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Abstract

Sedimentological, geochemical and paleomagnetic records were employed to reconstruct
the history of East Asian Monsoon variability in the South China Sea (SCS) on orbital- and

millennial-to-sub-decadal time scales.

A detailed magnetostratigraphy for the southern central SCS was established as well as a
stable isotope stratigraphy for ODP Site 1144 for the last 1.2 million years in the northern
South China Sea. Furthermore a volcanic tephra layer from the southern central SCS could be
identified as the Youngest Toba Ash, which thus represents an important age marker and was
used to reconstruct paleo wind directions during the eruption 74 ka. Special attention was paid
to the high- and ultrahigh-frequency variability in the last glacial-interglacial cycle and the

Holocene, and to a precise age control of climate changes in general.

The magnetostratigraphical framework for the Pleistocene Monsoon variability in the area
of SONNE-95 core 17957-2 from the central SCS was established on the basis of continuous
high-resolution (Susceptibility, NRM and ARM) magnetic records. The Brunhes/Matuyama
magnetic polarity reversal (0.78 Ma) here is apparent as a change to negative inclination and a
180° swing of the declination. Similarly, the Jaramillo normal polarity interval (0.99-1.07 Ma)
is defined by distinct changes in declination and inclination. A third magnetic event might
correspond to the Cobb Mountain event (1.201-1.211 Ma). This magnetostratigraphy is

corroborated by several biostratigraphic datums.

Ocean Drilling Program Site 1144 in the northern South China Sea provides, with high se-
dimentation rates, a climatic record of East Asian Monsoon variations on centennial to orbital
time scales over Marine Isotope Stage (MIS) 2-5 and MIS 6-12. Stable oxygen and carbon
isotope records of the planktonic foraminifer G. ruber (white) extend as almost continuous re-
cords from the Holocene back to MIS 12 and with low resolution to the early Pleistocene MIS

29. Major hiatuses occur at peak warm stages 5.5 and 11.3, possibly as a result of strong
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contour current erosion. Another hiatus occurs between MIS 29 and MIS 73(?). The variati-

ons in the isotope record of the last 110 k.y. closely parallel the 'O record of the GISP2 ice

core record.

Geochemical analyses of volcanic ash particles prove, for the first time, the occurrence of
the Youngest Toba Ash (74 ka) in sediments of the South China Sea and expand the previous-
ly known ash-fall zone over more than 1800 km to the east. The dispersal of ashes from
Sumatra in both eastern and western directions indicates two contrasting wind directions and
suggests that (1) the Toba eruption probably happened during the Southeast Asian summer
monsoon season, and (2) the volume of erupted magma was twice as large as previously in-

terpreted.

Sediment colors from the northern South China Sea off Hong Kong (core 17940) provide
a unique time series of monsoon-controlled sediment deposition spanning the last 11,000
years. Both the sampling resolution of < 0.3 mm and sedimentation rates of 40-90 cm/k.y.
lead to a theoretical time resolution of 0.3-0.7 years, permitting the detection of centennial-to-
sub-decadal-scale climate cycles in the non-laminated sediment section despite bioturbational
mixing. The the blue-color intensity records the portion of clay enriched in TOC and thus the
strength of the wet summer monsoon. The intensity of the red color documents the portion of
reddish stained loess dust and thus the strength of the dry winter monsoon. Suborbital climate

periodicities (of both the color codes and the bi-decadal-scale resolution & '*O curve) are

dominated by a 950-year cycle which lags an analog GISP2 temperature signal by 250-400
years and documents the global linkages of monsoon variability to a northern high-latitude
solar forcing (documented in '"Be GISP2 ice records of solar irradiance; Finkel 1977,
Sarnthein et al., in prep.). Multi- to semicentennial periodicities comprise the 200-year de-
Vries/Suess and the 85-105-year Gleissberg cycles of solar irradiance. 20/24-year (Hale) and
close-to-11-year (Schwabe or NAO) periodicities, and ENSO cycles of 3-8 years reveal pro-

minent, probably internal climate forcings in the high-frequency range of the color records.
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Kurzfassung

Um die Geschichte der Variabilitéit des Ostasiatischen Monsuns im Siidchinesischen Meer
im Bereich von orbitalen, tausendjdhrigen bis sub-dekadischen Zeitskalen zu rekonstruieren
wurden sedimentologische, isotopische, geochemische und paleomagnetische Zeitserien er-
stellt.

Es wurde eine detaillierte Magnetostratigraphie fiir das siidliche Siidchinesische Meer er-
stellt sowie eine stabile Isotopen Stratigraphie der letzten 1.2 Millionen Jahre fiir ODP Site
1144 im nordlichen Siidchinesischen Meer. Weiterhin konnte eine vulkanische Aschenlage
aus dem Siidteil des zentralen Siidchinesischen Meeres als jiingste Toba-Asche identifiziert
werden, die somit einen wichtigen Leithorizont darstellt und zur Rekonstruktion der Palédo-
Windrichtungen wihrend der Eruption herangezogen werden konnte. Besondere Aufmerk-
samkeit galt der Variabilitdt im hohen und sehr hohen Frequenzbereich wihrend des letzten
glazial-interglazial Zyklus und wihrend des Holozéns sowie der préizisen Alterskontrolle der

Klimaschwankungen im Allgemeinen.

