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Abstract |

Abstract

This thesis aims to assess quantitatively biogenate properties by means of Fourier
transform infrared spectroscopy (FTIRS) in the 81%ng and up to 3.6 Ma old sedi-
ment record of Lake El'gygytgyn, north-eastern B#eFTIRS measurements were
performed on 380 sediment samples covering theees¢idiment sequence to develop
calibration models relating FTIR spectral infornoatiand conventional property con-
centrations by using partial least squares regreq$tLSR). Robust calibration models
could be established for total carbon (TC), totganmic carbon (TOC), total inorganic
carbon (TIC), total nitrogen (TN), and biogenidcgl (BSi). The external validation of
these models yielded a significant correlation leetwFTIRS-inferred and conventional
measured concentrations of R0.90 for TC, R=0.90 for TOC, R=0.89 for TIC,
R?=0.61 for TN, and R= 0.92 for BSi. An internal calibration includisgmples from
the entire sediment sequence is probably necessatytain reliable results from a sed-
iment record of several hundred meters. The agpiteof already existing FTIRS
models only based on the uppermost sediments mowidnsiderably poorer correla-
tions between the FTIRS inferred and conventionadsured biogeochemical property
concentrations. Coefficients of determination 6f=R0.69 for TC, R= 0.42 for TOC,

R? = 0.43 for TN, and R= 0.84 for BSi resulted from the external validati The lower
prediction accuracy of these models probably inde@ahanges of the sediment compo-
sition in the deeper parts of the sedimentary e@ampared to the uppermost sedi-
ments. The developed FTIRS models were subsequegophied to FTIR spectra of 677
sediment samples related to the marine isotopee dthgdMIS 11) to reconstruct past
environmental and climatic changes in the SibeAeastic during this interglacial. The
results suggest that the MIS 11 was a particularbnounced interglacial showing a
very high bioproductivity in Lake El’gygytgyn. Itduration in the Siberian Arctic is
presumably comparable to its prolonged duratioocointinental interior Asia (~30 kyr).
Furthermore, potential indications for diagenesduiced changes in the sediment com-
position and the occurrence of carbonates withia #ediment record of Lake
El'gygytgyn were found by means of FTIRS. The firgdi of this study confirm the

great potential of Fourier transform infrared spestopy in paleoclimate research.
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Zusammenfassung

Ziel der vorliegenden Arbeit ist die quantitativeBimmung von biogeochemischen
Bestandteilen mittels Fourier-Transform-Infrarotgpeskopie (FTIRS) in der 315 m
langen und bis zu 3,6 Mio. Jahre alten Sedimenlkgdfdes ElI’gygytgyn-Sees in Nord-
ost-Sibirien. FTIRS-Messungen wurden an 380 Ubeigdsamte Sedimentsequenz ver-
teilte Sedimentproben durchgefihrt, um Kalibratimandelle zu entwickeln, die FTIR-
Spektralinformationen und konventionell gemessermnzéntrationen biogeochemi-
scher Bestandteile durch PLS- (Partial Least Sg)dRegressionen in Beziehung set-
zen. Robuste Kalibrationsmodelle konnten fur Gekahiénstoff (TC), organischen
Gesamtkohlenstoff (TOC), anorganischen Gesamtketd&n(TIC), Gesamtstickstoff
(TN) und biogenes Silikat (BSi) aufgestellt werdBie externe Validierung dieser Mo-
delle ergab signifikante Korrelationen zwischen #&MRS und den konventionell ge-
messen Konzentrationen mit BestimmtheitsmaRen Von R0 fir TC, R=0.90 fiir
TOC, R =0.89 fir TIC, R=0.61 fir TN und R= 0.92 fiir BSi. Eine interne Kalibrie-
rung, die Sedimentproben der gesamten Sedimentsearehalt, ist wahrscheinlich
notwendig, um verlassliche Ergebnisse bei eineinssatabfolge von mehreren hun-
dert Metern zu erhalten. Aus der Anwendung voniteexistierenden Kalibrationsmo-
dellen, die nur auf den obersten Sedimenten bas{@&60 m), ergaben sich bedeutend
schlechtere Korrelationen zwischen den FTIRS und Kenventionell bestimmten
Konzentrationen der biogeochemischen BestandteBestimmtheitsmalle von
R2 =10,69 fur TC, R2 =0,42 fur TOC, R2 = 0.43 TN und R2 = 0.84 resultierten aus
der externen Validierung. Die niedrigere Vorherggyauigkeit dieser Modelle deutet
wahrscheinlich auf Anderungen der Sedimentzusametamsg in den tieferen Teilen
der sedimentéren Abfolge im Vergleich zu den oleer§edimenten hin. Die entwickel-
ten FTIRS-Modelle wurden anschlielend an FTIR-Spekvon 677 Sedimentproben,
die dem marinen Isotopenstadium 11 (MIS 11) zugsetrdverden, angewandt, um An-
derungen in der Klima- und Umweltgeschichte in slbirischen Arktis wahrend dieses
Interglaziales zu rekonstruieren. Die Ergebnissesda darauf schlie3en, dass das
MIS 11 ein besonders ausgepragtes Interglazialemér sehr hohen Bioproduktivitéat
im ElI'gygytgyn-See war. Seine Dauer in der sibirest Arktis ist vermutlich vergleich-
bar mit seiner ausgedehnten Dauer im kontinentaleerasien (~30 kyr). Des Weiteren
konnten mogliche Anzeichen fiir diagenetischbedingtelerungen der Sedimentzu-
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sammensetzung und das Vorkommen von KarbonateneinSédimentabfolge des
El'gygytgyn-Sees mit Hilfe von FTIRS gefunden werdBie Resultate dieser Studie

bekraftigen das grol3e Potential der Fourier-Transétion-Infrarotspektroskopie in der

Paldoklimaforschung.
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1 Introduction

The understanding of past environmental change$ particular importance to facili-
tate the prediction of the magnitude and the reaioepercussions of future environ-
mental changes, especially in view of global-wagniRuture changes are expected to
be especially pronounced in the arctic regions iig now are experiencing environ-
mental warming and change at rates unprecedentedtorical times (®ERPECK et al.
2005; GReBMEIER et al. 2006). The Arctic plays a major role in tiiebal climate sys-
tem by triggering complex feedback processes inmglthe ocean, the atmosphere, the
cryosphere and the continents. It is necessarpdenstand the function of the Arctic in
the past in order to accurately predict future mmmental changes. Therefore, long
high resolution paleoclimate archives covering salvglacial/interglacial cycles are
required. Marine records of these time spans aadladle from the Arctic and sub-
Arctic oceans (IKIGWIN 1998; THIEDE et al. 1998; MwAczyK et al. (2001) in MLLES

et al. 2007). In contrast, the longest terresteabrd of the Arctic from the Greenland
ice sheet only extends back to the last interglg@aod (NORTH GREENLAND ICE CORE
PROJECT MEMBERS2004). Hence, long continuous terrestrial recavith a high tem-

poral resolution are missing for comparison withrimarecords.

Lake El’gygytgyn situated in a 3.6 Ma old meteoiitgoact crater (AyErR 2000) in
north-eastern Siberia contains such a terrestafoglimate record. The region was
most likely never covered by Quaternary ice sh@@tsisHkOVA and $MRNoOV 2007)
which enabled the formation of a continuous redbat is probably the longest in the
circumarctic (RRIGHAM-GRETTE et al. 2007). Two sedimentary records, PG1351 (13
long) and Lz1024 (16.60 m long), covering the 280 (NowAczyk et al. 2007) and
340 ka (MELLES et al. 2009), respectively, have been recoverenh fthe lake during
field campaigns in 1998 and 2003. In order to asskatic and environmental chang-
es in the Siberian Arctic, these records have lagstyzed with regard to their paleo-
and rock magnetic properties@WAczyk et al. 2002, 2007), their organic and inorgan-
ic geochemistry (MLLES et al 2007; MNYuK et al. 2007), their diatom and pollen rec-
ords (GHERAPANOVA et al. 2007; bzHKIN et al. 2007), and their clay mineralogy and
sedimentology (AIKAINEN et al. 2007). In winter 2008/2009, an ICDP (In&tronal
Continental Scientific Drilling Program) funded gbeerilling campaign was conducted

at Lake El'gygytgyn. Besides a 142 m long permafeose (D3), the entire sediment
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sequence of the lake of about 315 m (D1) was reedvé&ince several analytical meth-
ods are required for the investigation of the sediitrarchive, the analysis of this long

record is both time consuming and expensive.

Fourier transform infrared spectroscopy (FTIRSA igromising tool for the rapid, sim-
ultaneous and therefore cost-efficient measuremiseéveral proxies in sediment. Fur-
thermore, the small amount of sample requiredHerrmeasurement (0.01 g) facilitates
an analysis in high resolution. FTIRS can be usedife determination of organic as
well as minerogenic compounds. It has been apptiesediment to assess the concen-
tration of silicate minerals (&DDINE et al 1994; BRTAUX et al. 1996, 1998; WR-
MANN et al. 2001), and carbonatesgdbzzi et al. 2001), as well as to characterize hu-
mic substances (GUGLIA et al. 1995; BLzILE et al. 1997; GLACE et al. 1999, 2006;
MECO0zzI and RETRANTONIO 2006). FTIRS has also been used for the deteriomat
tree-line changes and TOC in lake waiROSEN and FERSSON 2006). \OGEL et al.
(2008) demonstrated that FTIRS can be used foqtiamtitative assessment of TOC,
TN and BSi in the sediment record of core PG13binfi.ake EI'gygtygn by using an
internal calibration set. Furthermorep$&En et al. (2010) showed that reliable results for
the BSi concentration in the sediments of core PZ16an be obtained by applying a
FTIRS model based on sediment samples from Swedlkss. However, this method
has not been applied to sediment sequences the¢réong in time and length like the
entire sediment record of Lake EI'gygytgyn (up 1 Bla old and about 315 m long).

Aims of the Thesis:

(1) Development of robust FTIRS calibration modelstfer quantitative assessment
of total carbon (TC), total organic carbon (TO®@jat inorganic carbon (TIC),
total nitrogen (TN), and biogenic silica (BSi) ihet entire sediment record of
Lake EI'gygytgyn

(2) Comparison between resulting calibration models alnelady existing models
based on the uppermost part of the sediment seqeare Lz1024) (HVOGEL,
unpublished data)

(3) Application of the developed calibration modelssamliments of marine isotope
stage 11 (MIS 11) in high resolution to reconstno@st environmental and cli-
matic changes
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2  Study Area

This chapter provides a general description of LBKgygytgyn and the El’'gygytgyn
impact crater derived from previous studies. Theggephical situation (see Section
2.1), the geological constitution (see Section 21&) the lake hydrology (see Section
2.3) are highlighted in this context.

2.1 Geographical Overview

Lake El’gygytgyn (67°30" N, 172°05" E) is locatedhn the Anadyr Mountain Range
in central Chukotka, north-eastern Siberia (seairei@.1). The lake is situated about
100 km north of the Arctic Circle and about 160 &outheast of the Chaun Bay, a bay

of the Arctic Ocean.

Topography

The approximately circular shaped depression ofeLBKgygytgyn was formed by a
meteoritic impact 3.6 Ma ago Aker 2000). The resulting crater has a diameter of
roughly 18 km and the somewhat square shaped tieddé with a diameter of ca. 12 km
is found in the southeastern part of the EI'gyggtggwpact crater. The lake is situated at
492 m a.s.l. (above sea level) and the surrounailiffed crater rim showing steep in-
ner walls and gentle outer slopes extends frommsQp to 935 m a.s.l. (ELLES et al.
2007). A watershed of 293 Kmesults from the specific crater morphology in evhthe
water divide is practically defined by the cratien.rFurthermore, 110 kfof the water-
shed which is drained by about 50 ephemeral streamsovered by the lake surface
itself (NoLAN and BRIGHAM-GRETTE 2007). Small, shallow gravel bar dammed lagoons
occur at the lake shore, where the streams ergelake. The Enmyvaam River repre-
sents the onlyputlet of Lake EI’gygytgyn and drains the laketatsoutheastern shore. The
final receiving stream of the water from the lakeeventually the Anadyr River draining
into the Bering Sea (BGHAM-GRETTE et al. 2007).

The lake bathymetry is characterized by shallowlvese (< 10 m deep) with steep
slopes towards the broad flat bed of the lake b@gith slopes < 1°). The steepness of

the slopes between the shelves and the deep lzagjes from 5-15° at the south and



Study Area

west shores and from 15-30° at the east and naitsbare. The maximum lake depth
is 174 £ 2 m including 1 m of inter-annual lakedevariation. The corresponding lake
volume amounts to 14.1 Km(NoLaN and BRIGHAM-GRETTE 2007). According to
GLUSKOVA (1993) in NoLAN and BRIGHAM-GRETTE (2007), Lake El’gygytgyn is locat-
ed in a region of continuous permafrost with demth00-300 m and a maximum ac-
tive layer depth of 0.8 m in the surrounding aréthe lake in 2003 (8HWAMMBORN et

al. 2007). As a result of the heat capacity of wétis highly unlikely that permafrost is
present beneath the lakegsHOV (1989) in MELLES et al. 2007).
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Figure 2.1 Maps showing the location of Lake El'gygytgyn orth-eastern Siberia (top) and the eleva-
tion model of the EI'gygytgyn impact crater (botjoittustrating the crater rim, the lake bathymesiyd

the locations of the recovered sediments (driissfrom 1998, 2003 (black) and winter 2008/2008)jre
(after uscHuset al. 2007 in MLLES in prep.).
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Geomorphology

Large alluvial fans up to 3 km wide and 580 m alsagh exist along the western and
northern shore line of Lake El'gygytgyn. The southand eastern shore is in contrast
characterized by either narrow alluvial fans (< Knbwide) or steep cliffs (up to 15 m
high) (DEHNERT 2004). Geomorphological surveys and bathymetrigndings have
distinguished four ancient lake terraces in thénitig of Lake El'gygytgyn. These ter-
races are situated at 35-40 m (age: unknown), ®+1age: begin of MIS 2) and 3-5 m
above the recent lake level (minimum age: 13.2-k4.BP). The fourth terrace is locat-
ed 11-12 m below the recent lake surface (ageoéMdlS 2) (BRIGHAM-GRETTE et al.
2005, dscHuset al. subm.).

Several geomorphological surveys have shown tleatdhion has never been affected
by quaternary ice sheets and the nearest evidenagaitier activity was found 40 km
to the west of the lake (BsHkoOvA and $1RNOV 2007).

Local Weather

In 2002, the MAAT (mean annual air temperature).ate El'gygytgyn was -10.3°C
with a range from -40°C in winter to 26°C in summ&he annual precipitation
amounted to ca. 180 mm in 2002 with 70 mm of summaerfall and 110 mm snow
water equivalent. Prevailing wind directions arthei from the north or south with a
mean hourly wind speed of 5.6 thin 2002. In 2002, the wind speeds exceed 134 ms
at least every month and 17.8 hia six of the months. Furthermore, the increased o
currence of strong winds is typical for winter mmstat Lake EI"'gygytgyn (bBLAN and
BRIGHAM-GRETTE 2007).

Due to the extreme climate the open water seasdale EI'gygytgyn lasts for maxi-
mum three month of the year. The lake ice formasiamts in late-October and attains a
maximum ice thickness of 1.5-2.0 m. After the begig of the snow melt in mid-May
the disintegration of the lake ice begins with fatimn of a moat around the lake in

mid-June. Ice freeness is reached around the maddiely.

