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Abstract

Abstract

Sea surface temperature (SST) is very important for studies of the Earth’s climate
system owing to the linkages between SST and various climatic processes. A reliable
estimation of past SSTs is one of the main goals for paleoclimatologists to improve our
understanding of oceanic and atmospheric dynamics and their connection to the global
climate. Furthermore, the tropical SSTs play a key role for rapid climatic changes,
because large amounts of heat and water vapor were transported from the tropics to
the high latitudes. Warm SSTs at low latitude result in more evaporation and could thus
induce increased ice sheet size and decreased temperatures at northern high latitudes.
Establishing SST evolution in the tropics is crucial for understanding the mechanisms
behind abrupt climate changes in the past.

In this thesis, the main objectives are to evaluate the applicability of the Uy,
(alkenone unsaturation index) and TEX"ss (tretraether index of glycerol dialkyl glycerol
tetraether with 86 carbon atoms) in the tropical Indian Ocean as well as to investigate
their control mechanisms for reconstructing temperatures in the past. All studies
presented herein are based on 36 surface sediments, a sediment trap covering an
annual cycle and a gravity core in the eastern Indian Ocean.

To assess the applicability, surface sediment samples from the Indonesian
continental margin off west Sumatra, south of Java, and off the Lesser Sunda Islands are
measured. In the non-upwelling regions, the results show that the u¥y, temperature
estimates are up to 2 °C lower than World Ocean Atlas 2009 (WOAQ9) during the entire
year, likely due to the reduced sensitivity of the Uy, proxy beyond 28 °C. However, the
temperatures based on TEX"s¢ are consistent with mean annual temperatures from the
WOAO09. In the upwelling areas, the UK'37—based temperature estimates reflect the SST
during the upwelling season, whereas the TEX"ss-based temperature estimates are up to
2 °C lower than U¥3;-based temperature estimates suggesting GDGT export from
greater and colder water depths around 40-50 m.

In the following work, an annual time series sediment trap study was conducted in

the central upwelling region off south of Java. A pronounced seasonality of alkenone
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flux is observed, whereas GDGT flux displayed a weaker seasonality in comparison. The
calculated flux-weighted average U*'3,-based temperature estimate is similar to the SE
monsoon SST rather than mean annual SST. The average is based on those samples only
that permitted a reliable SST estimate, i.e., mainly the samples from the SE monsoon
period. On the other hand, the flux-weighted average temperature based on the TEX g
is consistent with mean annual temperature at 50 m depth, indicating TEXH86-
temperatures reflect the mean annual subsurface temperature instead of the surface
temperature. These observations support the findings concluded in the surface
sediment samples study.

Based on results from sediment trap and surface sediment samples, the
application of the two SST indices on samples from a gravity core is in order to
investigate the climatic evolution covering the past 22,000 years off south of Java. In this
study, the temperature reconstruction suggest a 3-4 °C cooling during the last glacial
maximum (LGM) compared to modern conditions. The results also show that the TEX"gg
temperature estimates are up to 2 °C warmer than SST-UX3, during the last 22ka except
during the LGM and during the late Holocene. The differences between the two SST
indices are paralleled by G. bulloides percentages as a proxy for upwelling intensity,
implying that the offset between two temperature proxies could be considered as the
potential for reconstructing the upwelling intensity in the study area. In addition, the
initial timing for the deglacial warming of GDGT temperature estimates started at ~18 ka,
whereas the lowest U3, temperature estimates appeared in the middle of the Younger
Dryas period (YD, ca. 12 ka) and the late Heinrich Stadial 1 period (HS1, ca. 15 ka). Our
records reveal that the seasonal SSTs and mean annual subsurface temperatures were
closely linked to climate changes occurring in both hemispheres, respectively. Thus, the
combination of UK'37 and TEXH86 records and their difference give the complementary
feedbacks on sea-water temperature developments in the past evolution in the tropical

eastern Indian Ocean.
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Kurzfassung

Kurzfassung

Die Erfassung und Rekonstruktion von Meeresoberflaichentemperaturen (sea
surface temperatures - SSTs) sind sehr wichtig fir Untersuchungen des Erdklimasystems,
da sie mit unzdhligen klimatischen Prozessen gekoppelt sind. Eine zuverldssige
Abschatzung von SSTs der Vergangenheit ist ein Hauptziel von Paldoklimatologen, um
damit unser Verstandnis der ozeanischen und atmosphdarischen Dynamik sowie deren
Kopplung an das globale Klima zu verbessern. Dariliber hinaus spielen tropische SSTs
eine Schlisselrolle fir abrupte Klimaanderungen, da hier grolle Mengen an Warme und
Wasserdampf von den Tropen in die hohen Breiten transportiert werden. Warmere SSTs
in den niedrigen Breiten flihren zu einer verstarkten Verdunstung und dies kann zu
einem verstarktem Wachstum der Eisschilde und damit zu einer Verringerung der
Temperaturen in den hoheren Breiten fiihren. Das Verstandnis der SST-Entwicklung in
den Tropen ist deshalb entscheidend, um die Mechanismen hinter abrupten

Klimaveranderungen der Vergangenheit zu verstehen.

Die Hauptziele der vorliegenden Arbeit sind zum einen die Anwendbarkeit des
u¥;, (alkenone unsaturated index) und des TEX"g¢ (tetraether index of glycerol dialkyl
glycerol tetraether with 86 carbon atoms) im tropischen Indischen Ozean zu evaluieren
und zum anderen ihre Kontrollmechanismen zu untersuchen, um die
Meeresoberflaichentemperaturen der Vergangenheit zu rekonstruieren. Die hier
prasentierten Studien basieren auf Ergebnissen von 36 Oberflachensedimenten, einer
Sedimentfalle, die einen kompletten Jahreszyklus abdeckt sowie eines Schwerelots aus

dem 0Ostlichen Indischen Ozean.