Der magnetostratigraphische Rahmen fiir die pleistozine Monsunaktivitit in Gebiet von
SONNE-95 Kern 17957-2 aus dem zemtralen Siidchinesischen Meer wurde auf der Grund-
lage eines durchgehenden, hochauflésenden magnetischen Datensatzes (Suszeptibilitit, NRM
und ARM) erstellt. Die magnetische Brunhes/Matuyama Polarititsumkehr (0.78 MJ) ist hier
deutlich als Wechsel zu negativen Inklinationswerten und als 180° Drehung der Deklination
erkennbar. Analog dazu ist das Jaramillo-Interval mit normaler Polaritit (0.99-1.07 MJ) durch
deutliche Wechsel in der Deklination und Inklination definiert. Ein drittes magnetisches
Ereignis entspricht vermutlich dem Cobb Mountain Event (1.201-1.211 MJ). Diese Magneto-

stratigraphie wird von einigen biostratigraphischen Alterskontrollpunkten bestitigt.

Ocean Drilling Program Site 1144 im nordlichen Siidchinesischen Meer lieferte aufgrund

der hohen Sedimentationsraten einen Klimadatensatz der Monsunvariabilitdt im Bereich von



1\

orbitalen Zeitriumen bis wenigen Jahrhunderten (8"°C und 8'*O der planktischen Foramini-

fere G. ruber (white)). Hohe zeitliche Auflosung reicht vom Holozén zuriick bis zum Marinen
Isotopenstadium 12, niedrige Auflésung bis zum friihpleistozinen Isotopenstadium 29. Gro-
Bere Hiaten befinden sich in den Zeitabschnitten der extrem warmen Stadien 5.5 und 11.3,
moglicherweise erzeugt durch die erosive Wirkung von Konturstromungen. Die Isotopen-

kurve von Site 1144 der letzten 110 kJ verliuft eng parallel zur 8'*O-Kurve des GISP2 Eis-

kerns.

Geochemische Analysen vulkanischer Aschenpartikel bewiesen erstmalig das Vorkom-
men der jlingsten Toba Asche (74 kJ v. h.) in Sedimenten des Siidchinesischen Meeres, wo-
durch das bekannte Verbreitungsgebiet der Aschenlage um mehr als 1.800 km nach Osten
verdoppelt wurde. Die Verbreitung der Asche aus Sumatra sowohl in westliche als auch in
ostliche Richtung zeigt gegensitzliche Windrichtungen an. Daraus kann gefolgert werden,
daB (1) die Toba Eruption wahrscheinlich wihrend des Siidostasiatischen Sommermonsuns
stattgefunden hat und (2), dal das Volumen des eruptierten Magmas doppelt so groll war als

bislang angenommen.

Die Farben der Sedimente des nordlichen Siidchinesischen Meeres vor Hong Kong (Kern
17940) bilden die Grundlage fiir eine einzigartige Zeitserie monsungesteuerter Sedimentation,
welche die vergangenen 11.000 Jahre erfasst. Eine Datenauflosung von weniger als 0.3 mm
zusammen mit Sedimentationsraten von 40-90 cm/k]J fiihrt zu einer theroretischen zeitlichen
Auflosung von 0.3-0.7 Jahren. Dies erlaubt es, -trotz Bioturbation-, Klimazyklen im Bereich
von Jahrhunderten, Jahrzenten und wenigen Jahren in dieser nicht-laminierten Sedimentab-
folge zu erfassen.

Die Intensitit des Blauanteils der Sedimentfarbe gibt den Anteil des mit organischem
Kohlenstoff angereicherten Tongehaltes wider und reflektiert somit die Stirke des regenrei-
chen Sommermonsuns. Die Intensitéit des Rotanteils dokumentiert den Gehalt an rétlichem

Lo6B-Staub und steht somit fiir die Stiarke des trockenen Wintermonsuns.



Die suborbitalen Klimazyklizititen (sowohl nach den Farbwerten als auch der dekadisch
aufgelosten Sauerstoff-Isotopenkurve) werden dominiert von einem 950-Jahr-Zyklus. Dieser
Zyklus eilt einem analogen GISP2 Temperatursignal um 250-400 Jahre nach und zeigt deut-
lich die globalen Verbindungen der Monsunvariabilitit mit einem solaren Klimaantrieb der
nordlichen hohen Breiten auf (dokumentiert auch in '’Be-Zeitreihen von GISP2; Finkel, 1997;
Sarnthein et al., in prep.). Weitere Periodizititen im Bereich von mehreren Jahrhunderten bis
wenigen Jahrzehnten umfassen den solaren 200-jdhrigen deVries/Suess-und den 85-105
jahrigen Gleissberg Zyklus. Weitere Periodizitdten von 20/24 Jahren (Hale) und nahe 11
Jahren (Schwabe oder NAO), sowie ENSO Zyklen von 3-8 Jahren Dauer offenbaren bedeu-
tende, wahrscheinlich interne Klimasteuerprozesse im Hochfrequenzbereich der Farbdaten-

satze.
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1. Introduction

1. Introduction

Background and Objectives

The main objective of this study is to reveal the past variability of the East Asian Mon-
soon system through an investigation of sediment records from the South China Sea (SCS)
using different methods at high- and ultra-high resolution (decimeter to sub-millimeter scale).

The East Asian Monsoon is an integral part of the tropical global climate system and re-
presents the dominating climatic factor for Southeast and East Asia. As such its variability
and evolution are of great interest not only to paleoclimatologists and climate modelers, but
also to scientists from other disciplines ranging from sedimentology to agriculture. To recon-
struct this climate variability we rely on proxy indices preserved in the geological record. In
this study, deep-sea sediment records from the South China Sea were used to examine the
history of the last 1.1 million years of East Asian Monsoon with special emphasis on its high-
frequency oscillations during the Holocene and the Last Glacial-to-Interglacial cycle. These
reconstructions may, in turn, provide more insight into the forcings of the variability in Mon-
soon and their implications for predicting past and future global climate change.