Vegetation

The modern vegetation in the basin of Lake El'ggggtis dominated by lichen and
herb species with a mainly discontinuous occurreh@eal patches of low-growth

shrub forms like willows $alix spp.) and dwarf birchesBgtula nana) are found in pro-
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tected areas like mountain valleys and in areal aihigh organic accumulation. The
surrounding Chukchi upland is characterized by tarwdth low-shrub and herb domi-
nation. The modern tree line with light coniferdosests is found about 150 km to the
south and west of Lake EI'gygytgyndtHkIN et al. 2007).

2.2 Geological Overview

The Lake ElI'gygytgyn impact crater is situatedhie ©Okhotsk-Chukotka volcanic belt
(OCVB), one of the largest subduction related voicgrovinces of the world. The
cretaceous OCVB originated from Andean-style vakandue to subduction of the
Kula oceanic plate under the Verkhoyansk-Chukotkgen. It extends for ca. 3200 km
and comprises approximately 1.2 million kof volcanic and associated plutonic rocks.
Further, the extrusive rocks overlie the Verkhoya@hukotka structures with an angu-
lar unconformity and are undeformedrbLATOV et al. 2004). Their rock composition
varies from mafic (basalt) to felsic (rhyolite) abhmbad areas are covered with tuffs and
large ignimbrites (IELLEY et al. 1999).

According to NbwACzYK et al. (2002), it is possible to subdivide thekiom the vicini-

ty of Lake ElI'gygytgyn into four geological unitsefe Figure 2.2). The first unit, the
Pykavaam Formation, captures the main part of tha and encloses the lake with the
exception of the southeastern lake surroundings.f@hmation with a strongly variable
thickness of 50-1,000 m consists of rhyolitic igbnites and tuffs (KLLEY et al. 1999).
The occurrence of the second unit, the Voron“inaration, is limited to the crater rim
to the east. This formation is characterized byndpmites of dacite and andesite-dacite
composition, acid to moderately-acid tuffs andaaéous clastic rocks. Their thickness-
es differ from 50 to 550 m @ LEY et al. 1999). Outcrops of the third unit, the
Koekvun Formation, are found to the southeast dfelLB&l gygytgyn on both sides of
the Enmyvaam River as well as to the east of tke. [&his formation consists of bas-
alts, andesite-basalts and different types of wittastic deposits (tuff-breccia, sand-
stone, and tuff-siltstone) (Nowaczyk et al. 200Phe Koekvun Formation reaches a
maximum thickness of up to 550 mgK EY et al 1999). The fourth formation, the Er-
gyvam Formation, occurs alongside the easternratiateas well as at a few outcrops to
the south of the lake. This formation consists gsfimbrites and tuffs with rhyolitic

composition and has a maximum thickness of 300 eLYBet al. 1997 in BHNERT
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2004). The Pykavaam Formation, the Voron“ina Foionand the Koekvun Formation
are part of the Chauna Group that is located innitithern part of the OCVB. New
“OAr/*°Ar dates show an age for the beginning of the vora in this area of ca. 88 Ma

(Coniacian (Upper Cretaceous)) and a short duratfaactivity (ca. 1-6 Myr) (KLLEY

et al. 1999;30PALATOV et al. 2004).

River deposits
- Terrace deposits

| Ergyvaam Formation
(ignimbrite, tuff)

| Koekvun’ Formation
(basalt, andesite-basalt, tuff,
tuff-breccia, sandstone, tuff-
siltstone)

| Voron’ina Formation
(ignimbrite, tuff)

' Pykarvaam Formation
(ignimbrite, tuff)

B Dykes, stocks, and
silts of subvolcanic
rocks

B Lake El'gygytgyn

"~ | Enmyvaam River

" | Faults

Figure 2.2 Schematic geological map of the EI'gygytgyn impaetter (from EHNERT 2004: geology

after NowACzYK et al. 2000; fault system afteeBr1 and GHIERESHNEV(1993) in DEHNERT 2004).

The meteorite impact has &Ar/*°Ar age of 3.58 + 0.04 Ma @yeR 2000) and created

a complex system of faults around the Lake El gggytimpact crater. This system is
predominated by short radial faults, with subortkdaconcentric arcuate faults. The
length of the faults varies from 0.5 to 10 km anel highest fault density is found at the
inner walls of the impact structure y&ov and KOEBERL 2004). Seismic surveys have

shown a central uplift morphology in the form o€@ncentric inner ring which is cov-

ered by brecciated material and lake sediment8{ERDT et al. 2005).
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2.3 Lake Hydrology

Lake El'gygytgyn is a cold-monomictic and ultragalirophic lake with slightly acidic
pH (6.3-6.6) (ReEMER and WAGNER 2003; MELLES et al. 2007). Temperature profiles
recorded from summer 2000 to summer 2003 showthieatvater column of the lake is
thermally stratified during winter and that the aratemperature of the entire water
body never exceeds 4°C. Complete mixing of the madéumn and consequently iso-
thermal conditions occur during summerof®dN and BRIGHAM-GRETTE 2007). The
breakup of stratification is supported by vertipabfiles of temperature, conductivity,
pH, oxygen saturation, and cation and anion comagoihs with only minor variations
in the summer of 2000 @EMER and WAGNER 2003).

Increasing values of conductivity and pH closehte lake floor indicate some exchange
between the lake water and the sedimentsL(Ms et al. 2007). The distinct decrease of
oxygen saturation to ca. 95% below 150 m water ldgatints to an intensified oxic
decomposition of organic matter and a reduced mixirthe lowermost part of the wa-
ter column (ReMeR and WAGNER 2003). The low suspension load in Lake EI’gygytgyn
is reflected by very clear surface water and a Hedepth of 19 m in the summer of
2000.
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3 Material and Methods

The following chapter gives an overview about thethmdological approach with brief

explanations of the methods used in this study fsgere 3.1). Sample origin, conven-
tional measurements and FTIR measurements incladingtroduction into the theoret-

ical background of this method are described ufigéd and laboratory methods (see
Section 3.1). Furthermore, the steps of the modetldpment between FTIRS derived
spectral information and conventionally measurddremce data are shown in Section
3.2.

sediment samples

freeze-drying |

1 grinding |—| mixing with KBr

FTIR spectroscopy

Conventional
measurements

conventionally FTIR spectra
measured )
biogeochemical A
property concentrations

for TC, TOC, TIC, TN, -
and BSi calibration set

A 4

calibration samples of
models MIS 11

v

validation set

v

external internal ;
validation validation ;Z"Eﬁ::;?:iggl
R?, RMSEP R? , RMSECV g :
. ) ox property concentrations
for TC, TOC, TIC, TN,
and BSi
A\ J

Figure 3.1 Flow chart of the methodological approach for guantitative estimation of biogeochemical
properties in sediment by means of Fourier tramsforfrared spectroscopy (FTIRS) and Partial Least
Squares Regression (PLSR).
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3.1 Field and Laboratory Methods

3.1.1 Samples

The sediment samples used for model developmentradel-application to MIS 11
were taken from cores recovered during the EI'gygytDrilling Project field campaign
in January to May 2009.HE on ice drilling operations were performed by [EQOE
(Drilling, Observation and Sampling of the EartiCentinental Crust Inc., USA) using a
GLAD-800 drilling system (Global Lake Drilling 80f). During the operation, different
coring tools depending on the sediment charadesist the drilled section were used for
core recovery. Tools like the Hydraulic Piston GofdPC), the non-rotating Extended
Shoe (Extended Nose (EXT)) and the rotating Extdrdere Bit (Alien (ALN)) were ap-
plied. The lake sediments were sampled down tatickerlying impact breccia at 315 mblf
(meters below lake floor) at location D1 (see Fg@rl) which is situated in the deepest
part of Lake EI'gygytgyn (ca. 175 mblf). Due to flaet that the sediment record of D1 was
recovered in three holes (1A, 1B and 1C) a comegsibfile was established. 349 samples
of the composite profile were available for the mlodevelopment yielding an average
resolution of ca. 1 m and a maximum distance betwe® samples of <3 m for D1. The
sampling of the composite profile occurred on-ait@ach cut surface after cutting the 3 m
long cores into 1 m sections. In addition, 31 sa®@rising from the core section related to
MIS 11 itself were also used for the model develeptmand were taken along with the
samples for the model-application in the laboratonDecember 2009. The 1.69 m long
core section related to MIS 11 (14.97-16.66 mblfswsubsampled in 2.5 mm intervals
yielding 677 samples. The position of the depasitslIS 11 in the sediment record of D1
was determined with the help of previous resutisifthe cores PG1351 (1998) and Lz1024
(2003). The lithostratigraphy (MLES et al. 2007) and the known location of younger iso

tope stagewere helpful in this context.

FTIR calibration models used for the comparisorhwdlibration models resulting from
this study are based on sediments from core Lz1@24ch was recovered through
holes in the lake ice cover during an expeditio@0@03. The composite core covers the
uppermost 16.60 m of the sediment record of Lakgygytgyn and was obtained by
using a gravity corer (UWITEC Ltd., Austria) forethuppermost sediment decimeters
and a percussion piston corer (UWITEC Ltd., Aujtriar the deeper sediments
(JuscHuset al. 2005). Core Lz1024 was subsampled in 1ntervals.
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For comparative purposes, samples of porcelameipdré, and diatom assemblages were
analyzed by FTIR spectroscopy as well. The pordelaamples with a high degree of
purity were collected in Morocco (Jbel Tilda, Mekkdormation, Lutetian (40.4-
48.6 Ma)) (H.-G. HRBIG, pers. commun. 2010), while the tephra sample (g
depth: 5.15 mblf) and the diatom samples (Lz102éedrom Lake ElI'gygytgyn itself.
Clean diatom samples with a degree of purity > 3&®e been gained after various
preparation steps including.@&,/HCI treatment, sieving and heavy liquid separation
The preparation of the diatom samples was effeatethe Alfred Wegener Institute

(Potsdam, Germany).

3.1.2 Conventional Measurement of Biogeochemistry

The conventionally measured biogeochemical propedmycentrations were used as
reference data (primary data) for the developmémabbration models. All sediment
samples were freeze-dried with a beta 1-8 LD ptasZe dryer (Martin Christ Corp.)
and ground to a particle size < @@ using a MM2 swing mill (Retsch Corp.). Meas-
urements of total carbon (TC) and total nitrogeN)YWere conducted with a vario MI-
CRO cube element analyzer (Elementar Corp.). Theneht analyzer combusts the
sample material stored in sealed tin vessel atO?(@and successively determines the
element concentrations using a thermal conductigéiector. TC and total inorganic
carbon (TIC) were also determined per suspensiothadeusing a DIMATOE 100
liquid analyzer (Dimatec Corp.). In this methodg #ample material is mixed with dis-
tilled water and remains in suspension during thte¢ee measurement. Both parameters
are analyzed simultaneous in two independent chswamel detected by absorption of
infrared radiation from the released £0he CQ release from inorganic carbon is
based on the reaction between carbonate (Gr@@d 40 percent phosphoric acid
(HsPOy) at 160°C, while the Cfrelease from total carbon is caused by the condrust
of the sample material at 890°C. The advantag&joid analysis compared to the com-
bustion method of the element analyzer is that samaple can be measured several
times. The setup used for the samples of this stutlyded three repetitions per sam-
ple. To facilitate the differentiation between tiweo results obtained for TC, data de-
rived from vario MICRO cube element analyzer arbrabiated as Ta) and data re-
sulting from DIMATOC® 100 liquid analyzer are abbreviated asAC Total organic
carbon (TOC) was calculated by subtracting TIC fiDGj.a).
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Concentrations of biogenic silica (BSi, Opal) waralyzed by applying the wet chemi-
cal leaching method according toUMER and HNEIDER (1993). In this method, the
opaline material is extracted by 1 M NaOH at 85864 the resulting increase in dis-
solved silica is continuously monitored. The datetof dissolved silicon is effected by
molybdate-blue spectrophotometry. The resulting pfabsorbance versus time is then
evaluated according to the extrapolation procedti2EMASTER (1981).

The conventional measurements of TC, TN and BSd fisethe establishment of cali-
bration models for core Lz1024 are based on theesaethods used in this study. TC
and TN were measured with a CHNS-932 analyzer (LEC@p.) and BSi measure-
ments were conducted according to the wet chemiesthod described by MLER and
SCHNEIDER (1993). In core Lz1024, TOC and TIC were determiméth a different
method than the one used in this study. The sanipiethe TOC measurement were
pretreated with 10 percent hydrochloric acid (H@tp temperature of 80°C to remove
the contained carbonate and then analyzed by wusiMgtalyt-CS-1000-S (ELTRA
Corp.). TIC was determined by subtracting TOC ffb@h

X-ray diffraction (XRD) measurements were perfornadthe University of Leipzig
(Germany) to identify the kind of carbonate minexahtained in the sediment record of
Lake EI'gygytgyn. 1 g of ground sediment mixed vathinternal standard of corundum
(a-Al,03,) at a sample/standard ratio of 5:1 was analyzedding a MiniFlex X-ray
diffractometer (Col¢ anode, 30 kV, 15 mA, 1.7903 A) (Rigaku Corp.). ®anples
were X-rayed in the region from 3-40®2wvith a step size of 0.02%¥Rand a measuring
time of 2 s per step. The evaluation of the difiogcams was effected as described in

NEUMANN and EiRMANN (2001).

3.1.3 Fourier Transform Infrared Spectroscopy (FTIR S)

Theoretical Background

Infrared radiation (IR) is among the electromagnetaves or electromagnetic radiation
which consists of electric and magnetic fields ketting in phase, perpendicular to each
other and perpendicular to the direction of engrgppagation (ARRIS 2007). Electro-

magnetic radiation is characterized by its wavele@g(crest-to-crest distance between

waves) and its frequenay(number of complete oscillations of a wave peogsdg. The
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unit of wavelength is cm and the unit of frequeséyOne oscillation per second is also
called one hertz (Hz). In addition to wavelengtte tinit wavenumbew is common in
the literature for the description of IR spectraewavenumber expressed in"tia the
number of waves in a 1 cm long wave train and lated to the wavelength and fre-

quency according to Equation 3.1 and Equation 3.2:

(Equation 3.1)

v
V=
c

and

1
7 (Equation 3.2)

v =
wherec is the velocity of light, 2.99792% 10'° cm/sec. The IR part of the electromag-
netic spectrum covers the wavelength range fromx7.80° to 1 x 10" cm, or the
wavenumber range from 12,800 to 10 crRurther, infrared radiation is subdivided into
near infrared (7.& 10° to 2.5x 10-4 cm or 12,800 to 4,000 & mid infrared (2.5x
10* to 5x 10%cm or 4,000 to 200 c) and far infrared (5< 10° to 1 x 10* cm or
200 to 10 crif) (CoLTHUP et al. 1975). The used wavelength section in Eourans-
form infrared spectroscopy is the mid infrared oegi

The basic principle of the IR spectroscopy is tketation of polar bonds of molecules
by absorption of light in the infrared region oktklectromagnetic spectrum. Absorp-
tion is primarily between atoms of hydrogen, carbmtygen and nitrogen, the so called
light atomic bonds (e.g. C-H, C-O, C=C). It causesecular vibrations with a life time
in the order of 18- 10° s after excitation. The frequency or wavelengttvisich atoms
of a molecule are excited and start to vibrateeigethdent on the types of vibrating at-
oms (atomic mass and radius), the bond strengthtlndgtructure of the molecules.
These mass and structural dependent vibrationgaled normal vibrations. Normal
vibrations are developed as discrete vibrationalbfitoms of a molecule moving in
phase with the same frequency but with differenplaodes (KELLNER et al. 2004,
HARRIS 2007). The fundamental modes of normal vibratiares stretching (stretching
and shortening of chemical bonds, symmetric or asgtric), bending (in-plane move-
ment of atoms changing the angle between bondgjgiwa (in-phase, out-of-plane
movement of atoms, while other atoms of the mokeeué in-plane), rocking (in-phase
forth and back swinging of atoms in the symmetianpl of the molecule), and twisting
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(rocking vibration with twisting of the plane dugnthe movement of the atoms)
(TwARDOWSKI and ANZENBACHER 1994). The high sensitivity to changes in composi-
tion and structure of normal vibration facilita@gingerprint-type identification of pol-
yatomic molecules. IR radiation only causes vilmrain polar bonds in which a change
of the dipole moment occurs. Due to this fact, polar molecules cannot be identified
by IR spectroscopy (KLLNER et al. 2004).