Um die Anwendbarkeit beurteilen zu konnen, wurden
Oberflachensedimentproben vom indonesischen Kontinentalrand vor West-Sumatra,
sidlich von Java und vor der Kiste der Kleinen Sunda-Inseln analysiert. In den Nicht-
Auftriebsregionen sind die Werte der UK'37—Temperaturrekonstruktion fiir den gesamten
Jahresverlauf bis zu 2°C geringer als im World Ocean Atlas 2009 (WOAOQ09) angegeben,

was wahrscheinlich an der verminderten Empfindlichkeit des UK'37—Proxy oberhalb von

I
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28°C liegt. Die Temperaturrekonstruktion basierend auf dem TEX"gs-Proxy spiegeln
jedoch die mittlere Jahrestemperatur des WOAQ9 wider. In Regionen mit
Tiefenwasserauftrieb spiegeln die U¥'3,-basierten Temperaturrekonstruktionen die SSTs
wahrend der  Auftriebssaison  wider,  wohingegen die  TEX"gs-basierten
Temperaturrekonstruktionen bis zu 2°C kélter sind als UK'gy—basierten Temperaturen,
was darauf hinweist, dass GDGTs aus tieferen und kalteren Wassertiefen von circa 40-

50m exportiert werden.

In der vorliegenden Arbeit wurde eine Sedimentfallenstudie, die eine Zeitserie von
einem Jahr umfasst, durchgefiihrt. Fiir diesen Zeitraum konnte eine starke Saisonalitat
der Alkenonfliisse festgestellt werden, wahrend die GDGT-Fliisse im Vergleich eine
schwdachere  Saisonalitat  zeigten. Der berechnete und  Fluss-gewichtete
Durchschnittswert der U¥;;-basierten Temperaturabschatzung ist eher vergleichbar mit
den Werten der Slidost-Monsun SSTs anstatt mit der mittleren Jahrestemperaturen. Der
Durchschnittswert beruht nur auf Proben, flr die eine zuverlassige SST-Abschatzung
maglich war und diese stammen gréRtenteils aus Zeit des Stidost-Monsuns. Der TEX"ge-
basierte Durchschnittswert dagegen stimmt mit der Jahresmitteltemperatur in 50m
Wassertiefe iiberein, was darauf hindeutet, dass die TEX"gs-basierte Temperaturen eher
die mittlere Jahrestemperatur unterhalb der Wasseroberflaiche als die
Meeresoberflaichentemperaturen widerspiegeln. Diese Beobachtungen unterstiitzen die

Ergebnisse der Oberflachensedimentanalysen.

Basierend auf den Ergebnissen der Sedimentfallenproben und der
Oberflachensedimente, wurde die zwei SST-Proxies an Proben aus einem
Schwerelotkern slidlich von Java angewendet, um die dort die klimatische Entwicklung
wahrend der letzten 22 000 Jahre zu rekonstruieren. In dieser Studie deuten die
Temperaturrekonstruktionen auf eine 3-4°C Abklhlung wahrend des letzten glazialen
Maximums (LGM) im Vergleich zu modernen Bedingungen hin. Die Ergebnisse zeigen
auch, dass die TEXHgs—basierte Temperaturenabschatzungen wahrend der letzten 22 000

Jahre bis zu 2°C wéarmer als die UK'37-basierten Temperaturabschatzung sind, mit der
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Ausnahme des Zeitraums des LGMs und Spatholozédns. Die Unterschiede zwischen den
beiden SST-Proxies gehen einher mit unterschiedlichen prozentualen Anteilen von G.
bulloides, welche als Anzeiger fiir die Intensitat des Tiefenwasserauftriebs gelten. Das
deutet darauf hin, dass man den Unterschied zwischen den beiden Temperatur-Proxies
im Untersuchungsgebiet potenziell fir die Rekonstruktion der Auftriebsintensitat
verwenden kénnte. Dariiber hinaus zeigen die GDGT-basierten Temperaturschatzungen
eine deglaziale Erwdarmung seit ungefahr 18 000 Jahren vor heute (v.h.). Im Gegensatz
dazu gibt es in den Alkenondaten (UK'37) zwei Phasen starker Abkihlung wahrend der
deglazialen Erwarmung, d.h. in der Mitte der Jingeren Dryas (YD, ca. 12 000 Jahre v.h.)
und im spaten Heinrich Stadial 1 (HS1, ca. 15 000 Jahre v.h.). Unsere Daten zeigen damit,
dass die saisonalen SSTs sowie die Temperaturen der tieferen Wassersaule sehr eng mit
den deglazialen Klimaverdanderungen auf beiden Hemispharen gekoppelt sind. Die
Kombination der UK'37— und TEX"ss-Daten und ihrer Unterschiede erlaubt es uns deshalb
Riickschlisse Uber die vergangene Meereswassertemperaturentwicklung im tropischen

Indischen Ozean zu ziehen.
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List of Abbreviations

AIM Australian-Indonesian Monsoon
AMS Accelerator Mass Spectrometry
BIT Branched and Isoprenoid Tetraether
ECC Equatorial Counter Current

ENSO El Nifio-Southern Oscillation
GDGTs glycerol dialkyl glycerol tetraethers
I0D Indian Ocean Dipole