Climatic and volcanic events leave their traces in sedimentary sequences either as varia-
tions in the isotopic signatures of marine organisms, as variations in the sediment color in-
dicating changes in sediment composition, or as distinct layers which represent unique age
markers. To thoroughly understand the evolution of the paleomonsoon it is essential to docu-
ment these variations and to analyse their nature and periodicities. With this in mind major
emphasis was given to the following research questions:

e Little is known about atmospheric circulation patterns of the tropical and subtropical at-
mosphere at the end of the last Interglacial. Once the source of a volcanic ash layer in deep-
sea sediments is determined by geochemical methods, this volcanic tephra could serve as a
tracer for the reconstruction of past wind directions and atmospheric circulation patterns.

e The time resolution of sediment records, which is necessary to resolve ultra-high climate
variability in deep-sea sediments, is limited by simple physical constraints such as sedi-

1
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mentation rate and the size of the sampling tools. Nevertheless, to obtain the needed in-
formation, non-destructive methods like digital sediment color analysis with a theoretically
unlimited sampling resolution offer an answer to this problem. However, digital sediment
color records need to be defined as an indicator for climate variability. Furthermore, these
color records need to be studied for persistent periodicities that bear relation to other
climate records such as ice cores and thus to uncover potential climate forcing mechanisms.

Any study of the long-term variability of monsoon in the South China Sea needs to be
based on a complete and detailed stable isotope stratigraphy. As anticipated, Site 1144 yiel-
ded the highest sedimentation rates and is therefore ideal to establish a high-resolution sta-
ble isotope record for the last 1.1 million years, including a potential centennial-to- mil-
lennial-scale variability. Open questions are, whether the high-frequency oscillations occur
equally in all the isotope stages. Moreover, whether and in which way the events in the
isotope record are correlated to other high-resolution climate records. Finally, any features
in the sediment profile, which might reflect profound climate-driven changes in the sedi-
mentation regime and thus in current activity, such as hiatuses, need to be identified.

The southern South China Sea is part of the Western Pacific Warm Pool (WPWP), and
therefore of special interest to paleoceanographers. Because of the low sedimentation rate,
cores from this region provide continuous and long Pleistocene deep-sea sediment records
necessary to reconstruct the long-term history of the South China Sea in the context of the
WPWP. The main research objective of this part of the thesis, as part of an interdisciplinary
approach, was to establish a detailed magnetostratigraphc framework in core 17957-2 to
better constrain the age control of stable isotopic, biostratigraphic, and coarse-fraction
stratigraphic records. The underlying basic question of this study was to assess the long-
and short-term, possibly monsoon-driven, planktonic and benthic foraminiferal response to

paleoceanographic changes in a key region near to the WPWP.
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To answer these questions six different sediment profiles from a transect across the South
China Sea were examined and the results reported this thesis. Four sites are located in the
southern central part near the Dangerous Grounds and Nansha Islands (cores 17957, 17961,
17962 and ODP Site 1143) and two lie on the northern continental slope (core 17940 and

ODP Site 1144) (Figure 1).
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Figure 1: Map of the South China Sea region with locations of sites studied.
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Strategy

This thesis is set up as a quasi-cumulative dissertation since a substantial part was already
submitted to or was published in international reviewed journals. The samples and methods
used or developed for this study are summarized in chapter 2 (Material and Analytical Me-
thods). The Results chapter 4 consists of four main sections, each representing an article eit-
her published (chapters 4.1 and 4.4) or submitted (chapters 4.2, 4.3).

The questions concerning the use of volcanic ash layers in deep-sea sediments for the re-
construction of past atmospheric circulation patterns are treated in chapter 4.1. The Results
chapter 4.2 presents a case study of modern digital sediment color analysis which has been
applied to high sedimentation rate sediment profiles to produce ultra-high resolution data
records that contain detailed information about Holocene climate variability on millennial-to-
sub-decadal time scales. The oxygen isotope stratigraphy of ODP Site 1144 is documented in
chapter 4.3 with special emphasis on the last five glacial-interglacial cycles. Furthermore, this
part of the thesis is aimed at providing a detailed stable isotope record for the last 1.1 million
years which is the stratigraphic basis for several other research projects within the Ocean Dril-
ling Program.

The Results chapter 4.4 consist of two parts, the first one is a published article about fo-
raminiferal responses to major Pleistocene paleoceanographic changes in the southern South
China Sea (chapter 4.4) as part of the WPWP. Supplementary information on the magneto-
stratigraphy of this SONNE-95 core 17957-2, which was generated within the scope of this

thesis, is presented in the second part of chapter 4 4.

Tectonic framework

The South China Sea is the largest marginal sea basin of the western Pacific. It is bordered
by the passive continental margins of southeastern China, Vietnam, and the Malaysian Penin-
sula. The active margins of the Philippine Archipelago with the Manila Trench and Palawan
Trench off eastern Borneo, form the eastern and southeastern boundaries (Figure 2). The
South China Sea basin was formed coincident with the large-scale deformation of the Asian

