lake circulation in more detail.

6.2 Contribution to the ICLEA project

This doctoral thesis mainly contributed to Aim B and Aim C of the ICLEA objectives
by providing both, high resolution proxy data and a robust chronology from the Lake
Tiefer See sediments. Furthermore, in total 3 common tephra layers were identified
in the sedimentary archives of Lakes Tiefer See and Czechowskie during the early
Holocene and the sub-recent period allowing a detailed synchronization of both sedi-
ment records for these time slices. Another important finding for the ICLEA objective
Aim A, is the identification of different trigger mechanisms for varve preservation at
present and in the past. This is particularly useful for calibration studies, as consider-
ing these differences may prevent erroneous transfer functions.

The results presented in this doctoral thesis particularly demonstrate the poten-

tial of Lake Tiefer See sediments for palaeoclimate and -environmental reconstruc-

104



6.2 Contribution to the ICLEA project

tions. However, detailed interpretations about climate changes during the past ~6000
years remained challenging. Comparing the results to the counterpart on the ICLEA-
transect, Lake Czechowskie, potentially allows an improved evaluation of the domi-
nant drivers for lake system change at Lake Tiefer See. In this respect, preliminary re-
sults comparing the Lake Tiefer See and Lake Czechowskie sediment records are out-
lined in the following section.

The comparison of results from Lakes Tiefer See and Lake Czechwoskie indicates
two main similarities between both records. The first includes that both records show
a long term trend of increasing lake circulation during the past ~6000 years. While at
Lake Tiefer See this trend is displayed by an increasing occurrence of periods with en-
hanced lake circulation after ~4000 cal a BP, the trend at Lake Czechowskie is more
gradually culminating in a distinct rise in varve thickness and annual variability af-
ter ~2800 cal. a BP (Ott et al., 2015). The thickening of varves is related to intensi-
fied lake productivity, which is probably caused by enhanced lake circulation in Lake
Czechowskie (Ott et al., 2013). Interestingly, the same process (i.e. increased lake circu-
lation) induced different responses in both lakes: oxygenated conditions at Lake Tiefer
See and increased productivity at Lake Czechowskie. These different responses may
be related to different local properties. On the other hand, they may also be related
to different regional manifestation of climate, which implies that the drivers of lake
circulation, such as wind stress, are stronger at Lake Tiefer See as compared to Lake
Czechowskie. This idea might be supported by a number of continuously varved sedi-
ment records reported from N Poland (Tylmann et al., 2013b), while in N Germany an
entirely varved record especially for the Late Holocene has not been found yet. How-
ever, this rather speculative hypothesis has to be further investigated in more detail e.g.
with modeling studies and integration of more lake records.

Another similarity indicated by both records is related to simultaneously in-
creased lake circulation after ~2800 cal. a BP. At Lake Czechowskie varve thickness rises
in three distinct centennial-scale intervals after ~2800 cal. a BP (Ott et al., 2013), which
coincide with phases of poorly- and non-preserved varves at Lake Tiefer See at ~2800
cal. a BB at ~1400 cal. a BP and at ~750 cal. a BP. This implies that during three distinct
centennial-scale periods lake circulation was increased in both lakes. In contrast to
lake Tiefer See, the latter two periods of increased lake circulation at Lake Czechowskie
are considered to be not concurrent with increased human impact in the catchment.
For the first phase, pollen analyses has not been conducted yet. Nevertheless, these co-
incidences of distinct periods of increased lake circulation in both lakes suggest a over-

regional climate trigger. Interestingly, all three phases coincide with known periods of
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cooler, wetter and windier climate corresponding to the 2.8 ka event (Martin-Puertas
etal., 2012b; Van Geel et al., 1996), 'Dark Ages’ and 'Little Ice Age’ (Biintgen et al., 2011).

In conclusion, the comparison of Lakes Tiefer See and Czechowskie highlights the
importance of climate changes for three distinct periods of increased lake circulation at
Lake Tiefer See. Furthermore, detailed investigations are necessary to verify the finding
and to explain the observed similarities. Nevertheless, these first results emphasize the
huge potential of regional integration of proxy records and the great value of the work
conducted within the ICLEA project.