HS1 Heinrich Stadial 1

IPWP Indo-Pacific Warm Pool

ITCZ Intertropical Convergence Zone

ITF Indonesian Throughflow

Ka thousand years before present

Kyr thousand years

LC Leeuwin Current

LSI Lesser Sunda Islands

ma SST mean annual SST

NECC North Equatorial Counter Current
NW monsoon northwest monsoon

oM organic matter

SE monsoon southeast monsoon

SEC South Equatorial Current

SIC South Java Current

SST Sea Surface Temperature in degree centigrade (°C)
Temp Temperature

TOC total organic carbon

YD Younger Dryas interval
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Chapter 1

Chapter 1 Introduction

1.1. General Introduction

1.1.1. Global climate and sea surface temperature (SST)

The Earth’s climate is a complex, interactive system consisting of the atmosphere,
the hydrosphere, the cryosphere, the land surface, and the biosphere. Climate is driven
or influenced by various external forcing mechanisms, the most important of which is
the sun (Fig. 1.1.). The atmospheric component of the climate system obviously
characterizes climate. Climate is often defined as long term “average weather” of
temperature, precipitation and wind, ranging from months to millions of years (IPCC,
2001). The hydrosphere is consisted of all surface and subterranean water bodies; both
fresh water, including rivers, lakes and aquifers, and saline water of the oceans and seas.
The ocean covers approximately 71 percent of the Earth’s surface and contains 97
percent of the planet’s water. The atmosphere and oceans are interdependent and the
two are strongly coupled through complex feedback loops. For instance, ocean currents
are related to atmospheric wind patterns while air temperatures influence sea surface
temperature (SST). Oceans and lakes play an integral role in the Earth’s climate due to
their capacity to store and redistribute large amounts of heat before it is released to the
atmosphere or radiated back into space (e.g., Rahmstorf, 2002; Thurman and Trujilo,
1999). In addition, the ocean participates in biogeochemical cycles and exchanges gases
with the atmosphere, influencing its greenhouse gas content. Warming of the climate
system is unequivocal in the past two decades, as is evident from the observation of
increases in global average air and ocean temperatures due to the presence of
greenhouse gases, i.e., water vapor and carbon dioxide, caused by human activities
(IPCC, 2007). Moreover, SST variations can influence evaporation as well as controlling
the water cycle and precipitation patterns (Henderson, 2002). Thus, SST can be linked to
various climatic processes and is therefore important for studies of the Earth’s climate

system. A reliable estimation of past SSTs is one of the main goals for
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paleoclimatologists to improve our understanding of oceanic and atmospheric dynamics

and their links with global climate.

Changes in the Atmosphere: Changcs_in the
Composition, Circulation Hydrological Cycle

Clouds
7
[d :23 ’y, / S0
S // // // ’
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Fig. 1.1. Schematic view of the components of the global climate system (bold), their processes

and interactions (arrows). Figure is after IPCC report (2001).

The best way to determine past SST is via instrumental temperature records (e.g.,
Oldfield and Thompson, 2004; Peterson and Vose, 1997). Climatologists rely heavily on
instrumental records because these records represent direct measurements at exact
points in space and time, and they have been collected at over 100,000 locations in the
past two centuries (Peterson and Vose, 1997). However, these instrumental data are
subject to temporal in homogeneities and spatially too inconsistent to capture short-
term processes. Therefore, instrumental records cannot provide complete pictures of
past long-term SST changes. Climate and environmental reconstructions rely on proxy
records, which potentially provide evidence for long-term climatic changes prior to the
existence of instrumental or historical documentary records. A paleoclimatic proxy is a

local record that is interpreted using chemical, physical and biological principles to
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represent some combination of climate-related variation back in time (IPCC, 2001).
Paleoclimatic reconstruction methods have improved greatly in the past decades. Proxy
records are complicated by the presence of “noise” in which climate information is
embedded, and a variety of possible uncertainties of the underlying climate information
(e.g., Bradley, 1999; IPCC, 2001). The field of paleoclimatology depends heavily on
careful calibration and cross-verification between proxy records from independent
sources in order to build confidence in inferences about past climate (IPCC, 2007). To

this end, accurate proxy records are essential to understand the past climate trends.
1.1.2. Reconstruction of past SST

A series of SST proxies have been proposed. These proxies are found mostly in
marine sediments and can be divided into proxies based on inorganic and organic (lipid

biomarkers) fossils.

Commonly used inorganic temperature indicators made use of faunal assemblages,
stable isotope fractionation of oxygen (6'0), elementary composition (Mg/Ca) in
planktonic foraminifera, and the §'30 and Sr/Ca composition in corals (e.g., Barrows and

Juggins, 2005; Beck et al., 1992; Emiliani, 1995; Nuernberg, 1995).

On the other hand, organic geochemical proxies are based on ratios of biomarkers.
Biomarkers (biological markers) are molecular fossils, meaning that these compound
originated from living former organisms, which are complex organic compounds
composed of carbon, hydrogen, and other elements (Peters et al., 2005 and reference
therein). Over the past 50 years, hundreds of biomarkers have been identified in oceans,
and sediments, ancient rocks and oils, soils and coals, and in individual fossils (Gaines et
al., 2008). Biomarkers are useful for climate research because their complex structures
reveal more information about their origins than other compounds and they can
provide information on climate history and help us to understand what causes climate
to change. In general, numerous of lipid biomarkers for have been introduced in the
past two decades, such as terrestrial vegetation proxy, paleotemperature proxy,

paleosalinity proxy.
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Since the 1980s, ratios of unsaturated alkenones have been developed as
temperature proxies. These molecular proxies are increasingly being utilized to
reconstruct past SSTs. Comparison with inorganic geochemistry temperature proxies,
these lipid biomarkers SST proxies have their own advantages. They are not directly
influenced by the chemistry of ocean water as well as occur over wide oceans and are
not restricted to specific settings like e.g., corals. Although the molecular proxies have
different limitations, they still can provide reliable information of past SSTs (Table 1.1.).
Therefore, this thesis is based on two proxies derived from lipids that are widespread in

the global ocean.