4



1. Introduction

continent following the Eocene collision with India. Different models relate the opening of
the South China Sea basin either to left-lateral displacment along the Red River fault zone
(Briais et al., 1993) during the Oligocene and Miocene and/or to a back-arc type of extension
in connection with subduction under the Philippines (Taylor and Hayes, 1980, 1983). The
central deep-water basin is underlain by oceanic crust (Ludwig et al., 1979; Hékinian et al.,
1989), which contains a sequence of sea-floor spreading magnetic anomalies ranging from 31
to 16 Ma (Briais et al., 1993) and reaches a maximum water depth of over 4000 m. In
summary, the present-day shape of the South China Sea is a result of the continued counter-
clockwise rotation of the Philippine Sea Plate to the east and the collision of Asia with the
Australian Plate to the south (Packham, 1996). The collison of the Philippine Arc with the
underthrusting oceanic crust of the SCS led to the rapid uplift of Taiwan and the Bashi Strait
since 6.5 Ma (Huang et al., 1997) and further isolation of the South China Sea basin from the
West Pacific. The southern and central South China Sea contains numerous terranes (Liid-
mann et al., 2001), which probably have rifted southwards during the early opening of the
South China Sea (Jin, 1992). Several of them are capped by coral reefs such as the Dangerous

Grounds (Nansha Islands) or the Paracel Islands (Xisha Islands) (Figure 1).

The shelf areas of the South China Sea constitute about half of its present-day size. The
largest shelf area is the Sunda Shelf in the south, which covers together with the Gulf of Thai-
land and the Java Sea shelf, a total area of 1,800,000 km?. In the north of the South China Sea
another large shelf area reaches more than 200 km off China and extends from Taiwan to
Vietnam. During glacial sea-level lowstands vast portions of these shelf areas were
subaerially exposed (P. Wang, 1999; Hanebuth, 2000). This led to an even stronger enclosure

of the South China Sea with profound influences on the local oceanic circulation patterns.
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Figure 2: Tectonic structure of the South China Sea (Packham, 1996, modified). Oceanic crust = dark dotted, shallow areas of continental
crust = light dotted. SCAR = Scarborough Seamounts.

Monsoon Climate of the South China Sea region

The Asian Monsoon is a primary component of the tropical and global climate system
(Clemens et al., 1996). It consists of three subsystems, the Indian Monsoon, the East Asian
Monsoon and the Plateau Monsoon. (An, 2000b). Of these the East Asian Monsoon is the do-
minating climate factor for the area east of the Bay of Bengal and the Tibetan Plateau, and
especially for the region of the South China Sea and the Chinese mainland.

As generally known, two fundamental mechanisms are driving the East Asian Monsoon,
(1) the thermal differences between the highly elevated Asian landmass and the Pacific, which
are responsible for the primary atmospheric pressure gradient and, (2) the subsequent release

6
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of latent heat over the Asian plateau (Webster, 1987; Hastenrath, 1991). In the northern
winter season, cold air from high-latitudes is driven by the continental high-pressure system
over Asia southward along the eastern margin of the Tibetan Plateau, forming a strong nort-
herly flow of cold and dry air. This winter monsoon influences China, the South China Sea
and even propagates across the Equator into the southern Hemisphere where it enhances the
southern summer monsoon.

During the northern Hemispere summer, warm and humid air originating from low lati-
tude oceans, especially the Indian Ocean, moves northward across the South China Sea onto
the East Asian landmass as far as Mongolia (An, 2000a). The summer monsoon is the main
source of precipitation in East Asia with far reaching implications on vegetation, erosion and
sedimentation. In conclusion, the East Asian Monsoon climate is characterized by extreme
seasonal variations in wind direction, precipitation and temperature between winter (cold and

dry) and summer (hot and humid).

Modern sea surface circulation and water mass properties

The surface water circulation pattern within the South China Sea is mainly controlled by
the reversal of the seasonal East Asian Monsoon winds, and to a smaller degree, by the warm
Kuroshio current, a perennial western boundary current of the Pacific Ocean that flows nor-
thwards along the east coasts of the Philippines and Taiwan towards Japan (Stommel and
Yoshida, 1972; Kawai, 1998). Along its way, a branch of the Kuroshio current enters the
South China Sea through the Bashi Strait between Luzon and Taiwan (Shaw, 1991) and ad-
vects warm and salty surface water westward along the continental slope south of China
(Metzger and Hurlburt, 1996; Pflaumann and Jian, 1999). The narrow and shallow water ways
within the Indonesian archipelago in the south, limit the exchange of water between the South
China Sea and the tropical Pacific or the Indian Ocean, however, these water ways still influ-

ence the sedimentationary environment during times of high sea-level stands.
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The flow of surface water masses (Figure 3a-b) during the winter season (November to
April) is generally directed to the southwest, owing to the strong northeasterly winds. During
summer monsoon (May to September) the surface flow pattern is reversed, generally directed
to the northeast, driven by the southwesterly summer monsoon winds (Wyrtki, 1961; Liu and
Xie, 1999). In response to the differential wind stress and resulting current direction, eddies
form in different parts of the SCS at different times of the year. In Spring a counterclockwise
eddy exists in the central SCS (Wyrtki, 1961), while in Winter two cyclonic gyres develop,
one west of Luzon and the other off the southern tip of Vietnam (Liu and Xie, 1999). Accor-
ding to modeling studies (Chao et al., 1996) and inferred from wind stress observations (Liu
and Xie, 1999), deep-water upwelling occurs in two regions of the SCS; during the winter
monsoon off the northwestern edge of Luzon (Udarbe-Walker and Villanoy, 2001) and during
the summer monsoon northeast of South Vietnam (Wiesner et al., 1996; Jian et al., 2001).

Shallow upwelling may occur along the edge of the Sunda shelf from October to December.

Similar to the sea surface current directions Sea Surface Temperatures (SST) and Sea Sur-
face Salinities (SSS) are also subjected to strong seasonal change (Figure 3c-f). While in
Summer, SST's almost uniformly range from 27-29° C across the South China Sea, during the
winter monsoon season SST's display a steep north-south gradient with temperatures near
22°C in the north and close to 29 °C in the very southern part (Levitus and Boyer, 1994).