Compared to normal vibrations, absorption bandiottional groups are independent
of structure and composition of the molecules. Thdependence occurs if the atoms
constituting the functional group are significarntighter or heavier than the neighbour-
ing atoms or if the bond strength in the functiogabups differs from those of the
bonds in the vicinity. The absorption of functiogabups is called group frequency and
significantly developed by functional groups conilag H atoms or isolated double and
triple bonds. The corresponding wavelength regibgroup frequencies is situated at
wavenumber positions higher than 1300'cand groups containing heavy atoms are
found in the FIR region below 400 &mThe wavelength range from 1,300 to 400%cm
is called the fingerprint region and contains baoidabsorbance of special significance
for the entire molecule (BLLNER et al. 2004). With regard to the aim of this thesie
analysis of sediments, IR spectroscopy enablesddwification of both organic and
minerogenic components, whereas spectral regidatkedeto minerogenic components
are mostly situated in the fingerprint region do¢hte missing of functional groups with

the exception of hydroxyl group.

The basis for quantitative analysis of certain &t components is the Bouger-
Lambert-Beer law (see Equation 3.3) which demotestréhe direct proportionality of
absorbancel to concentration€, of the light-absorbing species in the sample. dlhe

sorbance is expressed as

A =¢ebC (Equation 3.3)

wheres is the molar absorptivity (Mcmi') andb is the pathlength (cm). Absorbance is
dimensionless, but the term “absorbance units’r adtesorbance can be found in the
literature. The concentration is usually given mts of moles per liter (M) (HRRIS
2007). A correct estimation of concentration ofigke compound by integrating of
peak areas is difficult due to overlapping of vas@bsorbance bands, especially within

mixtures like sediments that contain many differeminpounds. Other common meth-
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ods based on the peak height, the maximum absapaba certain frequency are af-
fected by the additive character of absorbancerefbee the integration of multivariate
techniques has been a major advance in quantitatiggysis of IR spectra and is now

commonly used for data extraction (see Section(&R)FFITHS andDE HASETH 2007).

The sampling technique used for IR analysis dependgrious sample properties like
the aggregate state, the crystallinity or the IBiae of interest. The powdered, solid
sediment samples of this study were analyzed byhsetthe diffuse reflectance tech-
nique which is a simple way to measure samplesowtitla smooth, cleanly reflecting
surface (®HNSTON 1991). Diffuse reflection results from the scattgrby a combina-

tion of reflection, refraction and diffraction whemncident radiation strikes the rough
surface of a powdered sample. The reemerged rawlietithen called diffusely reflect-
ed. The relationship between reflectaland absorbancé is expressed according to

Equation 3.4:

1
A = log <§> (Equation 3.4)

One of the major sources of interference is speasl&resnel reflection resulting from
the direct reflection at the front surface of atigbe which is measured along with the
diffuse reflected radiation. Therefore, the sampégerial is diluted with non-absorbing
alkali halides like KBr or KCI to minimize the infénce of specular radiation on the IR-
spectra (&IFFITHS and DE HASETH 2007). Furthermore, a high ratio between diluent
and sample avoids very high absorbance (> 3.0)imausw intensities of IR radiation
reaching the detector. This can produce noisy da¢ato a low signal-to-noise ratio €Rr-
BERT et al. 1992)However, several studies have shown that significesults can be
obtained without sample dilution €RVES et al. 2001; ReVES 2003; SEBIELEC et al.
2004).

Fourier transform infrared (FTIR) spectrometer baky consists of a light source, an
interferometer, and a detector. Silicon carbidesya&b called “globars”, electrically
heated to approximately 1100°C are the most fretpuesed sources for MIR spectros-
copy and the most common IR detectors are pyroaadtuterated triglycine sulphate
(DTGS) and photoconducting mercury cadmium telleir{tMCT) detectors. The inter-
ferometer which allows the simultaneous measureroeatl wavelengths in the MIR

range essentially consists of a beamsplitter, adfirirror, a movable mirror, and a
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drive and positioning mechanism. The radiationhaf $ource is equally divided by the
beamsplitter and directed to the fixed and the rhlevanirror. The moving mirror is
scanned at constant velocity resulting in changiptical path differences of the two
beams as a function of time. The reflected beartesfere at the beamsplitter, from
where 50% of the radiation returns to the souroe, 30% reaches the detector. The
intensity of the radiation at the detector is acfion of the optical path difference of the
beams in both arms of the interferometer. The tieguinterferogram then requires the
mathematical Fourier transformation to obtain tesigkd IR spectrum @LNER et al.
2004). Due to the absorption of IR radiation by shenple placed between the interfer-
ometer and the detector, the recorded interferog@mains the emitted spectrum of the
source minus the absorption spectrum of the saniple.FTIR technique requires the
recording of a background spectrum prior to thei@csample analysis. This spectrum
based on the measurement of pure diluting substanten subtracted from the spec-
trum of sample material diluted in the non-absagbdluent (KELLNER et al. 2004;
GRIFFITHS andDE HASETH 2007; FhRRIS 2007).

FTIR-Measurement

The IR spectral information used for the model dgwaent were recorded by FTIR
spectroscopy. Previous to the FTIR measuremendaaibles were freeze-dried (beta 1-
8 LD plus freeze dryer (Martin Christ Corp.) andynd to a particle size < @n
(MM2 swing mill (Retsch Corp.)). 0.011 g sample eratl was then mixed with 0.5 g
spectroscopic grade potassium bromide (KBr) (Uvaddierck Corp.), which does not
influence the FTIR spectrum due to its transparendye IR region. The sample was
homogenized using a mortar and pestlee hygroscopic KBr was dried in an oven at
450°C to minimize the effect of not chemically candd water on the spectra. The low
sample concentration (~ 2.2%) was chosen to avyoédtsal distortions by very high ab-
sorbance and optical effects. To gain constant ungegs conditions and avoid variability
caused by variations of temperature, the measutewesperformed in a temperature con-
trolled laboratory with a constant temperature 5f+2.2°C. Samples were stored in the
temperature controlled room at least 5 h priorhi® neasurement. The prepared samples
were placed in a sample cup and analyzed by mdahe diffuse reflectance FTIRS tech-
nique. A Bruker IFS 66Vv/S FTIR spectrometer (Bru&gtics Inc.) equipped with a diffuse

reflectance accessory (Harrick Inc.) was usedHeranalysis under vacuum (4 mbar). The
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used setup of 64 repeat scans per sample in <2resolution for the wavelength range
from 2,666 to 25,000 nm, or from 3,750 to 4007cyields 1737 data points per sample. In
this study,FTIRS was applied to a set of 380 samples usethéomodel development

and to a set of 677 samples from MIS 11 to whiehdbveloped models were applied.

3.2 Model Development

The major problem of IR spectroscopy is the hamgdtihthe large number of data (1737
data points per sample) which is intensified bydkierlapping of spectral information,
especially in sediment samples consisting of varicampounds (see Section 3.1). The
extraction of qualitative and particularly of quigetive information about organic and
minerogenic compounds solely by visual analysisxisemely difficult. In this context,
multivariate techniques are commonly used toolsetate the complex spectral infor-
mation to the reference data of interest (biogewit& property concentrations). In
addition to multivariate regression methods usedtii@ construction of calibration
models, data processing of the IR spectra is requir

Baseline Correction and Multiplicative Scatter Correction (MSC)

Prior to the model development, baseline corredioth multiplicative scatter correction

were applied to normalize the recorded FTIR speetabling an improved intercom-

parison of all measured samples. The baseline @@mmecompensates baseline shifts
and tilting caused by internal variations of thellREpectrometer during the measure-
ment. This method generates the same baselindl i6Fi&k spectra by means of linear

correction setting two points or regions which @mtno spectral information to zero.

In this study, the spectral region between 2,210 2/200, as well as absorption at
around 3,750 cthwere set to zero.

Multiplicative scatter correction is used to remmpectral variations (noise) resulting
from sample inhomogeneities and optical effects basic principle of MSC is that an
approximately straight line results from plottinigetreflectance values of a sample
against the reflectance values of the mean ofaalipges for each wavelength. The in-
tercept and slope of the resulting line are estohddr each sample by means of linear
regression. Each spectrum can then be correctad tigse estimations. The remaining

spectral variations are supposed to be relatedysolehe specific molecular vibrations
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depending on the chemical composition of the saraptefree from scattering effects.
The intercept (additional effect) is primarily cadsby specular reflectance, while the
slope (multiplicative effect) is due to sample infmgeneities like grain-size variations
(GELADI et al. 1985; MRTENS and NES 1989; ANDRADE et al. 1997).

Principle Component Analysis (PCA) and Partial Least Squares Reqgression

(PLSR)

Partial least squares regression was used to gecaldration models between FTIR
spectral information and the corresponding conweatly measured biogeochemical
properties. PLSR as well as Principle Componentlysigare based on the simplifica-
tion of a large number of variables to a few ungled variables describing the main
variation in the data. PCA usedvax K data matrix X) consisting olN samples an&
variables which are in this case the correspondbaprbance values of each sample at
each wavelength. In this matrix, each sample dan be described as a point in e
dimensional variable space resulting from plottitig< variables against each other. By
applying PCA, a set of principle components (PClsictv create a hyperplane with sev-
eral dimensions are constructed in the variableespBhis hyperplane explains as much
spectral variations in the samples as possiblearitbe extracted and viewed as a two
dimensional plane or line plot. The first princigiemponent (PC1) describes the largest
spectral variation, the second principle compor{P@2) perpendicular to PC1, the se-
cond largest variation and so on umilprinciple components are constructed. The re-
sulting N x A matrix, the so called score matfiix creates a new variable space consist-
ing of dimensionless latent variables (scoresemwh P;.ta) within theK dimensional
space and explains the changes in the sedimentasitiop. The corresponding loading
vectors establish K x A matrix, the so called loading matii which shows thénflu-
ence of each wavelength (K) on thed2@ (MARTENS and NES 1985, ANTTI 1999).

The main difference between PCA and PLSR is th&LSR the target valué, in this
case, the concentration of certain sediment comgmus actively used. PLSR estab-
lishes a relationship between tKematrix and theY-matrix by relating their scores in
order to find the maximum of covariance betweerhladtasets. This means that the
variation in the FTIR spectra (absorbance at eaahelength per sample) is used to
explain the variation in the biogeochemical propsrt Since PLS analysis can be
viewed as the regression extension of PCA, theatrans in theX-matrix are described
by theX-scoresT, for each PLS compongfats and the corresponding variation within
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theY-matrix by theY-scoresU. In PLS, the covariance between these latent Masa

T andU, is maximized (MRTENS and NEs 1985, ANTTI 1999). Calibration models for
the prediction of biogeochemical property concerrns from FTIR spectra of new
samples can then be constructed based on the liekdionship between the spectral
information of the FTIR measurement and concemtngtiof conventionally measured
biogeochemical properties. The corresponding laggglof each PLS compone@nt,) of

a model show the contribution of each wavelengtthefcomponet.i) to the calibra-
tion model and with it to the prediction of a camthiogeochemical property concentra-
tion. The loadings of the first PLS component ekple largest part of the spectral
variation depending on the variation within thenpatry data. Therefore, they were used

in this study to identify the spectral region cdmiting the most to the correlation.

Calibration models between FTIR spectral informatmd the conventionally measured
biogeochemical properties were developed and tpplieal to samples from the core
section related to MIS 11 to infer environmentadl atimatic changes during that peri-
od. Conventionally measured biogeochemical datee veewilable for BSi (183 sam-
ples), TGea), TN (197 samples), and &, TIC and TOC (204 samples). The samples
with known biogeochemical concentrations were sptit two sets of samples, the cali-
bration set and the validation set. 50 samples wseegl in the validation set to assess
the prediction ability of the models (see belowjl éime remaining samples were used in
the calibration set to establish the calibratiordals. All biogeochemical property con-
centrations available for the model developmentliated in Table A.1 and A.2 in the
annex. Outliers were identified by means of thevemtionally measured vs. FTIR-
inferred plot. If the outliers had a large influenon the calibration model they were
removed from the calibration set to improve thdistiaal performance of the corre-
sponding model. The occurrence of outliers caredrsem the conventional measure-
ments as well as from the FTIR measurements. Rateaasons for outlier are sample
contamination, strong differences in the sample mmsition (e.g. grain-size effects),
variability in the sample pretreatment or the measient conditions. Calibration mod-
els derived from core Lz1024 (MOGEL, unpublished data) are based on 1,657 samples
for TC, TOC, TN and on 201 samples for BSi.
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Model Validation

In multivariate calibrations, quantitative assessts@®f model performance are used to
estimate the complexity and the prediction abitifya calibration model. Both internal
and external validations were applied in this stullye internal validation is based on
samples already used in the calibration model, edsethe external validation is based
on samples unknown for the model. The internaldegion was performed by cross
validation (CV) and evaluates how much of the \tatain the primary data is predict-
ed by the model. In particular it assesses thdfgignce of each model component. By
applying CV, the primary dataset, in this case,dbeventionally measured concentra-
tions of a biogeochemical property, is divided iataumber of groups from which one
group in turn is excluded. The biogeochemical prigpeoncentration of the samples in
this group is then predicted solely based on thlieesponding spectral information by a
model build on the primary data within the remagngroups. This procedure is repeat-
ed until every group has been predicted. In thigex, the cross validated coefficient
of determination R, and the root mean square error of cross validafRiMSECV)
(see Equation 3.5) were used to evaluate the @t@nodel prediction. RMSECV was

calculated by

1

vsEey - 1 jz;;l(yi -9

?:1()’1' —y)?

- (Equation 3.5)

wheren is the number of sampleg, the conventionally measured concentration of a
particular biogeochemical property; the predicted property concentration andhe

mean concentration of the conventionally measuredesty of all samples.

The external validation was performed on the 50pasnof the validation set covering
the entire composite profile of D1. The coefficiemtdetermination Rbetween conven-
tionally measured and FTIR inferred biogeochempraperty concentration, as well as
the root mean square error of prediction (RMSEP¢ Squation 3.6) were used to esti-
mate the prediction ability of developed calibratimodels solely depending on FTIR

spectra. RMSEP was calculated by

n . —1.)2
RMSEP =J21‘1(y7‘1 Y1) (Equation 3.6)



Material and Methods 21

wheren is the number of sampleg,the conventionally measured biogeochemical con-
centration and); the predicted biogeochemical property concentnafithe calibration
models derived from core Lz1024 were also applethé validation set to enable the

comparison with the models developed in this study.