Table 1.1. Main paleotemperature proxies based on lipid biomarks.

Proxy Source organisms

Limitations/Uncertainties

References

UK,37(AIkenone

i) seasonality and depth of habitat
ii) uncertainty about species
composition

Benthienand Miller,
2000
Brassell et al., 1986

unsaturation Haptophytes iii) preferential degradation of Cs;., Gong andHollander,
ratio) iv) influence of nutrient input and light | 1999

limitation Prahl et al., 2003

v) lateral redistribution of sediment Prahl et al., 2005

i) seasonality and depth of habitat Herfort et al., 2006
TEXge(TetraEather Marine ii) uncertainty about species Hopmans et al., 2004
index of GDGTs i) riverine terrestrial input may bias Schouten et al., 2002

Thaumarchaeota

with 86 carbons)

TEXsgs

Weijers et al., 2006

1.1.3. Organic-geochemical Proxies

1.1.3.1. Alkenone Paleothermometry

Alkenone unsaturation index is one of the most commonly used biomarker-based
proxies for paleoceanographic reconstruction. It is based on a series of C37-Csg di-, tri-
and tetra-unsaturated methyl and ethyl ketones (long-chain alkenones). The alkenones
were first discovered in deep-sea sediments from the Walvis Ridge (Boon et al., 1978),
and their structures were later identified by De Leeuw et al. (1980). The alkenones are

now known to occur in globally distributed marine sediments (Fig. 1.2.). A study from
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Volkman et al. (1980) reported that alkenones were found in the marine
cocolithophorid Emiliania huxleyi. Subsequently, the alkenones have been identified in
other coccolithophorid source e.g., Gephyrocapsa oceanica (e.g., Conte et al., 1998;

Marlowe et al., 1984).

Brassell et al. (1986) introduced U*;; index as a SST proxy. They applied the index
on a sediment core and found that the alkenone unsaturation record showed similar
downcore trends with those of the §'®0 records. Originally, the UK37index reflected the
proportions of the di-, tri- and tetra-unsaturated ketones with 37 carbon atoms,
expressed as:

(C37:2-Ca7.4)
(C37:2+C37.3+C37:4)

K _—
Us7=

Cs7., C37.3 and Cs74represent concentrations of di-, tri- and tetra-unsaturated ketones,
respectively.

ﬁ 37:2 Me heptatriaconta- 15E, 22E-dien-2-one

PP 0 Y Y SN NN N N N o N S N N VN

ﬁ 37:3 Me heptatriaconta- 8E, 15E, 22E-trien-2-one

P V0 Y0 Yo Y0 Y Vv N N N N SV S VN

ﬂ 37:4 Me heptatriaconta- 8E, 15E, 22E, 29E-tetraen-2-one

R Y Y Y Y S N N N N N N VN

Fig. 1.2. Molecular structures of (a) Cs7., alkenone; (b) Cs;.3 alkenone; (c) Cs7.4 alkenone.

Subsequent work found that the Cs;.4 ketone has no empirical benefit to the
paleotemperature equation because it was rarely detected in the sediments unless the

temperature was lower than 10 °C (Prahl and Wakeham, 1987; Fig. 1.3.).
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37:3 37:2
10°C Culture 25°C Culture

38:2 Et

Intensity —>

38:2Me
39:3 39:2

38:2 Me
39:2
Time —_—

Fig. 1.3. Gas chromatograms of the long-chain, unsaturated ketone composition measured in
cultures of E.huxleyi grown at 10 °C and 25 °C. Individual compounds are identified by carbon
chain length: number of double bonds. Methyl ketones have C;; and Csg chain lengths; ethyl
ketones have Css and Csg chain lengths. Overlapping methyl (Me) and ethyl (Et) ketones with Csg
chain lengths are indicated. Methyl and ethyl ester of a di-unsaturated Css fatty acid are
identified by the peak marked with an asterisk. The blue and red peaks represent Cs;., and Cs7.3,

respectively. This figure is modified after Prahl and Wakeham, 1987.

Thus, Prahl and Wakeham. (1987) re-defined the UK'37 index as:

(C37:2)

U e ——
(C37:2+C37:3)

Prahl and Wakeham (1987) and Prahl et al. (1988) proposed the first calibration of
the alkenone unsaturated index to growth temperature using laboratory cultures of a
single strain of E.huxleyi. Their initial samples of suspended particulate materials
showed that this calibration reproduced temperatures in the northeast Pacific Ocean.
The equation of U3, indicates that the index values can vary between 0 and 1, roughly
corresponding to 0 °C and 28 °C. Subsequently, a number of calibrations have been
developed based on global core-top sediments, confirming that the U%'3; values reflect
mean annual (ma) SSTs (e.g., Conte et al., 2006; Miller et al., 1998). Additionally, these
alkenone producers are sunlight dependent and thus they are limited to the upper