Sea surface salinities are slightly higher in Winter than in Summer and range from 32.8 to
34.6 %o (Levitus and Boyer, 1994). Summer salinities in the SCS range from 31.6 in the Gulf
of Thailand to 34 %o near the Bashi Strait, as a result of the inflow of high-salinity surface
waters from the Western Pacific (Metzger and Hurlburt, 1996). The input of riverine fresh-
water into the SCS can be traced in front of the major river mouths, with especially low salini-
ties below 33 %o in the Gulf of Tonkin (Red River) and in front of the Mekong River delta
(Wyrtki, 1961). A low-salinity plume also marks the shelf southeast of Hong Kong (Pearl

River; P. Wang et al., 1999).
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The annual average depth of the thermocline ranges from approximately 25 m on the inner
shelf off Hong Kong to ~200-250 m towards the Bashi Strait, with temperatures gradually
decreasing from 20°C to 11°C (Miao and Thunell, 1996; Jian et al., 2000). Mixed interme-
diate water masses in the SCS reach from ~250 to 1000 m water depth, and homogenous deep
water extends from 1000 m to the sea floor. Temperature decreases from 11°C at 250 m to
4°C near 1000 m water depth while salinity increases slightly from 34.4 %o to 34.6%c. The
oxygen minimum zone with lowest O,-values of 1.25 ml/L extends between 500 m and 1500
m water depth. The deep water masses of the SCS below 1000 m are derived from Pacific
deep water and have fairly uniform properties with a salinity of 34.6 %0 (Miao et al., 1994).
The lowest temperature of 2.3 °C is reached at a water depth of 2500 m (Sarnthein et al.,
1994). The inflow of cold (~2°C) western Pacific bottom water through the Bashi Strait (P.
Wang, 1999) positively influences the ventilation of the SCS by increasing the deep water

oxygen content to 2.0 ml/L (Miao et al., 1994).

Modern sea surface productivity

Sea surface primary productivity in the SCS is relatively high on the continental margins
of Vietnam and China and off the Borneo coastal area (400 ¢ C m™ yr''), but decreases in the
deeper and more central parts to values between 90 and 160 ¢ C m™ yr' (Platt et al., 1995;
Kuhnt et al., 1999). High productivity also characterizes the upwelling cell east of South

Vietnam.

Sedimentation rate patterns

Sedimentation rates in the South China Sea are the result of a complex system of biogenic,
volcanogenic and, above all, of terrigenous sediment sources and input mechanisms. The flu-
vial contribution is the dominating factor in the SCS, especially in front of the large rivers (i.
e. Mekong River, Pearl River, Red River) draining the Asian continent and, to a lesser degree,
in front of minor rivers draining the islands bordering the SCS (Schonfeld and Kudrass, 1993;

P. Wang, 1999). Wind transported sediments such as loess from the desert areas of Inner Asia
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play a lesser, but nonetheless considerable role (Wiesner et al. 1996), which was probably of
greater importance during colder and dryer periods (L. Wang et al., 1999a, b).

Volcanic particles such as glass shards and pumice are common constituents of the SCS
sediments and originate mostly from the Philippine archipelago (Wiesner et al., 1994). The
importance of volcanic sediments for the gross sedimentation rates is low (Chen and Zhou,
1992), however single events can constitute important accumulation events with rates of up to
several cm/year (Wiesner et al., 1995; Wiesner and Wang, 1996; Lee et al., 1999).

According to P. Wang (1999) average sedimentation rates vary significantly between the
Holocene and the Last Glacial. At some sites higher rates occur during the cold stage (Last
Glacial) and lower rates in the warm stage (Holocene), while at other sites the reversed pat-
tern is observed. Peak sedimentation rates in the southern SCS reach 13 to 15 cm/k.y., in the
northern part, maximum values reach 20 to 66 cm/k.y.: At Site 1144 more than 1 m/k.y. were
observed (Sarnthein et al., 1994; P. Wang, 1999; Biihring et al., subm.). The exceptionally
high sedimentation rates in the area of core 17940-2 and Site 1144 may be either the result of
a lateral sediment advection from the Strait of Taiwan and the Yellow Sea (P. Wang, 1999),
but only during times of high sea level, or the result of a complex interaction of sea-level
changes and sediment discharge from the Pearl River mouth (L. Wang et al., 1999; Liidmann

et al., 2001).
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2. Material and Analytical Methods

Selection of core sites

The sediments sampled and analysed for the present study are mainly from cores collected
during the RV SONNE Cruise 95 (cores 17957-2, 17961-2, 17962-4, 17940-2; Sarnthein et
al., 1994) and were taken at the Kiel University core repository. The cores from Site 1144
were retrieved during ODP Leg 184 (P. Wang et al., 2000). The samples were taken at the
ODP Gulf Coast Core Repository in College Station. Specific details regarding site locations
and sample preparation are given in Chapters 1 through 3.

The position of core 17957-2 was chosen because it is situated at the northern slope of the
Nansha Islands area (Dangerous Grounds) which is distinguished by low sedimentation rates
because of the limited input of terrigenous material. This area provides continuous and long
Pleistocene deep-sea profiles and is thus ideal to record the long-term paleoceanographic
variations in the region as part of the West Pacific Warm Pool (WPWP).

SONNE 95 sites 17961-2 and 17962-4 are located at the southern end of the Dangerous
Grounds area and are characterized by much higher sedimentation rates. This position moni-
tors the changes in the sediment input for the Mekong River and the Sunda Shelf, with low-
to-medium high sedimentation rates.