PCA was performed on the samples of the core sectiated to the MIS 11. This al-
lowed an overview of the occurring spectral vaoias within the record independent of
the conventionally measured biogeochemical dat&. [dhadings of the first principle
component were then used to estimate the contoibati each wavelength to the varia-
tions. All multivariate data analysis was conductsdSIMCA-P 10.0 (Umetrics AB,
SE-907 19 Umea, Sweden) and the software OPU®BfuEdr Optics Ind.was used for

the visualization of single FTIR spectra.
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4  Results, Discussion and Interpretation

This chapter sets out the results of the study vaie subsequently discussed and in-
terpreted. First, the general information containmedhe FTIR spectra are highlighted
(see Section 4.1), followed by the analysis of madel development. The statistical
performance and relation to the biogeochemistrydaraonstrated for each FTIRS cali-
bration model in this context (see Section 4.2)e Tésulting models of this study are
then compared with already existing FTIRS modelsvdd from core Lz1024 (HVo-
GEL, unpublished data) (see Section 4.3).Furtherntbeemodels of this study are ap-
plied to sediments of Lake EI'gygytgyn covering MES 11 to reconstruct climatic and
environmental changes (see Section 4.4). Finatliermial diagenetic changes (see Sec-
tion 4.5) and the occurrence of carbonates (setoBet.6) in the sediment record are

presented.

4.1 Spectral Information

The FTIR spectrum of a representative sample from gediment record of Lake
El'gygytgyn shows highest absorbance in the sgewtggon from 950-1,200 cthwith
distinctive peaks at around 1,050 and 1,100 ¢see Figure 4.1). This region can be
ascribed to asymmetric Si-O-Si and Si-O-(Al) stnatg vibrations of silicates
(MOENKE 1974b). Previous studies of the sediment compostiave shown that clay
minerals like smectite, illite, chlorite ®AINEN et al. 2007) and kaolinite, as well as
feldspar, quartz (BHNERT 2004) and opal (biogenic silica) M ES et al. 2007) are the
major compounds of the sediment record of Lake yglytgyn. SiO molecular
vibrations of these silicates can be related todikénctive peaks at around 1,050tm
(clay minerals, feldspars) and at around 1,100 ¢@pal) (RRMER 1974; MDENKE
1974b; MADEJOVA 2003). The SiO molecular vibrations of quartz a#nbe clearly
assigned to one of both peaks. Absorption banasgsnic compounds, e.g. caused by
C-O-C and -C-O stretching vibrations of carbohyesafMeECc0Ozzl and PETRANTONIO
2006), can be attributed to the spectral regiomighest absorption as well. Organic
matter is only a minor component of the sedimenisnfLake El'gygytgyn (highest

conventionally measured TOC content of this stud@%, previous studies: 2.5%
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(MELLES et al. 2007)). Therefore, it is very likely thaid part of the FTIR spectrum is
related mostly to minerogenic compounds. The seatrahgest absorption band lies
between 400 and 550 ¢mand can be assigned to O-Si-O bending vibratichs o
silicates. Furthermore, absorbance of medium iitiehetween 550 and 850 ¢htan
also be ascribed to molecular vibrations in sibsaand are the consequence of their
polymerized structure (WENKE 1974b). Distinctive absorbance peaks in theseonsgi
can be found at 440, 470, 525, 595, 645, 695, 808",

Si-O-Si / Si-O-(Al)  Si-O-Si ben-
stretching vibrations ding vibrations
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Figure 4.1 FTIR spectrum of a representative sediment sarfipla Lake El'gygytgyn in the wave-
number range of 400-3,750 ¢m

Molecular vibrations of hydroxyl groups which ar@jor components of clay minerals
and opal §i0, X nH,0), and a common functional group of organic substarare ex-
cited through absorption in the spectral regionveen 3,000 and 3,700 ém(OH
stretching) (MbENKE 1974a; KCLLNER et al. 2004). Minerogenic compounds additional-
ly show absorption bands of OH bending vibratioyisd between 400 and 1,200 ¢m
(MOENKE 1974a). In the spectrum of the sample from LaKeyEiytgyn, these regions
are characterized respectively by absorbance oftdomedium intensity and not deter-
minable due to overlapping of absorption bands. distinctive absorption peak at
around 3,620 cfhcan probably partly be related to defined OH shrieig vibrations of
clay minerals (BRMER 1974; MADEJEVA 2003; FRONON et al. 2003). Absorption bands
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characteristic for organic substances occur withenwhole FTIR spectrum @{LNER

et al. 2004), but are hardly detectable due tdaheTOC concentrations and the domi-
nance of minerogenic compounds causing overlapspettral information. However,
stretching vibrations in carbon hydrogen bondseekihrough absorption at 2,850 and
2,950 cni (Mecozzi and RETRANTONIO 2006) are clearly visible in the spectrum of
samples with higher TOC content. The absorptiork petaaround 1,630 cincan be
related to CO stretching vibrations of organic meraiMecozzi and BPETRANTONIO
2006). Since the peak occurs in every FTIR spectalthough the sample is almost
free of organic substances, it is most likely mainhsed on H-O-H bending vibrations
of H,O molecules (ENDRON-BADOU et al. 2003; RRONON et al. 2003). Not chemically
combined water probably arises from the adsorptiowater by KBr. A more detailed
assignment of defined absorption bands to certampounds is very difficult due to the

overlapping spectral information of several sedihe@mpounds.

4.2 Calibration Models

4.2.1 Statistical Performance

The internal validation of the developed calibmatimodels shows a strong correlation
between conventionally measured and FTIRS-inferosemhcentrations of TgEa
(R’ =0.86), TGa (R°%w=0.82), (TOC (R, =0.75), TIC (R, =0.79) and BSi
(R%, = 0.96) (see Table 4.1). Accordingly, the RMSEG¥ kw with values of 0.09%
for TCea) and TGia) (3.4%/3.2% of the gradient), 0.08% for TOC (2.8%4he gradi-
ent), 0.03% for TIC (2.1% of the gradient) and 2.fo¥%BSi (4.9% of the gradient). The
correlation between conventionally measured andRBfihferred TN concentrations is
also statically significant, but is poorer’(R= 0.61) compared to the other developed
models. The RMSECV of the TN model is 0.01% (5.9%he gradient).

The results of the external model validation withhhcoefficients of determination be-
tween conventionally measured and FTIRS-inferrechcentrations for Tp)
(R*=0.90), TG4 (R*=0.89), TOC (R=0.90), TIC (R=0.75) and BSi (R=0.92)
indicate a good prediction ability of the genera@ntl by the calibration models (see
Figure 4.2, Table A.2 and A.3 in the annex). Cqoesling RMSEP for Tega) (0.11%,
7.4% of the gradient), TG, (0.11%, 6.7% of the gradient), TOC (0.11%, 6.7%hef
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Table 4.1 Statistical performance of calibration models friiva composite profile of D1 for TC (conven-
tionally measured with a vario MIRCRO cube elemanalyzer (TGp) and a DIMATOC 100 liquid
analyzer (TGa))), TOC, TIC, TN and BSi including the number ofmonents, samples and wavelength
ranges used in the models, descriptive statisfitiseocalibration set and the validation set, thenher of
removed outliers, the cross validated coefficigrdeiermination (R,) (conventionally vs. FTIR-inferred
concentrations), the root mean square error oscvalidation (RMSECV (absolute and percentage ef th
gradient of the calibration set)), the coefficiefitdetermination (conventionally vs. FTIR-inferredn-
centrations), and the root mean square error afigien (RMSEP (absolute and percentage of theigrad

ent of the validation set))

Statistics TCea) | TCua) TOC TIC TN BSi
(%) (%) (%) (%) (%) (%)
all WL|all WL]all WL|all WL| selected WL |all WL|all WL|selected WL
PLS com-
10 10 11 10 8 6 3 4
ponents
Samples (n) 144 150 152 151 151 145 132 132
Min 0.07 0.12 0.02 0.01 0.01 0.00 0.9 0.9
o |Max 2.72 2.95 2.89 1.46 1.46 0.17 56.5 56.5
Q
2 Gradient 2.65 2.83 2.87 1.45 1.45 0.17 55.6 55.6
0
*é Mean 0.42 0.45 0.33 0.12 0.12 0.05 16.5 16.5
g Wavelengths | 400- 400- 400- 400- |700-725;860-)| 400- 400- |1,050-1,250
8 |included |3,750 | 3,750 | 3,750 | 3,750 | 890;1,300- | 3,750 | 3,750
(cm™) 1,560; 1,780-
1,810; 2,460-
2,640
Outliers
3 3 1 2 2 2 1 1
removed
c chv 0.86 0.82 0.75 0.79 0.89 0.61 0.96 0.95
© O
c '4% RMSECV 0.09 0.09 0.08 0.03 0.03 0.01 2.7 3.2
9 -
€ = |RMSECV
> X 3.4 3.2 2.8 2.1 2.1 5.9 4.9 5.8
(% gradient)
© |Min 0.05 0.08 0.04 0.02 0.00 1.2
(2]
g Max 1.54 1.73 1.68 0.40 0.11 36.9
2
% Gradient 1.49 1.65 1.64 0.38 0.11 35.7
g Mean 0.39 0.46 0.37 0.09 0.04 10.1
c R’ 0.90 0.89 0.90 0.75 0.89 0.61 0.92 0.91
© O
c '4% RMSEP 0.11 0.11 0.11 0.07 0.03 0.02 2.5 2.9
g T
% 5 [RMSEP
> X 7.4 6.7 6.7 18.4 7.9 18.2 7.0 8.1
(% gradient)

WL - Wavelengths

gradient), TIC (0.07%. 18.4% of the gradient) ar8i B2.5%, 7.0% of the gradient)
show a moderate to good prediction accuracy witipeet to the absolute values. The

poorer statistical performance of the FTIR-TN moafécts the prediction ability of the



Results, Discussion and Interpretation 26

general trend and the absolute values. TherefbeeRt of 0.61 is moderate and the
RMSEP of 0.02% (18.2% of the gradient) is high cared to the other calibration
models. The higher number of PLS components (8usgld for both TC models; the
TOC model and the TIC model indicates a higher derify of the corresponding
models compared to the models for TN and BSi wilibmaer number of components (3-
6).

TCe, (%) all WL TC,,, (%) all WL TOC (%) all WL
2001 Rz=0.90 2007 R2=0.89 2007 R2 = 0.90
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Figure 4.2 Scatter plots of conventionally measured (x-axessus FTIRS-inferred by models from the
composite profile of D1 (y-axis) concentrations TCga, TCra), TOC, TIC, TN, and BSi showing the
results of the external validation. Models are bame the entire wavelength range (all WL) or on grav

lengths specific to the property of interest (seldd/VL).

RoseENet al. (2010) have shown that it is possible taldsh robust FTIRS calibration
models solely based on certain wavelengths whiehsaongly related to the biogeo-
chemical property of interest. Wavelength relate€+O molecular vibrations of calcite
(700-725, 860-890, 1,300-1,560, 1,780-1,810, 226a0 cnt) and wavelength related
to diatoms (biogenic silica) (1,050-1,250 Y(RosEN et al. 2010) were used for TIC
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and BSi calibration models. The statistical perfance of the FTIR-TIC model shows
higher R, and B (0.89) compared to the TIC model based on all Vesgths. The
corresponding RMSECYV are equal in both models @,03.1% of the gradient), while
the RMSEP is lower in the modified TIC model (0.03%09% of the gradient). The
modified FTIR-BSi model has an’R of 0.95, an R of 0.91, an RMSECV of 3.2%
(5.8% of the gradient), and an RMSEP of 2.9% (8dt%he gradient). Hence, the statis-
tical performance of this model is slightly pootkan that of the BSi model including

all wavelengths.

Importance of the Conventional Measurement

Since the calibration of the FTIR models is basedconventional measurements, it is
necessary to minimize the measurement error ta yeligh accuracy in the prediction
of certain biogeochemical property concentratiohs. interlaboratory comparison of
the biogenic silica measurements byNCEY (1998) has shown that the percent stand-
ard deviation of the mean varies between 67.5%olwrconcentrations (BSi = 1.31%)
and 21.2% for high concentrations (BSi = 44.3%)thiis study, a percent standard de-
viation of the mean of 20.3% (3.9+0.8 wt%), 10.4%0.4+1.2 wt%) and 12.2%
(17.3+2.1 wt%) was calculated for three sampleslifferent BSi concentration based
on 17 repetitions for each sample. With regarch&se results, multiple measurements
were applied to 65 of the 132 samples from thébcatiion set to test if multiple meas-
urements improve the statistical performance of Bi$¢ model. A calibration model
(including all wavelengths) for BSi only based ongge measurements has af.fof
0.94, an RMSECV of 3.2% (5.8% of the gradient),Rénof 0.90, and an RMSEP of
3.0% (8.4% of the gradient), while the model inahgdmultiple measurements has an
R’y of 0.96, an RMSECV of 2.7% (4.9% of the gradiemth), R of 0.92, and an
RMSEP of 2.5% (7.0% of the gradient). Thus, thdiapgfion of multiple measurements
improved all assessment criteria of the BSi modlke R, and the R are slightly in-
creased (about 0.02), whereas the RMSECV and th&8Eare slightly reduced (about
0.5%). The relatively high inaccuracy of the cori@mal method and the possible con-
sequential decrease of the statistical performafid¢be BSi calibration model demon-
strate the importance of reliable conventional mesments and the potential of multi-
ple measurements. The examination of the otherebidyemical property measure-
ments might be reasonable as well, in this respect.
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4.2.2 Relationship between FTIRS Models and Biogeoc  hemical Properties

FTIR-BSi model

The loadings of the PLS component 1 of the calibnatnodel for the inference of BSi
concentrations show positive values in the spectrgions from 470-500, 780-880,
1,065-1,300, and 2,700-3,560 ¢mwhile negative values are situated in the regions
from 400-470, 500-780, 880-1,065, 1,300-2,700, 2860-3685 cri (see Figure 4.3).
The wavelengths explaining most of the spectralatian depending on the primary
data values lie between 1,065 and 1,300 emd are strongly positive. This indicates a
positive correlation to the BSi concentrations.sTtagion and the two slightly positive
bands from 470-500 and 780-880troan be related to the characteristic molecular
vibrations of biogenic silica. Absorption at aroufith cn' is caused by bending vibra-
tion modes of Si-O-Si. Absorptions at around 800'@re attributed to inter-tetrahedral
Si-O-Si bending vibration modes, while absorptignasound 1,100 cih can be as-
signed to stretching vibration modes of the St€rahedron (MENKE 1974b; G&N-
DRON-BADOU et al 2003). These findings are supported by fthi&pectrum of a dia-
tom sample (purity >96%) from Lake EI'gygytgyn shiogvdistinctive absorption bands
from 430-490, 780-830 and 1,040-1,250c(see Figure 4.4). A fourth lower absorp-
tion peak centered at 940 ¢nis also observable in the spectrum and correspaetls
with known Si-OH molecular vibrations for biogersitica (RCKERT et al. 2002; &N-
DRON-BADOU et al. 2003). However, the loadings of the BSi elate strongly nega-
tive in this region. The entire spectral regionvien 400 and 1,065 ¢his mainly
dominated by negative loading values, especialiyheregions from 500-620 and 915-
1,065 cnit. Other silicates like feldspar, quartz and clayenils absorb in this part of
the FTIR spectrum as well and cause an overlappiimipsorption bands. The influence
of this region on the loadings of the BSi calibwatimodel indicates that direct relation-
ships as well as indirect relationships to the B&icentrations are considered in the
model. This can be explained by the fact that nressents of biogeochemical property
concentrations reflect the relative proportion afgeochemical and minerogenic com-
pounds. Thus, the absorption peak at 948 isnoverlapped by absorption bands of oth-
er silicates negatively correlated to the concéioimaof BSi. The positive loading val-
ues in the spectral regions between 2,700 and &B0can be linked to stretching
vibrations of OH molecules (MENKE 1974a), which are major components of biogenic

silica. The effect of chemically bond water is atduservable in the spectrum of the
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diatom sample as absorbance of medium intensitigarspectral region between 3,000
and 3,700 cil. OH stretching vibrations of clay minerals mighpkin the negative
loading values in the wavelength range 3560-368% (RARMER 1974; MADEJEVA
2003; RRONON et al. 2003).
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Figure 4.3 Loading plots of the developed FTIRS models frdve tomposite profile of D1 for T,
TCua), TOC, TIC, TN, and BSi showing the contributioneafch wavenumber to the PLSR model. Posi-
tive values indicate wavenumbers positively cotesglato the property of interest and negative values
indicate wavenumbers negatively correlated to tlopgrty of interest. Loadings are expressed by kieig
vectors (w*c) of the PLSR model (component 1) (ysgand the corresponding wavelength range (x-
axis). Models are based on the entire wavelengtdedall WL) or on wavelengths specific to the pop

ty of interest (selected WL).
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Figure 4.4 FTIR spectra of a tephra sample (blue line) addhtom sample (purity >96%) (red line) from
Lake El'gygytgyn.