euphotic zone reflecting near-surface ocean temperatures. However, a series of regional
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calibrations of U3, showed convergence with the global core-top temperature
calibration (e.g., Conte et al., 1998; 2001; 2006; Miiller et al., 1998; Sawada et al., 1996;
Ternois et al., 1997; Volkman et al.,, 1995). As with any paleoceanographic proxy,
inherent uncertainties that might affect the accuracy of proxy estimates should be
evaluated. These proxy uncertainties arise due to genetic, diagenetic factors,
physiological, and ecological. The genetic composition of haptophytes might influence
alkenone-derived temperatures, even though its affect on paleotemperature records
are still under debatable (Conte et al., 1998). U3, estimated temperatures can be
warm-biased due to the selective degradation of Cs;.3 (e.g., Hoefs et al., 1998; Gong and
Hollander, 1999). Furthermore, radiocarbon compositions of alkenones have been used
to refine age estimates of marine sediments, and in some cases, long-distance transport
of alkenones by currents has been implied (e.g., Benthien and Miiller, 2000;
Mollenhauer et al., 2007, 2008; Ohkouchi et al., 2002). Some environmental factors that
could potentially affect the unsaturation ratio of alkenones include light limitation
(causing warmer SST estimates) and nutrient limitation (causing lower SST estimates)
(Prahl et al., 2003). Additionally, ecological concerns stem from observations related to
the depth of maximum alkenone production and seasonal blooming of cocolithophores.
For example, in sediment traps, alkenone concentrations showed that the highest
abundance occurred not at the sea surface but in the surface mixed-layer in the North
Atlantic (Conte et al., 2001) and in the Pacific (Ohkouchi et al.,, 1999). Some studies
based on surface sediments and suspended particulates in the water column suggest
that the alkenone producers are inferred to occur seasonally, it is conceivable that the
alkenone signals should rather correspond to the season of maximum production, which
will depend on the location (Rosell-Melé and Prahl, 2013). For instance, SST-UK'37 values
appear lower than mean annual SSTs, which are attributed to the predominant
production and export of alkeones during winter and spring in the Mediterranean Sea
(Leider et al., 2010). Thus, UK'37—derived temperature estimates reflect seasonal
temperatures instead of the mean annual in some regions(e.g., Popp et al., 2006; Sikes

and Volkman, 1993, Sikes et al., 1997).
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1.1.3.2. TEXgs paleotemperature proxy
Archaea are one of the three domains of single-celled microorganisms, which can

IH

be subdivided into Crenarchaeota (Marine “Group , latter renamed as
Thaumarchaeota; Brochier-Armanet et al., 2008) and Euryarchaeota (Marine “Group II”)
(Fig. 1.4.). In the 1980s, biphytanyl (C40) isoprenoid hydrocarbon chains of archaea were
discovered in sedimentary systems (see review in Pearson et al., 2013). The lipids of
archaea consist of GDGTs, short for sn-2, 3-di-O-biphytanyl diglycerol tetraethers. The
archaea were previously thought to exist only in extreme environments, such as those
with high salinity or high temperature. However, subsequent studies based on more
advanced molecular biological techniques and lipid analyses suggest they can thrive in
marine and terrestrial aquatic environments, sediments and soils (e.g., Schouten et al.,
2002). Thaumarchaeota appear to be one of the dominant forms of pelagic picoplankton

in the oceans, making up approximately 40% of all cells throughout the water column

(e.g., Delong et al., 1992; Karner et al., 2001; Murray et al., 1998).

Early on, studies found that the number of cyclopentane rings in GDGTs of hyper-
thermophilic archaea varied with temperature increases (e.g., Delong et al., 1988;
DeRose and Gambacorta, 1988; Gliozzi et al., 1983; Uda et al., 2001). Subsequently, a
study demonstrated that the “cold” Thaumarchaeota were found abundantly in the
marine water column, which can biosynthesize similar GDGTs as found in hyper-
thermophilic archaea (Schouten et al., 2000; Sinninghe Damsté et al, 2002a).
Thaumarchaeota biosynthesize different structure of GDGTs, including GDGT-0 to GDGT-
3 (the numbers denote internal cyclopentyl rings), crenarchaeol (containing four
cyclopentyl rings and a cyclohexyl ring) and small quantities of a crenarchaeol regio-

isomer (e.g., Schouten et al., 2000; Sinninghe Damsté et al., 2002a) (Fig. 1.5.).
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Fig. 1.4. Types of biomarkers and their precursors in the three domains of life. This picture is

taken from Gaines et al. (2008).
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Fig. 1.5. Structures of isoprenoid (left) and branched (right) GDGTs. Numbers in italics with the
structures of GDGTs indicate the masses of the [M+H]" ions of the GDGTs. This picture is

modified after Schouten et al., (2009). Cren=Crenarchaeol.

Based on a positive relationship between temperature and the number of
cyclopentyl or cyclohexyl rings in GDGTs, Schouten et al. (2002) proposed a temperature
proxy named TEXge (TetraEther indeX of tetraether consisting 86 carbon atoms). The

TEXgs is defined as Eq. (1).

e o [GDGT-2]+[GDGT-3]+[Cren]
% |GDGT-1]+[GDGT-2]+[GDGT-3]+[Cren’]

Eq.(1)

where GDGT-1, GDGT-2, and GDGT-3 indicate GDGTs containing 1, 2, and 3

cyclopentane moieties, respectively and Cren' the crenarchaeol regio-isomer.

Schouten et al. (2002) developed their calibration based on 44 surface sediment

from 15 locations, and suggested that TEXge derived temperatures correspond well with
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ma SST. More recently, the original proxy has been refined further into TEX"ss (Eq. (2))
and TEX'ss (Eq. (3)) by Kim et al (2010) for environments with temperatures higher and

lower than 15 °C, respectively.