Site 17940-2 and ODP Site 1144 on the northern continental slope of the South China Sea
are characterized by the highest sedimentation rates of the SCS and are therefore ideal for

high- and ultrahigh resolution studies.

Magnetic susceptibility and paleomagnetic measurements

The chronostratigraphic framework for gravity core 17957-2 from the southern center of
the South China Sea is largely based on the magnetostratigraphy presented here (Chapter 4.4).
Low field volume magnetic susceptibility (k) of core 17957-2 was measured in high-re-

solution on u-channels using the special susceptibility track at the LSCE in Gif-sur Yvette,
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France (Kissel et al., 1998). Natural Remanent Magnetization (NRM) and subsequent Anhy-
steretic Remanent Magnetization (ARM) were also measured on u-channels with a pass-

through DC-SQUID cryogenic magnetometer in the shielded room of the LSCE. Alternating
field demagnetization was applied in 6 to 8 steps from 0 to 60 mT. More details are given in

the supplement to Chapter 4 4.

Stable isotope analysis of planktonic foraminifera

The stratigraphy for the cores used in this study is based largely on the oxygen isotope re-
cord of planktonic foraminifera. For cores 17961-1 and 17940-2 the isotope records are from
L. Wang et al. (1999). The stratigraphy for ODP Site 1144 relies on the oxygen isotope record
generated in the context of this study for ODP Scientific Results Volume 184 and is docu-
mented in Chapter 4.3.

Stable oxygen and carbon isotope ratios of planktonic foraminifers constitute one of the
most important stratigraphic tools in marine geology. The isotopic composition of the carbo-
natic tests of planktonic foraminifers largely reflects the relative abundance of the '*O and '°O
isotopes (and additionally that of the carbon isotopes *C/*C) of the ambient water mass in
which the foraminifers lived. The isotopic signal is a complex proxy which depends on spe-
cific chemo-physical, (salinity, Urey, 1947) and biological fractionation processes (vital ef-
fect; Urey et al., 1951). The ratios of '*0/'°O of the calcitic tests are reported as relative de-
viations from a laboratory standard, here with reference to the PeeDee Belemnite (PDB) stan-
dard (Epstein et al., 1953). Since this specific standard has been completely used up, the cali-
bration to the PDB standard is calculated via the National Bureau of Standards NBS 19 and
NBS 20 standards and, in Kiel, via an internal laboratory standard of Solnhofen Limestone

(Erlenkeuser, pers. comm.)

Radiocarbon dating

Radiocarbon (**C) datings (Chapter 4.3) were performed at the Leibniz Laboratory at Kiel

University with a Tandetron Accelerator Mass Spectrometer (AMS) following standard pro-
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cedures (Nadeau et al., 1997; Schleicher et al., 1998). All AMS-"*C were corrected with a
standard mean ocean reservoir age of -400 years (Stuiver and Braziunas, 1993; Stuiver et al.,
1998). This general correction for -400 years represents a conservative mean estimate, and
lies within the range of the modern reservoir ages of 300-550 years for the SCS (Southon et
al., in press). AMS-""C ages of less than 20,000 reservoir-corrected years were converted to
calibrated calendar (cal) years using the CALIB 4.3 software (Stuiver and Reimer, 1993),
which includes the most recent calibration data sets (Stuiver et al., 1998). Radiocarbon ages
older than 20,000 reservoir-corrected '*C years were converted to calendar years in analogy to
Voelker (1999) and Bard et al. (1998). To limit the effects of bioturbation and to avoid mixing
of different reservoir ages resulting from different water masses, only near-surface dwelling
planktonic foraminifers Globigerionides ruber white (D" ORBIGNY) following the sensu
strictu morphotype classification of L. Wang (2000), and Globigerionides sacculifer
(BRADY) were utilized for the AMS "“C datings. To reduce the effects of bioturbational mi-
xing, the radiocarbon datings were performed on samples where the planktonic foraminifers

reach abundance maxima.

Sub-mm-scale color analysis of climate signals in hemipelagic sediments

Fine scale variations in sediment composition and their potential climatic controls were
investigated with high-resolution sediment color analysis. This technique measures the rela-
tive intensity of light reflected from the sediment in three different color bands. It further de-
velops on previous techniques for generating non-destructive, high-resolution color records of
sediment properties (Mix et al., 1992, 1995; Merrill et al., 1995). In contrast to spectrophoto-
meter single-point measurements (Balsam et al., 1998; Ortiz et al., 1999a; Chapman and
Shackleton, 1998, 2000) the digital color video camera images used for this study provide
quasi-continuous data sets with a resolution only limited by the numbers of pixels per square
unit (here a camera with 370,000 pxels was employed).

Our digital sediment color analysis was performed on SONNE 95 cores 17961-2 and

17940-2. The color of the sediment surface of the archive halves in cores 17961-2 (0-992 cm)
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and 17940-2 (top 720 cm) was measured and analysed from the digital images with an off-
the-shelf image processing software. Color values for red, green and blue (R, G, B) of each
pixel were determined simultaneously within a selected area in the center of each image, and
digitally saved separately for each color channel. One pixel represents approximately 0.3 mm
of sediment. A detailed description of the experimental array and methodology is given in

Chapter 4.2.

2.6 Microprobe analysis of volcanic glass shards

Samples of two volcanic ash layers from SONNE-95 cores 17961-2 and 17962-4, respec-
tively, were analysed for major oxides composition at the Institut fiir Geowissenschaften der
Universitit Kiel with a Cameca CAMEBAX electron-beam microprobe.