A comparison between FTIR spectra of samples frakelEl'gygytgyn with different
BSi concentrations shows that the increase of bseration peak at 1100 ¢hcom-
pared to the peak at 1050 ¢roorresponds well with increasing BSi content (Siegire
4.5). The assumption ofdGEL et al. (2008) and &sENet al. (2010) that the absorption
band centered at 1,100 ¢ris the most important band for the FTIR-BSi madaton-
firmed by the findings of this study. Other distine absorption peaks related to bio-
genic silica are strongly affected by spectral taps due to absorption of other sili-
cates. However, it has to be taken into accourtt dii@er minerals, e.g. quartz, show
absorption in the IR region between 1,050 and 1¢28bas well (VDENKE 1974b). The
fact that the inclusion of only this spectral ragto the calibration model does not yield
a better statistical performance compared to therB&lel based on all wavelengths

(see Section 4.2.1) highlights the importance direct relationships.
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Figure 4.5 FTIR spectra of sediment samples from Lake El' ¢ygy with different BSi concentrations
(~2%, ~10%, ~20%, ~30%, ~40%, ~50%) showing anease of the absorption peak at 1,100 ewith

increasing BSi concentrations. Spectra were shifextically for better visualization.

The FTIR spectrum of a tephra layer from Lake HEj\ggyn shows strong similarities

to the spectrum of a diatom sample (see Figure #$ suggests that opal of volcanic
origin has a negative impact on the prediction iofenic silica concentrations in the
form of overestimated BSi values, although the mmaxn absorption peak of the tephra
is shifted from 1100 to 1050 ¢chtompared to the peak of biogenic silica. This intpa
might be enhanced by using a calibration modellygdlased on a certain spectral re-
gion, since in this case only the part of the IRctpum with positive loading values in

the PLS component 1 of the BSi model is considered.

FTIR-TC and —TOC Model

The wavelengths of the calibration models for T@ a®C are very similar. This is a
result of the predomination of organic carbon cora@ato inorganic carbon in the
sediment record of Lake ElI'gygytgyn. The loadinguea of the PLS component 1 for
the TGea, TCa and TOC model are positive in the spectral regiom 1,065-1,300

and 2,700-3,550 and at around 480, 810 and 3,700which indicates a positive

correlation to the biogeochemical property conaians (see Figure 4.3). Negative
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loading values dominate the spectral regions fr@®-4,065, 1,300-2,700 and around
3,600 cnT. The strongest absorption band of the three masleisuated between 1,065
and 1,300 cit and shows two discrete peaks at 1,100 and 1,220 Absorption of IR
radiation in this region can be linked to knownapsion bands of organic compounds.
For instance, absorptions between 1,040 and 1,0i70ace ascribed to C-O stretching
vibrations of carbohydrates or polysaccharidesLACE et al. 1999; GAPMAN et al.
2001; @cozza et al. 2003). Absorptions at around 1,125'care due to C-O-C
stretching vibrations of complex carbohydrates atdorption between 1,230 and
1,265 cm are attributed to C-O stretching vibrations ofeethor carboxyl groups
(Cocozzaet al. 2003; Mcozzi and RETRANTONIO 2006).

An alternative explanation for the importance af #pectral region between 1,065 and
1,300 cnt* is based on relationships between the TC/TOC curatéon and the BSi
content. Since the loading plots for the TC and Ti®&@lel show apparent similarities
to the loadings of the BSi model, it is likely thaith models are affected by the content
of BSi, which clearly exceeds the carbon conceiotnatin the sediment record of Lake
El'gygytgyn. The possible influence of one propentythe other properties is reflected
by moderate correlations {R 0.53-0.62) between the biogeochemical prope(tes
Table 4.2). Therefore, it is likely that this paftthe IR spectrum is mainly related to Si-
O molecular vibrations of biogenic silica and opbrtly connected to the concentration
of certain organic compounds. This assumption madg explain the slightly positive
loading values in the spectral region from 470-488 775-915 cfh, which can be
ascribed to Si-O molecular vibrations of biogeniica as well (MOENKE 1974b;

GENDRON-BADOU et al 2003).

Table 4.2 Correlation between the biogeochemical propedfdbke calibration set of D1 indicated by the

coefficient of determination @

TCea/TCrA TCea/TOC TCa/TOC TCea/TN TCia/TN
R2 0.96 0.84 0.81 0.42 0.29

TOC/TN TCea/BSi TCLa/BSi TOC/BSi TN/BSi
R’ 0.56 0.59 0.53 0.62 0.52

Positive loading values between 2,800 and 3,000 with distinct peaks at 2,850 and
2,930 cnitt can be attributed to stretching vibrations of @ablecules in -CH, -Chland
—CHs groups of aliphatic and protein chainsHiEMAN et al. 2001; ©cozzA et al.
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2003; MEcozzi and RETRANTONIO 2006). The positive values between 2,700 and
3,500 cnit as well as at around 3,700 ¢re related to absorptions caused by hydrox-
ide groups. OH molecules are common in organiceanattowever, since the influence
of BSi on the calibration models for TC and TOdikely, it is difficult to determine
how much of the absorption is caused by hydroxm#ained in organic matter (direct
relationship) and how much of the absorption resintim hydroxide groups associated
with BSi (indirect relationships). The negative doay values between 400 and
1,065 cn and at around 3,600 ¢htan be ascribed to SiO molecular vibrations 6f sil
cates and to vibrations of OH molecules contaimesilicates, e.g. in clay minerals. The
negative character of this spectral region canXpaed by the indirect relationship
arising from the measurement of the relative propombetween carbon and minerogen-
ic components of the sediment. A further deternmmabf absorption bands of certain
organic compounds cannot be made due to the speetdapping of multiple bands
resulting from other sediment components, partityfaEom minerogenic matter.

Anti-correlated peaks, especially observable inltlaeling plot of the TOC model, be-
tween 1,380-1,540, at around 1,790 and 2510 ene related to absorption bands of
inorganic carbon (HANG and KERR 1960; WHITE 1974; Mecozzi et al. 2001). The

negative character of these peaks can be expléipede simultaneous occurrence of

TIC with almost solely low concentrations of TC gratticularly of TOC.

FTIR-TIC Model

The loadings values of the PLS component 1 of #dtibration model for TIC are posi-
tive in the spectral region from 400-885, 940-1,@@8 1,270-2,630 c while nega-
tive values appear from 885-940, 1,025-1,270 aB8®3,730 cnf (see Figure 4.3).
Distinctive absorption peaks at around 715, 878512515 cnit and a broad absorp-
tion band around 1460 ¢htorrespond well with known spectral regions relate mo-
lecular vibrations of carbonates {fNG and KERR 1960; WHITE 1974; MEcOzzi et al.
2001). Furthermore, FTIRS model developments bgiL et al. (2008) and G&SEN et
al. (2010) as well as FTIR spectra of carbonate-sediments (Bsenet al. 2010) have
also shown that these spectral regions are theimpstrtant for carbonates.

The negative loading values between 1,025 and k&#0with an distinctive peak at
around 1,100 cthas well as the negative values between 2,630 af@8D&ni" can
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partly be explained by an indirect relationshipwan the occurrence of TIC and BSi.
The above-mentioned wavelength ranges are straefdyed to Si-O molecular vibra-
tions of BSi and to vibrations of hydroxide grougmtained in BSi, respectively. Due
to the fact TIC almost only appears in the lowernhpzst of the composite record from
Lake El'gygytgyn, which is also dominated by lowncentrations of BSi, it is likely
that the importance of those spectral regions jededing on this correlation. A second
explanation for the anti-correlation of the IR rarfgom 2,630-3,730 cthmight be the
effect of diagenesis, particularly the effect ohngaction, on the sediments of Lake
El'gygytgyn (see Section 4.5). It is supposablé tha influence of these processes
yields a release of chemically combined water wittreasing burial depth, where TIC
begins to occur. The positive loading values frad9-885 and 940-1,025 ¢hran be
assigned to Si-O molecular vibrations of silicafEse positive character of this range is
probably based on the correlation between the oecce of TIC and the domination of

minerogenic compounds.

The TIC calibration model based on wavelengths iipdor carbonates has a better
statistical performance than the model based onvallelengths (see Section 4.2.1).
This shows that, in contrast to the calibration eiddr BSi, indirect relationships have
a negative effect on the prediction of TIC concatiins. However, in this case the indi-
rect relationships depend on the special compaosdfadhe sediment record with an oc-
currence of TIC almost only in the lowermost part.

FTIR-TN Model

The loading values of the calibration model for SNow similarities to the loading
plots of the models for BSi, TC, TOC and TIC. THere, they cannot be assessed in-
dependently, as already presumed mGEL et al. (2008). Positive loading values are
situated in the spectral regions from 800-835, 880; 1,050-1,275 and 2,640-
3,730 cnt, whereas the spectral ranges from 400-800, 835&®80-1,050 and 1,275-
2,640 cnit show negative values (see Figure 4.3). None oblbiservable peaks can be
related to specific absorption bands of bonds ol nitrogen. For instances, absorp-
tion bands at around 1,550 ¢nare known to be ascribed to —NH bending vibrations
and —CN stretching vibrations ¢CozzA et al. 2003; Mcozzi and PETRANTONIO
2006). The loading plot of the PLS component lifier TN model is affected by several
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indirect relationships. Analogies to the loadinishe TOC model can be explained by
the linkage of nitrogen to organic compounds, simtegen plays a major role in the
composition of organic matter. This linkage is @gsed by a moderaté fr the corre-
lation between TN and TOC of 0.56 for the samptethe calibration set. The depend-
ence of TN on TOC can be seen in the loadings tf bwdels by the absorption band
between 2,800 and 3,000 ¢mwhich is assigned to -CH, -Gtand —CH groups and is
similarly developed in the TOC as well as in the mdel. The strongly positive load-
ings between 1,050 and 1,275tin the loading plot of the TN mode can be reldted
Si-O molecular vibrations of BSi. This can probabbyexplained by the moderate cor-
relation between TN and BSi {R 0.52). Moreover, the distinguishable anti-catredi
peaks at around 1,470, 1,800, 2,510"came likely due to molecular vibrations in car-
bonates. The effect of TIC on the TN calibrationd®loresults from the coincident oc-

currence of very low TN and TIC values.

The non-detectable absorption bands related toriNilze strong effect of indirect rela-

tionships on the calibration model make it veryidifit to reasonably assess the loading
plot of the TN model. Due to this fact and the meraeoderate statistical performance
of the TN calibration model (see Section 4.2.1js tecommendable to apply the model

in consideration of these circumstances.
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4.3 Comparison between FTIR Models based on the
Sediments of D1 and FTIR Models derived from the
Sediments of Core Lz1024

FTIRS calibration models derived from core Lz10B# VOGEL, unpublished data) are
based on the uppermost 16.60 m of the sedimentd-axfoLake El'gygytgyn with an
approximately age of 340 ka @JLES et al. 2009), while the FTIRS models derived
from the composite profile of D1 include the entediment record (~315 m) with an
age about 3.6 Ma. The results of the internal ailich of the models from Lz1024 are
comparable to those resulting from the internaideion of the models from D1 and
show strong correlations between the conventiondl T IRS-inferred biogeochemical
property concentrations (see Table 4.3). The resulR., for the Lz1024 models
amount to 0.84 for TC, 0.81 for TOC, 0.76 for ThdaD.74 for BSi, while the corre-
sponding RMSECYV are low with values of 0.15% (6.dPthe gradient) for TC, 0.17%
(7.1% of the gradient) for TOC, 0.01% (3.3% of gradient) for TN and 1.9% (7.4%
of the gradient) for BSi. The external validatioses the 50 samples of the validation
set which are distributed over the whole compaggitdile of D1. In contrast to the in-
ternal validation, this external validation showpaorer statistical performance of the
models from Lz1024 compared to the models of Dl prediction ability of general
trend and absolute values is lower. THer&ulting from the correlation between con-
ventional and FTIRS-inferred values indicating frediction ability of the general
trend are still significant for TC and BSi with uak of 0.69 and 0.84. Values of 0.42
and 0.43 for TOC and TN demonstrate less relial#eiption abilities (see Figure 4.6,
Table A.2 and A.4 in the annex). The predictionuaacy relative to the absolute values
assed by the RMSEP is low for all considered biogemical properties. Correspond-
ing RMSEP are 0.64% (43.0% of the gradient) for 1G3% (44.5% of the gradient)
for TOC, 0.08% (72.7% of the gradient) for TN, ah8% (13.7% of the gradient) for
BSi. A minor part of the higher divergence betw&dnRS-inferred values by models
of core Lz1024 and conventionally measured valumspared to concentrations in-
ferred by models of D1 can be explained by diffeemnin the measuring methods and
devices used for the determination (see Sectior2)3.The higher RMSEP of the BSi
model from core Lz1024 partly results from the fHwt the calibration range of the
model does not cover the lowest (three sampleswb2lbh%) and the highest concentra-

tions (two samples above 27.9%) included in thedaéibn set.
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Table 4.3 Comparison of the statistical performance of tHéRS models for TC, TOC, TN and BSi
derived from the composite profile of D1 and com 024 including the number of components, samples
and wavelength ranges used in the models, deseriptatistics of the calibration set and the vaiia
set, the number of removed outliers, the crosslati coefficient of determination 4§ (conventional-

ly vs. FTIR-inferred concentrations), the root magare error of cross validation (RMSECV (absolute
and percentage of the gradient of the calibratét)) sthe coefficient of determination (conventitya&s.
FTIR-inferred concentrations), and the root meawmasg error of prediction (RMSEP (absolute and per-

centage of the gradient of the validation set))

Statistics TC? TOC TN BSi
(%) (%) (%) (%)
D1 Lz1024 D1 Lz1024 D1 Lz1024 D1 Lz1024
PLS com-
10 8 11 8 6 9 3 3
ponents
Samples (n) 144 1657 152 1657 145 1657 132 201
Min 0.07 0.01 0.02 0.03 0.00 0.00 0.9 2.1
§ Max 2.72 2.37 2.89 241 0.17 0.30 56.5 27.9
c
,8 Gradient 2.65 2.36 2.87 2.38 0.17 0.30 55.6 25.8
©
é Mean 0.42 0.58 0.33 0.66 0.05 0.08 16.5 9.1
‘_3 Wavelengths
included 400- 400- 400- 400- 400- 400- 400- 400-
(em™) 3,750 | 3,750 | 3,750 | 3,750 | 3,750 | 3,750 | 3,750 | 3,750
Outliers
3 - 1 - 2 - 1 4
removed
c chv 0.86 0.84 0.75 0.81 0.61 0.76 0.96 0.74
T O
c '4% RMSECV 0.09 0.15 0.08 0.17 0.01 0.01 2.7 1.9
Y ©
€ 5 |[rRmsEcv
> X 34 6.4 2.8 7.1 5.9 3.3 4.9 7.4
(% gradient)
© |Min 0.05 0.04 0.00 1.2
(V2]
g Max 1.54 1.68 0.11 36.9
2
% Gradient 1.49 1.64 0.11 35.7
S |Mean 0.39 0.37 0.04 10.1
c R2 0.90 0.69 0.90 0.42 0.61 0.43 0.92 0.84
© O
£ '4% RMSEP 0.11 0.64 0.11 0.73 0.02 0.08 2.5 4.9
gz
S ‘©|RMSEP
> i 7.4 43.0 6.7 44.5 18.2 72.7 7.0 13.7
(% gradient)

'Results of the element analyzer (TCea) were used for the TC model of D1
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Figure 4.6 Scatter plots showing the results of the extewaditiation of the models from core Lz1024.
Concentrations of TC, TOC, TN, and BSi conventibnaheasured (x-axis) versus FTIRS-inferred by

models from core LZ1024 (y-axis).