TEXH:=log(TEXse) Eq.(2)

[GDGT-2]
[GDGT-1]+[GDGT-2]+[GDGT-3]

TEX5¢=log( ) Eq.(3)

Studies of the A™C value of crenarchaeol in surface sediments suggested that the
GDGTs are less affected by long-distance lateral transport than the alkenones (e.g.,
Mollenhuauer et al.,, 2007, 2008). Therefore, GDGT-based proxies are likely primarily
influenced by local conditions. Likewise, the effects of changing redox conditions on the

TEXge are minor (e.g., Huguet al., 2009; Kim et al., 2009; Sinninghe Damsté, 2002b).

In the past ten years, the TEXgs paleothermometer has been applied on suspended
particular matter (SPM), surface sediments, and ancient sedimentary archives, e.g., late
Cretaceous spanning extreme events such as Paleocene-Eocene Thermal Maximum
(PETM) and Eocene-Oligocene (E-O) boundary (e.g., Huguet et al., 2006; Lee et al., 2008;
Leider et al., 2010; Schouten et al., 2012; see review in Schouten et al., 2013). However,
these applications show offsets between the temperature records derived from TEXgg
and those of in-situ temperatures or based on other paleotemperature proxies. A better
understanding of the physiology and ecology of marine archaea may help to reconcile
these offsets. It is well known that Thaumarchaeota are distributed throughout the
entire water column, and can reside in deeper waters (Karner et al., 2001). Although
TEXge values correlate well to mean annual surface temperature in some settings,
several recent studies suggested that TEXgs does not reflect SST, but rather reflect
temperature at deeper water depth (between 40 m and 150 m) based on surface
sediments, sinking particles and SPM (e.g., Basse et al., 2014; Chen et al., 2014; Huguet
et al., 2007; Lee et al., 2008; Lopes dos Santos et al., 2010; Xing et al., 2015). In addition,
Lengger et al. (2012) found decreasing TEXgg values for surface sediments with depth in

the Arabian Sea, may potentially be due to a larger addition of GDGTs produced in
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deeper and colder waters to the surface-derived GDGTs. Other studies have shown that
TEXge derived temperatures may be biased from mean annual due to seasonal growth of
Thaumarchaeota, e.g., towards summer temperature in the eastern Mediterranean
(Leider et al., 2010) and the South China Sea (Jlia et al., 2012), or towards winter
temperature in the southern North Sea (Herfort et al., 2006). Furthermore, there are
other factors that require additional caution in interpreting TEXge-derived temperatures,
such as the competition for nutrients between crenarchaeota and other phytoplankton
including alkenone producers (e.g., Rommerskirchen et al., 2011; Wuchter et al., 2006),
nutrient availability (e.g., Turich et al., 2007), or terrestrial OM input (Hopmans et al.,
2004; Weijers et al., 2006, more details see below 1.1.3.3). In addition, pelagic Group Il
Euryarchaeota could bias the interpretation of TEXgs derived temperatures towards
cooler temperature due to the isoprenoid GDGTs can be synthesized by Eucyarchaeota

in upper water column (e.g., Turich et al., 2007; Wang et al., 2015).
1.1.3.3. Terrestrial Organic Matter Proxy (BIT index)

Branched GDGTs, a group of membrane lipids has been unambiguously identified
by NMR to be derived from anaerobic soil bacteria containing branched instead of
isoprenoid alkyl chains (Sinninghe Damsté et al., 2000). Branched GDGTs have been
found in lacustrine sediments (Power et al., 2004), peat (Sinninghe Damsté et al., 2000),
soil (Weijers et al., 2006), and in some ocean margin sediments (Hopmans et al., 2004).
Branched GDGTs differ from the archaeal tetraether lipids, comprising two C,g carbon

chains bearing two or three methyl and zero to two cyclopentane moieties each.

Hopmans et al., (2004) presented the Branched and Isoprenoid Tetraether (BIT)

index, based on the relative abundance of branched GDGTs and defined as follows:

([GDGT-I]+[GDGT-I]+[GDGT-III])
([GDGT—I]+[GDGT-II]+[GDGT—III]+[Crenarchaeol])

BIT=

The roman numerals refer to the GDGTs indicated in Fig. 1.5. The roman numerals

indicate GDGTs without cyclic components in the structure.
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The BIT index serves as a proxy for the relative abundance of terrestrial OM input
to coastal marine sediments. The definition dictates that the BIT index values reach O for
open marine sediments, and 1 for soils and peats, and variable for marine and lake
sediments (Hopmans et al., 2004) (Fig. 1.6.). This index is a proxy for the relative
abundance of fluvial-transported soil OM vs. marine OM, which is different from general
terrestrial organic proxies (such as 613C0rg, C/N, or odd carbon number n-alkanes). This
may be caused by a lack of soils in the other sources or only a minor amount of
branched GDGTs is carried by aeolian transport, which is more susceptible to oxic

degradation than e.g., n-alkanes (see review in Schouten et al., 2013).

Weijers et al. (2006) found that high terrestrial OM input can potentially bias the
TEXge values as terrestrial-derived GDGTs can also contain GDGT1-3. In order to account
for this effect, the BIT index should be quantified. The temperature deviations of +1 °C,
which is the analytical error of the TEXgs, correspond to BIT index values of 0.2-0.3,

whereas the temperature deviation >2 °C is reached at a BIT index of 0.4.
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Fig. 1.6. Bars represent the BIT index analyzed in Holocene sediments from a range of

environments. Data points are from 30 different locations, detailed in Hopmans et al., 2004.
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1.2. Study Area
1.2.1. Regional oceanographic setting

The Indonesian archipelago, also known as the “Maritime Continent”, lies
between latitudes 11°S and 6°N, and longitudes 95°E and 141°E, among the Indian
Ocean and Pacific Ocean and the continents of Asia and Australia (Fig. 1.7.). It consists of
17,508 islands. The main islands are the Greater Sunda Islands (such as Borneo, Java and
Sumatra), the Lesser Sunda Islands (also called Nusa Tenggara, a series of islands from

Lombok to Timor; Fig. 1.7.).