The ash layers were first detected in the magnetic susceptibility records (Sarnthein et al.,
1994). The layers are 2-3 cm-thick, light grey colored and consist almost entirely of medium-
to-fine grained glass particles. No large-scale bioturbation was observed.

In total 38 glass shards were analyzed, 20 from core 17961-2 and 18 from core 17962-4.
Each individual grain was analyzed at least twice, but most grains were analyzed three times
for calculating the means. Analytical totals ranged between 94 and 98 wt%; further details are

given in Chapter 4.1.
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4.1 Toba ash in the South China Sea

4. Results (articles published, in press and submitted )

4.1: Toba ash layers in the South China Sea: Evidence of contrasting wind directions

during eruption ca. 74 ka (C. Biihring, M. Sarnthein, Leg 184 Shipboard Scientific Party)
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Toba ash layers in the South China Sea: Evidence of contrasting wind
directions during eruption ca. 74 ka
Christian Biihring

Michael Sarnthein
Leg 184 Shipboard Scientific Party

Institut fir Geowissenschaften, Universitat Kiel, Germany

ABSTRACT a sharp lower and a slightly undulating upper

Two cores from the southern South China Sea contain discrete ash layers that mainly conboundary; there is no further impact of bio-
sist of rhyolithic glass shards. On the basis of the SPECMAP time scale, the ash layers wertirbational mixing. A similar, 3.5-cm-thick, light
dated to ca. 74 ka, the age of the youngest Toba eruption in northern Sumatra. This link is sup-grayish ash layer is found in core 17962-4 at
ported by the chemical composition of the glass, which is distinct from volcanic glass suppliedl075.5-1079 cm. Its basal contact on the host
from the Philippines and the northern South China Sea, but is almost identical with the chem- sediment is sharp, and its top is slightly undulat-
istry of the Toba ash. The youngest Toba ash layers in the South China Sea expand the preving. On the basis of (1) this visual inspection,
ously known ash-fall zone over more than 1800 km to the east. The dispersal of ashes frort2) aimost identical magnetic susceptibility curves,
Sumatra in both western and eastern directions indicates two contrasting wind directions and and (3) the spatial proximity of the two sites, the
suggests that (1) the Toba eruption probably happened during the Southeast Asian summemsh layers in the two cores most probably have
monsoon season, and (2) the volume of erupted magma was larger than previously interpretedhe same age and origin.

Ash samples from both cores were wet sieved

Keywords: Toba, South China Sea, deep-sea sediments, monsoon. over a 63um mesh sieve and dry sieved over a
150 um mesh sieve. Both grain-size fractions
INTRODUCTION tation rates for core 17961-2 range from 7 cm/k.yonsist almost entirely of glass shards. The ash

The youngest Toba eruption, ca. 74 ka, is corturing the Holocene to 11 cm/k.y. during glaciaparticles were cast in epoxy resin, cut, and pol-
sidered to be the largest eruption of the latand semiglacial times (oxygen isotope stagdshed to expose their interior.

Pleistocene (Chesner et al., 1991), the impact 8f4) (Wang et al., 1999). Analyses of major oxides were made at the
which on global climate has been discussed Institut fiir Geowissenschaften, Kiel University,
(Rampino, 1993; Rampino and Self, 1992; Kerr'SAMPLES AND METHODS with a Cameca CAMEBAX electron-beam micro-

1996). Until now, silicic ash layers and dispersed In both sediment cores the ash layers wegobe, using an accelerating voltage of 14-15 kV
glass shards from the eruption of the Toba caldefiest recorded as outstanding magnetic-susceptind an electron-beam current of 15 nA, with the
in northern Sumatra have been reported fromility spikes (Sarnthein et al., 1994). Their simi-beam defocused topn width.

Malaysia, the northeastern Indian Ocealar sequence and amplitudes allowed a clear Microprobe analyses were focused on the
(Ninkovich, 1979; Ninkovich et al., 1978; Dehnstratigraphic correlation of the ash layers becenter of individual, fresh, glass shards with
et al., 1991; Pattan et al., 1999), the Indian sultween the two cores. well-exposed interiors. We analyzed 20 glass
continent (Shane et al., 1995; Westgate et al., In core 17961-2, the 2.5-cm-thick, light gray-shards from the ash layer in core 17961-2 and
1998), and the Arabian Sea (Schulz et al., 1998%h ash layer occurs at 781-783.5 cm depth, witt8 glass shards from the ash in core 17962-4.
i.e., only from areas west of the Toba caldera on
Sumatra, except for one occurrence in Malays
(Fig. 1). Here we report newly discovered as
layers in sediment cores 17961-2 and 17962-4

the southern South China Sea; these ash lay
are identified as youngest Toba ash by stra ~
graphic and geochemical analyses. These n oo ° /’”’}\‘

Toba ash falls occur more than 1800 km east
the eruption caldera and may imply contrastir o
wind directions during the time of eruption. °

o]

75°E 90°E 105°E

Sediment samples for this study are from gre
ity core 17961-2 (08°30M, 112°19.%, 1968 m @, P 05,5, (Qj

. 3 A
REGIONAL SETTING toTN \/AD 706120 Site 1143A Y&;
° o

water depth) and piston core 17962-4 (07°N).9 °° RN
112°04.9E, 1969 m water depth; Fig. 1), bott ©° N (i

retrieved from elevated sites in the southern p o o N\ ? 5 \L"Hj
of the Dangerous Grounds during the R -