FTIR-BSi Model

The comparison between the loadings of the PLS ooemt 1 of the BSi models de-
rived from the sediments of core Lz1024 and D1 shawimilar pattern in both models
(see Figure 4.7). The wavelength range betweerD1a68 1,300 cfhin both cases has
strong positive loading values and therefore exrglanost of the spectral variations de-
pending on the primary data. This range is rel&e8iO molecular vibrations of bio-
genic silica. Furthermore, the spectral region leetw400 and 1,050 ¢his mainly
negatively correlated to the BSi concentration athbmodels. However, the values of
the peaks at around 815 and 990'cane more positively and more negatively devel-
oped, respectively, in the model based on the eestxdiment record. Moreover, the
slightly positive loading peak at around 470°tim the loadings of this model is shifted
to lower wavenumbers at around 450°cin the model from core Lz1024. The wave-
length range between 2,700 and 3,500 emhich can be attributed to molecular vibra-
tions of hydroxide is not weighted in the BSi mofteln core Lz1024 in contrast to the

model from D1.
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Figure 4.7 Loading plots of the FTIRS models from the comfmsirofile of D1 (blue line) and from

core Lz1024 (red line) for TC, TOC, TN, and BSi sig the contribution of each wavenumber to the
PLSR model. Positive values indicate wavenumbesstigely correlated to the property of interest and
negative values indicate wavenumbers negativelyetaied to the property of interest. Loadings are
expressed by weight vectors (w*c) of the PLSR mddemponent 1) (y-axis) and the corresponding

wavelength range (x-axis).

FTIR-TC/TOC/TN Model

Due to the strong similarities of the calibratiomdsls for TC, TOC and TN, these
models were assessed together. The loadings éfliBecomponent 1 of the calibration
models derived from the sediments of core Lz1024tler referred as ‘Lz1024 mod-
els’) clearly differ from the loadings of modelssied on the sediments of D1 (further
referred as ‘D1 models’) (see Figure 4.7). In casitto D1 models, the loadings of the
Lz1024 models can be related more clearly to albiemp of organic matter. The posi-
tive loading values in the spectral region from55:1,115, 1,180-1,280, 1,370-1,470,
and 1,520-1590 crhcan possibly be attributed to CO stretching vilorsi of carbohy-
drates or polysaccharides, to CO stretching vibnatiof ethers or carboxyl groups, to
OH deformation vibrations of phenolic and aliphagioups, and to NH bending and
CN stretching vibrations of proteins (Amide | baff@pLACE et al. 1999; @BAPMAN et

1 The TC calibration model derived from the sedimesftD1 is based on the results of the element ana-
lyzer (TG:») and was used for the comparison with the TC méabeh core Lz1024, since the TC
concentrations in core Lz1024 were also determimiéd this method.
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al. 2001; ©@cozza et al. 2003; Mcozzi and RETRANTONIO 2006). These spectral
ranges are negative, overlapped by absorptiongh#r sediment compounds or not
detectable in the loadings of the D1 models. Theogiiion band between 2,800 and
3,000 cnit which is linked to stretching vibrations of C-H mcules in -CH, -Chand
—CH; groups of aliphatic and protein chainsHEMAN et al. 2001; ©cozzA et al.
2003; Mecozzi and PETRANTONIO 2006) has a considerably stronger effect on the
Lz1024 models than on the D1 models. Particuldréylbading pattern in the spectral
region from 400 to 1,300 cfwhich is ascribed to SiO molecular vibrations ititates
shows large differences in the models from coreOR4land D1. The loading values of
the Lz1024 models are strongly positive from 480%® cni* and strongly negative
from 570 to 805 ci in contrast to the D1 models where the loadingsashtrongly
negative values in the spectral region betweena®@01,050 ci. In the loadings of the
D1 models, the influence of the most important ghison band for BSi between 1,050
and 1,300 cil is observable. This is not the case in the loadfghe Lz1024 models.
In these models, the mentioned spectral rangehdiwded in positive loading values
from 1,055-1,115 and 1,180-1,280 tras well as in negative values between 1,115 and
1,180 cnt. The positive values can be linked to absorptibrorganic matter as de-
scribed above and the negative values might beemed to absorptions of SiO mole-
cules contained in silicates (e.g. quartz). Congbanethe model for TC and TOC, the
regions with positive loadings within this spectrahge are negligible in the model for
TN. The D1 models are strongly affected by the eotrations of BSi, whereas the
Lz1024 models are apparently independent fromghogy. This can be explained by
low correlations between TC, TOC, TN and BSf &R0.09-0.21) for core Lz1024 com-
pared to the correlations within the samples of ¢hkbration set for D1 (R= 0.52-
0.62) (see Table 4.2 and 4.4).

Table 4.4 Correlation between the biogeochemical propertiet@ calibration set of core Lz1024 indi-

cated by the coefficient of determinatiorfR

TC/TOC TC/TN TC/BSi TOC/TN TOC/BSi TN/Bsi
R 0.93 0.74 0.16 0.69 0.21 0.09

A down-core plot of the biogeochemical proxiesltd samples from the validation set
highlights the high prediction accuracy with regpecthe general trend and the abso-

lute values of the concentrations inferred by medised on samples from the entire
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sediment record of Lake El'gygytgyn (see Figure.48%i concentrations inferred by
the calibration model of Lz1024 significantly matitie conventional concentrations as
well. However, high BSi concentrations are consyamtderestimated by the model due
to the insufficient calibration in the range ab@®@% which is only covered by four
samples with a maximum value of 27.9%. In conttashis model, the FTIR models
for TC, TOC, and TN derived from core Lz1024 coesably overestimated the bioge-
ochemical property concentrations throughout thelaaon set. Furthermore, a slight
increase in the difference between conventionaily BTIRS-inferred values with in-

creasing sample depth can be observed for theselsanddhese divergences and the dif-
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Figure 4.8 Down-core plot of biogeochemical properties of dagnples from the validation set showing
the prediction accuracy between conventionally mesas (black line) and FTIRS-inferred values using
models based on the entire sediment record of Edkgg/gytgyn (D1) (blue line) and core Lz1024 cover-

ing the uppermost sediments of the record (greg).lin
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ferences in the loadings between models deriveh fbd and core Lz1024 probably
indicate that the composition of the sedimentsoldan ~300 ka differs from the com-
position of the uppermost 16.60 m of the sedimenbrd of Lake El'gygytgyn. This

means that the prediction of biogeochemical prgpeadncentrations of deeper sedi-
ments with calibration models for TC, TOC, and Tlséd on sediments of core
Lz1024 is limited. This explains the results of theernal validation showing low®R

and high RMSEP for these models. On the contramdiptions of BSi by the model

from core Lz1024 seem not to be affected by themi@l changes in the composition
of the sediment. Hence, the BSi calibration model be applied to sediments older
than ~300 ka when inferring the general trend. H@neabsolute values have to be
considered with care due to missing calibrationtfiggher BSi concentrations. The TC
model can be used with regard to the general trgatlies inferred by the calibration
models for TOC and TN are deficient in this respéttsolute values are considerably
overestimated by the TOC and TN as well as the Tadahof core Lz1024. These
models can therefore hardly be applied to sedimieots deeper parts of the sediment

record, especially in the comparison with resultstber studies.

MELLES et al. (2007) described four different units depeg on the core description,
the measured physical and chemical propertiesref B&1351. Each of these units was
interpreted as a different climate mode. A cleagitive correlation between BSi and
organic matter (TOC, TN) was only found in one lodge units interpreted as the peak
warm mode and merely attributed to the Eemian (MB. The other units showed an-
ti-correlations or non-correlations between thesperties. The dominance of the latter
units throughout the core PG1351 is consistent thighow coefficient of determination
between TC, TOC, TN and BSi in core Lz1024 €0.09-0.21). Since core PG1351
covers the uppermost ~13 m of the sediment recbtéle EI'gygytgyn, this sediment
sequence is also achieved in core Lz1024. In csinttvacore Lz1024, there is a positive
correlation between the mentioned proxies in themusite profile of D1 (R= 0.52-
0.62). This indicates an increased occurrencedifrnt sections with a positive corre-
lation between BSi and organic matter in the sedimef Lake ElI'gygytgyn with an
age >300 ka. Further, this fact might be intermteds a more common occurrence of
Eemian-like, peak warm modes at Lake ElI'gygytgyoulghout the Old Pleistocene
and Pliocene or a generally warmer climate, asxgeeed for instance for the mid-
Pliocene (ca. 3.3-3.0 Ma) (@vseTTet al. 1996; Rymo et al. 1996; DWSETT2004).
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4.4 Model Application to Marine Isotope Stage 11 (M 1S 11)

The biogeochemical property concentrations of, TRDC; TIC, TN, and BSi inferred
by the developed FTIRS models of this study (sda@€TA.5 in the annex) were used to
reconstruct the environmental and climatic changiesake El'gygytgyn during the
MIS 11. In addition to these proxies, the core dpion and the magnetic susceptibil-
ity (C. GEBHARDT, unpublished data) were considered for the ingtgpion. Prior to the
interpretation of the results, the inferred biodemuical property concentrations for TC
and TN were compared with the results of the cotiweal measurements in 2 cm reso-
lution (V. WENNRICH, unpublished data) to estimate the accuracy oirteered values
(see Figure 4.9). The comparison shows that théiqgiesl concentrations of TC consid-
erably match with the conventionally measured \alughereas the TN values clearly
differ. It is highly likely that this is due to tHinitations of the FTIR-TN model demon-
strated in Section 4.2.2. Furthermore, the undienaesbn of the TN concentrations can
be explained by the missing of TN values above%.&and particularly by the existence
of only two values above 0.11% in the calibratieh ®ue to these facts the TN values
and consequently the TOC/TN ratios resulting fréva tonventional method in 2 cm
resolution were used instead of the results oFfARS model application for the inter-
pretation of the MIS 11. The extremely low valuéshe predicted TIC concentrations
varying between 0 and 0.12% (average: 0.04%) ingliteat the investigated sediment
section is carbonate-free, since the limit of di&bacof the method on which the cali-
bration model for TIC is based lies at approxima@D5%. Negative values inferred by
the FTIRS models probably can result when varigtiohthe sediment properties and
therefore variations of the spectral informationsafmples to which the FTIRS models
are applied are not covered by the calibrationHetse values are not considered in the

interpretation.

On the basis of the considered proxies, it wasiplest sub-divide the analyzed core
section into five subsections.EMLES et al. (2007) distinguished four units of indivadu

composition in core PG1351 reflecting different ieommental conditions which were
interpreted as climate modes (Unit 1-4). The suiimes found in this study can be re-

lated to three of these four units.

2 The TC concentrations originate from the calitmatmodel based on the result of the element amalyze
(TCga). FTIRS-inferred TC values from the model basedhtenresults of the liquid analyzer (I3
were not referred, due to the fact that these wadue only slightly differ from the results of tother
method (mean TE,: 0.75%; mean TG: 0.80%).
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Figure 4.9 Depth plot of FTIRS-inferred biogeochemical prdjger (black line), conventionally meas-
ured biogeochemical properties (blue line), magnstisceptibility, determined subsections and corre-
sponding climate modes afterBMLES et al. (2007) of the sediment section from D1teglao MIS 11.
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1% Subsection

The first subsection is located at the basis of ¢basidered core section (16.66-
16.37 mblf) and is characterized by mainly layesediments consisting of clayey silt to
silt with a grey to greenish grey color. Moreovediment clasts and a fine sand layer
with a thickness of 0.6 cm (16.45 mblf) appearhis tsubsection. The biogeochemical
property concentrations are low and vary betwedt%- (BSi), 0-0.5% (TC), 0-0.3%
(TOC), and 0.06-0.12% (TN) (see Figure 4.9). Cqoesling mean concentrations are
10% for BSi, 0.2% for TC 0.1% for TOC, and 0.10% TiN. The TOC/TN ratios and
the magnetic susceptibility show low values as \agll alternate in the range from 2 to
4 with a mean of 3 and in the range from 85-5600° with a mean of 24& 10°, re-
spectively. According to the classification ofeMES et al. (2007), this subsection is
associated with a cold and dry climate (Unit 3)deinthese conditions, a perennial ice
cover on Lake El'gygytgyn is expected which intébita wind-generated mixing or a
density-driven turnover of the water column. Thdelacan be excluded, since the
warming of the surface water was hindered due ¢oidha cover. The stagnancy within
the water column led then to a stratification of thke. Despite the ice cover, the sur-
face water of the lake apparently remained prodeadluring this interval indicated by
low but still appreciable BSi concentrations arodi®&o. BSi can be used as a proxy for
bioproductivity, since diatom valves, which consi$tbiogenic silica (opal), are well
preserved in the slightly acidic water of Lake Efgtgyn. The assumption of a re-
markable bioproductivity beneath the ice coverupmorted by @ERAPANOVA et al.
(2007) who showed that diatoms remained abundaatdgh the cold and dry climate
mode. The noticeable primary production was propd#tilitated by an oxygenated
habitat due to cracks in the ice cover and stibfable light conditions (BIGHAM-
GRETTE et al. 2007). HwEes et al. 2001 showed that algal and bacterial plyothesis
can proceed when less than 1% of the incident lgimetrates the water column. The
light penetration mainly depends on the thickndsthe blanketing snow cover on the
ice and not on the thickness and consistency oictheover itself (6GRE 1997). There-
fore, MELLES et al. (2007) interpreted the remained bioproditgtias a signal for a
widely snow-free ice area which indicates low ppéetion rates and a dry climate or
strong winds blowing the snow from the ice. Theutence of sediment clasts with a
diameter of 1-2 mm is another indication for a mipno missing snow cover. The for-
mation of these clasts could result from the agei@tion of windblown particles dur-

ing their transport through the ice along vertoahduits in late summer (MILES et al.
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2007). This would be hindered by a large snow co&sra result of the missing mixing
of the water column, the bottom water became andXemaining oxygen was con-
sumed during the decomposition of organic mattef thie input of oxygenated water
was interrupted. The movement of the redox boundiamy within the sediments up
into the water column is confirmed by low valuesnodgnetic susceptibility. In Lake
El'gygytgyn, the magnetic susceptibility dependdh@conditions in the bottom water.
Dissolution of magnetite, which is the dominatinggnetic mineral in the sediments of
the lake, occurs under reductive conditions, whetka mineral is well preserved under
oxic conditions (MwACzYK et al. 2002; 2007). The anoxic bottom water irteithien-
dobenthic activity and consequently the bioturbatid the sediments which explains

the preservations of distinct layers.