The Indonesian region is a climate-sensitive location and part of the Indo-Pacific
Warm Pool (IPWP), which plays a fundamental role in regulating the global climate
changes by providing the main source of heat and water vapor transported to the high
latitudes. Small SST changes can result in significant changes in the hydrological systems
in this region (e.g., Neale and Slingo, 2003). The hydrography of the region is complex,
i.e. it is influenced by Australian-Indonesian Monsoon (AlM), seasonal migration of the
Intertropical Convergence Zone (ITCZ), and variable occurrence of El Nifio-Southern

Oscillation (ENSO) and Indian Ocean Dipole (IOD) on inter-annual timescales.

Because of the monsoonal circulation and seasonal migration of the ITCZ over this
region, it displays contrasting seasonal characteristics. During austral summer (from
January to March), strong rainfall with over 30 cm per month (Murgese et al., 2008) and
huge river run-off to the ocean occur because the southerly position of the ITCZ, which
brings a lot of moisture over from SE Asian and Indonesian Seas (Gordon, 2005). In
contrast, during austral winter (from June to September), the SE monsoon caused by the
high-pressure belt of the southern hemisphere and is relatively dry and cool when
reaching Indonesia. It gathers moisture from the Indonesian and SE Asian Seas before
meeting the northerly position of ITCZ and introducing heavy precipitation over the SE

Asian mainland.
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During the NW monsoon, the predominant wind is directed towards Asia mainland,
which forces the South Java Current (SIC), originated from the Equatorial Counter
Current (ECC), to move southeastward to meet the Leeuwin Current (LC), which carries
warm and saline water transported from the eastern part of the Indonesian Archipelago
(e.g., Tapper, 2002; Tomczak and Godfrey, 1994). The mixture of SIC and LC feeds the
South Equatorial Current (SEC) that moves westward at ~15°S (Fig. 1.7.). In contrast,
during the SE monsoon period, the SJC takes an opposite direction flowing
northwestward and joins the SEC with a reduced contribution to the LC. Advection of
fresher Java Sea water through the Sunda Strait and runoff from Sumatra and Java are
responsible for the low-salinity “tongue” in the SJIC with salinities as low as 32%..During
the SE monsoon season, the strongest westward SJIC occurs along the southern coast of
Java, inducing an upwelling and shoaling of the thermocline (Susanto et al., 2001;

Tomczak and Godfrey, 1994).

During the SE monsoon, alongshore winds induce coastal upwelling off Java and
Sumatra. Upwelling generally starts in June and migrates westwards to the equator. It
reaches a maximum in July and August and reduces at the end of October (Susanto et al.,
2001). The upwelling is characterized by a small SST depression and high chlorophyll-a
concentration, whereas a uniform SST distribution and relatively low chlorophyll-a
concentration prevail during the non-upwelling season. In general, the ma SST is over
28 °Cin the Indonesian region. Seasonal SSTs vary between 29 °C in austral summer and
26 °C in austral winter off southwest Java. The relatively small temperature difference is
typical for this upwelling system, in contrast to other tropical upwelling system, such as
off Angola (SST drops by ~7 °C) and Peru (SST drops by ~5 °C), off Oman (SST drops by
more than 8 °C) (e.g., Hastenrath and Lamb, 1979; Du et al., 2005; Boyer et al., 2006).
Previous studies suggested two mechanisms, in terms of internal and external factors,
to explain the small SST depression. One is the barrier layer, representing an
intermediate layer that separates the base of the mixed layer from the top of the
thermocline (Lukas and Lindstrom, 1991). The enhanced stratification caused by the

large rainfall and runoff sustains a shallow mixed layer. However, a thick barrier layer
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prevents deeper and more salinity water from below to reach the mixed layer (Sprintall

and Tomczak, 1992; Qu et al., 2005).

The other key factor is the Indonesian Throughflow (ITF), a low-latitude inter-
ocean pathway, which connects the upper water of the Pacific Ocean and the Indian
Ocean. The ITF enters the Indian Ocean in response to the sea level height difference
due to the wind system. Today, the ITF transports an annual average ~16 SV (1 SV=
10°m3s™) of warm, low-salinity water from the Pacific into the eastern Indian Ocean
(e.g., Gordon and Fine, 1996; You and Tomczak, 1993). North Pacific thermocline and
intermediate water masses contribute the througflow water. Two main branches of the
ITF enter the Indian Ocean through the Makassar Strait: the smaller one is known as the
Lombok Strait (1.7 SV), while the larger ones can be divided into two passages that
include the Timor Strait (4.3 SV) and the Ombai Strait (4.5 SV). During the upwelling
period, the difference in sea level between Java and Australia is the largest, implying the
maximum strength in the ITF (Tomczak and Godfrey, 1994). The Java upwelling system is
counterbalanced by the increases in the ITF (e.g., Godfrey, 1996). The ITF flowing
through the Lombok Strait also neutralizes a significant SST depression off Java at the

same time.