6.3 Future prospects

The high resolution records presented in this doctoral thesis, offers a huge potential
for further high resolution studies. At Lake Tiefer See of probably most interest is to
obtain an entirely continuous sediment profile. Preliminary results of the sediment be-
tween both sediment gaps indicate almost completely varved sediment, which might
cover the Early Holocene until ~9000 cal. a BP. Furthermore, this sediment shows a
lower variability as compared to the upper part of the profile. To identify the triggers
causing this difference would be an interesting point for future studies. Furthermore, it
would be possible to compare the entire Holocene development of Lake Tiefer See and
Lake Czechowskie, giving more detailed insight into the climate history of the N cen-
tral European Lowlands. Another interesting aspect is to study distinct time slices. For
examples, the almost completely varved sediment interval between ~6000 and 4000
cal. a BP shows a high annual- to decadal scale variability and might contain inter-
esting high-frequency palaeoclimate and -environmental information. As these inter-
val are presented by calcite varves, stable isotope studies on the calcite may further
contribute to detailed climate reconstructions (Leng and Marshall, 2004; Mangili et al.,
2007). Testing the presence of microbial processes today and in the past might be a fur-
ther future study. As also today microbial processes seem to influence carbon cycling
in Lake Tiefer See, they might provide another tool for proxy calibration.

At palaeolake Wukenfurche, further studies will include the detailed analysis of the
lamination to test if they represent varves. A further potential of the lake Wukenfurche
sediments is the continuous deposition of siderite and calcite in the sediment. If both
components could be separated, stable isotope analysis on calcite and siderite could
be integrated in a multi isotope comparison given inside in, for example, redox path

ways and temperature changes (Leng and Marshall, 2004).
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Supplementary file Chapter 2

Supplement 1: Major element concentrations of volcanic glass shards of tephra sample
TSK13 F6 150-153 T in 1115.5 cm composite depth (correlated with the Laacher See
Tephra) and secondary glass standard data (Lipari obsidian).