The TOC concentrations and the TOC/TN ratios atabip lower in the investigated
core section than described by¥MES et al. (2007) for the cold and dry climate mode.
MELLES et al. (2007) explain the high TOC/TN ratios bylake processes like nitrogen
limitation in the surface water @dky et al. 1993) due to relatively high primary pro-
duction and limited nitrogen supply as a resulthef lake stratification. These processes
causing higher ratios can probably be excludedesihe TOC/TN ratios are well below
10 for the considered subsection. The low valudiate an origin of the organic matter
from water-column production. The TOC/TN ratio das used as proxy for the plant
source of organic matter to the lakes. It depemdthe presence or absence of cellulose
in the plants. Non vascular aquatic plants have T@C/TN ratios, typically between 4
and 10, while vascular land plants containing ¢efle have ratios of 20 or greater
(MEYERs and BHIWATARI 1993). However, in-lake processes can lead tonteigpreta-
tions of this proxy. The low TOC values point teeay low primary production beneath
the ice coverage, especially since the anoxic ¢mmdi at the lake bottom would en-
hance the preservation of organic matter. This isontradiction with the BSi concen-

trations indicating an appreciable bioproductivityhe surface water.

2" Subsection

The second subsection (16.37-15.82 mblf) consisteomogenous to weakly stratified
sediments of silt size with a grey to dark greyocoFurthermore, a fine sand layer with
a thickness of 0.4 cm (16.20 mblf) and a turbidatyer with a graded stratification from
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medium fine sand to silt (16.05-16.02 mblf) areigied within the subsection. All bio-
geochemical property concentrations are relatigelystant within the first half of the
interval. They generally increase within the secbaf and show a small local maxi-
mum between 16.10 and 16.05 mblf (see Figure Z19).values increase from 8 up to
40% for BSi, from 0.2 up to 1.8% for TC, from 0.4 to 1.8% for TOC, and from 0.06
up to 0.17% for TN. The TOC/TN ratios also risenfir@ up to 11, whereas the magnet-
ic susceptibility remains almost continuous at ghhievel (average of 1300 10°).
Values of the local maximum go up to 36% (BSi),%.0TC), 1.0 % (TOC), 0.10%
(TN), and 10 (TOC/TN), while the magnetic suscéfitibdecreases down to 80 10°.
The turbidity layer causes a clear decrease gfralties, except for the magnetic sus-
ceptibility. According to the classification of BMLES et al. (2007), the subsection is
related to the warm climate mode (Unit 1). The ¢bos of this mode are comparable
to the modern conditions at Lake El'gygytgyn. Mixiaf the water column occurs in
summer after the break-up of the semi-permanentaeser causing an enrichment of
nutrients in the surface water. This and the abditg of light during the open water
season enhanced the primary production in the plzotie, which is reflected by mod-
erate BSi concentrations at the beginning of thesection. Another result of the turno-
ver of the water column was the ventilation andseguently the oxygenation of the
bottom water. The presence of oxygen at the lak®imois supported by high magnetic
susceptibilities resulting from the preservation mégnetite under oxic conditions.
Moreover, the decomposition of organic matter wasaaced by the availability of O
at the lake bottom shown by the low concentrati@n$OC and TN in the first half of
the subsection. These assumptions are sustainételprevalent missing of stratifica-
tion in the sediment which probably results froratbrbation. The activity of deep ben-
thic organism was enabled by the availability of &d organic matter from phyto-
plankton acting as a food source at the lake bottorthe second half of the subsection,
the biogeochemical property concentrations incregsi the local maximum. This in-
dicates a change of the climatic and/or environaleriinditions at Lake ElI'gygytgyn
enabling an enhanced primary production. Potefdigtors for heightened bioproduc-
tivity can for instance be an increased supply wifiants and organic matter from the
catchment, higher temperatures during the summarganeral warmer climate causing
a longer open water season. The strong and raplohedef the biogeochemical proper-
ty concentrations after the local maximum is causga turbidity layer. Turbidites in

Lake ElI'gygytgyn are supposed to be non-erosivenmro-erosive (JSCHUS et al.
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2009), and therefore the disturbance of the climaterd is expected to be minor. Inde-
pendent from the appearance of the turbidity latyer biogeochemistry values decrease
after the local maximum which points to a temporaggravation of the conditions for
bioproductivity. Afterwards, the biogeochemical pecty concentrations continuously
increase to the maximum values of this subseclitie. assumption of changes of the
climatic and/or environmental conditions is suppdrby the TOC/TN ratios. Low rati-
os around 4 at the beginning of the subsectiorcatdia rather low supply from the
catchment, whereas rising ratios up to 11 in tlverseé half point to an increased contri-
bution of vascular land plants to the compositibthe organic matter in the lake. This
suggests an increasing growth of vegetation irctehment of Lake EI'gygytgyn. The
temporary aggravation of the conditions for bioptivity is also observable in the
TOC/TN ratios. Decreased values down to 4 aftetdbal maximum can be a sign for a

rather low input of organic matter from the catcintne

The significant minimum of the magnetic susceptipiwith values below 10& 10°
around the local maximum suggest the presence @fi@arctonditions, which caused
dissolution of magnetite, at the lake bottom during deposition of these sediments.
However, the homogenous sediment as probable resblbturbation by endobenthic
organism, who require oxygen, and no apprecialdyeimsed concentration of organic
matter due to enhanced preservation under redubingditions are contradictory to this
assumption. Furthermore, the decline is too laoggrply be a result of dilution of the

lithogenic fraction by biogenic input.

3" Subsection

The third subsection (15.82-15.39 mblf) is chanaotel by olive grey sediments of
clayey silt type with a distinctive lamination. Theéogeochemical property concentra-
tions are constantly high with average concentnatiof 44% for BSi (variation: 36-
52%), 1.4% for TC (variation: 1.0-2.8%), 1.5% foDT (variation: 1.0-2.9%), as well
as 0.15% for TN (variation: 0.12-0.18%) (see Figar®). Furthermore, the TOC/TN
ratios vary between 8 and 10 and increase cons$ilyeup to 22 at the end of the sub-
section, while the magnetic susceptibility is rekly constant at between 180 and
570x 10°. The subsection is attributed to the peak warmatie mode (Unit 2) accord-

ing to the classification of ELLES et al. (2007). This unit represents the warmest-av
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age climate conditions known from the record of B&ll and is associated with full
degradation of the lake ice cover in all years amate mixing of the water column
compared to unit 1. As a result of these conditiand the favorable light penetration
into the surface water, extensive plankton bloonesewenabled and consequently the
primary production was considerably higher. Thentbgproductivity is consistent with
high average BSi concentration of the subsectidda4 The TOC and TN concentra-
tions are comparatively low, which is probably asequence of the decomposition of
the organic matter in the well oxygenated bottomewaNevertheless, the concentra-
tions are elevated compared to the previous subgechis indicates that the input
more clearly exceeded the degradation of organitembeading to an incomplete de-
composition. In addition to the increased inpug, #iccompanying upward movement of
the redox boundary in the sediment column probablyanced the preservation of or-
ganic matter. Higher TOC and TN concentration$hatiteginning of the subsection can
be related to the occurrence of organic layers. éd@n the significantly higher TOC
values at the end of the subsection cannot be ctethéo changes in the sediment
composition visible with the naked eye. The TOC/fBNos between 8 and 10 suggest a
mixture of organic matter from non-vascular aqu@li@nts and vascular land plants,
with a dominance of aquatic production. The strgrejevated ratios (up to 22) at the
end of the subsection point to an increasing andllfi dominating supply of organic
matter from the catchment. A change in the clinatd/or environment causing less
favorable conditions for primary production, whishindicated by decreasing BSi con-
centrations, might explain this trend. Less favtgaimnditions would have led to a re-
duced aquatic primary production. The supply ofanig matter from the catchment
could have temporarily been constant or even emtadue to the decline of the vegeta-
tion cover and the subsequent erosion of organitemaccumulated in the soil during
the peak warm conditions into the lake. Since thv@tibn of the MIS 11 interglacial is
supposed to be about twice as long as a typioalglacial (RYNAUD et al. 2005; Ro-
KOPENKO et al. 2010), a high amount of organic matter ddwdve been stored in the
soils of the vicinity of Lake EI'gygytgyn. A formah of organic rich soils or even peat
is supposable. The increased mobilization of orgamatter from the catchment as con-
sequence of the vegetation decline might also éxjke appreciably increased TOC

content at the end of the subsection.

The distinctive lamination of the subsection is tcadictory to the assumed well oxy-

genated bottom water due to the mixing of the watdumn. Oxic conditions would
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enable the activity of endobenthic organism caudiurbation. Furthermore, the
moderate magnetic susceptibility values betweenat&D570x 10° are an indication
for oxic rather than anoxic conditions, since tladues are most likely a result of dilu-
tion of the lithogenic fraction by the high biogemnput and not a consequence of mag-
netite dissolution under reductive conditions. Tdentification of the origin of the lam-
ination requires further investigations, e.g. adetl analysis of the structure, grain-size
and composition of the stratification.

4™ Subsection

The fourth subsection (15.39-15.04 mblf) considtmassive to weakly stratified sedi-
ments of clayey silt to silt type with a gray tagish brown color. All biogeochemical
property concentrations decrease in the first blathe subsection and remain relatively
constant in the second half. The values decrease 41 to 11% for BSi, from 2.8 to
0.8% for TC, from 2.9 to 0.3% for TOC, and from Dtb 0.08% for TN (see Figure
4.9). Moreover, the TOC/TN ratio shows a comparahbléern with a decline from 29 to
4, whereas the magnetic susceptibility stronglyesabetween 90 and 113010°. The
subsection is associated with the warm climate n{blhét 1) according to the classifi-
cation of MELLES et al. (2007) and is analogue to the second stibsgbut shows an
opposing trend. A successive aggravation of thaliioms for primary production is
indicated by the decline of the biogeochemistrypprty concentrations and the
TOC/TN ratios at the beginning of the subsectioaci@asing values of BSi, TOC and
TN suggest a reduced bioproductivity and the fglli©®C/TN ratios from above 20 to 4
point to a decreasing input of organic matter fribra catchment and a dominance of
aquatic primary production. The latter is can b@asequence of a reduced vegetation
cover around the El'gygytgyn Crater. The magneigcsptibility values between 130
and 520x 10° in the first half of the subsection cannot fully bxplained by the dilu-
tion of the lithogenic fraction by biogenic inpiHence, anoxic bottom waters causing
magnetite dissolution might, at least temporatig,existent due to the enhanced input
of organic matter at the beginning of the subsacftidhe second half of the subsection
is characterized by more stable conditions compargbthe first half of the second
subsection. After the break-up of the semi-permaitencover in summer, the turnover
of the water column causing a ventilation of thétdom water and nutrient enrichment

in the surface water and the enhanced light aviitiaburing the open water season
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enable an appreciable primary production. Howeites, significantly lower compared

to the bioproductivity during the subsection asated with the peak warm mode. The
magnetic susceptibility values above 16000° suggest increased magnetite preserva-
tion due to oxic conditions at the lake bottom.sTisi supported by the missing of strati-

fication in the sediment indicating the activityeddobenthic organism.

5" Subsection

The fifth subsection (15.04-14.97 mblf) is chardaeed by mainly stratified sediments
of clayey silt type with a gray to greenish grayoc@and contains sediment clasts. The
biogeochemical concentrations slightly increase¢aufh9% for BSi, up to 1.0% for TC
and TOC, and up to 0.12% for TN throughout the satisn (see Figure 4.9). Further-
more, the TOC/TN ratios increase from 6 to 10, while magnetic susceptibility is
constantly below 10& 10° According to the classification of MLES et al. (2007),
the subsection is, like the first subsection, eslato the cold and dry climate mode
(Unit 3). The colder summer temperatures probaéty tb a perennial ice cover and
consequently to a stratified water column due tobited turnover of the water column.
The bioproductivity in the surface water remainelhtively high despite the ice cover.
This was enabled by an oxygenated habitat dueattksrin the ice cover and still favor-
able light conditions. Slightly increasing BSi vatueven suggest a higher primary pro-
duction compared to the second half of the preveEwssection. The light penetration
into the surface water was probably enabled byyactimate with low precipitation
rates or strong winds causing minor snow covermherid¢e. Moreover, the occurrence of
sediment clasts in the subsection confirms themagsan of a widely snow-free ice
cover. Sediment clasts form by agglomeration ofdblawn particles during their
transport through the ice along vertical conduitdaite summer (MLLES et al. 2007).
This would be inhibited by a larger snow blankéteTestablishment of anoxic bottom
waters as a consequence of the lake stratificatiobably enhanced the preservation of
organic matter which is reflected by the increas€{C_ and TN concentrations. Low
magnetic susceptibilities due to reductive mageetissolution and the preservation of
stratification in the sediment indicating the alisenf endobenthic activity support the
existence of anoxic conditions at the lake botts\MELLES et al. (2007) assumed, the
increasing TOC/TN ratios are probably a resultneliake processes rather than an indi-
cation for enhanced supply of organic matter fraamcular land plants. Input from the
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catchment is unlikely in view of the cold climat&n explanation might be nitrogen
limitation in the surface water as a consequendhefelatively large export production
and the presumably limited nitrogen supply duehtoite cover and stratification of the

water column.

Driving Factors of Changes in the Sediment Comjmosit

The PCA of the samples from the investigated cerdien shows the changes in the
sediment composition solely based on the FTIR-sgkestformation. The loadings of
the first principle component (PC 1) explaining 74% the spectral variations are
strongly similar to the loadings of the FTIRS caditton model for BSi (see Figure
4.10). Furthermore, variations in a depth plothed PC 1 scores are mainly consistent
with variations in the BSi concentrations (see Fegd.11). These analogies demonstrate
that changes in the sediment composition are dbsascribed to biogenic silica whose
FTIRS-inferred content is varies between 4 and B2%ughout the analyzed core sec-
tion. Due to the good preservation of diatom valeessisting of biogenic silica in the
slightly acidic water of Lake EI'gygytgyn, BSi che used as proxy for bioproductivity
(MELLES et al. 2007; MwAczyk et al. 2007). Apart from temperature and nutrgrg-
ply, bioproductivity basically depends on the aadility of light. The intensity of the

sunlight reaching the surface of the earth vameithé geological past due to insola-
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Figure 4.10 Loading plots of the first principle component jHtom a PCA of the FTIR spectra from the

sediments related to MIS 11 (red line) and the fiamponent of the PLSR model for BSi (blue line)
showing the contribution of each wavenumber to RI&¥PLSR model. Positive values indicate wave-
numbers positively correlated to the property ¢éiiast and negative values indicate wavenumbera-neg
tively correlated to the property of interest. Loeys are expressed by weight vectors (w*c) of the

PC/PLSR model (component 1) (y-axis) and the cpoeding wavelength range (x-axis).
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tion changes. Variations of the insolation are delat on quasi-cyclic changes in the
obliquity (41 kyr) and the precession (18 and 28 ky the earth’s axis of rotation, and
variations in the eccentricity (100 and 400 kyr) tbé earth’s orbit around the sun

(Nowaczyk et al. 2007).
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Figure 4.11 Depth plot of the FTIRS-inferred BSi concentraticand the scores of the first principle

component (PC 1) of a PCA of the core sectionedléd MIS 11 showing strong similarities.