Additionally, a few studies suggested that the hydrology in this region is strongly
associated with the ENSO and the 10D (e.g. Ashok et al., 2001; Du et al., 2008; Halkides
et al., 2006; Qu and Meyer, 2005; Saji et al., 1999; Susanto et al., 2001; Webster et al.,
1999). During the El Nifio periods and positive 10D events, enhanced upwelling with
higher primary productivity and decreased SST of up to 4 °C are observed. During strong
El Nifio periods, such as in 1997/98, anomalous winds induced a relatively stronger
upwelling along the coast off Java with enhanced productivity as well as extended in
time up to three months (e.g. Susanto et al., 2001; 2006). Conversely, reduced upwelling
intensity, enhanced precipitation, and a uniformly high SST occurred during La Nifia

periods and negative 10D events.
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Fig. 1.7. Sea surface temperature in the tropical Eastern Indian Ocean for a) austral summer
monsoon season; b) austral winter monsoon season; c) mean annual. (from WOA 2009,
Locarnini et al., 2010), solid arrows indicate oceanographic surface currents: SIC: South Java
Current; ECC: Equatorial Counter Current; SEC: South Equatorial Current; NECC: North Equatorial

Counter Current; ITF: Indonesian Throughflow; LC: Leeuwin Current.
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1.2.2. Sediment Records in Eastern Indian Ocean

Since the early 1980s our knowledge of the paleoceanography of the Indo-Pacific
region has grown exponentially. Paleoceanographic reconstructions suggest that glacial-

interglacial climate changes in the Indonesian Archipelago are dominated by the AIM.

Many quantitative proxy methods have been applied in and around Indonesian
Archipelago to reconstruct glacial-interglacial SST variations (Fig. 1.8.). Published SST
records indicate that uniform postglacial SSTs increased in the entire eastern Indian
Ocean. For example, deglacial warming of ~3.0 °C in the Timor Sea, ~2.3 °C in Sulu Sea,
~2.8 °C on the Ontong Java Plateau, ~2.7 °C in the SW Sumatra, ~3.0 °C in the northern
and central Sumatra, and ~3.3 °C in the Makassar (Table 1.2., references therein). The
synchronous initial warming at both the surface and intermediate water depths during
the early deglaciation corresponds to that in other southern mid- to high-latitude SSTs
and the deglacial risein global CO, levels (e.g., Lamy et al., 2007; Loulergue et al., 2007).
However, the previously published paleo SST studies show distinct amplitudes among
SST records derived from different proxies in this region, likely due to differences in the
production seasonality and the depth habitat of the source organisms. For example, SST
estimates based on Mg/Ca on foraminifera reveal a ~2.7 °C increase in the SW Sumatra,
whereas SST increases by ~1.7-2 °C according to alkenone-based estimates in the SW
Sumatra (Table 1.2.). Therefore, multi-proxy reconstructions of SST from the same
sediments are needed for a better understanding of paleotemperature changes in this

region.

Furthermore, numerous of paleo-monsoon studies suggest a weaker austral
winter monsoon and a stronger austral summer monsoon during the LGM (e.g., Wang et
al., 2005). By using Globigerina bulloides percentages as a proxy for austral winter
monsoon and upwelling intensity, Mohtadi et al. (2011) found the strongest austral
winter monsoon during the early Holocene and stronger upwelling during HS1 and YD.
In addition, Lickge et al. (2009) demonstrated that the enhanced marine

paleoproductivity was directly related to strengthening of coastal upwelling during
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periods of increased boreal summer insolation and was associated with the SE monsoon
strength with a precessional cyclicity. On the other hand, peaks in abundance of
coccolithophores, Umbellosphaera irregularis and the ratio of EhuxGeric (combined
record of E.huxleyi and G.ericsonii) to Gephyrocapsa oceanica as well as distinct minima
of TOC and G.oceanica abundance, reveal a weaker upwelling and oligotrophic
conditions during every 20,000 to 25,000 years in the past 300 kyrs (Andruleit et al.,
2008). Likewise, diatom paleoproductivity was higher during interglacials, primarily due
to the input of lithogenics and nutrients following the rise in sea level after full glacial

conditions, as well as the boreal summer insolation forcing (Romero et al., 2012).
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Fig. 1.8. Overview of the locations of previously published paleoceanographic records in and

around the Indonesian Archipelago.
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Table 1.2. Overview of the past SST reconstruction studies in and around the Indonesian

Archipelago.
Stations Type of Proxy LGM-Holocene References
MDO01-2378 Mg/Ca SST 3.2°C Xu et al., 2008
Mg/Ca SST 2.3°C
GeoB10038-4 Mohtadi et al., 2010a,b
Alkenone-based SST 2°C
GeoB10029-4 Mg/Ca SST 2.7°C Mohtadi et al., 2010b
S0139-74KL Alkenone-based SST 1.7°C Lickge et al., 2009
SO189-119KL
SO189-144KL Mg/Ca SST 3.0°C Mohtadi et al., 2014
SO189-39KL
MD98-2165 Mg/Ca SST 3.0°C Levi et al., 2007
MD9821-62 Mg/Ca SST 3.3°C Visser et al., 2003
MD9721-41 Mg/Ca SST 2.3°C Rosenthal et al., 2003
MD9821-81 Mg/Ca SST 2.0°C Stott et al., 2002
Ontong Java Mg/Ca SST 28°C Lea et al., 2000

Plateau

1.3. Objectives of this thesis

Since the two organic-geochemical proxies were developed, the exact meaning of
temperatures derived from alkenones and GDGTs are still under debate. The mainly
open questions are: 1) the seasonal production of alkenones and GDGTs and 2) export
and the water depth of their habitats. Furthermore, the tropical SSTs play a key role for
rapid climatic changes during the last 