Sonne-9%ruise (Sarnthein et al., 1994). In hai ° %@ﬂ =
mony with the geomorphology, the parasour 10°s = - £ 10°s
profiles across these sites (Sarnthein et al., 19
reveal a clear hemipelagic sediment drape, dev
of any traces of turbidite injections. In this regiot
the hemipelagic terrigenous sediment is mair 1000 km

derived from the Mekong discharge during se Figure 1. Occurrences of Toba ash in deep-sea cores and on Malaysian Peninsula (open circles),

level highstands and from the Sunda Shelf durirang in South China Sea (crossed circles). Squares show cores with other ash layers, and posi-
sea-level lowstands (Wang et al., 1999). Sedimetion of sediment trap with Pinatubo ash.
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Each individual grain was analyzed at leadllICROSCOPIC DESCRIPTION OF ASH composition of the shards from the ash layers in
twice, but most grains were analyzed three timeSOMPOSITION both cores is nearly identical (Table 1) and sup-
for calculating the means. Analytical totals Under the microscope, the composition of theorts the assumption of an identical origin.
range between 94 and 98 wt%,; the balance coash layers in cores 17961-2 and 17962-4 is almost

sists of elements not analyzed angDHrom identical. The grains consist aimost entirely oDISCUSSION

secondary hydration. colorless glass shards and only minute amounts of Two different volcanic regions qualify as poten-
mineral grains such as biotite and feldspar. Thieal source areas for the ash layers in the southern
AGE CONTROL glass shards are optically isotropic and thisouth China Sea, the Philippine Archipelago, more

In core 17961-2, the age control is based owalled; they have a platy shape (Fig. 3). Bubblghan 1000 km to the east, and the western Indo-
the 10-cm-spaced benthic and plankta@i®  wall-shard forms dominate; blocky forms are rareaesian islands, about 1600—1800 km to the west.
records of Wang et al. (1999), which closely par€olored (i.e., brown) volcanic glass shards are ab- Modern volcanic glass from Mount Pinatubo
allel our ultrahigh-resolution (0.35 mm) color-sent. The glass appears fresh and without any ah the Philippines (Wiesner et al., 1995; Luhr and
scan curve (Fig. 2). Here the ash layer formstaration. Maximum grain sizes of the shards readfielson, 1996; Pallister et al., 1992) and from
well-defined light color excursion at 781-783.5500um; average grain sizes are about il  Pleistocene ash layers (oxygen isotope stages 2

cm depth, right at the oxygen isotope stage 4-5 and 4, 26—42 ka, 61-64 ka, respectively; Chen
boundary. According to the SPECMAP-base@EOCHEMISTRY OF THE GLASS and Zhou, 1992) in deep-sea cores from the
age model of Wang et al. (1999), the ash waSBHARDS northern South China Sea of unknown, but prob-

dated to ca. 74 ka. This age matches previous ageThe glass shards have the composition of higlably also Philippine or Taiwanese (Zhou et al.,
estimates for the Toba eruption, deduced fromilica rhyolites; their SiQcontents are 75-78 1992) origin, were analyzed by microprobe.
various dating methods such®l&/4%r dating wt%, and they have high alkali averages ofheir chemistry clearly differs from that of the
(73500 + 3000 yr B.P.; Ninkovich et al., 1978),7.4—7.6 wt%. They show very little variationash layers in cores 17961-2 and 17962-4 (Fig. 4).
3%r/4%r dating (73000 + 4000 yr B.P.; Chesneiboth within and between samples. The chemicdlhe Pinatubo glass shards have distinctively

et al., 1991), SPECMAP orbital dating of other

core records (73910 + 2590 yr B.P.; Rampir
100 pm B

and Self, 1992) and especially from geomagne
polarity records (75000 yr B.P.; Westgate et a
1998) and fission-track dating of glass shar
(79000 + 8000 yr B.P.; Westgate et al., 199¢

In core 17962-4, the age control is solely bas
on the intercore stratigraphic correlation of tr
magnetic susceptibility records.

A similar ash layer has also been identifie
slightly farther east, in Ocean Drilling Progran
Site 1143, Hole A (Leg 184 Shipboard Scientifi
Party); according to a correlation based on me
netic susceptibility and color-reflectance record A
it occurs at the same stratigraphic position as tiFigure 3. Digital images (A, B) of platy and bubble-wall volcanic glass shards from ash layer in
Toba ash in our cores. core 17962-4.
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higher CaO and lower Si@ontents (Fig. 4A) of its onset, the westerly jet stream in the uppdras its strongest wind velocities between 200

than the ashes from our cores. troposphere abruptly retreats to a location nortiind 100 hPa in the region of 5 to 20°N (Dumenil
Furthermore, the glass particles from coresf the Himalayas while an easterly jet stream iand Bauer, 1998).

17961-2 and 17962-4 display much highgOK established over the Indian Ocean (Dimenil and Most Toba ash deposits hitherto known occur

contents (Fig. 4B). The other ashes from thBauer, 1998). This so-called tropical easterly jeb the west and northwest of Sumatra. Here they

northern South China Sea show even greater dif-

ferences in the CaO content (Fig. 4A) as well A B
in K,O concentrations (Fig. 4B) and decided| 6.0 6.0
lower SiQ, values. Because of these difference o S
the ashes in cores 17961-2 and 17962-4 can 50 1 5,0 @0
be assigned a Philippine origin.

The ash layers in cores 17961-2 and 1796- . 4.0 1 . 40 o
are coeval with the Toba eruption on northe S g
Sumatra, Indonesia, at the oxygen isotope st % 30 4 Q, 30 +H
4-5 boundary. Likewise, the chemical compos 