Sample SiO, TiO, ALO; FeO; MnO MgO CaO Na,0O K,0O P,0s Total Cl

TSKI3_F6_150-153 T 6241 034 2123 128 0.10 0.12 237 596 643 0.06 10030 0.15
TSKI3_F6_150-153_ T 6121 051 2040 238 027 026 1.38 683 6.83 0.04 100.10 0.30
TSKI13_F6_150-153_T  61.18 041 2082 220 0.18 0.17 1.38 6.75 692 0.04 100.05 0.31
TSKI13_F6_150-153 T  60.66 042 1999 185 015 020 1.64 7.19 685 0.04 9899 0.25
TSKI13_F6_150-153 T 6190 047 2047 212 024 025 155 6.50 7.01 0.04 100.55 0.28
TSKI13_F6_150-153 T 6142 043 2076 218 0.18 026 1.57 647 696 0.03 10026 0.27
TSKI3_F6_150-153 T 6133 035 2040 142 012 0.14 2.58 549 635 001 9818 0.12
TSKI3_F6_150-153_ T  61.16 055 2027 229 020 021 1.74 6.64 7.00 0.06 100.11 0.28
TSKI13_F6_150-153_ T  61.40 052 2077 246 025 0.18 1.02 691 695 0.05 100.50 0.37
TSKI13_F6_150-153_ T  61.89 040 1947 156 010 0.14 2.03 533 653 006 97.50 0.19
TSKI13_F6_150-153 T  61.87 049 21.04 220 019 037 221 621 569 0.06 10034 0.15
TSKI13_F6_150-153 T 6234 036 2034 207 018 015 132 6.76  6.79  0.07 10038 0.33
TSKI13_F6_150-153_ T  60.65 0.55 2035 284 023 040 1.97 624 647 0.0 99.71 0.34
TSKI3_F6_150-153_ T 5995 043 21.14 212 023 027 2.00 7.67 621 0.04 100.05 0.42
TSKI13_F6_150-153_ T  60.72 051 20.74 228 022 024 1.38 7.06 6.68 0.04 99.87 0.32
TSKI13_F6_150-153 T 6293 046 2061 138 006 014 232 6.12 675 0.03 100.80 0.18
TSKI3_F6_150-153 T 6228 048 2045 213 023 020 148 6.60 6.74 0.04 100.62 0.30
TSKI13_F6_150-153 T 6278 032 2051 1.78 0.14 0.13 158 6.57 682 0.03 100.67 0.24
TSKI13_F6_150-153_ T  61.15 047 2035 183 008 031 2.69 519 568 005 9780 0.13
TSKI13_F6_150-153_ T  61.54 051 2057 183 009 0.18 2.51 621 644 0.02 9990 0.18
TSKI3_F6_150-153_ T  61.74 048 2061 182 0.16 0.18 1.80 636 685 0.00 100.01 0.22
TSKI13_F6_150-153_ T  60.77 0.44 20.65 220 019 023 1.65 6.59 699 0.06 99.77 0.29
TSKI13_F6_150-153 T  60.81 048 2056 214 017 023 1.87 620 699 0.06 99.52 0.29
TSKI13_F6_150-153 T  62.11 044 2016 188 0.18 022 136 6.89 734 0.05 100.64 0.24
TSKI3_F6_150-153_ T 6126 044 2037 219 023 021 148 681 7.16 0.05 100.19 0.28
TSKI3_F6_150-153_T 6093 050 2041 237 021 026 145 694 690 0.03 100.00 0.29
TSKI3_F6_150-153_ T  61.44 048 2081 183 016 022 1.85 6.60 653 0.04 9995 0.17
TSKI13_F6_150-153 T 6195 049 2094 189 012 021 1.83 624 590 0.04 99.61 0.24
TSKI13_F6_150-153 T  60.85 044 2084 1.67 012 015 1.60 6.70 7.05 0.04 99.46 0.29
TSKI13_F6_150-153 T  61.60 036 2037 137 009 011 248 565 574 006 97.83 0.11
TSKI13_F6_150-153_ T  62.08 041 2081 189 0.19 020 2.06 6.51 626 0.04 10045 0.25
TSKI3_F6_150-153_ T 6241 042 2045 204 018 0.14 2.02 6.76 628  0.03 100.72 0.22
TSKI3_F6_150-153_ T 6243 046 2039 191 0.15 013  2.06 630 659 0.04 10047 0.26
TSKI13_F6_150-153 T 6148 039 2091 187 018 018 1.73 6.11 726 0.03 100.15 0.22
TSKI13_F6_150-153 T  61.18 048 20.72 251 024 020 1.17 6.40 735 0.03 10029 0.35
TSKI13_F6_150-153 T 6027 047 2083 212 020 027 152 641 7.15 0.07 9931 0.27
TSKI3_F6_150-153_ T  62.15 047 2028 234 026 020 0.84 681 7.06 0.04 10044 0.34
TSKI3_F6_150-153 T 6194 037 2024 18 0.17 0.17 1.28 694 658 0.0 9955 029
TSKI3_F6_150-153 T 5998 047 1939 202 0.16 025 1.43 537 638 003 9548 0.34

Lipari obsidian SiO, TiO, ALO; FeO; MnO MgO CaO Na,0O K,0O P,0s Total Cl
10 um-beam 7579  0.06 12.80 144  0.05 0.04 0.72 401 512 0.01 100.04 0.34
10 um-beam 76.06  0.07 1295 145 0.06 006 0.72 373 507 0.00 100.17 0.35
15 um-beam 7596 0.11 1287 1.52 0.05 0.04 0.76 379 517 0.01 10028 0.38
15 um-beam 75.53  0.05 13.05 1.51 0.06 001 0.73 391 522  0.00 100.07 0.35
20 um-beam 7526 0.08 12.88 1.53 0.04 006 0.71 400 520 0.02 99.78 0.33
20 um-beam 7578 0.03 12.80 1.63 0.05 0.04 0.71 390 5.16 0.02 100.12 0.33
Hunt and Hill (1996)

7435 nd. 1287 151  0.07 0.05 074 393 511 nd 9863 nd
12 um-beam
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