The biogenic silica record of Lake BaikalR@oOPENKO et al. 2006) and the tempera-
ture reconstruction from the EPICA (European Piofec Ice Coring in Antarctica)
Dome C ice core QUZzEL et al. 2007) show a very similar pattern to thierred BSi
record of the core section from Lake El'gygytgyralsmed in this study (see Figure
4.12). This facilitates an approximate estimatidrthe chronological position of the
considered core section. With the help of this rimfation, it is possible to include the
insolation in the interpretation of the variatiasfsthe biogeochemical property concen-
trations (see Firgure 4.12). The precession-drivexxima of total insolation per year
(BERGER and LOUTRE 1991) occurred at the beginning of both the sraad the pro-
longed maxima of the BSi concentration record. Toisesponds well with the assump-
tion for the insolation-tuned age model of core Bl that insolation maxima are sit-
uated at the beginning of warm stages\Mczyk et al. 2007). The BSi concentrations
during MIS 11 clearly exceeded the concentratiomsnd the warm stages (MIS 1-7)
known from core PG1351. However, the insolation imaxof these warm stages were
similar or even higher than the maximum of MIS Thus, the productivity is apparent-

ly not only controlled by the intensity of insolati. MELLES et al. (2007) suggested that
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the supply of nutrients and organic matter from¢htchment is the major driving fac-

tor for bioproductivity in Lake EI'gygytgyn duringgarm stages. This assumption is
supported by the findings of this study showinghleigconcentrations of TOC and TN

in MIS 11 compared to the warm stages archivethiensediments of core PG1351. The
higher values probably indicate an enhanced imaun fthe catchment during MIS 11.

The amount of this supply strongly depends on thetiure of the terrestrial vegetation

cover (MELLES et al. 2007).
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Figure 4.12 Correlation between the biogenic silica recordLake ElI'gygytgyn (turbidite exclud-
ed)versus depth and the biogenic silica recordatdelBaikal (ROKOPENKOEet al. 2006), the temperature
reconstruction from EPICA Dome C ice core (tempgetnomaly relative to the mean of the last 1000
yr (AT,9) (JOUZEL et al. 2007), the total insolation per year atNQBERGERand LOUTRE 1991) and the
global benthic3180 stacked record @IECKI and R\ymo 2005) versus age of the interval related to
MIS 11.
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Duration of MIS 11

The strong similarity between the biogenic silieeard of Lake El'gygytgyn and the
record of Lake Baikal (see Figure 4.12) suggesisration of the MIS 11 in the Siberi-
an Arctic comparable to the duration of about 30lkyown from continental interior
Asia (RRokoPENKO et al. 2010). Prolonged stable interglacial coadg are indicated
by sustained high accumulation rates of BSi an@mmmatter. The extraordinary long
duration of MIS 11 is consistent with results ohet study sites in Antarctica AR-
NAUD et al. 2005) and NW Africa (ELMKE et al. 2008). An explanation for this long
duration might be the low amplitude of insolaticariations and the long lasting high
CO, concentrations during MIS 11. Under these cond#tjdhe ice sheets are prevented
from growing and prolonged stable interglacial doods are possible @QUTRE and
BERGER 2003; R\YNAUD et al. 2005). Furthermore, the interval of MIS ddincides
well with the maximum of the same interval from tfiebal benthi®180 stacked rec-
ord by Lisiecki and Raymo (2005) (see Figure 4.12).

4.5 Potential Diagenetic Changes in the Sediment Re  cord

It was possible to develop a calibration model thigrs the burial depth of a sample by
means of its spectral information. The correspomdiIRS calibration model shows a
significant correlation between the IR-inferred thepnd the depth of the sample con-
ventionally determined during the drilling procege R.” of 0.88, an RMSECV of
24.4 m (7.8% of the gradient), ari 6f 0.86 (see Figure 4.13) and an RMSEP of 35.2 m
(11.5% of the gradient) result from the internat axternal validation, respectively.
Therefore, it seems that IR-spectra of the sedirmantples might contain information
related to their burial depth. The loading plotlé corresponding model shows strong
similarities to the loading plot of the calibratiomodel developed for BSi, but has an
inverse trend (see Figure 4.13). This can be exgthby the general trend of decreasing
BSi concentrations with increasing depth within gegliment record. An Fof 0.45
highlights the moderate correlation between botiapaters. However, this correlation
explains only partly the possibility to determiriee tsample depth on the basis of the
spectral information, since different FTIRS-infetrburial depths result from samples

of equal BSi content.
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Figure 4.13 a) Scatter plot of conventionally measured (x-axiejsus FTIRS-inferred depth (y-axis)
b) Loading plots of the FTIRS models for the buriaptte(red line) and BSi (blue line) showing the
contribution of each wavenumber to the PLSR moBEekitive values indicate wavenumbers positively
correlated to the property of interest and negaiaeies indicate wavenumbers negatively correléed
the property of interest. Loadings are expresseddight vectors (w*c) of the PLSR model (component

1) (y-axis) and the corresponding wavelength rgwegxis).

The spectral region between 2,600 and 3,750 oright be particularly relevant for the
explanation of the depth-related information in tHEIR spectra. Absorption in this
region is mostly related to molecular vibrationshyfdroxyl groups (MENKE 1974a;
KELLNER et al. 2004) which are contained in organic madtest several minerals such
as clay minerals or biogenic silica. On the onedhdhe importance of this region is
indicated by its higher loading values comparedh® loadings of BSi model. On the
other hand, single FTIR spectra show decreasingribfsce in the region with increas-
ing burial depth (see Figure 4.14). However, singpectra of the record of Lake
El'gygytgyn have to be considered with reservatginge their exact composition is
unknown and the proportion of components contairiigdroxyl groups can strongly
vary. Further, it was possible to develop a catibramodel for the depth only based on
the spectral region between 2,600 and 3,750.c¢fine model has ancR® of 0.87, an
RMSECV of 29.0 m (9.3% of the gradient), ah & 0.93, and an RMSEP of 26.4 m
(8.6% of the gradient). Hence, the results of titernal and external validation of this
model only slightly differ from the results of tmeodel based on the entire spectrum.
The negative correlation of this range might intBca dehydration/dehydroxylation of
certain mineral phases with increasing burial detimMIDT et al. (2001) and IRKERT

et al. (2002) suggested a loss of hydroxyl watemduthe silica maturation in the sur-
face sediments due to internal condensation raetibhis process might be continued
with increasing sediment maturation. Another pogtrgource of OH release is the

transformation of opal-A to opal-CT. This processmally occurs at temperatures
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around 50°C (MRATA et al. 1977; HIN et al. 1978) and is probably unlikely in the
sediment body of Lake EI'gygytgyn whose maximumgerature probably not exceeds
20°C (B 'GYGYTGYN SCIENCE PARTY, unpublished data). However, studies of
MATHENEY and KNAUTH (1993) have suggested that opal-CT can form apéeatures
much lower than previously assumed (17-21°C). Furnttore, BTz and BDOHRMANN
(1991) have reported that opal-CT is forming in &utic deep-sea sediments at 0-4°C.
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Figure 4.14 FTIR spectra of sediment samples from Lake El ¢ygy with different burial depths
(11.78, 100.54, 200.88, 300.55 mblf) in the wavebenrange 2,400-3,750 chindicating dehydroxyla-
tion/dehydration processes with increasing burigdth.

FTIR spectroscopy can be used to detect if thestoamation of opal-A to opal-CT
and/or internal condensation reactions occur in #eeliment record of Lake
El'gygytgyn. RCE et al. (1995) showed that the absorption peakrat@r0 crit shifts
towards higher wavenumbers as opal-A is converbedpial-CT. The peak at around
470 cm is attributed to Si-O-Si bending vibrations in romystalline opal (MVENKE
1974b; GNDRON-BADOU et al 2003). Opal-CT is a paracrystalline mindoained of
short-range ordering domains that mimic the arrarege of cristobalite and tridymite
in a matrix of disordered opal RGERSet al. 2004). Si-O-Si bending vibrations in cris-
tobalite are situated at around 490 c@MOENKE 1974b). HMIDT et al. (2001) sug-
gested that within surface sediments the strucima composition of biogenic silica
changes due to in-situ condensation of Si-OH gra@umgsformation of Si-O-Si linkages.
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The ratios between integrated absorptions at 80banu 950 crit were used as pa-
rameter for the maturation of biogenic silica. trtetrahedral Si-O-Si bending vibration
modes cause absorption of IR radiation at arour@dc®', while absorptions at around
950 cmi* can be related to Si-OH molecular vibrationsofWke 1974b; GNDRON-
Babou et al 2003). FTIR spectra of a diatom sample (@pahnd a porcelanite (opal-
CT) demonstrate the dehydration/dehydroxylatiorbiofgenic silica during the trans-
formation of opal-A to opal-CT (see Figure 4.15heTshift of the absorption band
around 470 cm to higher wavenumbers, as well as the decreateeaibsorption band
at around 950 cih connected to Si-OH molecular vibrations is obseleaFurther-
more, reduced absorbance in the spectral regioneleat2,600 and 3,750 cm indicating
a release of hydroxyl groups support the importasfchis spectral region for the ex-
planation of the depth-related information in thEIFF spectra. FTIR spectra of pure
diatom samples from deeper parts of the sedimedrdeof Lake ElI'gygytgyn can
probably shed light on the question if dehydrati@mydroxylation processes occur in

the sediment record and if these processes arectmthwith biogenic silica.
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Figure 4.15 FTIR spectra of a diatom sample (opal-A) from LakBgygytgyn (red line) and a
porcelanite from Morocco (Meskala Formation) (bline) showing the spectral changes during the trans

formation of opal-A to opal-CT.
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4.6 Carbonates in the Sediment Record

A first evaluation of the FTIR spectra has showat theveral samples of the sediment
record of Lake El'gygytgyn contain absorption peadisted to carbonate minerals.
Consequently, conventional measurement and subseg ke IR model were applied to
determine the carbonate content of the samplesn®&ns of FTIRS, it was also possi-
ble to differentiate between two carbonate mingtases. Calcite (Ca[G{), on the
one hand, shows distinct absorption peaks at 728, B435, 1,812, and 2,545 ¢rand
siderite (Fe[C@Q]), on the other hand, has specific peaks at 7%B, 8,422, and
1,818 cm' (HUANG and Kerr 1960). Due to the low concentrations of carbonateke
sediment samples (see Figure 4.16 and Table Alteiannex), a clear determination of
siderite was only possible for one sample (8.79%)ntlhereas calcite was determined

in several samples in the lowermost past of thevs&d record.
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Figure 4.16 Depth plot of the FTIRS-inferred TIC concentratiaf D1.

The occurrence of calcite is confirmed by XRD measients (see Figure 4.17), while
siderite was also detected with the help of therexgmetic measurements (RINYUK,
pers. commun. 2010). The origin of the carbonatesthe sediments of Lake
El'gygytgyn is unknown and further investigatiome eequired. Carbonate precipitation
in the water column is unlikely under present lakeditions due to the slightly acidic
pH (CREMER and WAGNER 2003). The increased occurrence of carbonatdseabdsis

of the sediment body might indicate a formatiorcalcite due to hydrothermal activity
induced by the meteorite impactg@ski et al. 2001, 2005). Calcite veins found in the
underlying impact breccia (UARCHKE, pers. commun. 2010) may also have been

formed in this context.
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Figure 4.17 Diffractogram of two samples from the sedimentordcof Lake El'gygytgyn containing

calcite.
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5 Conclusions and Outlook

This study shows that it is possible to developusdlF-TIRS calibration models for the
quantitative assessments of biogeochemical pregenti the sediment record of Lake
El'gygytgyn despite its length (~315 m) and agettuf.6 Ma). Wavenumbers used by
the models are consistent with known molecular atibns of several organic and
minerogenic compounds. The statistical performamas good for calibration models

of TC, TOC, TIC, and BSi, and moderate for thebralion model of TN relating FTIR

spectral information and conventional measuremertisrefore, these models can be
applied to the sediments of Lake EI"gygytgyn inHaigsolution to assess quantitatively
the component of interest in a rapid and cost-eflicway. An internal calibration in-

cluding samples from the entire sediment reconpradably essential to obtain reliable
results from a sediment sequence of several hundegdrs. Results inferred by apply-
ing calibration models only based on the uppernpast of the sedimentary record to
sediments from deeper parts of the record wereliahle for TC, TOC and TN. It is

likely that the sediment composition of the degpants of the sediment record differs
from the composition of the uppermost sediment&rdtore, models only derived from

this part cannot predict accurately biogeochenpecaperty concentrations in the entire
record. However, reasonable results could be oidaior BSi. This proxy seems to be

less affected by changes in the sediment compositio

The results of the application of the developedRS Imodels to sediments of MIS 11
suggest that this period was a particularly prowmedninterglacial showing a very high
bioproductivity compared to younger interglaciald.ake EI'gygytgyn. The bioproduc-
tivity within the lake is probably dependent on thput of nutrients and organic matter
from the catchment rather than insolation forcifige duration of the MIS 11 in the
Siberian Arctic is presumably comparable to itslgmged duration in continental inte-
rior Asia where it lasted for approximately 30 KPrOKOPENKOet al. 2010). Moreover,
the recorded FTIR spectra indicate diagenesis ediwhanges of sediment composi-
tion. However, further investigations are requifedthe confirmation of these changes.
Two carbonate phases, calcite and siderite, cdatlee differentiated in the sediments
of Lake El'gygytgyn by means of FTIRS, but theigor remains unclear.

More research has to be done to use the full patesftFTIRS. Since the method pro-
vides information about both organic and minerog&empounds, it is probably possi-
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ble to determine and quantify further componentseidiments. The results of this study
and the results of ®GEL et al. (2008) and &5ENet al. (2010) show that FTIRS has the

potential to become a useful tool in paleoclimateearch.
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Annex

Annex

The following tables are available on the accompanZD-ROM:

Table A.1 Conventionally measured biogeochemical propertyceotrations for Ta), TCua), TOC,
TIC, TN, and BSi of the calibration set.

Table A.2 Conventionally measured biogeochemical propertyceatrations for Tea), TCua), TOC,
TIC, TN, and BSi of the validation set.

Table A.3 Biogeochemical property concentrations for iy TCyua), TOC, TIC, TN, and BSi of the

validation set inferred by using FTIRS models basedediments of the composite profile D1.

Table A.4 Biogeochemical property concentrations for TC, TQ®, and BSi of the validation set in-
ferred by using FTIRS models based on sedimentsref Lz1024.

Table A.5 FTIRS-inferred biogeochemical property concenbragi for TCGea), TCya, TOC, TIC, TN,
and BSi of the core section related to MIS 11.

Table A.6 FTIRS-inferred biogeochemical property concentragifor TGea), TCra), TOC, TIC, TN,
and BSi of the composite profile D1 (calibration aed validation set).



